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A child in a foul stable, 

Where the beasts feed and foam; 

Only where He was homeless 

Are you and I at home: 

We have hands that fashion and heads that know 

But our hearts we lost - how long ago! 

In a place no chart nor ship can show 

Under the sky's dome. 

To an open house in the evening 

Home shall men come, 

To an older place than Eden 

And a taller town than Rome. 

To the end of the way of the wandering star, 

To the things that cannot be and that are, 

To the place where God was homeless 

And all men are at home. 

G. K. Chesterton 
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(chapter 1 

Transition Metal Catalysis 

Using Functionalized Dendrimers 

A Literature Survey 

Dendrimers are well-defined macromolecules that are extremely suited to be 

functionalized with transition metal catalysts. The dendnmenc part can add several functions 

to the catalysts, strongly depending on the design concept and the specific reaction that is 

catalyzed. Moreover, the obtained systems are generally much larger than the substrates and 

products providing an intrinsic solution for the homogeneous catalyst separation problem. In 

the last decade considerable progress has been made in the development of novel dendrimeric 

catalysts. In this chapter the different concepts and progress in transition metal dendrimeric 

catalysis will be reviewed and discussed. Furthermore, an outline of the current work as 

described in this thesis is provided. 

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

P. W. N. M. van Leeuwen, Angew. Chem. Int. Ed. 2001, 40, 1828-1849. 



1.1 Introduction 

Dendrimers (derived from the Greek words dendron (tree) and meros (part)) are highly 

branched macromolecules having precisely defined molecular structures (see Figure 1) that are 

obtained via an iterative sequence of reaction steps. This new class of macromolecules, which 

has been pioneered by Vögtle.M Tomalia,[2] Newkome,[3] a n d Fréchet,[4] h a s m s p i r e d many 

chemists in several fields. The initial focus has been on the efficient synthesis and 

characterization of dendrimers. [5] T h e progression of new and better analytical techniques 

such as high field NMR spectroscopy, MALDI-TOF and electrospray mass spectrometry, and 

size exclusion chromatography has assisted this development significantly. Generally two 

synthetic strategies can be applied: the divergent route starting from the core building layers 

around it (inside-outwards), and the convergent route making wedges that can be connected to 

a core in the last step of the synthesis (outside-inwards).[5a] Although the development of 

novel types of dendrimers still continues, the synthesis of different types of dendrimers is now 

well established and some are even commercially available. Obviously this is of major 

importance when considering applications of dendrimers. Furthermore, detailed knowledge 

about the macromolecular structure of dendrimers is required to understand and predict the 

properties of functionalized dendrimers.[6] In several examples it has been shown that 

dendrimers do not adopt the ideal spherical structures their drawings might suggest. Especially 

amphiphilic dendrimers have structures that are far from spherical, t7! 

In several scientific fields the application of dendrimers has been explored. The 

different properties of large dendrimers compared to their conventional polymeric counterparts 

make these molecules interesting compounds for material science. Furthermore, it has been 

shown that dendrimers can possess cavities within their macromolecular structure that can be 

used to accommodate guest molecules. [81 Several research groups are exploring the use of this 

property for the development of sophisticated drug delivery systems. Often host-guest 

complexes based on dendrimers have been reported in the light of this application. Other 

potential applications are artificial antennae for the efficient conversion of light energy, 

magnetic resonance imaging (MRI) agents, immuno-diagnostics, gene delivery vectors, and 

unimolecular micelles.L6' "J 

Transition metal catalysis based on functionalized dendrimers is another very 

promising application of dendrimers.[10] In this chapter we review the progress that has been 

made in the exciting field of dendrimeric transition metal catalysis. 

1.1.1 Dendrimeric transition metal catalysts: the new generation? 

In order to give an answer to the question "what can dendrimers add to the field of 

catalysis?" we have to take a closer look at the ideal catalyst. From a catalytic point of view an 
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ideal catalyst is highly active and selective under mild conditions, very stable and can be 

separated from the product using a relatively simple process. Right from the start, the regular 

monodisperse structure and multi-arm topology of dendrimers inspired chemists to propose 

dendrimers with peripheral catalytic sites as soluble supported catalysts. In 1994, Tomalia and 

Dvornic discussed the promising outlook of surface-functionalized dendrimer catalysts!1!] 

Dendrimeric catalysts are often proposed to fill the gap between homogeneous and 

heterogeneous catalysts. However, keeping in mind that heterogeneous systems generally 

contain at least 10 active sites per conglomerated particlet12], it is fair to state that the class 

of dendrimeric catalysts containing at most 1000 active sites is closer to the monomelic 

homogeneous systems. A better formulation is that functionalized dendrimers potentially can 

combine the advantages of both homogeneous and heterogeneous catalytic systems. Moreover, 

their globular shape makes these systems more suitable for recycling than soluble polymer 

supported catalysts. In principle, dendrimeric catalysts can provide systems that: 

1) show the kinetic behavior and thus the activity and selectivity of a conventional 

homogeneous catalyst. Catalysts supported on highly cross-linked polymer beads generally 

suffer from diminished activity compared to the homogeneous analogues, which is due to a 

reduced accessibility. [13] Organic polymers show solvent dependent swelling properties that 

can strongly influence the catalytic performance. 

2) can easily be removed from the reaction mixture by membrane or nanofiltration 

techniques due to their large size compared to the products (advantage of heterogeneous 

catalysts). 

3) allow mechanistic studies, because of the monodisperse, uniform character of their 

catalytic sites and the symmetry of the molecules (advantage of homogeneous catalysts). 

4) allow fine-tuning of their catalytic centers via precise ligand design (advantage of 

homogeneous catalysts). 

5) require relatively low metal loading (advantage of homogeneous catalysts compared 

to heterogeneous catalysts). 

In first instance dendrimeric catalysts were proposed to be easily recyclable 

homogeneous catalysts. The question is, however, if they also can provide systems that are 

either more active or selective or more stable than their homogeneous monomeric analogues? 

This would yield systems with interesting novel catalytic properties providing an intrinsic 

solution for the homogenous catalyst separation problem. These novel properties induced by 

the dendrimeric framework depend on the location of the functional group within the structure. 

One should distinguish periphery-functionalized (of a dendrimer or a dendrimeric wedge), 

core-functionalized and focal point-functionalized (on a dendrimeric wedge) systems (see 

Figure 1). A combination of these conceptual approaches might lead to systems with different 
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catalytic centers, which are ideally suited for cascade reactions. Such systems, however, have 

not been reported yet. 

(a) (b) (c) (d) 

(^ = Transition metal catalyst 

Figure 1. Catalytically active transition metal complexes can be attached to the periphery (a) 

and the core (b) of a dendrimer, and at the focal point (c) and the periphery of a dendrimeric 

wedge (d). 

Periphery-functionalized dendrimers have their ligand systems, and thus the metal 

complexes, at the surface of the dendrimer. The transition metals will be directly available for 

the substrate, in contrast to for example core-functionalized systems in which the substrate has 

to penetrate the dendrimer prior to reaction. This accessibility allows reaction rates that are 

comparable with homogeneous systems. On the other hand, the periphery-functionalized 

systems contain multiple reaction sites and ligands, which results in extremely high local 

catalyst and ligand concentrations. For example, a second-generation carbosilane dendrimer 

functionalized with phosphine ligands (with 36 terminal phosphines; section 2.3) results in 

local concentrations of 8 M of ligand (dendrimer-PPh2) and 4 M of catalysts ((dendrimer-

PPh2)2Pd). In reactions where excess ligand is required to stabilize the catalyst this local 

concentration effect can indeed result in stable systems. Furthermore, if a reaction proceeds via 

a bimetallic mechanism, the dendrimeric catalysts might show better performance than the 

monomeric species. [14] On the other hand, several deactivation mechanisms operate via a 

bimetallic mechanism, i.e. ruthenium-catalyzed metathesis,H 5a] palladium-catalyzed 

reductive coupling of benzene and chlorobenzene,['5b] an(j reactions that involve 

radicals!1"] These deactivation pathways will be invigorated in periphery-functionalized 

systems. 

In core- (and focal pointj-functionalized dendrimers the catalyst could especially 

benefit from the site isolation created by the environment of the dendrimeric structure. Site 

isolation effects in dendrimers can be beneficial for other functionalities and general reviews 
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on this topic have recently appeared. t17l For catalytic reactions that are deactivated by excess 

ligand or in cases that a bimetallic deactivation mechanism is operative, core-functionalized 

systems can specifically prevent such deactivation pathway, whereas periphery-functionalized 

systems might suffer from relative low activity. Core-functionalized dendrimeric catalysts may 

benefit from the local environment created by the dendrimer. Effects of desolvation of the 

substrate during the penetration of the dendrimer might be of importance, but very little is 

known about these effects. In nature, enzymes make use of these effects when substrates enter 

the active site of such systems. 

Another significant difference between core- and periphery-functionalized dendrimers 

is the molecular weight per catalytic site. Much higher costs will be involved in the application 

of core-functionalized systems and application can also be limited by the solubility of the 

system (To dissolve 1 mmol of catalyst 20 g L"1 is required (MW 20000 D, 1 active site) 

compared to 1 g L"1 (MW 20000 D, 20 active sites)). On the other hand, for core-

functionalized systems the solubility of the dendrimeric catalyst can be tuned by changing the 

end groups. 

1.1.2 Dendrimeric catalysts in continuous processes 

Membrane reactors have been investigated since the 1970s.f1^] Although membranes 

can have several functions in a reactor, the most obvious application is the separation of 

reaction components. Initially the focus has been mainly on polymeric membranes applied in 

enzymatic reactions. The membrane materials have been improved significantly ever since, 

and nowadays nanofiltration membranes suitable to retain relatively small compounds are 

commercially available (e.g. mass cut-off 400 D). Two forms of leaching have to be 

considered using dendrimeric transition metal catalysts in membrane reactors: leaching of the 

dendrimeric catalyst through the membrane and metal leaching from the dendrimer (and 

further leaching through the membrane). For practical applications the overall retention of the 

(dendrimeric) catalyst must be extremely good in order to keep a high activity in a continuous 

reactor for longer reaction times. (The required retention obviously depends on the application; 

processes for the bulk industry generally require more efficient catalyst recycling (higher TON) 

than those for high value-added fine chemicals). In Figure 2 the theoretical activities of 

dendrimeric catalysts are given using different retention factors. 

If a dendrimeric catalyst has a retention of 0.95 only 25% of the catalyst remains in the 

reactor after the reactor has been flushed with 30 times its volume. To obtain a catalyst system 

that remains in the reactor over a prolonged period of time a retention of at least 0.999 is 

required. 

Kragl pioneered the use of dendrimers in catalytic continuous processes using 

membranes. Initially he used soluble polymeric catalysts in a continuous membrane reactor for 
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Figure 2. Schematic representation of the use of dendrimeric catalysts in a continuous 

membrane reactor (top), and theoretical relative concentrations of (dendrimeric) catalysts (Cr) 

with various retention factors versus number of residence times (Nr) in a continuous process. 

the enantioselective addition of Et2Zn to benzaldehydei19! The polymer was retained almost 

completely (>0.998), and a high turnover number was obtained using this set-up compared to a 

batch reactor. Dendrimers are particularly suited for application in this type of reactors due to 

their globular morphology. i2hl So far only a few examples appeared in the literature 

describing the use of dendrimeric catalysts in continuous systems and they will be discussed in 

the next sections (i.e., sections 2.2, 2.3, and 2.7). 

This chapter is divided in the following topics: periphery-functionalized dendrimers, 

core-functionalized dendrimers, enantioselective dendrimeric catalysis using periphery and 

core-functionalized systems, and metal nanocomposites in the dendrimer interior as catalysts. 

Within each topic we have chosen to organize the systems by reaction type. 

1.2 Periphery-functionalized dendrimeric catalysts 

1.2.1 Terpolymerization of ethene, propene, and CO 

The first dendrimeric effect on catalysis was described by Van Leeuwen and co

workers at Shell.[2°] A hexaphosphine catalyst containing a benzene core was used in the 
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palladium-catalyzed polyketone formation (alternating polymerization of CO and alkene). 

Mononuclear palladium catalysts gave as much as 50% fouling, i.e. precipitation of the 

polymer on the reactor wall. Using the dendrimeric catalyst under comparable conditions this 

was reduced to 3% only. A possible explanation is that in the dendrimeric catalyst the 

palladium ions remain attached to the surface of the growing polymer and do not go into 

solution during the chain transfer reaction (which in turn may lead to fouling). 

1.2.2 Nickel-catalyzed Kharasch addition 

Another early example of a dendrimeric catalyst was reported by Van Leeuwen, Van 

der Made, and Van Koten, who functionalized GO (generation zero) and Gl carbosilane 

dendrimers with up to twelve NCN pincer-nickel(II) groups (la in Figure 3) i 1 0 a] These 

dendrimers were applied as catalysts for the Kharasch addition of CX to alkenes (Scheme 1). 

The relative catalytic activity of the dendrimeric catalyst was slightly lower than that of the 

monomeric parent compound; 80 % of the activity was found for GO (four Ni centers) and 70 

% for Gl (la, twelve Ni centers). The selectivity was the same in all experiments resulting in a 

clean and regiospecific formation of the 1:1 addition product. 

catalyst X 
CX3Y + = • / 

YX2C 

Scheme 1. The Kharasch addition reaction (X = halogen; Y = H, halogen, or CF3). 

Molecular models showed that the accessibility of the catalytic sites was similar for 

dendrimers and monomer, and it was proposed that the lower rates were due to the high local 

concentration of nickel centers. In a subsequent paper this effect was studied in more detail 

using dendrimers with different spacer lengths!21] An even larger decrease in activity was 

observed on using larger dendrimeric catalysts, which was attributed to surface congestion. 

This was strongly supported by the results of the more flexible dendrimers. The more flexible 

system lc with 12 active sites yielded a much better catalyst for the Kharasch addition reaction 

than lb (the TOF increased from 39 for lb to 85 for lc). It was proposed that the catalyst 

deactivation was caused by an interaction between neighboring Nin/Nim sites, which obviously 

is more pronounced in systems were surface congestion is larger. Alternatively one might 

propose that local high radical concentrations lead to termination and Nim formation. For this 

reaction core-functionalized systems that are large enough to induce site isolation might lead to 

more stable and active systems. Amino acid based dendrimeric wedges that were 

functionalized at the periphery with up to four NCN pincer-nickel(II) groups also showed 

activity in the Kharasch addition reaction. No significant influence of the sterically different 

and more polar amino acid backbone was observed, f22! 

Transition Metal Catalysis Using Functionalized Dendrimers 



1b 

Si ' / \ 
[yle Me Me 

1c 

NMe, 

Figure 3. Carbosilane dendrimers containing 12 pincer-nickel sites connected to the backbone 

via a linker (la) or directly (lb-lc). 

Some preliminary results on membrane filtration experiments have been reported. 

Compound la exhibited decomposition while being applied in a continuous membrane 

reactor,p3] which was ascribed to hydrolysis of the Si-0 bond of the linker between ligand 

and carbosilane backbone. The catalytically active complexes were disconnected from the 

support and subsequently washed out of the reactor. In lb the NCN-ligands are directly 

attached to the carbosilane backbone and therefore much more stable.[24] Initial tests showed 

that lb was retained for 80% in the continuous membrane reactor after 100 reactor volumes 

(retention 0.9975) which is acceptable for many practical applications.P5] 

Similar to the nickel-nickel interactions in the pincer-functionalized dendrimers, DuBois et al. 

observed metal-metal interactions in palladium-functionalized systems. Dendrimers were 

constructed containing up to 15 phosphines in both periphery and backbone and the palladium 

complexes (2) were prepared by the addition of [Pd(CH3CN)4](BF4)2p6] (Figure 4). These 

systems catalyze the electrochemical reduction of CO2 to CO, and the rates and selectivities 

observed for the dendrimeric systems were comparable to the monomeric complex. The 

electrochemical data, however, suggested the formation of Pd-Pd bonds during the electro 

electrochemical reactions. To avoid this type of dimerization a better spatial separation of the 

palladium sites in the dendrimer should be arranged. 

Astruc et al. recognized this problem and suggested constructing star polymeric 

structures instead of dendrimers.[27] in their opinion the steric congestion around the catalytic 

centers located at the periphery of these functionalized star polymers would be sufficiently 

reduced to overcome interactions between the catalytic sites. Star-shaped hexanuclear catalysts 

3a containing six CpFe' (arene) complexes (Figure 5) indeed were as efficient as single site 

complexes in the redox-catalyzed reduction of nitrite and nitrate to ammonia.[2°] 
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Figure 4. A palladium complex of dendrimer 2 having phosphine branching units 

•W o 
HN-, 

HN 

( 

o o-m M 
HN-\ O 

Fe 

"S5~ 
Fe H / ö - N-

O 

N S; 

/ H \Sa-

N / 0 - © -
O „ 

^ 

O Q* 
Fe H N / ~ ^ f (. 

HN ^ ^ 

Fe o _v ) N 

^^J -NFT ( r \ 
^ H N MM H N t 0 

^ N==^ _Ee 
^ > Fe - ® -

cr^-N 
_" N H 4l 

- N H 
— < ^ 

O Fe 
O - ö . 

Fe 
NH 

Fe 

3b 

Figure 5. The star shaped (3a) compounds having electrochemically active iron centers for the 

redox-catalyzed reduction of nitrite at the periphery compared to the dendrimeric systems (3b). 

1.2.3 Palladium-catalyzed coupling reactions 

Several research groups prepared systems that were functionalized with phosphine 

ligands at the periphery of the dendrimer (sections 2.3 - 2.7). Commercially available DAB-

dendrimers were equipped with diphenylphosphine groups at the periphery (4) by Reetz et al. 

via a double phosphination of the amines with diphenylphosphine and formaldehyde (Figure 

6). [29] Transition metal complexes 4a to 4d have been prepared in which the dendrimer-N-

(CH2PPh2)2 groups act as bidentate ligands. Well-defined chelate complexes were obtained 

and complexes with metals bridging between different branches were not observed. The 

palladium complexes of these dendrimers (4b) were used as catalysts in the Heck reaction of 

bromobenzene and styrene forming stilbene as the product (Scheme 2). Interestingly, the 
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dendrimers showed larger turnover numbers than the monomeric parent compounds, which 

was ascribed to the higher thermal stability of the dendrimeric palladium complexes. 

Palladium black formation was only observed when the monomeric species was used. The 

catalytic activity using 50% palladium loading (M:L = 1:4) was similar to systems with 100% 

loading. After the reaction the dendrimeric palladium catalyst completely precipitated upon 

addition of diethyl ether. In this way the catalyst was recycled and a second catalytic run gave 

similar results in the Heck reaction. 

Heterobimetallic complexes 4e have also been prepared. Half of the diphosphine 

ligands were used for complexation with palladium after which the other 50 % were made to 

react with nickel (Figure 6). This strategy resulted in a statistical distribution of the metal 

atoms on the dendrimer surface. No catalysis using these systems has been reported so far, but 

interesting properties can be expected for a reaction in which a heterobimetallic mechanism is 

operative.[30] 

Reetz and Kragl reported the use of these phosphine based dendrimeric catalysts for 

allylic substitution reactions in a continuous membrane reactor.Pl] Prior to catalysis 

retentions up to 0.999 were measured photometrically for G3 dendrimer 4b (molecular weight 

/ = \ / = = \ catalyst 

v> B r + V>A —* 
Scheme 2. The palladium-catalyzed Heck reaction of bromobenzene and styrene. 

Ph Ph 
s / 
P. Me\ 

Figure 6. Peripheral phosphine-functionalized G3 DAB-dendrimer 4 and its metal complexes. 
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catalyst 
Nu —^ 

Scheme 3. The palladium-catalyzed allylic substitution reaction (Nu = nucleophile). 

of 10212 g mol"1). Although the dendrimer stayed in the reactor, some palladium leaching was 

observed. Metal-ligand dissociation results in low molecular weight Pd species that will be 

washed out of the reactor. During the reaction leaching was compensated by addition of ally] 

palladium chloride to the feed solution. Applying G3 4b in palladium-catalyzed allylic 

substitution (see Scheme 3) the continuous reactor could be operated for over 60 residence 

times with a conversion of up to 12%, but the product was obviously contaminated with 

palladium. Better results were obtained using in situ prepared Pd complexes of a G4 dendrimer 

(calculated molecular weight 20564 g mof' for 100% palladium loading of the 32 

diphosphines). After 100 residence times, the conversion had decreased from 100% to -75%. 

Only very little palladium leaching was observed during this experiment (0.14% per residence 

time), which could only partly explain the decrease in conversion. The formation of inactive 

PdCl2 complexes was proposed to account for the additional drop in activity. The conditions 

were significantly altered compared to the previous experiment (different reactor material and 

10-fold increase in catalyst concentration). A solid conclusion about the effect of the 

dendrimeric catalyst used requires more experiments. 

/ ^ CI 

'T. ' 
Pd 

"PPh 
^ ; Ph2p ppn2 

Figure 7. G2 Pd(allyl)Cl-complex 5 was used as catalyst in a continuous membrane reactor 

and the G2 carbosilane dendrimer 6 was used to measure the retention (98.1 %). 
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Several research groups reported the synthesis of carbosilane dendrimers functionalized 

with phosphine ligandsl32-35] These systems can be synthesized via a reaction with silicon 

chloride end groups (after hydrosilylation with HSiClxMe3.x of the terminal allyls) or via direct 

phosphination of the alkene. Van Leeuwen et al. reported carbosilane based dendrimeric 

catalysts with terminal mono- (-SiMe2CH2PPh2) and diphosphine (-SiMe(CH2PPh2)2) 

groups.!32] The largest dendrimer (G2) contained 36 terminal monodentate phosphines. Allyl 

palladium complexes of these ligands were formed upon the addition of [(n -C3H5)PdCl]2. The 

bidentate ligands gave well-defined complexes like those observed for the DAB systems (4) 

whereas the dendrimers with the monodentate phosphines formed a mixture of complexes, 

differing in ring size (-P-Pd-P-dendrimer-). All complexes were active in the palladium-

catalyzed allylic alkylation using sodium diethyl methylmalonate as the nucleophile (batch 

reaction)!32] The rates were virtually independent of the dendrimer size, suggesting that all 

the active sites behaved independently. Dendrimer 5 containing 12 diphosphine-palladium 

complexes was studied in a continuous membrane reactor. The catalytic activity (space-time 

yield) dropped dramatically to 10% of its initial activity within 10 residence times. The 

retention of unfunctionalized G2 dendrimer 6 was determined to be 0.981. That of dendrimeric 

catalyst 5 should be much higher since its molecular volume is three times larger (see Figure 

7). Therefore, leaching of dendrimeric catalyst cannot account for the observed drop in 

activity. This suggests that the catalyst decomposed or leached through the membrane probably 

via small soluble metal clusters that were dissociated from the dendrimer. The similarity of 

these observations with those of Reetzt31] show that the practical application of dendrimeric 

palladium catalysts for the allylic substitution reaction in continuous processes is not 

straightforward and more investigations are required to understand the deactivation and 

leaching mechanisms. 

1.2.4 Palladium-catalyzed hydrogénation 

PduCl2 complexes of 4 (G3) were used as catalysts in the hydrogénation of a series of 

conjugated dienes and compared with the corresponding monomeric complex, the catalyst 

immobilized on non-crosslinked polystyrene, and heterogeneous palladium catalysts.t36] High 

activity in the hydrogénation of cyclopentadiene was found for 4 compared to the 

corresponding monomeric complex and the polystyrene-bound catalyst (Figure 8). The 

dendrimer backbone was proposed to act as a base to capture HCl, thereby accelerating the 

formation of the catalytically active (diphosphine)PdHCl species. In line with this, the 

monomeric complex was also much more active in the presence of a base. The heterogeneous 

systems (Pd/C and Pd/Al203), however, were still more active than the dendrimeric catalyst. 

Remarkably, excellent selectivity to cyclopentene was obtained on using the dendrimeric 

catalyst based on 5 in the hydrogénation of cyclopentadiene. This is due to the relatively slow 
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successive hydrogénation of cyclopentene as can be clearly seen in the graph (slower hydrogen 

uptake)- no explanation for this selectivity has been given. Although Pd/C and Pd/Al203 where 

more active catalysts the reaction was not selective; the rates of hydrogen uptake remained 

unchanged after conversion of cyclopentad.ene to cyclopentene, yielding cyclopentane as the 

product. 

In the hydrogénation of 1,3-cyclooctadiene, dendnmeric 4-PdCl2 showed much higher 

rates than monomenc [PhN(CH2PPh2)2PdCl2]. The reaction was most efficient in ethanol 

while it was very slow in DMF. This is interesting since the dendrimer.c complexes are not 

soluble in ethanol suggesting that in this solvent the catalyst system is heterogeneous, whereas 

in DMF the reaction proceeded homogeneously. Apparently, under heterogeneous conditions 

the active sites on the surface are still accessible. The hydrogénation rate was independent of 

the size of the substrates used, which substantiates this accessibility. In contrast, the 

polystyrene-immobilized system has the catalytic sites buried partially within its structure 

resulting in a bad performance using DMF as the solvent. The heterogeneous dendr.menc 

catalyst could be recycled via centnfugation and showed only a slight decrease in activity in 

consecutive reactions. 
H2 

\ \ // "Pd" 
// 

Scheme 4. Hydrogénation of cyclopentadiene. 

Pd/C Pd/Al203 

dendritic catalysts 4 

t / min 

Figure 8. Schematic time courses 

various Pd catalysts. 

of H2 uptake in the hydrogénation of cyclopentadiene for 
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"Rh" er H 
linear branched 

Scheme 5. Rhodium-catalyzed hydroformylation of alkenes. 

1.2.5 Rhodium-catalyzed hydroformylation 

Rhodium complexes of the phosphine-functionalized carbosilane dendrimers are active in the 

hydroformylation of alkenes (see Scheme 5). The influence of the flexibility of the dendrimeric 

backbone on the catalytic performance was studied by comparing dendrimeric ligands 7a-c 

(see Figure 9: conditions toluene, 80 °C, 20 bar CO/H2).[37] Remarkably, an increase in steric 

congestion on going from 7a to 7b and finally to 7c did not affect the catalytic performance in 

this reaction, which is in contrast with the results of the Kharasch addition reaction (section 

2.2). Reetz et al. reported preliminary results on the rhodium-catalyzed hydroformylation using 

the multiphosphine DAB dendrimer (4) as the ligand and they also observed similar activities 

and selectivities as that of the parent ligand.[29] The monodentate analogues of the phosphine-

functionalized carbosilane dendrimers (with the (-SiMe2CH2PPh2) end groups) showed a 

decrease in activity for the more congested systems. By changing these steric properties the 

structure of the peripheral rhodium complexes also changed since metal complexes were 

formed between phosphines of different branches. This was proposed to be the origin of the 

lower activity. A similar study has been performed by Alper et al. They prepared phosphine-

functionalized PAMAM poly(amido amine) branches 8 

7a 7b:/7 = 0 
7c: n = 1 

ir^TWvnr»: 
8an = 0 
8b n = 2 
8cn = 4 

Figure 9. The influence of steric congestion on the Rh-catalyzed hydroformylation studied 

using homogeneous carbosilane dendrimers (7) and immobilized PAMAM dendrimers (8). 
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that were anchored to the surface of silica particles. Primary amines were stepwise converted 

into GO to G4.[38a] Phosphination of the terminal amine groups occurred completely for GO to 

G2, but for G3 and G4 steric crowding prevented complete functionalization. Subsequent 

reaction with [RhCl(CO)2]2 gave the corresponding complexes, which were tested in catalytic 

alkene hydroformylation. Using styrene as a substrate, the G0-G2 dendrimeric catalysts 

afforded aldehydes in nearly quantitative yield even at room temperature. They showed good 

regioselectivity to the branched product (linear to branched ratios as high as 1:30). G3 and G4 

catalysts showed only considerable activity at elevated temperatures. To study the impact of 

steric congestion on the hydroformylation reaction a new series of ligands was prepared (8a-c), 

differing in flexibility due to variation in spacer length.[38b] From comparison of the catalytic 

activity of these ligands they concluded that steric congestion indeed lowered the activity. This 

is in contrast with the results obtained with the homogeneous dendrimeric systems. A detailed 

study using both systems under similar conditions should be performed before any conclusions 

can be drawn. The re-usability of the immobilized catalysts has been tested by performing 

recycling experiments. Recovery of the catalyst was relatively easy since the particles were 

large enough to be separated by microporous filtration. No significant loss of activity or 

selectivity (for the branched product) was observed during five consecutive runs. 

Carbosilane dendrimers based on polyhedral oligosilsequioxane cores containing up to 

72 vinyl groups (vinyl-POSS) have been phosphinated with HPR2 (R = Me, Et, Hexyl, Cy, or 

Ph).[35] The rhodium complexes of the alkyl phosphine-functionalized systems were 

catalytically active in hydroformylation reactions yielding alcohols instead of aldehydes as the 

products. Interestingly, the dendrimeric catalyst with 24 PEt2 end groups was slightly more 

selective for the linear product (l:b = 3.1) compared to the monomelic ligand PEt3 (l:b = 2.4), 

whereas for the other dendrimeric catalyst the selectivity was lower. It was suggested that this 

higher selectivity was due to a subtle steric control over the reaction. 

1.2.6 Rhodium-catalyzed Hydrogénation 

In the research group of Kakkar, dendrimers having phosphines as branching point 

were synthesized via acid-base hydrolysis of aminosilanes with alcohols (Figure 10).t39] The 

synthesis of these dendrimeric systems is relatively straightforward, but the dendrimers contain 

labile silicon-oxygen bonds making them less suitable for application in continuous processes. 

The phosphorus donor atoms can be used to complex a variety of transition metals. 

Interestingly, the complexes can be formed before or after the acid-base reactions that form the 

dendrimer. The Rh metallo-dendrimers were catalytically active in the hydrogénation of 

decene, and even the larger system 9 showed only a small decrease in activity compared to the 

monomeric rhodium complex. Rates around 400 mol mol(Rh)"' h"1 were obtained in THF at 
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Rh = Rh(COD)CI 

Figure 10. Organophosphine rhodium dendrimers 9 developed by Kakkar (Rh = Rh(COD)Cl). 

25°C and 20 bars of hydrogen. After extraction and recrystallization the catalysts were re-used 

showing an activity of 95 % in the second run. Unfortunately, the catalytic performance of the 

complexes at the periphery was not compared with those located in the interior. 

1.2.7 Palladium-catalyzed hydrovinylation 

Van Koten and Vogt et al. prepared carbosilane dendrimers (10) that were 

functionalized with hemilabile P,0-ligands at the surface (Figure 11).[4°] The palladium 

complexes of this system are active catalysts in the hydrovinylation reaction of styrene 

(Scheme 6), which is an important reaction since it potentially provides easy access to chiral 

building blocks for the preparation of fine chemicals. Key problems in this reaction are the 

selectivity of the reaction, oligomerization and isomerization side reactions, and the stability of 

the catalyst. The dendrimeric catalysts were found to be rather stable in the batch process. 

Isomerization of the product, which normally occurs at high conversion, could be suppressed 

by stopping the reaction at low conversion. Performing this reaction continuously is therefore 
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Scheme 6. Hydrovinylation of styrène. 
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Figure 11. Palladium-catalyzed hydrovinylation using carbosilane dendrimers functionalized 

with P.O-chelates (10). 

interesting since it can combine a high space time yield with a low conversion and thus a high 

selectivity. [40] Retention of the dendrimers with four or twelve palladium sites in a membrane 

reactor was at least 85%, which should be sufficient to prove the concept. Indeed the 

selectivity to the desired chiral 3-phenylbut-l-ene was very high in the continuous 

hydrovinylation of styrene, but the rate of the reaction decreased rapidly due to decomposition 

of the catalyst 10. This decomposition was substantiated by the observation of palladium 

precipitate on the membrane. 

1.2.8 Metallocene-catalyzed polymerization 

Seyferth synthesized carbosilane dendrimers with 4, 8, and 12 peripheral zirconocene, 

hafnocene, and titanocene groups.\r*\ Dendrimer 11 (Figure 12) containing 8 zirconocene 
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dichlorides was applied in MAO activated olefin (co)polymerization (Table 1) and in silane 

polymerization. Considerable activity of 11 in the ethylene polymerization and co-

polymerization (of two different alkenes) was found (5760 kg polyethylene/mol metal per 

hour). However, these systems are 10 times less active than monomelic zirconocenes 

(Kaminsky[42] reported activities as high as 60900 kg (mol metal)"1 h"1). Hyperbranched 

polymers based on dimethylvinylsilane were prepared,[4lb] w h i c h a r e a t t r a c t i v e b e c a u s e in 

one step large dendrimer-like structures can be obtained. After functionalization of their 

irregular surface with zirconocenes, they were tested in ethylene polymerization. 

Unexpectedly, a higher activity (12400 kg mor' If1) was observed for these hyperbranched 

polymers than for 11. 

Figure 12. Carbosilane based dendrimeric metallocenes 11 are active catalyst in the 
polymerization of alkenes. 

Table 1. (Co)polymerization of alkenes using zirconocene-functionalized dendrimer 11. 
Substrate 1 Substrate 2 Activity (kg mol"1 h"1) 
Ethylene 5760 
1-Hexene 11 
Cyclopentene 29 
Ethylene Propylene 1460 
1-Hexene Cyclopentene 15 
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1.3 Core-functionalized dendrimeric transition metal catalysts 

In this section we will discuss the important contributions of core and focal point-

functionalized dendrimers in catalysis. These two approaches result in similar systems aiming 

at similar properties. The choice of either the core or focal point-functionalization has mainly 

been based on synthetic accessibility. There is a difference, however, in that core-

functionalized systems are more efficient in shielding the catalysts than the focal point-

functionalized ones. The latter require higher generations to give similar effects. In order to 

demonstrate this difference we performed molecular dynamics calculations of a first-

generation (phosphine) core-functionalized and a second-generation focal point-functionalized 

system!43] The results are clearly shown in Figure 13 were the structures are plotted. In the 

core-functionalized dendrimers the phosphine ligand is located at the center of the molecule, 

thereby being shielded from the exterior by the dendrimeric architecture. In the focal point-

functionalized system the phosphine is located closer to the surface of the dendrimer, and the 

dendrimer is shielding less effectively. 

Figure 13. Molecular modelling (dynamics) clearly shows the efficient encapsulation of the 

phosphine ligand in the core-functionalized wedge (right) compared to the focal point-

functionalized system (left). 

The specific microenvironment created by dendrimeric structures shows great 

similarity with biological systems such as enzymes. This has greatly stimulated chemists to 

prepare systems based on core-functionalized dendrimers that mimic certain properties of 
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biological systems, but these systems were generally not used for transition metal 

catalysis. t44l. Hemoprotein-dioxygen binding, selective recognition of guest molecules and 

stabilization of for instance iron-sulfur clusters are features in nature that have been studied 

using these mimics. Dendrimeric iron porphyrins were examined as cytochrome mimics, 

reproducing the buried electroactive heme core (with the Fe"I/Fe11 couple) within a dendrimer 

superstructure, which is a model for the natural protein shell.t44i] Several research groups 

studied recognition of guest molecules by dendrimeric receptors.[44f-h, 45] \y j m respect to 

catalysis, core-functionalized systems potentially can mimic enzyme properties. 

1.3.1 Polymerization 

The first example of a catalytic reaction at the core of dendrimers was provided by 

Fréchet using dendrimeric alcoholates such as 12 as macro-initiators for anionic ring-opening 

polymerization (ROP) of 8-caprolactone (Scheme 7)I46] Usually the alkali metal alcoholates 

yield low molecular weight (MW) polymers with broad MW distribution in the polymerization 

of e -caprolactone. Earlier studies had shown that steric bulk around the 

/ {y ROP 
hybrid 

— polystyrene 

Scheme 7. Polymerization reactions at the focal point of dendrons: anionic ring-opening 

polymerization of e -caprolactone (12), and styrene radical polymerization (13). 
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reaction center leads to suppression of side reactions as well as to a decrease of 'backbiting', 

which is responsible for low MW products. Furthermore, solubility problems usually result in 

low MW polymers. 

The dendrimeric initiators appeared suitable initiators due to their excellent solubility 

in THF and their steric bulk prevented 'back-biting'. The G4 alcoholate acts as a highly 

effective initiator (Scheme 7) producing high MW polymers with a narrow MW distribution 

(MWD) of 1.07. The initiator efficiency was estimated to be close to 100%, confirming the 

good accessibility of the reactive core. The Gl analogue produced only oligomers with very 

low conversions, which resembles the behavior of potassium terr-butoxide. Thus, the large 

dendrimers prevent termination of the polymerization by shielding the growing tip from 

reacting with a chain of another growing tip. 

Similarly, dendrimeric wedges were designed for the synthesis of living polymers and 

living block copolymers via controlled radical polymerization. [47] A nitroxyl radical 

(TEMPO) was attached at the focal point of Gl to G3 wedges (13, Scheme 7). In 

polymerization reactions low polydispersities were obtained using the high generation 

dendrimers due to irreversible release of the growing chains and slow recombination. This 

shows the necessity of having polymer chains that are compatible with the dendrimers. 

Unfortunately, insolubility of the polymer-dendrimer complexes limited the growth of the 

chains. 

1.3.2 Copper-catalyzedDiels-Alder reactions 

Chow reported the synthesis of a series of poly(alkyl aryl ether) dendrons (GO to G3; G3 (14) 

is shown in Scheme 8) functionalized at the focal point with dendrimeric te(oxazoline) 

ligands.[48] Cu" complexes of these dendrimers catalyze the Diels-Alder reaction between 

cyclopentadiene and N-2-butenoyl-2-oxazolidinone. A detailed study revealed that the reaction 

follows enzyme-like Michaelis-Menten kinetics. A reversible formation of the Cu-dienophile 

complex is followed by the rate-limiting conversion to the Diels-Alder adducts. The 

association constants of the catalyst-dienophile complex (k|/k_i) decreased slightly with the 

higher generation dendrimer. Upon complexation of the dienophile at the focal point the 

geometry at the metal center changes. This results in an increase in steric repulsion between 

the dendrimeric wedges which is more pronounced for the larger systems. Since the dienophile 

was used in large excess during the catalytic experiments, for all the systems the copper was 

present as dienophile-complex. Thus under these conditions no effect of this difference on the 

catalytic activity was expected. Indeed the activity of the dendrimeric catalysts GO to G2 was 

very similar. However, a marked drop in activity was observed when G3 was used as catalyst. 

Presumably, the size of this dendrimeric system results in a change in spatial structure around 

Transition Metal Catalysis Using Functionalized Dendrimers 21 



the catalytic core from planar to globular. The decrease in reaction rate is proposed to be due to 

a decrease in steric accessibility, G3 thus acting more like a core-functionalized dendrimer. 

This encapsulation effect was further studied by determination of the substrate 

selectivity using substrates of different sizes. Dienophiles with different tail lengths were 

applied in a 1:1 molar ratio to react with cyclopentadiene in the presence of a copper catalyst. 

The smaller dienophile reacted somewhat faster than the bulkier one for all catalysts studied 

(non-dendrimeric parent complex, Gl Cu(OTfh, and G3 Cu(OTf)2). More importantly, 

G3 Cu(OTf>2 (A:rci = 1.18) displayed slightly higher substrate selectivity than GlCu(OTf)2 (kK\ 

= 1.05). 

O O 

O N 

;.cu(OTf)2 

Scheme 8. Diels-Alder reactions using Cun-te(oxazoline) complexes located at the core of 

polyether dendrimers. 
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1.3.3 Manganese-catalyzed epoxidation 

Introduction of dendrimeric wedges on metallo-porphyrins result in core-functionalized 

dendrimers in which the porphyrin unit is shielded from the bulk solution. This type of system 

was mainly prepared to mimic the microenvironment effect of hemoproteins since this plays a 

crucial role in dioxygen binding. Suslick et al. used steric shielding of the porphyrin unit to 

establish regio- and shape-selective catalysis.[49] Eight bulky Gl and G2 poly(aryl ester) 

dendrons were connected to the porphyrin core to give manganese(IH)porphyrin complexes 15 

(Figure 14). 

Bu 'Bu 

r ^ ^ i 

R _ Bu' ( 3 KXJ 
15a 0 

cAo 

0 

Figure 14. Dendrimeric metalloporphyrins 15 and 16 used as shape selective oxidation 

catalysts.C49] 

These bulky catalysts have been tested as regioselective epoxidation catalysts using 

iodosylbenzene as the oxygen donor employing non-conjugated dienes that differ in steric 

hindrance. The dendrimeric epoxidation catalysts show an increased preference for the least 

hindered double bond compared to a less sterically hindered porphyrin: 1,4-octadiene 

epoxidation of the terminal C=C bond occurs four times more selective using 15b. A similar 

effect, but less pronounced, was observed for a moderately hindered (2',4',6'-OMePh)-Mnm-

porphyrin. Epoxidation of 1-alkenes is generally slower than that of the more electron-rich 

internal alkenes, but steric effects can reverse this trend; up to threefold higher selectivities for 

1-alkenes compared to internal alkenes have been observed when using the dendrimeric 

catalysts. Remarkably, there was no significant rate difference between parent and dendrimer-

encapsulated catalysts. Molecular modelling studies showed that, although top access is 
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completely restricted by the dendrimer branches on both faces of the porphyrin, significant 

cavities at the sides of the porphyrin plane exist which permit entering of the substrates. 15a 

and 15b have larger pockets (-7-10 Â) than the bis-pocket (5,\Q,\5,2Q-tetraMs(2' ,V &-

triphenylphenyl)porphyrin) 16 (~4 Â), which is fully consistent with the higher selectivity 

obtained using 16.[50] 

1.4. Enantioselective transition metal catalysis using dendrimers 

Chirality in dendrimeric architectures has been reviewed recently!51J The traditional 

concepts of chirality for small molecules are not sufficient to explain the chiroptical properties 

of some of the chiral dendrimers. Some hypotheses have been proposed, but more detailed 

studies on novel systems are required to confirm these ideas. Seebacht52] w a s m e first to 

classify the several ways to introduce chirality in a dendrimer: 1 ) one can have a chiral core 

(Figure 15a), 2) the chirality can be introduced at the periphery (Figure 15b), 3) chiral 

branching units can be used (Figure 15c), or 4) constitutionally different branching units can 

be attached to a chiral core (Figure 15d). Moreover, one can prepare systems that combine 

these types of chirality. Some examples show that the local chirality at the core of a dendrimer 

can result in a cryptochiral dendrimer that exhibits no optical activity. Also, in systems that are 

functionalized at the periphery with chiral groups, the optical rotation can strongly depend on 

the number of end groups. Generally, the rigidity of the system and the dense packing of chiral 

groups can have a huge impact on the stereochemical properties. For enantioselective 

transition metal catalysis using chiral dendrimeric catalysts these factors are likely to be of 

similar importance. In the field of enantioselective dendrimer catalysis,^°d] several reports 

have appeared. 

(c) (d) (a) (b) 

Figure 15. Schematic picture of the positions where chirality can be introduced in the 

framework of dendrimers. 
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1.4.1 Periphery-functionalized chiral dendrimeric catalysts 

Diethylzinc addition 

Meijer used poly(propylene imine) dendrimers that were functionalized with chiral 

amino alcohol ligands for Et2Zn addition to benzaldehyde.[53] Preliminary results using 17 

and 18 are given in table 2, showing high yields of 1-phenylpropanol for all generations. 

Moderate enantioselectivities were obtained for the smaller dendrimeric catalysts and the ee 

decreased with increasing generation number: upon using G5 almost no selectivity was 

observed, which was proposed to be a result of dense packing of the chiral end groups at the 

periphery. Presumably, this leads to several 'frozen-in' conformations (this was also observed 

for the 'dendrimeric box't8> 541), which is directly related to the presence of different catalytic 

sites. Introducing spacers between the dendrimer surface and the chiral functionalities to 

minimize steric interactions might solve this problem. [51] Poly(amido amine) dendrimers 

were functionalized with four and eight chiral amino alcohol groups.[55] Tn the presence of 

these chiral ligands, enantioselective addition of Et2Zn to various N-diphenylphosphinylimines 

was examined. 

For N-diphenylphosphinylbenzaldimine as substrate the monomeric parent ligand gave 

92 % ee, whereas the dendrimeric catalysts showed only moderate enantioselectivities (43 % 

ee for GO and 30-39 % ee for Gl). The reaction rates also decreased for the larger systems. 

Thus a similar effect was observed for these systems compared with those of Meijer;[53] the 

chiral ligand HO* N 

Ph' Ph 

O 
J ^ + ZnEt2 

H hydrolysis 

Scheme 9. The addition of Et2Zn to benzylaldehyde yielding asymmetric secondary alcohols. 

Table 2. The use of modified polypropylene imine) dendrimeric catalysts 17 and 18 for the 

addition of diethylzinc to benzaldehyde. 

Number of 

end groups (x) 

Yield i 

tpl OH \ 

17 7 x 
:%) e.e. (%) Yield (%) 

Me OH \ 

18 x 

e.e. (%) 
1 82 36 86 27 

2 75 36 77 25 

4 54 11 86 25 

8 58 6 64 24 

16 63 13 57 18 

32 49 10 70 18 
64 57 7 68 18 
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OH 

Figure 16. Peripheral amino alcohol ligands of rigid dendrimer 19 act as enantioselective 

catalysts in the diethylzinc addition to N-diphenylphosphinylimines. 

high local concentration of chiral active sites leads to a diminishing of the overall chirality and 

thus to less enantioselective reactions. In a subsequent paper it was reported that similar 

ligands were linked to a more rigid dendrimer 19 (Figure 16).L"J These dendrimeric catalysts 

gave enantioselectivities similar to the parent compound in the addition reaction of Et2Zn to N-

diphenylphosphinylimines at similar rates. In 19 the chiral ligands are effectively separated by 

the rigid backbone yielding systems that indeed consist of independent catalytic sites. 

Rhodium-catalyzed hydrogénation 

Togni et al. reported dendrimeric catalysts based on chiral ferrocenyl diphosphine ligands 

(Figure 17). Using different cores they obtained systems with 3, 6, 8 (compound 20),[^8] 12, 

16,[59] anci 24 Josiphos["0] units. Rhodium complexes of these systems were obtained by 

stirring one equivalent of ligand with [Rh(COD)2]BF4 in dichloromethane. These complexes 

were used as precursors in the hydrogénation of dimethylitaconate using 1 mol% rhodium in 

methanol at 1 bar hydrogen pressure. Remarkably, all reactions went to completion in 20 

minutes and all dendrimeric catalysts gave 98 % ee or higher, which is comparable with 

mononuclear Rh-'Josiphos' complexes (99 % ee). In the lower generations no significant steric 

interactions between the catalytic sites are expected. The observed high enantioselectivity for 
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the largest dendrimeric systems, however, clearly suggests that also in these systems the 

catalysts work as independent sites without significant obstruction by steric congestion. 

Preliminary nanofiltration experiments indicated that 20 could be completely retained, but 

catalysis in a continuous process using 20 has not been reported. 

PCy2 

PCy2 

Figure 17. A dendrimeric backbone functionalized with 8 'Josiphos' ligands is active in 

rhodium-catalyzed enantioselective hydrogénation. 

1.4.2. Core-functionalized chiral dendrimeric catalysts 

Brunner introduced the term 'dendrizymes' for core-functionalized transition metal 

catalysts developed for enantioselective catalysis. [611 Diphosphine and domine ligands were 

coupled to the focal point of chiral dendrimeric branches in order to create a chiral pocket 

around the transition metal. 

N-chelates 21a to 21c (Figure 18) were used in Cu'-catalyzed cyclopropanation of 

styrene and a slight increase from < 2 % ee to -10 % ee on going from parent pyridine 

aldimine 21a to 21b was observed showing that the chiral pocket slightly enhances the 

enantioselectivity of the reaction. Further expansion with a second layer of chiral substituents 

(21c) did not result in higher enantioselectivitiesl62] 
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Figure 18. "Dendrizymes": Optically active expanded pyridine aldimine (21) and diphosphine 
(22) ligands. 

Two-layer chiral diphosphine dendrizymes such as 22 were synthesized via a divergent 

routei61* 63] A S the chiral functionalities around the P atoms varies, a modification of the 

enantioselectivity in asymmetric reactions was anticipated. However, only poor 

enantioselectivities have been reported for all the reactions tested so far (hydrogénation, 

hydrosilylation, allylation and Grignard cross-coupling). A lack of rigidity in the outer layer of 

chiral groups was held responsible for these low ee's. Detailed kinetic studies were performed 

to study the effect of different dendrimeric branches on the reaction rate of the hydrogénation 

of acetamidocinnamic acid. Remarkably, the expanded ligand system 22a resulted in a faster 

hydrogénation catalyst than the parent ligand dppe. No clear explanation has been given, but 

the rate of catalyst formation might be involved. The catalysts were prepared in situ, and dppe 

showed an incubation time whereas the mixture with ligand 22a directly started to consume 

H2. Only a relatively small change in the structure of the dendrimeric wedge, a 2,5-substituted 

analogue of 22b (which contains 3,5-substituted wedges), resulted in a hydrogénation catalyst 

that was 300 times slower. [64] Blocking of the catalytic site by ortho-substituents on the P-

phenyl ring was proposed to cause this lower activity. 

Diethylzinc addition 

The research group of Bolm reported asymmetric catalysis using focal point-

functionalized Fréchet type wedges (Figure 19). Similar to the chiral parent compound, 

dendrimeric catalysts such as 23a were catalytically active in diethylzinc additions to 

benzylaldehyde yielding optically active secondary alcohols (Scheme 9)I6 5] Enantiomeric 

excesses were only slightly lower (85-86 % ee) than those of the parent pyridyl compound (5 

mol % catalyst; 88 % ee). The chiral amplification using 23b was also studied. Using 5 mol% 

of 23b, which was 76% enantiopure, resulted in a 84% ee for the product. The observed 
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positive non-linear effect is similar to that observed for the reference pyridyl compound. For 

larger dendrimeric systems such non-linear effects 

OPr 

/ = \ R = 

23a 
l-^. R = 

23a s \ 
HO \ 

f~S R = \ )=' 
H2N' 

24 
HO 

)"W 
o 

23b 

Figure 19. Chiral focal point-functionalized poly(benzyl ether) dendrimers prepared by 
Bolm.[65, 69] 

might not be observed since the formation of complexes with a metal to ligand ratio of 1:2 is 

involved, but experiments with such systems have not been reported. 

Seebach described the synthesis of dendrimers with TADDOLs as asymmetric active 

sites at the core. [66] Achiral Fréchet type wedges of GO to G4 were coupled to the para-

positions of the four phenyl groups of the TADDOL core (25, Figure 20)I6 6 bl Styrene-

functionalized derivatives of these systems have been prepared for immobilization purposes 

(25b). Interestingly, they also reported TADDOL ligands such as 26, functionalized with both 

the (R,f>) (drawn) as well as the (S,R) chiral wedges. The molar rotation value of the chiral 

dendrimers was not significantly affected by the size or by the chirality of the wedges. 

The Ti-catalyzed enantioselective nucleophilic addition of Et2Zn to benzaldehyde was studied 

using these dendrimeric catalysts. The dendrimers with achiral branches gave slightly slower 

reaction rates and a small decrease in enantioselectivity with increasing generation number (GO 

to G3) was observed. A large drop in both the activity and selectivity was observed for the 

largest system G4. On going from G3 to G4, the structure changes from roughly planar to 

globular and densely packed which provides an explanation for the drop in catalytic activity. 

This is a similar effect as observed for the copper-catalyzed Diels-Alder reaction reported by 

Chow et al.[48] (see section 3.2). The chiral branches in 26 did not significantly affect the 

rates and selectivities of the addition reaction. This was probably because the distance between 

the central catalytic site and the stereogenic centers of the branches is too large. 
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Figure 20. G2 dendrimers with TADDOL ligands at the core for homogeneous reactions (25a) 

and styrene-functionalized derivatives for immobilization purposes (25b). Dendrimer 26 

contains (R,S) chiral wedges. 

The TADDOL-cored dendrimers were immobilized by co-polymerization[66a] 0f 

styryl-substituted TADDOLs in cross-linked polystyrene using divinylbenzene or TADDOL-

centered dendrimers with peripheral styryl groups (25b, Figure 20) as cross-linkers. These 

ligands were co-ordinated to Ti by exchange with Ti(OCHMe2)4 and their activities and 

enantioselectivities in the Et2Zn addition to benzaldehyde were evaluated. As shown before, 

the branches of the dendrimeric catalyst (25b) have only a minor influence on the selectivity of 

the homogeneously catalyzed reaction. [67] Using the immobilized systems ee's comparable to 

the homogeneous systems were obtained (98 % versus 96 % ee). However, using polymers 

with a high TADDOLate content (thus higher cross linking) resulted in much lower 

enantioselectivities. This was proposed to be the result of 'frozen-in' conformations of the 

ligand. The immobilized dendrimeric catalysts did not perform better using higher generation 

dendrimers, but generally the activities of the dendrimeric immobilized systems were in 

between the polymer-bound analogues and the homogeneous counterparts. This confirms the 

hypothesis that catalytic sites within the polymer beads show intermediate accessibility. [66a] 

The selectivity drops considerably with introduction of spacers between the Ti-TADDOLates 

and the styryl-functionalities of 25, which might be caused by a less controlled active site and 
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from the swelling properties of the polystyrene beadsl68] All polymeric systems were 

recycled in 20 consecutive reactions via decanting/filtration and subsequent washing with 

toluene. The dendrimeric polymer showed the highest enantioselectivity of 98:2 in 20 

sequential runs. 

Asymmetric borane reduction 
Optically active amino alcohols were attached to the focal point of dendrimeric 

branches (GO to G3), and the resulting ligands (Figure 19 shows G2 24) were employed in 

asymmetric borane reductions!69] Compared to the parent catalyst that gave 87 % ee, slightly 

higher enantioselectivities (88-91%) and good yields were obtained for various generations 

using acetophenone as a substrate. The highest ee values (up to 96 %) for the reduction of oc-

chloroacetophenone were observed using the catalyst based on G2. The slightly lower 

selectivity of the G3 was proposed to be an effect of steric hindrance whereas the smaller 

systems (GO and Gl) are less efficient due to their flexibility. 

Titanium-catalyzed asymmetric allylation 
Yoshida prepared chiral l,l'-binaphthol derivatives having poly(benzyl ether) wedges 

at the 6,6' -positions!70] The molecular optical rotation was identical for all generations, 

which is in agreement with the presence of a single chiral group. From CD spectroscopy it was 

concluded that the chiral environment of the binaphthol remained unchanged for all systems. 

In titanium-catalyzed asymmetric allylation of aldehydes the enantioselectivity decreased only 

slightly for the larger dendrimeric catalysts (92-88 % ee compared to 87 % for parent (R)-

binaphthol). 

1.5 Metal nanocomposites in the dendrimer interior 

So far we have only discussed catalysts in which the metal ions are co-ordinated to 

appropriate donor atoms like P, N, O. Recently, a new concept was reported independently by 

the research groups of Crooks,[71l and Tomalia.t72] Hydroxyl-terminated poly(amido amine) 

dendrimers were found to be excellent templates for the preparation of precise metal 

nanoclusters within the dendrimer interiors. 

Among the potential applications of nanoclusters, catalysis is an important one and 

metal clusters have shown to be very active catalysts!73! However, clusters tend to aggregate 

into larger (less active) systems under catalytic conditions which complicates the applications 

of these systems. Precise construction of nanocomposites in cavities of dendrimers might lead 

to both cluster stability and full control over size and size distribution, while the dendrimer 

branches still allow access of substrates to the catalytically active clusters. Additionally, 
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dendrimers could enhance solubility of the metal clusters due to their solubility in a wide range 
of solvents. 

sorption 

Scheme 10. Sorption of metal ions and subsequent reduction forming dendrimer stabilized 
nanocluster complexes. 

Cu2+ ions have been extracted into poly(amido amine) dendrimers bearing terminal 

hydroxyl groups and bind to pairs of the outermost tertiary amine groups. This results for G2-

OH, G4-OH and G6-OH in sorption of 4, 16 and 64 Cu2+ ions respectively, as was shown by 

spectrophotometry.Pla] chemical reduction leads to stable, perfectly soluble nanocluster 

complexes (Scheme 10). Evidence for the formation of these clusters comes from an 

immediate color change from dark blue to gold brown, and the loss of signal in the EPR 

spectrum upon reduction. [7 la, 72] T h e a b s o r b a n c e b a n d s a t 6 0 5 a n d m n m ^ ^ ^ ^ 

characteristic peak at 590 nm appears (its exponential shape points to a band-like electronic 

structure of metal clusters). Metal particle diameters of 1-2 nm were found based on transition 

electron myographs (TEM), CPK modelling, and optical absorption. Samples of 

intradendnmer copper clusters remained unaggregated for over 90 days at room temperature in 

oxygen-free aqueous solutions. Similarly, Pd" and Pt» ions were sorbed into poly(am.do 

amine) dendrimers, and subsequently reduced to yield dendnmer-embedded nanoclusters [71b] 

TEM clearly shows that the clusters are monodisperse, roughly spherical, with diameters of 

1.3-1.6 nm. 

Dendrimer-encapsulated Au, Ag, Pd, and Pt metal particles can be prepared by multiple 

in-s.tu replacement reactions in wh.ch less noble Cu atoms are exchanged. [74] Such 

mtradendrimer reactions are fast and quantitative. Moreover, the resulting particles are stable 

small (1-3 nm) and relatively monodisperse. The Ag nanoclusters G6-OH(Agll0), which were' 

prepared via primary metal-exchange reactions from G6-OH(Cu55), could be converted further 

to the more noble G6-OH(Au37), G6-OH(Pt55), and G6-OH(Pd55) via secondary replacement 

reactions. Using this replacement method, catalytically active, encapsulated nanoparticles were 

prepared. 
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The water-soluble and stable composites G4-OH(Pd40) exhibit high catalytic activity 

for the hydrogénation of alkenes in water. Turnover frequencies were higher than for water-

soluble polymer-bound Rh1 catalysts and comparable to PVP-stabilized colloidal Pd 

dispersions in water (PVP = polyvinyl pyrrolidone)). These nanocluster-dendrimer catalysts 

are sufficiently stable for recycling and re-use. Moreover, proper choice of the dendrimer 

generation can control the hydrogénation activity. [71b] Higher generation dendrimers have 

more dense surfaces, which give limited access of substrates to the Pd nanoclusters. G6-

OH(Pd4o) and G8-OH(Pd,o) show rates of only 10 % and 5 %, respectively, ofthat for G4-

OH(Pd4o). In principle this could add the function of substrate selectivity to the dendrimer. In a 

subsequent papert75! dendrimer-encapsulated palladium nanoparticles were applied in 

fluorous biphasic catalysis. [76] PAMAM dendrimers were functionalized by complexation of 

carboxylic acid-terminated perfluoropolyether tails with the terminal amino groups of the 

dendrimer. The nanoparticles were active in the catalytic hydrogénation and could be recycled 

at least 12 times without significant decrease in activity. Moreover, polar substrates were much 

faster hydrogenated than non-polar substrates, which is due to the polar microenvironment 

within the dendrimer. Using these dendrimeric nanocomposites substrate selectivity can be 

achieved on the basis of size and polarity. 

1.6 Summary and outlook 

The field of dendrimeric transition metal catalysis is very new, but already numerous 

examples based on different dendrimeric backbones functionalized at different locations have 

appeared. At this stage it is pivotal to focus on the fundamental aspects of dendrimeric 

catalysis and many points of interest stated in the introduction have been addressed. Periphery-

functionalized dendrimers, which have extreme high local concentrations of catalysts/ligands, 

can on the one hand lead to more stable catalysts than their monomeric analogues (e.g. in the 

Heck reaction). On the other hand this high local concentration could promote deactivation and 

thus lead to lower activities (as observed in the Kharasch addition reaction). To date no 

examples have been reported in which the catalytic sites at the periphery of a dendrimer 

showed (chiral) co-operativity and also heterobimetallic catalysis using dendrimeric catalysts 

has not been studied yet. The dendrimer surface seems to be very suitable for catalytic reaction 

sequences that require two (or more) metals, and the quest for this highly interesting behavior 

is still ongoing 

Also the core-functionalized dendrimers as transition metal catalysts have huge 

potential and the analogy with natural systems is evident. Large dendrimeric branches 

positioned around the catalytic site can induce substrate-, regio-, and enantioselectivity, albeit 

often at the price of lower reaction rates. The precise tuning of the microenvironment (polarity, 

Transition Metal Catalysis Using Functionalized Dendrimers 33 



steric constrains) is still a difficult task, but might provide a tool to enhance the selectivity of a 

reaction. Construction of molecular recognition sites close to the catalytically active core in 

combination with the specific microenvironment created by the dendrimer will provide 

interesting systems that might increase selectivities by using non-covalent interactions, on the 

analogy of the working principles of enzymes. 

Preliminary results showed that dendrimers are suitable supports for transition metal 

catalysts and the larger systems can be used in continuous processes. The common problems 

involved in catalyst recycling can occur using dendrimeric catalysts, such as dendrimer or 

catalyst decomposition, dendrimer leaching, metal leaching and catalyst deactivation. These 

problems can be solved for most reactions by proper choice of ligands and dendrimer 

backbone. Whether dendrimeric catalysis can compete successfully in commercial applications 

with other systems such as two-phase catalysis remains to be seen. High turnover numbers are 

required considering the sophisticated dendrimeric ligands. 

Generally, positioning of the catalytic sites and their spatial separation are determined 

by the geometry of the dendrimer and are very important for the performance of the catalyst. 

This is especially true for dendrimeric catalysts with chiral ligands at the periphery. In the 

nearby future more examples of dendrimeric transition metal catalysts are required to 

substantiate this for a broad range of reactions. Ideally we would like to accumulate enough 

information and synthetic knowledge to implement the dendrimeric framework in the rational 

design of new catalyst systems. The field of dendrimeric systems functionalized with different 

catalytic sites at several well-defined locations can potentially be used for tandem reaction. 

Also the assembly of dendrimeric catalysts into larger aggregatest7' 771 and systems organized 

on surfaces will have a bright future in high precision nanotechnology. Multi-step reactions 

using these nanofactories are getting closer to sophisticated natural systems such as the 

multiprotein respiratory assembly. 

After submitting this manuscript several interesting reports on dendrimeric catalysis 

appeared, of which the references and brief descriptions were includedl78! 

1.7 Aim and outline of the thesis 

The aim of the work described in this thesis is the development of core-functionalized 

dendrimeric catalysts to study the effects of dendrimeric encapsulation on the activity and 

selectivity of various catalytic reactions. From the enormous variety of types of dendrimeric 

backbones the carbosilanes were selected for the construction of functional dendrimers and 

their application in catalysis because of their high thermal and chemical stability, the ease of 

synthetic variations, and the apolar character of the branches. 
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In Chapter 2 the effects of the dendrimeric encapsulation on the regioselectivity and 

activity of the palladium-catalyzed allylic alkylation reaction are described. These effects have 

been studied using a series of novel ferrocenyl diphosphine ligands at the core of dendrimers. 

In addition, the utility of the core-functionalized dendrimeric catalysts in a continuous-flow 

membrane reactor is shown. 

Chapter 3 deals with a direct comparison of the catalytic activity and selectivity of 

ferrocenyl diphosphines ligands located at the core- and at the periphery of carbosilane 

dendrimers. Palladium complexes of these conceptually different dendrimeric ligands were 

applied as catalysts in the Grignard cross-coupling and the allylic amination reactions. The 

application of these core- and periphery-functionalized dendrimeric catalysts in the continuous 

amination reaction is also examined. 

Chapter 4 contains the synthesis of three series of core-functionalized dendrimeric 

ligands based on the diphosphine backbones dppf and xantphos and on the monophosphine 

triphenylphosphine. The application of rhodium complexes of these ligands in batchwise and 

continuous hydroformylation and hydrogénation reactions will be discussed. An highly 

interesting effect of the dendrimeric encapsulation on the activity and regioselectivity of a 

bulky substrate is described. 

Based on previous work on the Kharasch addition reaction, it can be concluded that the 

reaction is inhibited when catalytic sites are in close vicinity of each other. Possibly, 

dendrimeric encapsulation provides site isolation, and thus would circumvent the inhibition 

due to dimerization. In Chapter 5 we report the preparation of NCN pincer-nickel complexes 

at the focal point of carbosilane dendrimeric wedges and preliminary catalytic experiments in 

the Kharasch addition reaction. 
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(chapter 2 

Synthesis of Core-functionalized Carbosilane 

Dendrimeric Catalysts and their Application in 

Batchwise and Continuous Palladium-Catalyzed 

Allylic Alkylation 

A series of core-functionalized dendrimeric ligands has been synthesized by attaching 

novel carbosilane dendrimeric wedges to a ferrocenyl diphosphine core. The palladium 

complexes of the different generations of dendrimers formed easily and the diphosphines 

coordinated in a chelating fashion. Application of these complexes as catalysts in allylic 

alkylation reactions showed a dendrimeric effect: the regioselectivity for the branched product 

increased when the higher generation dendrimers were used, albeit at the cost of a lower 

activity. Detailed studies using different allylic substrates indicate that this effect originates 

from a change in local polarity within the dendrimeric shell. The largest generation 

dendrimeric complex (MW 8772 Da) was used in a continuous-flow membrane reactor, 

showing a constant catalytic activity and selectivity. This is the first demonstration of the 

utility of core-functionalized dendrimeric catalysts in a continuous reactor. 

This chapter was submitted for publication: G. E. Oosterom, E. B. de Bruin, J. N. H. Reek, P. C. J. 

Kamer, P. W. N. M. van Leeuwen, 2001. 



2.1 Introduction 

The main focus of dendrimer research has evolved from synthesis of new and larger systems to 

functionalization and application of these branched macromoleculesl1] Examples include the 

use of these intriguing monodisperse macromolecules in photochemistry,PI biomimetics,[3] 

liquid crystalline materials^4] drug delivery,t5> 2rj] and catalysis!6' 71 

Two conceptually different architecturest6l have been reported: (1) dendrimers with 

functionalities attached to the surface, and (2) a functional core surrounded by dendrimeric 

branches (built up either convergently or divergently). Core-functionalized dendrimers have 

attracted considerable attention because the dendrimeric structure may change the properties of 

the functionality at the core. Several studies[3c> 8> 9] showed that the dendrimeric wedges 

isolate the core from the bulk solution, thereby creating a distinct micro-environment within 

the dendrimeric sphere. It is well-established that dendrimeric encapsulation of a photoactive 

or electroactive core-functionality gives rise to changes in the absorption/emission[3c> 8J and 

the redox properties, [8c"e> 91 respectively. Other core-functionalities comprise binding sites 

(e.g. porphyrin or ß-cyclodextrin) and these systems display different binding properties 

compared to their non-dendrimeric counterparts in the complexation of guest molecules or 

metal atoms.t3a' 10] 

Early studies involving core-functionalized dendrimeric catalysts show that product and 

substrate selectivities in catalytic reactions can differ from those obtained with their non-

encapsulated monomeric analogues. Chow and Mak described copper-catalyzed Diels-Alder 

reactions using dendrimeric te(oxazoline) ligandsl11! A drop in reaction rate for the larger 

dendrimeric catalysts is reported and ascribed to a decreased accessibility. Interestingly, a 

small substrate selectivity effect was observed using dienophiles of different size. Suslickt12] 

attached dendritic wedges to metallo-porphyrin cores, and used these systems as epoxidation 

catalysts employing non-conjugated dienes of different size. The dendrimeric catalysts showed 

a preference for the epoxidation of the least hindered double bond. Brunner et al l1 3] and 

Seebach et al l1 4] studied chiral core-functionalized catalysts for the enantioselective 

conversion of substrates. Generally it was found that the rates and enantioselectivities dropped 

when larger dendrimeric catalysts were used. Clearly, deeper understanding of the general 

principles concerning dendrimer encapsulated catalysts is vital for the design of this type of 

catalysts. 

So far the number of examples of core-functionalized transition metal catalysts is very 

limited. As a part of our research on dendrimeric catalysis we have prepared core-

functionalized systems that can be applied to the palladium-catalyzed allylic alkylation 

reaction. This is a very useful reaction and a valuable tool in synthetic organic chemistry!15] 

The transition metal-catalyzed allylic substitution is known to be sensitive to subtle changes in 
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reagents, ligand modifications and reaction conditions. For non-symmetrically substituted 

allylic substrates control of both the stereo- and regioselectivity is essential, t16] Three 

products can be formed (Scheme 1): the linear cis and trans products and the branched product. 

In general palladium catalysts using P-P or N-N ligands show a preference for the formation of 

the linear product induced by steric interactions, while electronically the branched product 

would be favorable (vide infra)l*-'e> loa-c, 17J 

Here we report the synthesis and characterization of a series of core-functionalized 

carbosilane dendrimers based on ferrocenyl diphosphines.Ho] A detailed study of the 

palladium-catalyzed allylic alkylation using these dendrimeric ligands revealed that a change 

in local polarity as a result of the apolar dendrimeric micro-environment increased the product 

regioselectivity to the branched product. Furthermore, the largest system showed a high 

retention in a continuous-flow membrane reactor, as was shown previously for surface-

functionalized dendrimers.[19] 
R 

^ ^ Pd, L 
F T ^ ^ Y + Nu" - R ^ ^ Nu + ^ " ^ Nu 

branched 

Scheme 1. The palladium-catalyzed allylic alkylation reaction (Nu = nucleophile; Y = leaving 

group). 

2.2 Results and Discussion 

2.2.1 Synthesis of the carbosilane wedges 
The divergent synthesis of carbosilane dendrimers via repetitive hydrosilylation and 

Grignard alkenylation is well-established. t2°] We used p-bromostyrene as a starting 

compound for the synthesis of a series of carbosilane wedges. The aryl bromide, which is the 

focal point of the dendrimeric wedges, enables functionalization at a later stage. Platinum-

catalyzed hydrosilylation (Scheme 2) using trichlorosilane occurred quantitatively at room 

temperature within 16 hours. According to 'H NMR spectroscopy the reaction was 100% 

selective for the formation of the linear addition product. [21] All volatiles including 

trichlorosilane, which was used in large excess, were removed under reduced pressure. 

Subsequent reaction with an excess of allylmagnesium bromide yielded wedge 1 quantitatively 

(Scheme 2). After flash chromatography to remove the platinum catalyst a colorless oil was 

obtained in 82 % yield. 

Higher generation wedges 2 and 3 were prepared following the same procedure, using 

longer reaction times in the hydrosilylation step to reach complete conversion. Since the allylic 

end groups potentially limit the number of catalytic applications, wedges functionalized with 

methyl end groups were prepared also. For each generation the last hydrosilylation step 

Synthesis of Core-functionalized Carbosilane Dendrimeric Catalysts... 4S 



SiMe^ 

2, R = allyl 
5, R = Me 

3, R = allyl 
6, R = Me SiR-

Scheme 2. Synthesis of carbosilane dendrimeric wedges having allyl and methyl end groups. 

Reagents and conditions: a) HSiCl3, Et20/CH2C12, («-Bu4N)2PtCl6, RT, 18-48 h; b) 

BrMgCH2CH=CH2, Et20, RT, 4 h; c) HSiMe2Cl, («-Bu4N)2PtCl6, RT, 4 h; d) CIMgMe, Et20, 

0 °C to RT, 4 h. 

Br-
W // 

SiCI2 
I 2 

Me 

a,b 

a,b 
•*• Br 

9, R = allyl 
10, R = Me 

Scheme 3. Synthesis of two-branched carbosilane dendrimeric wedges with allyl and 

methyl end groups. Reagents and conditions: a) HSiMeCl2, (»-Bu4N)2PtCI6, RT, 4 h; b) 

BrMgCH2CH=CH2 (9) or CIMgMe (10), Et2Q, 0 °C to RT, 4 h. 
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was performed using chlorodimethylsilane, followed by an alkylation reaction using 

methylmagnesium chloride (Scheme 2) yielding wedges 4, 5, and 6. 

To obtain structurally less dense dendrimers two-branched wedges 7-9 were prepared 

using dichloromethylsilane as hydrosilylating agent and allylmagnesium bromide as Grignard 

reagent (Scheme 3). The saturated product 10 was obtained after reaction with 

methylmagnesium chloride in the last step. All wedges (4-10) were characterized by H and 
13C NMR spectroscopy, elemental analysis, and FAB and MALDI-TOF mass 

spectrometry. [22] 

2.2.2 Preparation of core-functional ized dendrimers 

The ferrocenyl diphosphine ligands 12-17, dendrimeric analogues of dppf (1,1'-

£w[diphenylphosphino]ferrocene), were synthesized by reaction of the respective lithiated 

wedges 1, 2, 3, 6, 9, and 10 with l,l'-te(diethyl-phosphonite)ferrocene[23J 11 (Scheme 4) at 

low temperature. Column chromatography over silica gave an orange oil in all cases. All the 

bidentate ferrocene ligands with calculated molecular weights up to 8579 were characterized 

by 'H, '3C, and 31P NMR spectroscopy (Table 1), FAB and MALDI-TOF mass spectrometry, 

and elemental analysis. Even for the largest dendrimer 14 the MALDI-TOF mass spectrum 

showed only the molecular ion peak at m/z = 8578. \,V-Bis[bis(pam-

tolyl)phosphino]ferrocene 18t24] (Figure 3) was synthesized starting from 4-bromotoluene 

following a similar procedure. 

2.2.3 Preparation of dendrimeric palladium complexes 

In general, palladium catalysts are highly active in the allylic alkylation reaction.t'^e, 

16a-f, 17, 25] Palladium complexes of the dendrimeric ligand series were prepared and 

characterized to study the effect of encapsulation. 

Addition of (MeCN)2PdCl2 to the dppf-type ligands resulted in complex formation (Scheme 5) 

as indicated by a color change from orange to red. Complete complexation of all ligands in a 

bidentate fashion was confirmed by 31P NMR spectroscopy; in all cases the signal of the free 

phosphine at around -18 ppm was completely replaced by a singlet around +32 ppm (Table 

1) [26, 27] r£ven for the largest dendrimeric system 14 steric interactions between the 

dendrimeric branches do not prevent the facile formation of the bidentate complex. The 

gradual change in chemical shift in the 31P NMR spectra of the different dendrimeric systems 

suggest a change in the local environment of the catalytic center at the core of the dendrimer. 

The dendrimeric wedges might induce either a change in the local polarity or a change of the 

ligand bite angle (vide infra). 
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Scheme 4. Coupling of the dendrimeric wedges to the diphosphine ferrocene core. Reagents 

and conditions: a) w-BuLi, THF, -70 °C, 30 min.; b) 11, -70 °C to RT, 4 h. 

The MALDI-TOF mass spectra of the complexes of 12 and 13 showed peaks at m/z 

1371 and 3204, respectively. This is in agreement with the calculated molecular weights for 

12-Pd (1374.2) and 13-Pd (3201.9) after removal of the chloride atoms from the palladium 

centers by the silver triflate present in the matrix. 
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(MeCN)2PdCI2 

» 
CH2CI2, rt 

dppf, dppf-PdCI2; R = H 
12, 12-PdCI2; R = CH2CH2SiMe3 

13, 13-PdCI2; R = CH2CH2Si(CH2CH2CH2SiMe3)3 
14, 14-PdCI2; R = CH2CH2Si(CH2CH2CH2Si[CH2CH2CH2SiMe3]3)3 

Scheme 5. Formation of the palladium complexes of the diphosphine ligands dppf and 12-14. 

Table 1.31P NMR data of the dendrimeric ligands and their PdCl2 complexes (in CDCI3) 
Ligand S ( free ligand) 8 (PdCl2 complex) 

dppf -16.7 +34.5 

12 -18.6 +32.8 

13 -18.5 +32.4 

14 -17.9 +31.1 

2.2.4 Allylic alkylation reaction using core-functionalized dendrimeric catalysts 

Palladium-crotyl complexes (crotyl = but-2-enyl) of the dendrimeric ferrocenyl ligands 

were active catalysts in the allylic alkylation reaction using cinnamyl acetate (systematic name: 

3-phenyl-£'-prop-2-enyl acetate) as the substrate and diethyl 2-sodio-2-methylmalonate as the 

nucleophile (Scheme 6). In a typical experiment the catalyst was formed by addition of 

crotylpalladium chloride dimer to a THF solution of the ligand. After an incubation time of 60 

minutes, followed by addition of cinnamyl acetate and decane, the reaction was started upon 

the addition of diethyl 2-sodio-2-methylmalonate (2 equivalents). The reaction was monitored 

by gas chromatography. 

In Table 2 the average activity after 60 minutes and the selectivity towards the trans 

product at full conversion are presented for the various ligand systems. Of the three possible 

products (Scheme 6),[28] only the linear trans and the branched product were observed. The 

selectivity of the reaction was independent of the conversion.[29] All reactions reached full 

conversion within 24 hours. Both the selectivity and the activity changed with dendrimer size, 

which will be discussed below in detail. 

2.2.5 The origin of the observed regioselectivity in the allylic alkylation reaction 

The regioselectivity of the alkylation of the non-symmetric substrate cinnamyl acetate 

changes on going from dppf, 18 and 12 to higher generation dendrimers 13 and 14; more of the 

Synthesis of Core-functionalized Carbosilane Dendrimeric Catalysts... 4 7 



/P h ^ U Ma 
\ \ Palladium- P h ^ ^ > O © 
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linear trans linear cis branched 

Scheme 6. Palladium-catalyzed allylic alkylation reaction of cinnamyl acetate with diethyl 2-

sodio-2-methylmalonate. 

Table 2. Reaction rates and regioselectivities of the palladium-catalyzed allylic alkylation of 

cinnamyl acetate using various ligandsw 

Entry Ligand TOF after 1 h % Trans product 

(102 mol (mol Pd) ' h'*) (full conversion) 
1 - 0.2 96 

2 dppf 7.1 90 

3 18 9.3 90 

4 12 7.5 89 

5 16 7.1 87 

6 13 5.7 87 

7 14 1.7 79 

8 17 M 90 

9 15 2.9 84 
a Reaction conditions: 0.25 umol [Pd(crotyl)Cl]2, 0.5 umol ligand, 6.0 mL THF, 0.5 mmol cinnamyl 

acetate, 1.0 mmol malonate, 0.05 mmol decane, RT; [b] Because of insufficient amount of 17 it was not 

possible to perform the experiments in duplo. 

branched product is formed when larger dendrimeric ligands are applied. This dendrimeric 

effect on the regioselectivity can originate from three effects: (1) the change in local polarity 

due to the size of the apolar dendrimeric shell, (2) the increasing steric bulk of the dendrimeric 

branches that affects the outcome of the reaction because of the larger ligand cone angle, and 

(3) the increasing size of the dendrimeric substituents that causes an increase in the bite angle 

of the diphosphine ligand at the core. These three effects have been studied in more detail. 

Effect of the polarity on the alkylation regioselectivity 

The solvent polarity is known to affect the rate and selectivity of a variety of catalytic 

processes such as the Heck reactionPO] and the allylic alkylation reaction.Pl] The 

dendrimeric shell can change the local polarity at the dendrimer core,[8f> 8g] thereby changing 

the catalyst performance. By using different solvent mixtures the effect of the polarity in the 
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allylic alkylation of cinnamyl acetate with diethyl 2-sodio-2-methylmalonate was studied. In 

Table 3, the results using dppf as a ligand are summarized for a series of mixtures of THF with 

pentane or DMF. Under catalytic conditions the exact polarity cannot be determined because 

of the presence of reagents. Therefore, we used the empirical parameter ETN(30) as a measure 

of the solvent polarityl3 2] Figure 1 shows that there is a clear correlation between the 

regioselectivity and the solvent polarity; for more apolar conditions the proportion of branched 

product increases. 

Table 3. Regioselectivity and reaction rate of the palladium-catalyzed allylic alkylation of 

cinnamyl acetate using dppf in solvent mixtures of increasing polarity1"1  

Solvent mixture 

(v/v) 

ETN(30) TOF after lh % Trans product 

(102 mol (mol Pd)"1 h ') (full conversion) 

THF/pentane(l/2) 0.075 9.7 

THF/pentane(2/l) 0.141 7.9 

THF 0.207 7.7 

THF/DMF (5/1) 0.240 7.5 

THF/DMF(2/1) 0.273 7.1 

THF/DMF (1/1) 0.306 6.2 

THF/DMF (1/2) 0.338 0.8 

87 

89 

90 

92 

93 

93 

96 

[a] Reaction conditions: 0.25 umol [Pd(crotyl)Cl]2, 0.5 (imol dppf, 6.0 mL total volume of solvents, 0.5 

mmol cinnamyl acetate, 1.0 mmol malonate, 0.05 mmol decane, RT 

14 

12 

-5 8 c 
CD 

£ 6 

* 4 

2 
0 

0.05 0.1 0.15 0.2 0.25 
ETN (30°C) 

0.3 0.35 

Figure 1. Effect of the solvent polarity on the regioselectivity to the branched product in the 

allylic alkylation of cinnamyl acetate. 
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For complexes containing bidentate P-P ligands it has been suggested that the 

regioselectivity is controlled by the bonding of the allyl moiety.[16a, 17, 28] when the allyl 

group is substituted at one of the terminal carbon atoms, the symmetry of bonding to the 

palladium is distorted. Âkermark showed that the r\3 Pd-7t-allyl structure (C) is distorted to a 

r) -T| Pd-c-alkyl-7t-alkenyl structure (D). The structures A and B in Figure 2 represent 

complexes C and D, respectively. We have performed DFT calculations to evaluate the dipole 

moments of these two compounds. PH3 units were used to model the diphosphine ligand and 

the phenyl ring on the allyl moiety has been omitted. Model complex A has a calculated dipole 

moment of 8.93 Debye, while for B a dipole moment of 6.78 Debye is calculated. These 

results clearly indicate that in an apolar environment complex D is favored compared to C. 

Because of 7t-conjugation the double bond in complex D will be located between C2 and C3 

next to the aromatic ring. In allylic alkylation nucleophilic attack (the regioselectivity-

determining step) will mainly occur on C3, so V-r)2 complex D will give preferentially the 

branched product (see arrow in Figure 2).[17d, 16a, d] j n contrast, Ci is the favored site for 

nucleophilic attack in complex C, a preference that is mainly determined by the steric 

interactions with the aromatic substituents on C3. In less polar solvents the palladium-allyl 

complex will have a more pronounced alkyl-alkene character (D) thereby promoting the 

nucleophilic attack at C3. Consequently more of the branched product will be formed, which 

was observed experimentally. 

For selected solvent mixtures similar catalytic experiments were performed using third-

generation dendrimer 14 as the ligand (Table 4). Again more of the branched product was 

obtained in more apolar solutions. This indicates that the dendrimeric shell of 14 does not 

H3R PH, HUP. PH, 

Pd Pd 

A B 

.93 Debye Dipole moments 6.78 Debye 

P,v P 

p h - f t ^ A 

p. p 

> d ' 

Ph O" 

C u " D 

Figure 2. Dipole moments (DFT calculations) of minimized complexes A and B as models of 

complexes C and D. The arrows indicate the preference for nucleophilic attack. 
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Table 4. Regioselectivity and reaction rate of palladium-catalyzed allylic alkylation of 

cinnamyl acetate using 14 in solvent mixtures of increasing polaritya  

Solvent mixture ETN(30) TOF after lh % Trans product 
(v/v) (102 mol (mol Pdï' h ') (full conversion) 

THF/pentane (1/2) 0.075 3.1 73 

THF 0.207 1.7 79 

THF/DMF (1/2) 0.338 03 88 
[al Reaction conditions: 0.25 umol [Pd(crotyl)Cl]2, 0.5 umol 14, 6.0 mL THF, 0.5 mmol cinnamyl 

acetate, 1.0 mmol malonate, 0.05 mmol decane, RT 

completely shield the catalytic center at the core from the bulk solution. These results (Table 3 

and 4) confirm that the polarity around the catalyst is an important parameter in the control of 

the regioselectivity in allylic alkylation using dendrimeric ligands. 

Going to more apolar mixtures the reaction rate also increases (Table 3), which can be 

expected if the nucleophilic attack is the rate-determining step. The apolar (uncharged) product 

is stabilized in comparison with the polar starting nucleophile. For the dendrimeric ligands an 

even larger effect is observed. This might be due to structural changes of the dendrimeric 

branches in the different solvents or a cumulative effect of both the solvent polarity and the 

increased dendrimeric encapsulation. Depending on the polarity of the solvent the apolar 

dendrimer 14 will change its compactness (i.e. more compact in polar environment), a type of 

structural behavior that has been observed previously in modelling studiesi33! These 

structural changes result in different accessibilities, which is reflected in the reaction rates 

(Table 4). This clearly shows that the choice of solvent is very important on applying core-

functional ized dendrimeric catalysts. 

For dppf, 18, and 12-14 the redox potential of the ferrocene/ferrocenium couple was 

measured to investigate the polarity effect of the dendrimeric shell on the core (Table 5). It is 

known that dppf shows a quasi-reversible one-electron oxidation, followed by a fast 

irreversible chemical reaction, both in 1,2-dichloroethane and acetonitrilel34! This behavior 

was also observed for dppf, 18, and the ferrocene-containing dendrimers 12-14 in butyronitrile. 

Table 5. Oxidation potentials of the Fe2+/Fe3+ couple in the diphosphine ligands 

Ligand Eox. (V vs. Fc/Fc+) 

Dppf 0.179 (sharp) 

18 0.170 (sharp) 

12 0.228 (sharp) 

13 0.558 (broad) 

14 0.623 (very broad) 
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The oxidation potential of the dendrimeric systems increases upon going to larger generations 

and at the same time the oxidation peaks broaden significantly. The shift of the oxidation 

potentials is in line with the apolar micro-environment created around the ferrocene core. 

Kinetic effects, however, might also contribute to the shift in oxidation potentials because 

electron transfer from the ferrocene subunit to the electrode becomes more difficult, t 3 5 ! 

Direct steric hindrance 

To gain more insight in the effect of direct steric interactions between the ligand and 

the allylic substrate, the allylic alkylation reaction using dppf derivatives 19a-e (Figure 3) with 

different steric properties was examined. A difference in reaction rate was observed within this 

series of ligands that is not fully understood yet. For all entries, complete conversion was 

reached within 24 hours, and the product distribution was independent of the conversion. [29] 

CH3 

Figure 3. Dppf derivatives 18 and 19a-e. 

Table 6. Regioselectivity and reaction rate of palladium-catalyzed allylic alkylation of 

cirmamyl acetate using ligands that differ in steric bulk[a] 

Ligand TOF after lh % Trans product 

(102 mol (mol Pd)'1 h ') (full conversion) 

dppf 7.1 90 

19a 4.3 91 

19b 1.7 93 

19c 3.5 93 

19d 7.1 98 

19e 3.7 98 
[a] Reaction conditions: 0.25 umol [Pd(crotyl)Cl]2, 0.5 umol 19, 6.0 mL THF, 0.5 mmol cmnamyl 

acetate, 1.0 mmol malonate, 0.05 mmol decane, RT 
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Application of these ligands in the allylic alkylation of cinnamyl acetate showed a 

small but significant increase in selectivity for the trans product upon increasing steric bulk at 

the catalytic site (Table 6). The observed trend in regioselectivity is opposite to the effect 

found for the dendrimeric ligands (Table 2), hence the increasing steric bulk around the 

catalytic site at the core of the dendrimers is not responsible for the change of the selectivity 

towards the branched product. 

Effect of the ligand bite angle 

The natural bite anglet36! L-M-L of bidentate ligands is an important parameter 

determining the selectivity and reaction rate of catalytic species.[37] Intuitively it can be 

expected that increasing the size of the dendrimeric wedges would enforce a larger natural bite 

angle of the diphosphine ligand at the core. The bite angles and flexibility ranges of dppf and 

12-14 have been studied using molecular modelling. These calculations suggest that the 

natural bite angle of the largest dendrimer 14 is approximately 8° larger than that of dppfl 3°] 

Table 7. Calculated ligand natural bite angles and flexibility ranges of palladium complexes of 

dppf and the dendrimeric ligands 

Ligand Bite Angle"" Flexibility Range|bl 

dppf 113° 100 - 126 

12 113° 101 - 123 

13 114° 103- 123 

14 121° 109- 133 
[al For the calculation of the natural bite angles the palladium atom was replaced by a dummy atom 

analogous to literature procedures^36' 52J; [b l Ranging within 3 kcal mol"1 of the bite angle minimum. 

Previously, in our research group the influence of the bite angle on the allylic alkylation 

of several allylic substrates (£-hex-2-enyl acetate, £-but-2-enyl acetate, 3-methylbut-2-enyl 

acetate, E- and Z-pent-2-enyl acetate, crotyl chloride and cinnamyl chloride) with diethyl 2-

sodio-2-methylmalonate has been examined!3 9 ' 17a, 16d, 25, 28] Depending on the 

conformation and the size of the substrate and the type of bidentate ligand (P-P or P-N) that 

was used to form the palladium complexes an increase in the ligand bite angle directed the 

regioselectivity towards either more of the linear or more of the branched product. Steric 

interactions between the allyl substrate and the ligand are responsible for the higher preference 

for the linear product, whereas an electronic effect favored the formation of the branched 

product. 

The catalysts based on the dendrimeric ligand series do not differ in their electronic 

effect on the allylic alkylation of cinnamyl acetate. This implies that the effect of the increased 
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bite angle on the regioselectivity would be determined by the steric interactions, which would 

lead to more of the linear product. In contrast, the sh.ft of the regioselectivity that was 

observed experimentally for the series of dendrimeric catalysts (Table 2) is opposite to the 

expected bite angle effect. This indicates that the larger bite angle of 14 is not responsible for 

the changed product distribution. 

2.2.6 Reaction rates in the ally lie alkylation reactions 

In general, palladium complexes of dppf exhibit high activity in allylic alkylation 
reactions,[40] a n d i n d e e d a l l o u r d e n d n m e r i c d p p f_ b a s e d c a t a l y s t s g i y e ^ r e a c t i o n s 

Comparison of the rates of reaction using dppf and non-dendrimeric diphosphine 18 (Table 2, 

entries 2 and 3) shows that the /^«-substituted ligand yields a faster catalyst. The higher rate' 

using 18 might originate from the electron-donating methyl substituents, causing a higher 

electron density at the catalytic center. This in turn favors oxidative addition of cinnamyl 

acetate to the metal, which suggests that the rate of oxidative addition occurs in the rate 

equation. Other studies have shown that the nucleophilic attack on the palladium-allyl species 

is rate-determining when bidentate N-N ligands[41] and P-N ligands[16d] a r e u s e d 

Preliminary kinetic studies in our group using diphosphine ligands revealed that under certain 

conditions the rates of oxidative addition and nucleophilic attack were in the same order of 

magnitude. [42] U s m g d p p f a p o s i t i v e o r d e r j n m a l o n a t e c o n c e n t r a t i o n a n d z e r o Q r d e r ^ 

concentration of cinnamyl acetate was observed, which indicates that for these complexes the 
oxidative addition is faster than the nucleophilic attack. 
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Figure 4. Correlation between the molecular weights of selected ligands and their observed 
activities in the allylic alkylation of cinnamyl acetate. 
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The dendrimeric complexes exhibit lower activities than the complexes containing 

parent ligands dppf and 18, and the activities decrease in the series from lower to higher 

generation numbers (Table 2). This is in contrast to what would be expected in an apolar 

environment such as the interior of carbosilane dendrimers. Variation of the incubation time to 

either 30 or 120 minutes generally gave similar catalytic results, indicating that the active 

complexes were easily formed and variation in reaction rates for the dendrimeric complexes 

cannot result from partial formation of the complex. The lower activities are therefore 

attributed to the lower accessibility of the catalytic site located at the core of the dendrimer. 

It is generally accepted that peripheral functional groups are able to fold back to the 

dendrimer coreI l e ' 431 Back-bending of the allylic groups to the palladium center would 

enable the formation of alkene-Pd° complexes, which could potentially interfere with the 

allylic alkylation reaction. Modelling indicates that approach of the allyl groups to the 

palladium center is energetically feasible only for third-generation dendrimeric ligands 14 and 

16; the back-bending cannot explain the decrease in activity for 13. In addition, ligand 15 

having methyl terminal groups (Table 2, entry 7) perfectly fits the TOF-MW correlation (see 

Figure 4). The observed reaction rate using ligand 16 having two-branched dendrimeric 

wedges (Table 2, entry 5) is rather unaffected compared to dppf and 18. The high activity 

using 16 can be ascribed to the higher accessibility of the core. We conclude that the activity of 

the dendrimeric catalysts is mainly determined by the accessibility of the catalytic site at the 

core. This is in line with observations by others who reported similar changes in activity of 

dendrimeric catalysts attributed to structural changes upon going to higher generation, 

resulting in less accessible dendrimers. [' *> 44J 

2.2.7 Allylic alkylation reactions using other substrates 

The allylic alkylation reaction was studied using various related allylic acetates and 

different generations of dendrimeric catalyst. When using a small symmetric substrate (allyl 

acetate; Table 8) a high activity for all ligands was observed. For the largest dendrimeric 

ligand 14 a lower activity was found, which is attributed to a decreased accessibility of the 

catalytic site. The relative decrease in activity using this small substrate is smaller than that 

observed for cinnamyl actetate. Again, variation of the incubation time for allyl acetate did not 

result in different activities, which confirms that partial complex formation cannot explain the 

lower activity. 

For crotyl acetate (£-but-2-enyl acetate; Table 9) a similar trend in reaction rate was 

observed; for the largest dendrimeric system the reaction rate decreased with a factor of 2. The 

regioselectivity using this non-symmetric substrate slightly changed towards more branched 

and cis product when using the larger ligands 13 and 14, showing again the micro-

environmental effect of the dendrimeric shell. 
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Table 8. Reaction rate of palladium-catalyzed allylic alkylation of allyl acetatew 

Ligand TOF after 5 min. 

(102 mol (mol Pd) ' h ' ) 

dppf 76 

18 78 

12 77 

13 77 

14 46 

0 
a Reaction conditions: 0.25 umol [Pd(crotyl)Cl]2, 0.5 umol ligand, 6.0 mL THF, 0.5 mmol allyl 

acetate, 1.0 mmol malonate, 0.05 mmol decane, RT 

Table 9. Regioselectivity and reaction rate of palladium-catalyzed allylic alkylation of crotyl 
acetate [a] 

Ligand TOF after 10 min. % % o/o  

(102 mol (mol Pd)'1 h-') Trans Cis Branched 

dppf 57 74.0 2.1 

18 59 73.9 2.1 
23.9 

24.0 
1 2 37 76.3 2.3 21.4 
1 3 33 73.6 3.9 22.4 
1 4 23 69.2 4.2 26.6 

_JI 0^6 77.9 4.9 17.2 
a Reaction conditions: 0.25 umol [Pd(crotyl)Cl]2, 0.5 umol ligand, 6.0 mL THF, 0.5 mmol crotyl 

acetate, 1.0 mmol malonate, 0.05 mmol decane, RT 

Similarly, when £-hex-2-enyl acetate is used (Table 10), a significant change m 

regioselectivity was found. Experiments using dppf as the ligand in different solvent mixture 

substantiate that the observed differences in regioselectivity are caused by the local polarity at 

the catalytic site.[45] U s m g t h e l a r g e s u b s t r a t e s hex-2-enyl acetate (Table 10) and symmetric 

1,3-diphenylallyl acetate (l,3-diphenyl-£-prop-2-enyl acetate; Table 11) the activity decreases 

with a factor of 4 upon going from dppf and 12 to 13 and 14 as a result of increased steric 

hindrance. 

Previously it was shown that the rate of nucleophilic attack plays a role in determining 

the overall rate of allylic alkylation react,ons.[16d, 41] I t d e p e n d s o n t h e c h o i c e o f l i g a n d s > 

substrates and reaction conditions whether the oxidative addition is also involved (vide supra). 

The ratio of reaction rates using dppf and 14 increases upon going to larger substrates. This 

effect can be rationalized if the rate of allylic alkylation is determined by both the oxidative 

56 Chapter 2 



Table 10. Regioselectivity and reaction rate of palladium-catalyzed allylic alkylation of £"-hex-

2-enyl acetate[a] 

Ligand TOF after lh % % 

(102 mol (mol Pd) ' h ') Trans Branched 

Dppf 9.8 99.0 1.0 

Dppf™ 8.9 99.3 0.7 

dppf101 9.8 97.5 2.5 

18 9.7 98.9 1.1 

12 8.7 99.0 1.0 

13 3.3 98.2 1.8 

14 2.2 93.9 6.1 
- 0.5 13.2 86.8 

[a] Reaction conditions: 0.25 umol [Pd(crotyl)Cl]2, 0.5 umol ligand, 6.0 mL solvent, 0.5 mmol E-hex-2-

enyl acetate, 1.0 mmol malonate, 0.05 mmol decane, RT; [b' solvent mixture THF/DMF (1/2 v/v); [c' 

solvent mixture THF/pentane (1/2 v/v) 

Table 11. Reaction rate of palladium-catalyzed allylic alkylation of 1,3-diphenylallyl acetate[a' 

Ligand TOF after lh 

(102 mol (mol Pd)"1 h') 

Dppf 3.5 

18 3.9 
12 2.9 

13 1.6 

14 1.1 
— 0.7 

w Reaction conditions: 0.25 umol [Pd(crotyl)Cl]2, 0.5 umol ligand, 6.0 mL THF, 0.5 mmol 1,3-

diphenylallyl acetate, 1.0 mmol malonate, 0.05 mmol decane, RT 

addition and the nucleophilic attack. If the nucleophilic attack would be the rate-detennining 

step, then the effect of the size of the substrate is expected to be small, and the size of the 

nucleophile should have a large effect. In contrast, the oxidative addition of allylic substrates 

of increasing size would be disfavored at the sterically less accessible core of the dendrimeric 

ligands compared with the non-encapsulated ligands. 

2.2.8 Catalysis in a continuous-flow membrane reactor 

Dendrimers are useful catalyst supports that allow recycling from the reaction mixture 

by nanofiltration techniques thereby making use of their large size. So far only the application 

of surface-functionalized dendrimeric systems in continuous-flow membrane reactors has been 
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reported. Most of these systems contained palladium complexes at their periphery, and all the 

systems suffered from considerable catalyst deactivation! 19, 46] 

To show the applicability of core-functionalized dendrimeric catalysts in a continuous-

flow membrane reactor, the third-generation dendrimeric ligand 14 was employed in a 

continuous allylic alkylation reaction. A THF solution of 14 and crotylpalladium chloride 

dimer was mixed at room temperature and then injected into the membrane reactor. 

Subsequently, the reactor was fed with a solution of allyl trifluoroacetate, diethyl 2-sodio-2-

methylmalonate and decane as internal standard. Allyl trifluoroacetate was chosen as the 

substrate since the resulting sodium trifluoroacetate is soluble in THF whereas sodium acetate 

would precipitate in the membrane reactor. Conversions were corrected for the slow 

background reaction (see Experimental details). 
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Figure 5. Allylic alkylation of cinnamyl acetate in a continuous-flow membrane reactor using 

dendrimeric ligand 14. 

Figure 5 shows that the conversion increases rapidly in the first 30 minutes [47] untjl it 

stabilizes around 45%, after which it remains almost constant for at least 8 hours.[48] The 

constant activity of the core-functionalized dendrimeric complex shows that the catalytic 

system is very stable. This is in contrast with surface-functionalized dendrimeric catalysts that 

have been used in continuous processes, which undergo considerable deactivation in time. [19] 

The encapsulation of the catalytic site within the dendrimeric sphere sufficiently protects the 

active species against deactivation (e.g. by reactor walls, membrane material, other metal 

sites). The dendrimeric encapsulation is also responsible for the lower activity of the catalytic 
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center situated at the core. This decrease was also observed in the batchwise allylic alkylation 

reactions. 

2.3 Conclusions 
We have described the attachment of new carbosilane dendrimeric wedges with 

unsaturated (allyl) and saturated (methyl) end groups to a ferrocene diphosphonite unit 

yielding core-functionalized dendrimeric diphosphine ligands. These ligands have been 

applied in palladium-catalyzed allylic alkylation reactions using various allylic substrates and 

induced an interesting dendrimeric effect, which involves both the regioselectivity and the 

activity. The increased formation of the branched product when larger dendrimers were used 

can be ascribed to the local apolar micro-environment at the dendrimer core. The rate of 

reaction decreases with a factor of 2-4 when going from lower to higher generation 

dendrimeric ligands, which was attributed to a decreased accessibility of the catalytic center. 

For the first time a core-functionalized dendrimeric catalyst (14; MW 8772) was 

applied in a continuous-flow membrane reactor, and a constant activity was observed for at 

least 8 hours (20 reactor volumes flushed). The stability of this dendrimeric catalyst might be 

typical for core-functionalized systems as a result of efficient encapsulation by the dendrimeric 

shell. 

In periphery-functionalized dendrimers the multiple catalytic sites are fully accessible 

to the reagents in the reaction mixture, but often deactivation occurs because of interactions 

between the peripheral catalysts. Dendrimeric architectures that contain multiple catalytic sites 

located between the core and the periphery might combine a high stability with a high activity. 

2.4 Experimental Section 

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

purification. Compounds l i t 2 3 ] , 19a,t49] 19b,t24a] 19c,t5°] and 19dt50] were prepared according to 

literature procedures. All manipulations involving air- or water-sensitive compounds were performed 

using standard Schlenk techniques under an atmosphere of purified N2. Solvents were distilled from 

Na/benzophenone (THF, Et20), Na/benzophenone/triglyme (hexane) or CaH2 (CH2C12) under N2 prior 

to use. Silica 60 (SDS Chromagel, 70-200 um) was used for column chromatography. Gas 

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

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

detector). 

'H, 13C {'H}, and 3IP{'H} NMR spectra were recorded using the following spectrometers: Bruker 

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

('H 500 Mhz; l3C 125 Mhz). The spectra were recorded in CDC13 unless stated otherwise, and the 
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chemcal shifts are given in ppm versus TMS ('H, l3C) or 85% H3P04 (
31P). Elemental analyses were 

earned out on an Elementar Vario EL apparatus. FAB mass spectra were measured on a JEOL JMS-

SX102/SX102A four sector mass spectrometer coupled to a JEOL MS-MP 7000 data system. MALDI-

TOF mass spectrometry was carried out using a Perkm Elmer/PerSeptive Biosystems Voyager-DE-RP 

MALDI-TOF mass spectrometer equipped with delayed extraction. A 337 nm UV nitrogen laser 

producing 3 ns pulses was used and the mass spectra were obtained in the linear and reflectron mode 

Samples were prepared by mixing 10 uL of CH2C12 solution of the sample with 30 pi of a solution of 2 

mg L ' ditranol and Ag^ in CH2C1, One uL of the solution was loaded on a golden-sample plate the 

solvent was removed in warm air and the sample was transferred to the vacuum chamber of the mass 

spectrometer for analysis. 

Cyclic voltammetry was earned out with a PAR model 283 potentiostat using a carefully polished Pt 

disk electrode (surface area 0.42 mm2) placed in a three-electrode cell under an atmosphere of 

nitrogen. Pt gauze and coiled Ag were employed as auxiliary and pseudoreference electrodes 

respectively. The redox potentials were determined against the E,/2 potential of the 

cobaltocemum/cobaltocene redox couple (= +0.279 V vs. Fc/Fc+) used as an internal standard 

Calculations of structures A and B in Figure 2 (using DFT (B3PW91)) were performed on a Silicon 

Graphics Octane Workstation using a LANL2DZ double Ç bas.s set as implemented in Gaussian 

98.P'] 

Generation 0 dendrimeric wedge (three-branched) with a.lylic end groups (1) To a mixture ofp-

bromostyrene (12.58 g, 68.72 mmol), diethylether (10 mL), and dichloromethane (15 mL) was added 

(Bu4N)2PtCl6 (16 mg, 25 umol). After stirring for 30 minutes, excess tnchlorosilane (20 g 148 mmol) 

was added. The clear, slightly colored reaction mixture was stirred at room temperature and the 

progress was monitored by 'H NMR spectroscopy. When the reaction was complete (12 hours), excess 

silane and solvents were removed en vacuo, and the mixture was dissolved in 200 mL diethylether 

This solution was added dropwise to an excess of allylmagnesium bromide (1.5 M in diethylether) in 

30 minutes at 0 °C (exothermic reaction). After stirring at room temperature for several hours the 

white suspension was checked for its basicity to ensure complete reaction. Upon completion the 

mixture was quenched with 10% NH4C1 solution m water, then the aqueous layer was separated 

followed by extraction with Et20. Subsequently, the combined organic parts were washed with water' 

dried over MgS04, and concentrated. The crude product was filtered over silica using hexane as 

eluent. After removal of the solvent, a colorless oil was obtained in 18.80 g (82 %) yield 'H NMR g-

7.42 (d, VH.H= 8.3 Hz, 2H, Har), 7.08 (d, V,,H= 8.3 Hz, 2H, Har), 5.82 (m, 3H, C//CH2) 4 95 (dd 2JHH= 

10.7 Hz and V„.H= 1.7 Hz, 3H, CHC//2), 4.91 (d, V„.„= 1.7 Hz, 3H, CHC//2), 2.64 (m 2H 

SiCH2C#2), 1.66 (d, V1,„= 8.1 Hz, 6H, S,C//2CH), 0.96 (m, 2H, SiC//2CH2);
 l3C NMR &• 145 22 

(lCal.,uan), 135.46 (3C), 132.80 (2Car), 130.90 (2Ca,), 120.73 (lCar,quart), 115.32 (3C), 30 50 (1C 

CH2CH2Ph), 20.95 (3C), 15.14 (1C, CH2CH2Ph); Anal. Calcd for CI7H23BrS, C, 60 89- H 6 9l ' 

Found: C, 60.94; H, 6.92; MS (FAB): 336 (M+, Calcd for C17H23
81BrSi: 336.4), 334 (M+ ™Br) 295 
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293, 253 (100), 251, 213, 211; IR/crn"1 (CH2C12 solution) 3077m, 3054m, 2967m, 2918m, 2884m, 

2879m, 1629s (C=C), 1488s, 1421m, 1263m, 994m, 930m, 802s. 

First generation dendrimeric wedge with allylic end groups (2) This compound was prepared 

following the procedure described for 1, starting from 1 (9.23 g, 27.6 mmol) yielding 16.63 g (76 %) 

of a colorless oil. 'H NMR S: 7.41 (d, 3JH-H = 8.3 Hz, 2H, Har), 7.08 (d, VH.H = 8.3 Hz, 2H, Har), 5.80 

(m, 9H, C//CH2), 4.92 (dd, 2JH.H= 7.9 Hz and V„.H= 1.8 Hz, 9H, CHC//2), 4.88 (d, V,,.H= 1.8 Hz, 9H, 

CHCH2), 2.57 (m, 2H, SiCH2C//2Ph), 1.65 (d, VH-n = 8.1 Hz, 18H, SiC//2CH), 1.39 (m, 6H, 

SiCH2C#2CH2Si), 0.85 (m, 2H, SiC//2CH2Ph), 0.69 (t, VH-H = 8.3 Hz, 6H, SiC//2CH2C#2Si); I3C 

NMR Ô: 143.78 (lCar.quart), 134.18 (9C), 131.18 (2Car), 129.24 (2Car), 119.00 (lCar.quan), 113.40 (9C), 

29.50 (1C), 19.52 (9C), 18.05 (3C), 17.26 (3C), 16.44 (3C), 14.54 (1C): Anal. Calcd for C^H^BrSi,,: 

C, 66.70; H, 9.03. Found: C, 66.94; H, 9.08; MS (FAB): 793 (MT, Calcd for C44H7l
81BrSi4: 793.3), 791 

(M+, 79Br), 751, 749, 709, 707, 337, 335, 253, 251, 109(100); MS (MALDI-TOF): 900 (M+ + Ag, 

Calcd for C44H71AgBrSi4: 900.2); IR/cnf' (CH2C12 solution) 3076m, 3052w, 2913s, 2878m, 1623s 

(C=C), 1487m, 1417m, 1262s, 1153s, 986m, 901s, 804m. 

Second generation dendrimeric wedge with allylic end groups (3) This compound was prepared 

following the procedure described for 1, starting from 2 (7.34 g, 9.27 mmol) yielding 16.41 g (82 %) 

of a colorless oil. 'H NMR 5: 7.39 (d, VH-H = 8.2 Hz, 2H, Har), 7.06 (d, VH-H = 8.2 Hz, 2H, Har), 5.80 

(m, 27H, CHCH2), 4.91 (dd, 2J„-H= 7.8 Hz and 3JH.n= 1.8 Hz, 27H, CHC//2), 4.86 (d, VH.H= 1-8 Hz, 

27H, CHCH2), 2.57 (m, 2H, SiCH2C//2Ph), 1.59 (d, 3/H-H = 8.1 Hz, 54H, SiC//2CH), 1.36 (m, 24H, 

SiCH2C//2CH2Si), 0.89 (m, 2H, SiC//2CH2Ph), 0.58 (t, 3JH-n = 8.1 Hz, 24H, SiC//2CH2C//,Si); 13C 

NMR 5: 143.9 (lCar.quarl), 134.5 (27C, CH=CH2), 131.6 (2Car). 129.6 (2Car), 119.1 ( 1 Car,quart), 113.7(27 

C, CH=CH2), 30.1 (1C, CH2Ph), 19.9 (27C, CH2CH=CH2), 18.7 (3C), 18.5 (9C), 17.9 (3C), 17.7 (3C), 

17.6 (9C), 16.8 (9C), 15.0 (1C, CH2CH2Ph); Anal. Calcd for C125H215BrSil3: C, 69.41; H, 10.02. 

Found: C, 69.54; H, 9.83; MS (MALDI-TOF): 2267 (MT + Ag, Calcd for Cl25H2l5AgBrSi13: 2270.9); 

IR/cirf' (CH,C12 solution) 3076m, 3052w, 2967m, 2913s, 2874m, 1627s (C=C), 1487w, 1421m, 1270s, 

1157s, 994m, 901s, 804m. 

Generation 0 dendrimeric wedge (two-branched) with allylic end groups (7) p-Bromostyrene 

(9.48 g, 51.8 mmol) was mixed with (Bu4N)2PtCl6 (15 mg, 24 (irnol), degassed and stirred for 30 

minutes at room temperature. An excess of dichloromethylsilane (27 g, 259 mmol) was added, after 

which the clear, slightly colored reaction mixture was stirred at room temperature. The progress of the 

reaction was monitored by 'H NMR spectroscopy. When the reaction was complete (usually 6 hours), 

the hydrosilylated product was made to react with allylmagnesium bromide and purified in a similar 

procedure as described for compound 1, to yield a colorless oil in 12.81 g (80 %) yield. 'H NMR S: 

7.39 (d, VH-H= 8.4 Hz, 2H, Har), 7.06 (d, 3J„-i]= 8.4 Hz, 2H, Har), 5.78 (m, 2H, C//CH2), 4.90 (dd, 2JH.H= 

7.2 Hz and VH.H= 1.8 Hz, 2H, CHC//2), 4.86 (d, 3JH-H= 1-8 Hz, 2H, CHC//2), 2.63 (m, 2H, SiCH2C//2), 
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1.63 (d, VH.H= 8.1 Hz, 4H, SiC#2CH), 0.95 (m, 2H, SiC^CH,), 0.07 (s, 3H, S,CH3)- " c NMR 8-

143.70 (lCar,uart), ,34.21 (2Car), !31.17 (2Car), 129.35 (2C), 119.08 (lCar,qilart), , ,3.30 (2C), 29.06 (IC 

CH2CH2Ph), 21.08 (2C), ,4.94 (IC, CH2CH2Ph), -6.00 (IC, SiCH3); Anal. Calcd for Cl5H21BrSr C ' 

58.25, H, 6.84; Found: C, 58.37; H, 6.86; MS (FAB): 309 (M+, Calcd for C15H21
8'BrSl: 309 3) 307 

(M Br), 269, 267, 253, 251, 227 (100), 225, 147, 145, 97, 85. 

was 

a 

Generation 1 dendrimeric wedge (two-branched) with allylic end groups Compound 8 „ 

prepared following the procedure described for 7 starting from 7 (6.18 g, 20 mmol) yrelding , 

eolorless od: 9.33 g (83 %). ' H NMR 5: 7.40 (d, %.E = 8.4 Hz, 2H, Har), 7.08 (d, VH H = 8 4 Hz 2H 

Har), 5.78 (m, 4H, CHCH2), 4.89 (m, %_H= 7.9 Hz and V„,,= , .8 Hz, 4H, CHCH2), 4 84 (d % 1 1 8 

Hz, 4H, CHC772), 2.57 (m, 2H, SiCH2Ctf2Ph), ), 1.57 (d, %.B = 8.1 Hz, 8H, SiC^CH), 1 36 (m 4H 

SiCH2C//2CH2Si), 0.84 (m, 2H, SlC//2CH2Ph), 0.64 (m, 8H, SiCtf2CH2Ctf2Si), 0.01 (s 6H SlCH3) -

0.02 (s, 3H, SiCH3); "C NMR S: 144.06 (,Ca,qlM), 134.58 (2C), 131.11 (2Car), 129.31 (2Car) 118 94 

(lCar,uart), 112.89 (2C), 29.42 (1C), 21.28 (2C), 18.01-18.36 (9C), 15.87 (1C), -5.33 (1C SlCH3) -5 91 

(2C, SlCH3); Ana,. Calcd for C29H49BrSi3: C, 61.99; H, 8.79; Found: C, 62.47; H 8 79- MS (FAB) 

[Calcd for C29H49BrS,3: 561.9]: 521 (M+- ally,, 8<Br), 519 (M+- ally,, ™Br) 481 479 395 393 353 

351, 227, 225, 97(100); MS (MALDI-TOF): 668.7 (M+
 + Ag, Calcd for C29H49AgBrSl3: 669.1). ' 

Generation 2 dendrimeric wedge (two-branched) with allylic end groups Compound 9 was 

prepared from 8 (7.81 g, 14.5 mmol) using the same procedure as described for 7, yielding 5 96 g (58 

%) of a colorless od. ' H NMR 5: 7.40 (d, %.H = 8.4 Hz, 2H, Har), 7.08 (d, VH.H = 8.2 Hz 2H H ) 

5.78 (m, 8H, C//CH2), 4.88 (dd, V„.„= 7.5 Hz and V , H = 1.8 HZ, 8H, CBCH2), 4.84 (d VH1= 1 8 Hz' 

8H, CHCH2), 2.57 (m, 2H, SiCH2C//2Ph), 1.56 (d, %_H = 8.1 Hz, 16H, SiCftCH), 1 33 (bm 12H 

StCH2C//2CH2Si), 0.88 (m, 2H, SiC//2CH2Ph), 0.59 (bm, 24H, SlC/72CH2C//2Si) 0 00 (s 18H 

SiCH3), -0.10 (s, 3H, SlCH3); ' ^ NMR S: 144.80 (lCar,quart), 134.98 (4C), 131.45 (2Car) 129 67 (2C )' 

117.50 (lCa,quart), 113.20 (4C), 29.82 (1C), 21.64 (4C), 18.12-18.95 (21C), 16 30 (1C) -4 83 (3c' 

SiCHA -4.96 (4C, SiCH3); Anal. Calcd for C57H105BrSl7: C, 64.17; H, 9.92. Found: C 64 68- H 9 89-

MS (FAB) [Calcd for C57H105BrSi7: 1067.0]: 1025 (M^ - ally,, 8,Br), 1023 (M+ - ally, ™Br) 567 565 ' 

467, 465, 341, 339, 227, 225, 99(100); MS (MALDI-TOF): 1173 (M+
 + Ag, Calcd for C^H.^AgBrSi,: 

1174.8). 

Generation 2 dendrimeric wedge (two-branched) with methy. end groups (10) Wedge 2 (3 53 g 

6.29 mmol) and (Bu4N)2PtC,6 (16 mg, 25 umol) were stirred for 30 minutes, after which an excess of 

chlorod.methylsdanc (10.8 g, 94 mmol) was added at room temperature. The completely 

hydrosdylated product ('H NMR spectroscopy) was concentrated, redissolved in Et20 (400 mL) and 

reacted with an excess of methylmagnesmm chlor.de (20 mmol). The work-up was done according to 

the procedure described for the allyl-termmated wedges, after which 10 was obtained as a clear 

eo.orless oil: 3.80 g (70 %). 'H-NMR 8: 7.40 (d, V„.H = 8.1 Hz, 2Har), 7.08 (d, VH H = 8 2 Hz 2H ) 
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2.58 (m, SiCH2C//2Ph, 2H), 1.35 (m, SiCH2C//,CH2Si, 12H), 0.85 (m, 3/H-H = 8.7 Hz, SiC//2CH,Ph, 

2H), 0.58 (m, SiC//2CH2C//2Si, 24 H), -0.003 (s, SiCH3, 42H), -0.045 (s, SiCH3, 3H); 13C-NMR 5: 

144.20 (lCar.quart), 131.09 (2Car), 129.33 (2Car), 118.88 (lCar.quart), 29.49 (1C, CH2Ph), 21.33 (6C, 

SiCH2CH2CH2), 18.81-18.32 (12C, SiCH2CH2CH2), 16.02 (1C, CH2CH2Ph), -1.86 (12C, SiCH,), -5.10 

(2C, SiCH,), -5.28 (1C, SiCH3); Anal. Calcd for C4lH8„BrSi7: C, 57.35; H, 10.45. Found: C, 57.30; H, 

10.61; 

Typical synthetic procedure for the ferrocene core-functionalized dendrimers 

The appropriate carbosilane wedge (4.0 equivalents with respect to 11) was made to react with ?-BuLi 

(8.0 equivalents) in THF at -78 °C. For 1 the lithiation was followed by GC-MS, the reaction was 

complete within 15 minutes. In the other cases, stirring for 1 hour was sufficient for complete 

lithiation according to 'H NMR spectroscopy of samples quenched with D20. After addition of a 

solution of 11 in benzene (10 mL) and stirring for 60 minutes, the reaction mixture was slowly 

warmed to room temperature and stirred for another 16 hours. Concentration under reduced pressure, 

extraction with pentane (4 x 100 mL) and subsequent removal of all volatiles yielded an orange oil in 

all cases. Column chromatography over silica using hexane/CH2Cl2 (20:1) as eluent removed excess 

wedges, and subsequent elution with pure CH2C12 gave the desired product as an orange oil in 49-72 % 

yield. Spectroscopic data for compound 12: 'H NMR S: 7.22 (dd, 3JP_H= 7.0 Hz and Ju-H= 6.7 Hz, 8H, 

H,,), 7.12 (d, VH-H= 6.7 Hz, 8H, Har), 5.79 (m, 12H, C//CH2), 4.92 (dd, 1/H-H= 8.0 Hz and VH-H= 1.8 

Hz, 12H, CHC//2), 4.87 (d, 3JH-H= 1-8 Hz, 12H, CHC//2), 4.09 (s, 4H, HFc), 4.02 (s, 4H, HFc), 2.64 (m, 

8H, SiCH2C//2Ph), 1.62 (d, 3/H-H= 8.0 Hz, 24H, SiC/f,CH), 0.94 (m, 8H, SiC//2CH2Ph); 3IP NMR S 

(ppm, CDC13) -18.59; l3C NMR S: 145.49 (4Car), 134.58 (12C), 134.00 (d, 8Car,
 2JP.C = 78 Hz), 127.97 

(8Car), 118.66 (4Car), 114.14 (12C), 76.39 (2CFc.quart .), 73.95 (d, 4CFc , 2JP.C = 57 Hz), 72.63 (4CFc), 

29.73 (4C), 19.89 (12C), 13.38 (4C); Anal. Calcd for C78H10oFeP2Si4: C, 73.90; H, 7.95. Found: C, 

73.39; H, 7.79. MS (FAB): 1267 (M\ Calcd for C78H,0oFeP2Si4: 1267.8), 1226, 1011, 757, 726, 471, 

69(100); MS (MALD1-TOF): 1375 (M+ + Ag, Calcd for C78HIOoAgFeP2Si4: 1375.6). 

Compound 13: 'H NMR S: 7.26 (dd, VP.H= 7.3 Hz and 3JH-H= 7.3 Hz, 8H, Har), 7.11 (d, 3JH-H= 7.3 Hz, 

8H, Har), 5.78 (m, 36H, C//CH2), 4.90 (dd, 2JH-H= 10.8 Hz and 3/H-H= 1-8 Hz, 36H, CHC//2), 4.85 (d, 
3JH-H= 1.8 Hz, 36H, CHCH2), 4.15 (bs, 4H, HFc), 4.06 (bs, 4H, HFe), 2.56 (m, 8H, SiCH2C//2Ph), 1.59 

(d, 3JH-H= 7.8 Hz, 72H, SiC//2CH), 1.38 (m, 24H, SiCH2C//2CH2Si), 0.84 (m, 8H, SiC//2CH2Ph), 0.67 

(t, 24H, SiC//2CH2C//2Si), 0.61 (t, 24H, SiC//2CH2C//2Si); 31P NMR 5: -18.53; l3C NMR S: 145.55 

(4Car), 134.17 (36C), 133.57 (d, 8Car,
2JP.c = 77 Hz), 127.32 (8Car), 117.74 (4Car), 113.38 (36C), 76.39 

(2CFc,|uarl.), 73.30 (d, 4CFc ,
 2JP.C = 61 Hz), 71.99 (4CFc), 29.73 (4C), 19.52 (36C), 18.06 (12C), 17.17 

(12C), 16.45 (12C), 14.42 (4C); Anal. Calcd for Cl86H292FeP2Sil(,: C, 72.17; H, 9.51. Found: C, 

72.64;H, 9.25. 

Compound 14: 'H NMR Ô: 7.23 (dd, 3JP.H= 7.4 Hz and VH-n= 7.4 Hz, 8H, Har), 7.11 (d, 3JH-n= 7.4 Hz, 

8H, Har), 5.75 (m, 108H, C//CH2), 4.88 (d, 3JH-H= 10.9 Hz, 108H, CHCH2), 4.83 (bs, 108H, CHC//2), 

4.14 (bs, 4H, HFc), 4.04 (bs, 4H, HFc), 2.54 (m, 8H, SiCH,C//2Ph), 1.56 (d, 216H, SiC//2CH), 1.29 (m, 

Synthesis of Core-functionalized Carbosilane Dendrimeric Catalysts... 63 



96H, SiCH2C//2CH2S,), 0.82 (m, 8H, SlC//2CH2Ph), 0.66 (t, 96H, SiCtf2CH2Ctf2Si) 0 54 (t 96H 

SiC#2CH2C#2Si); «p NMR Ô: -17.9; »C NMR 5: even at 500 MHz the signals of the protons of the 

ferrocene ring and the ethylenes attached to the aromatic ring were too small to be observed 145 39 

(4Car), 134.13(108C), 133.52 (8Car), 127.34 (8Car), 117.70 (4Car), 113.39 (108C), 19.50 (108C) 18 44 

(12C), .8.06 (48C), 17.61 (12C), 17.17 (36C), 16.45 (36C); Anal. Calcd for C510H868FeP2Sls2: C, 

71.40; H, 10.20. Found: C, 71.00; H, 10.43; MS (MALDI-TOF) 8688 (M+ + Ag, Calcd for 

C5l0H868AgFeP2Si52: 8686.5), 8578 (M\ Calcd for C510H868FeP2S.52: 8578.6) (both signals are broad) 

Compound 16: >H NMR S: 7.26 (dd, V„„= 7.5 Hz, 8H, H„), 7.13 (d, VHH= 7.5 Hz, 8H, Har) 5 77 (m 

32H, C//CH2), 4.87 (m, 64H, CHCH2), 4.18 (bs, 4H, HFc), 4.06 (bs, 4H, HFc), 2.59 (m, 8H 

S.CH2C//2Ph), 1.56 (d, VH„= 8.1 Hz, 64H, SlC//2CH), 1.35 (m, 48H, SiCH2C//2CH2Si), 0.86 (m 8H 

SiC//2CH2Ph), 0.61 (bm, 96H, S.C//2CH2C//2S.), 0.00 (s, S,-CH3, 72H), -0.05 (s, Si-CH3 12H)- 31P 

NMR 5: -18.60; "C NMR Ô(CD2C12): even at 500 MHz the stgnals of the protons of the ferrocene 

ring, the aromatic ring and the ethylenes attached to the aromatic ring were too small to be observed 

-135.50 (32C), 113.32 (36C), 21.98 (32C), 18.4-19.4 (72C), -4.67 (12C), -5.41 (16C); MS (MALDI-

TOF) as the oxide 4239 (M+, Calcd for C238H428Fe02P2Si28: 4226.1). 

Compound 17: 'H NMR S: 7.25 (dd, V,H= 7.3 Hz and V„„ = 7.5 Hz, 8H, Har), 7.14 (d, V„„= 7 5 Hz 

8H, Har), 4.20 (bs, 4H, HFc), 4.08 (bs, 4H, HFc), 2.62 (m, 8H, S,CH2Ci/2Ph), 1.37 (m, 48H 

S.CH2C#2CH2Si), 0.87 (m, 8H, SiC//2CH2Ph), 0.59 (m, 96H, S.C//2CH2CÄSi), 0 02 (s Si-CH3' 

168H), -0.04 (s, S,-CH3, 12H); 3'P NMR 5: -18.63; '3C NMR Ô (CD2C12): 150.23 (4C,r), 131 86 (s' 

8Car), 128.27 (8Car), 117.81 (4Car), 77.01 (2CFc,quart.), 74.21 (bs, 4CFc), 73.80 (4CFc), 30.80 (4C) 22 00 

(36C), 19.05 - 19.50 (72C), 16.68 (4C), -1.26 (48C), -4.64 (8C), -4.85 (4C); MS (MALDI-TOF) 3353 

(M\ broad, Calcd for CI74H364FeP2Si28: 3360.9). 

l,r-Bis(p-tolylphosphino)ferrocene (18): To a solution of p-bromotoluene (3.00 g, 17.54 mmol) in 

THF (40 mL) was added a solution of „-butyllithium (6.86 mL, 2.50 M in hexane, 17.15 mmol) at -70 

°C GC-MS analysis confirmed complete conversion after 15 minutes. Then, a THF solution of 11 

(4.15 mmol) was added and stirred for 60 minutes, followed by warming of the reaction mrxture to 

room temperature and stimng for another 16 hours. The solution was concentrated under reduced 

pressure, extracted with pentane (3 x 120 mL), and removal of all volatiles y.elded an orange oil 

Recrystallization from hot 2-propanol gave 1.22 g (51 %) of an orange solid.P4] >H NMR S' 7 18 (dd 

VP-H= 7.5 Hz and VH.H= 7.5 Hz, 8H, Har), 7.08 (d, V„.H= 7.5 Hz, 8H, Har), 4.23 (dd, V,H= 1.2 Hz and 

Jka - 1.5 Hz, 4H, HFc), 3.97 (dd, VP.H= 2.1 Hz and V„.„= 1.5 Hz, 4H, HFc), 2.32 (s, 12H Ph-CH3)-
 31P 

NMR 5 -18.37; «C NMR ô 138.44 (4Car), 135.04 (bs, 4Ca,q), ,33.33 (d, 8Car, %.c = ,9.3 Hz), 128 89 

(d, 8Car, VP„C= 4.6 Hz), 76.75 (2CFc,q), 73.59 (d, 4CFc ,
 2JP.C = 14.4 Hz), 72.51 (4CFc), 21 28 (4C CH3)-

Anal. Calcd for C38H36FeP2: C, 74.76; H, 5.94. Found: C, 74.18; H, 6.10; MS (FAB) 610 2 (M+ 100' 

Calcd for C38H36FeP2: 610.12), 519 (M+ - tolyl), 398 (M+ - P(tolyl),), 349, 333, 240 
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l,r-Bis(bis{o-methoxyphenyl}phosphino)ferrocene (19e) was prepared following the procedure 

described for 18, using o-bromoanisol (3.40 g, 18.2 mmol), n-butyllithium (7.25 mL, 2.50 M in 

hexane, 18.1 mmol), and 11 (4.33 mmol). Column chromatography gave 2.12 g (73 %) of an orange 

solid. 'H NMR 6: 7.25 (m, 4H, Har), 6.87 (m, 4H, Har), 6.79 (d, VH.„= 6.3 Hz, 8H, Har), 4.39 (bs, 4H, 

HFc), 3.95 (bs, 4H, HFc), 3.76 (s, 12H, PhOCH3);
 31P NMR S -14.72; '3C NMR S 160.82 (d, 4Car,q, VP.C 

= 17.0 Hz, C2), 134.13 (4Car, C6), 129.77 (4Car, C4), 127.26 (d, 4Car.q,
 2JP.C = 12.2 Hz, Cl), 120.38 

(4Car, C5), 110.10 (4Car, C3), 75.75 (d, 2CFc,q, 'JP.C = 7.3 Hz), 73.77 (d, 4CFc ,
 2J„C = 13.4 Hz), 72.60 

(4CFc), 55.57 (4C, OCH3); Elemental analysis calcd (%) for C38H36Fe04P2: C 67.67; H 5.38. Found: C 

67.23; H 5.33. 

Complexation of the dendrimeric ligands with bis(acetonitiïle)paIladiumdichioride: complexes 

12-PdCl2, 13-PdCl2, and 14-PdCl2 Ligands 12, 13 and 14 were made to react with a stoichiometric 

amount of Pd(MeCN)2Cl2 in dichloromethane. Rapidly, the color changed from orange to red, which 

indicated the formation of the desired complex,. This was confirmed by 31P NMR spectroscopy after 

removal of the solvent. 

Compound 12-PdCl2: 'H NMR 5: 7.81 (dd, 3JH-H = 7.6 Hz and VP.H = 11,3 Hz, 8H, Har), 7.21 (d, 3JH-H = 

7.3 Hz, 8H, Har), 5.81 (m, VH-H = 8.6 Hz, 3/H-H = 1.5 Hz,, 12H, C//CH2), 4.94 (dd, 2JH-H= 8.6 Hz and 

VH.H= 1.5 Hz, 12H, CHCH2), 4.90 (d, 3JH.H= 1.5 Hz, 12H, CHC//2), 4.36 (s, 4H, HFc), 4.20 (s, 4H, HFc), 

2.70 (m, 8H, SiCH2C//2Ph), 1.65 (d, VH-H = 8.0 Hz, 24H, SiC//2CH), 0.99 (m, 8H. SiC//2CH2Ph); 3,P 

NMR 5: +32.84; l3C NMR 5: 149.68 (4Car.qllart), 136.64 (8Car), 135.45 (12C), 128.92 (8Car), 119.71 

(4Car.quart), 115.39 (12Q, signals of CFc,qllarl (2C) are underneath the signals ofCDCk, 11AQ (4CFc) , 

75.05 (4CFc), 30.96 (4C), 20.97 (12C), 14.70 (4C); MS (MALD1-TOF) 1371 (M+ - 2C1, Calcd for 

C78H10oFeP2PdSi4: 1374.2). 

Compound 13-PdCl2: 'H NMR 8: 7.86 (dd, VH-H = 7.5 Hz, 3JP.H = 11.1 Hz, 8H, Har), 7.22 (d, VH.H = 7.3 

Hz, 8H, Har), 5.79 (m, 36H, C7/CH2), 4.90 (dd, 2JH-H= 8.7 Hz and 3JII.H= 2.3 Hz, 36H, CHC//2), 4.86 (d, 
3JH-H = 2.3 Hz, 36H, CHC//2), 4.33 (s, 4H, HFc), 4.24 (s, 4H, HFc), 2.64 (m, 8H, SiCH2C//2Ph), 1.61 (d, 

V,,,, = 8.0 Hz, 72H, SiC//2CH), 1.41 (m, 24H, SiCH2Œ2CH2Si), 0.88 (m, 8H, SiC//2CH2Ph), 0.71 (t, 

VH-H = 7.8 Hz, 24H, SiC//2CH2C//2Si), 0.65 (t, 3JH.H = 7.5 Hz, 24H, SiC//2CH2C//2Si); 3IP NMR 5: 

+32.40; MS (MALDI-TOF) 3204 (M+ - 2C1; Calcd for C,86H292FeP2PdSi16: 3201.9). 

Compound 14-PdCl2: 'H NMR 5: 7.87 (m, 8H, Har), 7.25 (d, 3JH.n = 8.7 Hz, 8H, Har), 5.77 (m, 108H, 

C//CH2), 4.89 (d, VH-H = 8.7 Hz, 108H, CHŒ2), 4.85 (s, 108H, CHCH2), 4.27 (bs, 4H, HFc), 4.24 (bs, 

4H, HFc), 2.58 (m, 8H, SiCH2C//2Ph), 1.58 (d, VH-H = 8.1 Hz, 216H, SiC//2CH), 1.35 (m, 96H, 

SiCH2C//2CH2Si), 0.92 (m, 8H, SiC//2CH2Ph), 0.67 (t, 3JH-H = 8.4 Hz, 96H, SiC7/2CH2C//2Si), 0.59 (t, 

VH-H = 8.0 Hz, 96H, SiC//2CH2C//2Si); 3,P NMR 5: +31.09. 

Batchwise allylic alkylation catalysis A solution of ligand (0.5 umol) and [Pd(crotyl)Cl]2 (0.25 

ixmol) in THF (1 mL) was stirred for 60 minutes at room temperature. To this solution was added a 
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solution of cinnamyl acetate (0.05 mmol) and deeane (0.10 mmol; internal standard) in THF (1 mL) 
Subsequently, 3 mL of THF was added. 

To a suspens.cn of NaH (0.8432 g, 35.13 mmol) in THF (15 mL) was added dropw.se a solution of 

diethyl-2-methylmalonate (6.120 g, 35.13 mmol) in THF (15 mL) to give a 1 M solution of diethyl 2-

sodio-2-methylmalonate. The catalytic experiments were started by addmg 1.0 mL of this solution to 

the reaction mixture. Samples were taken after 0, 15, 30, 60, 120, 240, and 1200 minutes, quenched 

wtth water, extracted with Et20, and analyzed by gas chromatography. For ally] and crotyl acetate also 

samples were taken after 5 and .0 minutes. Allylic alkylation experiments were performed at least in 

duplo, and the results were reproducable within GC error limits. 

Allylic alkylation reactions using different solvent mixtures The procedure of the THF alkylation 

reactions was modified such that after incubation the palladium-Hgand complex was concentrated 

under reduced pressure. Then the cmnamyl acetate/decane solution was added, and then the 

approbate amounts of THF and pentane or DMF were added. In all cases the total reaction volume 

was 6.0 mL after addition of the diethyl 2-sodio-2-methylmalonate solution. 

Continuous allylic alkylation catalysis The membrane (MPF-60 NF, Koch Membrane Systems 

Düsseldorf Germany; MW cut-off 400 Da) was stored in ethanol, rinsed with acetone overmght' 

carefully mstalled in the reactor and flushed with THF at 20 mL.h ' overnight. A solution of 14 (21 5 

mg, 2.5 umol) and [Pd(crotyl)Cl]2 (0.5 mg, 1.25 umol) was stirred for 60 minutes and injected in the 

membrane reactor. A suspension of NaH (1.20 g, 50 mmol) m THF (50 mL) was made to react with a 

solution of diethyl-2-methyhnalonate (8.71 g, 50 mmol) m THF (100 mL). THF was added to this 

mature until a total volume of 2 titers was obtained. This solution was fed into the reactor at 50 mL h 

. Samples were taken both before and after the reactor, quenched with water and extracted with ether 

and analyzed with GC. The converse was calculated from the difference between the percentages of 

product formed before and after the reactor (thus correcting for the slow background reaction). 
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Ly hap ter 3 

A Direct Comparison of Core- and Periphery-

Functionalized Dendrimeric Ferrocenyl 

Diphosphine Ligands in Batchwise 

and Continuous Reactions 

Palladium complexes of core- and periphery-functionalized dendrimeric complexes 

based on ferrocenyl diphosphines are active in the palladium-catalyzed Grignard cross-

coupling of bromobenzene and 2-butylmagnesium chloride and in the allylic amination of 

crotyl acetate with piperidine. A direct comparison between systems with palladium 

diphosphine complexes located at the core and at the surface of carbosilane dendrimers is 

made. The regioselectivity of the products in the Grignard cross-coupling reaction depends on 

the dendrimer used and more of the linear product was formed when the largest core-

functionalized dendrimer was used. For both the core- and the periphery-functionalized 

systems the activity decreased when the higher generation catalysts were applied. In the allylic 

amination reaction no dendrimeric effect on the product regioselectivity was observed. The 

dendrimeric encapsulation gave a decrease in the reaction rate of the allylic amination reaction, 

which is in contrast to the application of the surface-functionalized dendrimers. Comparison of 

the core- and periphery-functionalized dendrimers in continuous amination reactions clearly 

showed that the dendrimers with core functionalities give more stable catalysts. The 

dendrimeric shell protects the catalyst against deactivation. 

This chapter was submitted for publication in a slightly modified form: G. E. Oosterom, D. de Groot, 

J. N. H. Reek, P. C. J. Kamer, P. W. N. M. van Leeuwen, 2001. 



3.1 Introduction 

Catalysis is recognized as one of the main areas for potential applications of functional 

dendrimers.[l-3] These well-defined macromolecular structures combine a good solubility 

with a relatively large size. This enables the combination of catalysis under homogeneous 

conditions with catalyst separation from the reaction mixture and recycling using nanofiltration 

techniques. [4] Two conceptually different types of functionalized dendrimers can be 

distinguished, namely systems that contain functionalities at the periphery and those with 

functional groups at the core. The encapsulation of core-functionalized dendrimeric catalysts 

leads to site isolation, which potentially makes these systems more stable than their non-

encapsulated counterparts. The reduced accessibility of the core is usually reflected in a 

decrease in reaction rate.H, 3b, 3d, 3e, 4b] interestingly, several reports showed that the 

dendrimeric encapsulation of a catalyst resulted in a change of the selectivity of the catalytic 

reaction!1. 3b, 3d, 3e, 4b] 

Periphery-functionalized dendrimers have their catalytic sites directed towards the bulk 

solution, and consequently these sites are well-accessible to reactants. The presence of 

multiple (transition metal) catalysts in close vicinity of each other at the dendrimer surface 

could give more efficient catalytic reactions when a cooperative bimetallic mechanism is 

operative,^ 2j, 2k] b u t s e v e r a l e x a m p l e s [ l , 2d-f, 2h] s h o w t h a t t h e interaCtions between the 

metal centers can also be responsible for deactivation. A few reports have appeared in which 

periphery-functionalized dendrimers have been employed in continuous-flow processes, 

mainly using palladium as the catalytically active metal.Pd-f, 2h] I n a l ] e x a m p l e s the catalysts 

decomposed and in some cases the formation of palladium black has been observed. The first 

step in the formation of metallic palladium(O) is the formation of palladium dimers, which is 

promoted at the dendrimer surface. Another example of deactivation of peripheral catalytic 

sites was reported for nickel catalysts in the Kharasch addition reaction, where increased 

radical recombination and irreversible formation of Nim complexes led to insoluble, inactive 

complexes.[2c, 2i] 

So far, the catalytic behavior of the conceptually different types of core- and periphery-

functionalized dendrimeric catalysts has not been compared directly. Here we present a set of 

dendrimeric ligands based on the dppf backbone (dppf = 1,1'-

te[diphenylphosphino]ferrocene) that allows a direct comparison between these approaches. 

Two synthetically important reactions, Grignard cross-coupling[5, 6] a n d a l l y l i c amination,[ 7, 

8] have been investigated using palladium complexes of these systems. In addition, a 

comparison was made of the allylic amination activity of the core- and periphery-

functionalized dendrimers applied in a continuous-flow membrane reactor. 
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3.2 Results and Discussion 

3.2.1 Synthesis of the ligands: core- and periphery-functionalized dendrimers 
The construction of carbosilane dendrimers via repetitive platinum-catalyzed 

hydrosilylation and Grignard alkenylation stepsCT allows the precise synthesis of dendrimers 

for specific functions and applications. Owing to the many variables in reagents (variation of 

core, branching number, length and character of the branches, end groups) the properties of the 

dendrimeric structure can be controlled.HO] In combination with their high stability under 

synthetic and catalytic conditions these properties make carbosilanes excellent skeletons for 

the construction of both core- and periphery-functionalized dendrimeric catalysts. Recently, we 

reported the preparation of carbosilane dendrimers having a dppf backbone located at the 

core.HI] Carbosilane dendrons with a bromine functionality at the focal point and with 

saturated methyl end groups were coupled to tó(diethyl-phosphonite)ferrocene to yield 

ferrocenyl diphosphine ligands 1, 2, and 3 (Figure 1). Complexes of these ligands were active 

in palladium-catalyzed allylic alkylationPc, 3d] ancj rhodium-catalyzed hydroformylation and 

hydrogénation^ U reactions. 

"SlM<% M e 3 s \ ( ( î -S iMe, 

SiMsj Me,Si' 

Me3Sk  
- < ^ ^ p Me3Si siMes I f ( l ^SiMe, 

Me,Si 

M e ^ .SiMe, ^S>~\ Lf 

Me3Si 
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SiM^ 's'i-\ Me3Si^ kj Fe YS rSiMe3 

~SiMe5 

^SiMe, C , ~ ^ S S ^ SiMe3 

Me3Si^ " > N < ^ ^ p v ^ M e 3 S i — A ^ ^ - ^ s i ^ ) X " ^ S i M ^ 
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M^S i -vS i^^ f u Me3S' J>\ fw** f A USiM% 

Me3Si C s | M % 2 M e 3 S i M e 3 s / SIM^.Me, 3 Me3Si SiMe, 

Figure 1. Core-functionalized ferrocenyl dendrimeric ligands 1, 2 and 3. 

Periphery-functionalized dendrimers 7 and 8 with dppf-type end groups were prepared 

following a different approach!^] Starting from [(dimethylamino)methyl]ferrocene,[l->] 

double lithiation and subsequent reaction with chlorodiphenylphosphine gave 2-

(dimethylamino)methyl-l,r-Z?«(diphenylphosphino)ferrocene 4 (Scheme 1) as an orange 

crystalline solid after workup.H4] This ligand was used as its racemate (only one of the two 

isomers is drawn in the Schemes). The (dimethylamino)methyl subunit acts as an internal 
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directing group for selective monolithiation. The monolithiated ligand Li-4 was isolated as a 

red solid after precipitation, and complete lithiation was confirmed by 'H NMR spectroscopy 

of a sample quenched with D20. Reaction of 4-Li with the chlorosilane end groups of 

dendrimers 5 and 6 yielded dendrimers 7 and 8 with respectively 4 and 12 ferrocenyl ligands 

located at the periphery (Scheme 1). 

The 'H NMR spectrum of 8 revealed the presence of different SiMe2 signals at 0.32 

and 0.29 ppm (two signals of the SiMe2 next to the asymmetric ligand) and at 0.11 ppm (a 

broad singlet of SiMe2-OR, R = H, SiMe2), which indicated incomplete functionalization of 
P h 2 P NMe2 PPh2 

Ph2P PPh2 

Scheme 1. Synthesis of the ferrocenyl diphosphine 4 and subsequent attachment of this ligand 

to the carbosilane dendrimers 5 and 6. Reagents and conditions: a) «-BuLi/TMEDA, Et20, rt, 

5h; b) ClPPh2, Et20, rt, 18h; c) «-BuLi, Et20, rt, 5h; d) Et20, rt, 18h. 
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the peripheral chlorosilanes. This was confirmed by MALDI-TOF mass spectrometry, in which 

the peaks of completely functionalized dendrimers were observed as well as those of 

compounds lacking one or more ferrocenyl end groups. From the integrals in the H NMR 

spectrum it was evident that the average functionalization of 7 and 8 was at least 85 %.L15J 

The degree of functionalization was substantiated by elemental analysis and ' C NMR 

spectroscopy. Despite efforts to optimize the reaction conditions (various solvents and solvent 

combinations, lithiating agents, temperatures, reaction times, and addition sequences were 

tested), completely functionalized dendrimers could not be obtained. Presumably the reactivity 

of the internally stabilized lithio-ferrocenes is too low. 

3.2.2 Complexation with palladium 
We studied the formation of palladium complexes of the dendrimers 7 and 8. Upon 

addition of solutions of (MeCN)2PdCl2 to solutions of 7 and 8 the color changed instantly from 

orange to bright red which showed the formation of the corresponding peripheral complexes. 

In the 'H NMR spectra of the fully complexed dendrimers the positions of the CH2N(CH3)2 

signals did not change significantly, indicating that for these palladium complexes the nitrogen 

donor atoms are not involved. Titrations of 7 and 8 with (MeCN)2PdCl2 were monitored by 31P 

NMR spectroscopy and showed that the two phosphorus signals of the free ligand at around -

18 and -25 ppm were replaced by two new signals at around +38 and +34 ppm of the bidentate 

(P-P)Pd complex. The exchange between the free and coordinated ligand is slow on the NMR 

time scale. The ratio of 31P NMR integrals versus the equivalents of metal added confirmed 

that all the ligands at the periphery formed complexes with palladium. As described 

previously, complexation of the core-functionalized dendrimers 1, 2 and 3 with palladium 

occurred in a similar bidentate fashion.L3c, 3dJ 

3.2.3 Palladium-catalyzed Grignard cross-coupling 
The palladium dichloride complexes of these diphosphine ligands were used as 

catalysts in the Grignard cross-coupling reaction of bromobenzene with 2-butylmagnesium 

chloride (Scheme 2), and the results are summarized in Table 1. In this reaction three possible 

products can be formed: the branched product 2-phenylbutane, the linear product 1-

phenylbutane, and the homo-coupled product biphenyll16! In the generally accepted 

mechanism of the cross-coupling reaction using palladium diphosphine complexes the 

consecutive steps of oxidative addition of bromobenzene, transmetalation, and reductive 

elimination lead to the branched product 2-phenylbutane. Isomerization of the 

[palladium(branched alkyl)] complex to the [palladium(linear alkyl)] complex can occur via 

ß-hydride elimination, which gives formation of the linear 1-phenylbutane. Homo-coupling 

can take place via two mechanisms: transmetalation between 2-butylmagnesium chloride and 
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bromobenzene,[17] and the reductive elimination mechanism of Gillie and StUleU«, 18] 

Depending on the catalytic system and on the conditions used the rate-determining step in the 

cross-coupling reaction can be either the oxidative addition,^] t h e transmetalation^O] o r t h e 

reductive elimination step. [18, 2U 

Application of the catalyst precursor (MeCN)2PdCl2 in the absence of diphosphate 

ligand gave no conversion. All the dendrimeric palladium diphosphine complexes at the core 

and at the periphery exhibited catalytic activity. The similar act.vity and selectivity of the 

catalysts containing dppf and ligand 4 shows that there is no effect of the pendant amine arm 

Lower turnover frequencies (TOFs) were observed for perrphery-functionalized 7 and 8. It is 

likely that this decrease is caused by interactions between the catalytic sites at the dendrimer 

surface. The rate also decreases for the higher generations core-fimctionalized dendrimeric 

hgands 1, 2, and 3. The slightly lower activity of 1 compared to dppf was attributed to the 

presence of the electron-donating para-substituents on the aromatic ring. This suggests that in 

this system the reductive elimination is rate-determining. The electronic properties of the 

dendrimeric ligands are the same and the further decrease in reaction rates for 2 and 3 is 

attributed to the dendrimeric encapsulation of the catalyst. 

MgCI 

2-PhBu 1-PhBu PhPh 

Scheme 2. The Grignard cross-coupling of bromobenzene and 2-butylmagnesmm chloride. 

Table 1. The Pd-catalyzed Grignard cross-coupling of 2-butylmagnesium chloride with 
phenylbromide using various ligands[: ' 

ligand TOF|b| 
% 2-PhBu'c| 0 / 

/o 
l-PhBu|d| % PhPh'e| 

- 0 0 0 0 
dppf 47 97.4 2.3 0.3 

1 33 98.1 1.7 0.2 
2 12 98.3 1.2 0.2 
3 2.4 87.4 12.5 0.1 
4 43 95.5 4.2 0.2 
7 29 96.0 3.7 0.3 
8 9.3 95.8 4.0 0.2 

a Conditions; 1.00 mmol bromobenzene, 2.00 mmol 2-butylmagnesium chloride, 0.010 mmol catalyst 

1.00 mmol decane, 10 mL Et20, 25 °C, reaction time 2 hours; all experiments were performed in 

duplo; in mol (mol Pd)"1 h'; M 2-phenylbutane; M 1-phenylbutane; M biphenyl 
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A selectivity of 96-98 % towards the cross-coupling product 2-PhBu (Scheme 2) was 

observed for most ligands, and only 1-4 % of 1-PhBu and less than 0.3 % PhPh was formed. 

Interestingly, the largest core-functionalized dendrimer 3 is the only ligand for which the 

regioselectivity differs considerably; 87 % of the branched and 12.5 % of the linear product is 

produced. In all experiments the selectivity is independent of the conversion, so the change in 

product distribution for 3 cannot be explained by the lower activity. The change in selectivity 

was attributed to the dendrimeric encapsulation of the catalyst. The encapsulation by the 

carbosilane branches leads to increased steric bulk and creates an apolar microenvironment 

around the catalytic center, which could be the origin of the observed selectivity change.[3d] 

For slow catalysts an increased amount of homo-coupled product can be formed, 

because the rate of non-catalyzed transmetalation remains constant while at the same time the 

rate of cross-coupling decreases. When 3 is used, the amount of homo-coupled product does 

not increase. Apparently the palladium-catalyzed homo-coupling is still unfavorable and the 

non-catalyzed transmetalation pathway is still slow compared to the catalyzed cross-coupling 

reaction. 

3.2.5 Batchwise allylic amination 

The parent ligands dppf and dtpf (l,r-te[di-/>tolylphosphmo]ferrocene) and the core-

and periphery-functionalized dendrimers 1, 2, 3, 7, and 8 were employed in the allylic 

amination of crotyl acetate using piperidine as the nucleophile (Scheme 3). The catalysts were 

prepared in situ by stirring the ligand with the palladium precursor [(crotyl)PdCl]2 in 

dichloromethane. Subsequently the reaction was started by the addition of a solution 

containing the reagents and the internal standard (see Experimental). Table 2 summarizes the 

results of the batchwise amination experiments. 

In the absence of ligand the palladium precursor exhibits no catalytic activity. Under 

the conditions used the application of the ferrocenyl diphosphine ligands leads to active 

catalysts with TOFs ranging from 2.4 to 20 x 102 mol (mol Pd)"1 h"1. The palladium complexes 

of the parent ligands dppf and 4 and the periphery-functionalized dendrimers 7 and 8 are 

highly active. The similar rates for dppf and 4 suggest that there is no effect of the pendant 

OAC r ^ [pdi 

linear, trans linear, cis branched 

Scheme 3. The palladium-catalyzed allylic amination reaction of crotyl acetate and piperidine. 
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Table 2. Allylic animation of cro tyl ace :tate with piperidir 

% branched1'1 

0 

ie using various ligandsw 

Ligand T O F l b | ( 102) 

:tate with piperidir 

% branched1'1 

0 

% transw 

0 

% eis1'1 

-- 0 

102) 

:tate with piperidir 

% branched1'1 

0 

% transw 

0 0 
dppf 14 67 28 5 

4 15 71 26 2 
7 20 62 35 3 
8 20 65 31 4 

dtpf 7.1 70 26 4 
1 6.9 75 23 2 
2 5.7 70 28 4 
3 2.4 75 22 3 

Conditions: 1.00 umol ligand, 0.50 umol [Pd(crotyl)Cl]2, 0.615 mmol crotyl acetate, 1.264 mmol 

piperidine, 0.517 mmol decane, 6.0 mL CH2C12, 35 °C; all experiments were performed in duplo; [b] 

after 15 minutes, m mol (mol Pd)"1 h"1; M P r o d u c t seiect,vity after 15 minutes; see text for the effect of 

isomerization. 

amine sidechain attached to the ferrocene ring on the rate. A small increase in activity was 

observed when the dendrimers 7 and 8 were used. This can be attributed to a slight 

advantageous effect of the positioning of these ligands at the dendrimer periphery on the 

catalytic performance or to the presence of the dendrimer-SiMe2 substituent on the 

cyclopentadienyl ring. 

The presence of/wra-substituents (CH3 or CH2) on the aromatic rings of dtpf and the 

core-functtonahzed dendrimers 1, 2, and 3 leads to considerably lower activities. The increased 

basicity of the phosphine ligands as a result of these substituents diminishes the rate of 

nucleophihc attack, which is rate-determining in the generally accepted mechanism of allylic 

amination.[7] The results in Table 2 show that the TOF decreases when higher generation 

core-functionalized dendrimers are used. The decrease is ascribed to the lower accessibility of 

the catalytic center because of the increased dendnmeric encapsulation. The plot of the TOF 

versus the molecular weight of the ligands (Figure 2) shows a clear correlation, which is 

similar to that observed in the palladium-catalyzed allylic alkylation.Pd] 

The distribution of branched, trans, and cis product is similar in all cases. After 15 

minutes, the branched product is the major product (62-75 %), and the linear product formed is 

predominantly trans (22-35 %). It was observed that after completion of the reaction (when all 

the crotyl acetate is consumed) in all experiments isomerization occurred to give a final 

product distribution of around 1% branched, 85% trans, and 14% cis product. The decrease of 

the amount of branched product was followed in time. The time (ty2) elapsed between the 

completion of the allylic amination reaction and the consumption of half of the branched 
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Figure 2. The TOF observed in the palladium-catalyzed allylic amination of crotyl acetate 

with piperidine versus the molecular weight (MW) of the ligands used, (dots: peripheral 

catalysts; diamonds: catalysts positioned at the dendrimer core). 

product is a measure for the rate of isomerization. For dppf, dtpf, and ligand 3 t./2 values of 14, 

21, and 108 hours, respectively, were observed. The rate of isomerization was 5 times slower 

for the core-functionalized dendrimer compared to dtpf. The observation of an effect of the 

dendrimeric encapsulation clearly indicates that the palladium center is involved in the 

isomerization reaction. In the allylic amination reaction 3 is only 3.0 times slower than dtpf. 

The difference in size of the substrates piperidine and the larger crotylpiperidine might explain 

the observed discrepancy. If this type of substrate/product selectivity can be optimized it 

provides a tool for the design of more selective catalyst systems. 

3.2.6 Continuous allylic amination 

As discussed in the introduction, so far all continuous processes using periphery-

functionalized dendrimers suffered from catalyst deactivation. To test our hypothesis that 

catalysts located within a dendrimeric shell are more stable than their periphery-functionalized 

counterparts we applied palladium complexes based on 3 and 8 as catalysts in the continuous 

amination of crotyl actetate. 

Previously, for the rhodium complex of 2 (2260 Da) a retention of at least 99.8 % was 

measured!1 !] Thus, for the large dendrimeric complexes (calculated molecular weights of 

11017 Da for 8-{Pd(crotyl)Cl} n and 5937 Da for 3-Pd(crotyl)Cl) the retentions are estimated 
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Figure 3. Allylic ammation of crotyl acetate m the continuous-flow membrane reactor using 

palladium complexes of ligands 3 (core-functionalized) and 8 (periphery-functionalized). 

to be more than 99.8 %, which means that for our experiments catalyst leachmg is not an issue 
(after 10 reactor volumes have been pumped through the reactor 98 % of the dendrimeric 
catalyst will be retained)!1. 2f, 22] 

The product selectivity was similar for all continuous experiments and was not 

dependent on the reaction time. In Figure 3 the conversion of crotyl acetate is plotted as a 

function of the amount of substrate solution pumped through the reactor (expressed m reactor 

volumes) for separate experiments using the two different dendnmers under similar 

conditions. The obtained curves clearly show the marked differences between the activity and 

stability of systems w.th the catalytic centers at the core and the periphery. For 8 the reaction 

starts rapidly and the maximum conversion of 80 % is reached after 1.5 reactor volumes. The 

subsequent decrease in activity due to deactivation of the catalyst is rapid. After 10 reactor 

volumes the conversion has dropped from 80 % to 20 %. In line with the batch experiments 

the activity of 3 is much lower and the maximum conversion is about 20 %. The lower rate 

using core-functionalized 3 can be explained partially by the electronic effect of the para-

substituents of the ligand and partially by the dendrimeric encapsulation. 

Interestingly, the dendrimeric encapsulation of 3 does lead to a higher catalytic 

stability. After 10 reactor volumes the activity only dropped from 19 % to 13 %. For complete 

stabilization of the catalyst larger dendrimeric catalysts will be required. Samples taken after 

20 reactor volumes showed that both catalytic systems were completely decomposed. ICP-

AES analysis of the reactor contents and the collected product fractions revealed that m both 

experiments after 20 reactor volumes at least 60 % of the palladium is washed out of the 
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membrane reactor. In separate experiments it was shown that in the absence of the allyl 

substrate amines was not responsible for decomposition of diphosphine palladium-allyl 

catalysts.[23] xhis suggests that decomposition only proceeds when an allylic compound 

coordinates to the palladium(O) center. At this point it cannot be excluded that the formation of 

quartenary ammonium salts that are known to stabilize Pd(0) particles leads the 

deactivation. [24] 

3.3 Conclusions 

For the first time a direct comparison between core- and periphery-functionalized 

dendrimeric catalysts was made. Dendrimeric complexes containing ferrocenyl diphosphine 

ligands at the core and at the periphery have been synthesized and are shown to be active in the 

palladium-catalyzed Grignard cross-coupling and allylic amination reactions. For the core-

functionalized dendrimers the encapsulation was responsible for a decrease in reaction rates of 

both catalytic reactions which is attributed to a lower accessibility of the catalyst situated at the 

core. The peripheral analogues show generally higher catalytic activities, which confirms the 

better accessibility of the catalysts positioned at the surface of the dendrimeric support. In the 

Grignard cross-coupling interactions between the peripheral sites are responsible for a small 

drop in activity. 

Systems with the catalytic sites attached to the periphery of the dendrimers gave 

selectivities in the two studied reactions that were similar to those for the non-dendrimeric 

analogues. In contrast, application of the largest core-functionalized dendrimeric catalyst gave 

a change in the product selectivity in the Grignard cross-coupling reaction. In the allylic 

amination reaction, this catalyst shows a lower rate of isomerization, which is an unwanted 

side reaction that changes the product selectivity at high conversions. These two examples 

clearly show that dendrimeric encapsulation can be used for the design of selective catalysts. 

The continuous amination reactions showed that the dendrimeric shell can also result in 

a higher stability of the catalyst. In contrast, the periphery-functionalized dendrimers, which 

showed a much higher initial activity in the continuous process, suffered from rapid 

deactivation. It would be interesting to investigate the generality of the differences between the 

periphery- and core-functionalized dendrimeric systems in other batchwise and continuous 

catalytic processes. 
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3.4 Experimental Section 

Chem.cals were purchased from Aldrich Chemical Co. and Acros Chirmca and used without further 

purification. The syntheses of ligands 1, 2, and 3 were reported elsewhere [H] 

[(D1methylamino)methyl]ferrocene[13] a n d dendnmers 5 and 6P>a] w e r e prepared following literature 

procedures. All manipulations involving air- or water-sensitive compounds were performed using 

standard Schlenk techniques under an atmosphere of purified N2. Solvents were distilled from 

Na/benzophenone (THF, Et20), Na/benzophenone/tr,glyme (hexane) or CaH2 (CH2C12) under N2 prior 

to use. Silica 60 (SDS Chromagel, 70-200 um) was used for column chromatography. Gas 

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

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

detector). 

'H, ,3C{'H}, 29Si{'H} DEPT, and 31P{'H} NMR spectra were recorded using Bruker AMX 300 and 

Vanan Mercury 300 spectrometers (both: 'H 300 Mhz; l3C 75 Mhz; 29Si 60 MHz, 3IP 121 MHz) The 

spectra were recorded in CDC1, at 25 °C unless stated otherwise, and the chem.cal shifts are given in 

ppm versus TMS ('H, '3C, »Si) or 85% H3P04 (31P). Elemental analyses were carried out on an 

Elementar Vano EL apparatus. FAB mass spectra were measured on a JEOL JMS-SX102/SX102A 

four sector mass spectrometer coupled to a JEOL MS-MP 7000 data system. MALDI-TOF mass 

spectrometry was carried out using a Perkin Elmer/PerSeptive Biosystems Voyager-DE-RP MALDI-

TOF mass spectrometer equipped with delayed extraction. A 337 nm UV nitrogen laser producing 3 ns 

pulses was used and the mass spectra were obtained in the linear and reflectron mode using ditranol as 

the matrix. 

The continuous animation reaction were performed in a homemade continuous-flow membrane 
autoclave^ 1. 23] ( r e a c t o r v o l u m e 5 m L ) e q u j p p e d ^ & ̂ ^ ^ ^ & ^ ^ ^ ^ & 

Gdson Piston Pump Model 303 / 10SC and a Gilson Model 802C Manometry Module. The membrane 

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

Systems, Düsseldorf, Germany), which was received in water, rinsed thoroughly with acetone, and 

stored in methanol prior to use. 

Palladium analysis was done with inductively coupled argon plasma-atomic emission spectroscopy 
(ICP-AES) following a literature procedure^] u s i n g a s e q u e n t l a , J a n e U A s h u p g r a d e d ( M o d d ^ 

Atomscan model 2400 ICP scanning monochromator. The palladium spectral line at 340.458 nm was 
measured. 

Synthesis of ligand 4 To a solution of [(dimethylammo)methyl]ferrocene (8.79 g, 36.2 mmol) in Et20 

(100 mL) was added „-BuLi (2.5 M in hexane, 34 mL, 85 mmol) and TMEDA (5.0 g, 43 mmol) at 

room temperature. After 5 hours stirring chlorodiphenylphosphine (19.85 g, 90 mmol) was added and 

an orange precipitate was formed. After 18 hours an aqueous solution of NaHCO, (10%, 100 mL) and 

Et20 (300 mL) were added, the layers were separated, followed by extraction of the aqueous fraction 
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with Et20 (3 times 50 mL). The combined organic fractions were dried on MgS04, filtered, and 

concentrated to yield an orange solid. Recrystallization from hot EtOH gave ligand 4 as an orange 

crystalline solid: 9.8 g (44 %). 'H NMR S: 7.50 (m, 2HAr), 7.3-7.1 (m, 18HAr), 4.54 (bs, lHFc, H3), 4.27 

(bs, 1HFC, H3'), 4.18 (m, lHFc, H4), 4.09 (m, lHFc, H2'), 3.97 (m, 1HFC, H4'), 3.69 (bs, lHFc, H5), 3.53 

(m, 1HFC, H5'), 3.51 (d, V(H,H) = 13.0 Hz, 1H, H6), 3.22 (d, V(H,H) = 12.9 Hz, 1H, H6'), 1.95 (s, 6H, 

N(CH3)2);
 l3C NMR S: 140.5, 139.5, 139.0, and 138.2 (all four signals: d, 'j(P,C) = 9.1 Hz, lCAr.q), 

135.5 (d,J(P,C) = 21.1 Hz,2CAr), 134.0 (d, J(P,C) = 20.1 Hz, 2CAr), 133.6 (d,J(P,C) = 19.1 Hz, 2CAr), 

132.8 (d, J(P,C) = 18.1 Hz, 2CAr), 129.5 (lCAr), 128.9 (d, J(P,C) = 17.1 Hz, 2CAr), 128.5 (multiple 

signals, 6CAr), 128.2 (lCAr), 128.0 (d, J(P,C) = 14.1 Hz, 2CAT), the quartenairy ferrocene signals falls 

underneath the CDC13 signals, 75.7 (d, V(P,C) = 18.7 Hz, C3'), 75.1 (d, V(P,C) = 3.8 Hz, C3), 74.4 (d, 
2./(P,C) = 3.9 Hz, C2'), 73.9 (d, 2J(P,C) = 10.4 Hz, C5'), 73.1 (C4'), 72.7 (d, 2J(P,C) = 4.5 Hz, C5), 

72.1 (C4), 57.8 (d, V(P,C) = 9.2 Hz, 1C, CH2N), 45.3 (2C, N(CH3)2);
 31P NMR 5: -17.22 (PI'), -24.39 

(PI next to the pendant CH2N(CH3)2 group); Elemental analysis calcd (%) for C37H35FeNP2: C 72.68; 

H 5.77, N 2.29; Found: C 72.66; H 5.85; N 2.33; 

Dendrimer 7 containing 4 ferrocenyl diphosphine ligands A solution of 4 (1.774 g, 29.0 mmol) in 

Et20 (50 mL) was lithiated with n-BuLi (2.5 M, 1.175 mL, 2.94 mmol) at room temperature. Analysis 

of a sample from the dark red suspension with GC-MS (D20 quench) showed complete lithiation after 

5 hours. To the suspension was added a solution of dendrimer 5 (0.398 g, 0.698 mmol) in Et20 (10 

mL). After 18 hours water (30 mL) was added to the suspension, and after separation of the layers the 

aqueous fraction was extracted with Et20 (3 x 20 mL). Drying on MgS04, followed by filtration and 

concentration gave an orange solid. Column chromatography over silica (eluent EtOAc) gave two 

orange bands. 'H and 31P NMR spectroscopy showed that the first band was product 7 (1.64 g, 79 %), 

whereas the second band was excess ligand. 'H NMR: 8= 7.37 (m, 8HAr), 7.3-7.1 (m, 72HAr), 4.51 (bs, 

4HFc), 4.27 (bs, 4HFc), 4.24 (bs, 4HFc), 4.06 (bs, 4HFc), 3.47 (bs, 8HFc), 3.39 (bs, 4H, CH2N), 3.05 (bs, 

4H, CH2N), 1.79 (s, 24H, N(CH3)2), 1.27 (m, 8H, SiCH2C//2CH2Si(CH3)2), 0.89 (m, 8H, 

SiCH2CH2Cff2Si(CH3)2), 0.65 (m, 8H, SiC//2CH2CH2Si(CH3)2), 0.32 and 0.29 (s, 20H, Si(CH3)2-Cp), 

0.11 (s, 4H, Si(CH3)2-0); 13C NMR: ô= 140.2, 139.4, 138.9, and 138.0 (all four signals: bs, 4 ^ . , ) , 

135.2 (d, J(P,C) = 22 Hz, 8CAr), 134.5 (d, J(P,C) = 21 Hz, 8CAr), 133.0 (d, J(P,C) = 18 Hz, 8QO, 

132.8 (d, J(P,C) = 18 Hz, 8CA,), 129.2 (4CAr), 128.4, 128.5 (multiple signals, 44CAr), 79.4 (bs, 4CFc), 

several ferrocene signals falls underneath the CDC13 signals, 74.7 (bs, 4CFc) 73.9 (s, 8CFc) 72.9 (bs, 

4CFc), 58 (s, 4C, CH,N), 44.9 (8C, N(CH3)2), 21.9 (s, 4C, SiCH2CH2CH2Si(CH,)2), 19.4 & 18.2 (s, 8C, 

SiCH2CH2CH2Si(CH3)2), 1.1 and 0.8 (s, 8C, Si(CH3)2);
 31P NMR: 8= -17.8, -24.6 (next to the pendant 

CH2N(CH3)2 group); 29Si NMR: 8= +6.9 (ISi), -3.3 (4Si); elemental analysis calcd (%) for 

Ci68Hi84Fe4N4P8Sis: C 70.28; H 6.46, N 1.95; Found: C 69.08; H 6.82; N 1.93; MS (MALDI-TOF): 

m/z= 2981 (M+ + Ag), 2873 (M+, Calcd 2872), 2829 (M+ - NMe2); MS (FAB): m/z= 2872 (M", Calcd 

2872), 2856, 2829, 2261, 625, 305, 58 (100). 
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Dendrimer 8 containing 12 ferrocenyl diphosphine ligands A solution of 4 (1.12 g, 1.83 mmol) in 

Et20 (45 mL) was lithiated with n-BuU (2.5 M, 0.75 mL, 1.83 mmol) at room temperature. Analysis of 

a sample from the dark red suspension w.th GC-MS (D20 quench) showed complete lithiation after 5 

hours. To the suspension was added a solution of dendrimer 6 (0.27 g, 0.14 mmol) in THF (35 mL). 

After 18 hours water (70 mL) was added to the suspension, and after separation of the layers the 

aqueous fraction was extracted with Et20 (3 x 20 mL). Drying on MgS04, followed by filtration and 

concentration gave an orange solid. Column chromatography over silica (eluent EtOAc) gave two 

orange bands. 'H and 31P NMR spectroscopy showed that the first band was product 8 (0.79 g, 65 %), 

whereas the second band was excess l.gand. 'H NMR: S= 7.36 (m, 24HAr), 7.3-7.1 (m, 2 1 6 H 1 ) , 4.50 

(s, 12Hfc), 4.24 (s, 24HFo), 4.03 (s, 12HFc), 3.43 (d, 27(H,H) = 12.8 Hz, 12H, C//H'N(CH3)2), 3.40 (s, 

24HFc), 3.22 (d, V(H,H) = 12.3 Hz, 12H, CH^"N(CH3)2), 1.72 (s, 72H, N(CH3)2), 1.37 (m, 32H,' 

SiCH2C#2CH2Si), 0.84 (m, 32H, SiCH2CH2C//2Si), 0.58 (m, 32H, SiC//2CH2CH2Si), 0.35 and 0.31 (s] 

64H, Si(CH3)2-Cp), 0.14 (s, 8H, Si(CH3)2-0); '3C NMR: 5= 140.2, 139.4, 138.9, and 138.0 (all four 

signals: bs, 12CA,q), 135.2 (d, J(P,C) = 22 Hz, 2 4 ^ ) , 134.5 (d, J(P,C) = 21 Hz, 24CAr), 133 0 (d 

J(P,C) = 18 Hz, 24CAr), 132.8 (d, J(P,C) = 18 Hz, 24CAr), 129.2 (12CAr), 128.4, 128.5 (multiple 

signals, 132CAr), 79.4 (bs, 12CFc), several ferrocene signals falls underneath the CDC13 signals, 74.7 

(bs, 12CFc) 73.9 (s, 24CFc) 72.9 (bs, 12CFc), 58 (s, 12C, CH2N), 44.9 (24C, N(CH3),), 21.9 (s,' 12C 

S.CH2CH2CH2Si(CH3)2), 19.4 & 18.2 (s, 24C, SiCH2CH2CH2Si(CH3)2), 1.2 and 0.8 (s, 24C, Si(CH3)2);' 
3IP NMR: 5= -17.9, -24.8 (next to the pendant CH2N(CH3)2 group); 29Si NMR: 5= +6.6 (5Si), -3.3 

(12Si); elemental analysis calcd (%) for C51f)H57(,FeI2N,2P24SiI7: C 70.13; H 6.57, N 1.90; Found- C 

69.56; H 7.02; N 1.90; MS (MALDI-TOF): m/z= 8941 (M+ + Ag), 8345 (M+ - L + OH + Ag), 7734 

(M+ - 2L + O + Ag), 7140 (M+ -3L + OH + O + Ag), 6529 (M+ -4L + 20 + Ag), 5936 (M+ - 5L + OH + 

20 + Ag). 

Completion with palladium and platinum Palladium complexes of dppf, 4, 7, and 8 and platinum 

complexes of dppf and 4 were prepared by stirring the ligands and (CH3CN)2PdCl2 or (PhCN)2PtCl2 

(stoichiometric compared to the number of diphosphine groups present), respectively, in CH2C12 for 2 

hours. After evaporation of the volatiles the complexes were obtained quantitatively. 

Complex dppf-PdCl2 'H NMR: 8= 7.90 (s, 8H), 7.55 (s, 4H), 7.45 (s, 8H), 4.43 (s, 4H) 4 23 (s 4HV 
3IP NMR: S= +34.5. 

Complex 4-PdCl2 'H NMR: 5= 8.1-7.8 (m, 8HAr), 7.51 (bs, 8HAr), 7.31 (bs, 4HAr), 4.62 (s, lHFc), 4.31 

(m, 4HFc), 4.14 (d, V(H,H) = 11.7 Hz, 1H, CH2N), 4.02 (m, lHFc), 3.88 (s, lHFc), 3.94 (d, 2J(U H) = 

11.3 Hz, 1H, CH2N), 2.07 (s, 6H, N(CH3)2), 3>P NMR: 5= +38.2 (d, V „ = 23.6 Hz), +34.9 (d, V „ = 

24.7 Hz, P next to the pendant CH2N(CH3)2 group). 

Complex 7-(PdCl2)4 'H NMR: 8= 8.2-7.8 (m, 32HAr), 7.50 (bs, 32HAr), 7.34 (bs, 16HAr), 4.38 (m, 

8HFc), 4.32 (m, 4HFc), 4.22 (m, 4HFc), 4.12 (m, 4HFc), 3.83 (d, 2J(H,H) =11.6 Hz, 4H, CH2N), 3.68 (m' 

4HFc), 3.22 (d, 2J(H,H) = 11.8 Hz, 4H, CH2N), 1.68 (s, 24H, N(CH3)2), 1.28 (m, 8H.' 

SiCH2C//2CH2Si(CH3)2), 0.68 (m, 8H, SiCH2CH2C//2S.(CH3)2), 0.51 (m, 8H, S.C/f2CH2CH2Si(CH3)2),' 
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0.33 and 0.30 (s, 19H, Si(CH3)2-Cp), 0.11 (s, 5H, Si(CH3)2-0); 3IP NMR: 5= +38.2 (d, 2Jr.r = 23.6 Hz), 

+34.9 (d, 2Jp.p = 23.5 Hz, P next to the pendant CH,N(CH3)2 group). 

Complex 8-(PdCI2)i2 'H NMR: 8= 8.2-7.7 (m, 96HAr), 7.47 (bs, 96HA,), 7.30 (bs, 48HAr), 4.42 (bs, 

24HFc), 4.33 (bs, 12HFc), 4.19 (bs, 12HFc), 4.11 (bs, 12HFc), 3.92 (bs, 12HFc), 3.75 (bs, 12H, CH2N), 

3.29 (bs, 12H, CH2N), 1.68 (s, 72H, N(CH3)2), 1.37 (m. 32H, SiCH2C#2CH2Si), 0.69 (m, 32H, 

SiCH2CH2C//2Si), 0.56 (m, 32H, SiGf/2CH2CH2Si), 0.34 and 0.31 (s, 64H, Si(CH3)2-Cp), 0.13 (s, 8H, 

Si(CH3)2-0); 31P NMR: 5= +36.9 (bs), +34.2 (bs, P next to the pendant CH2N(CH3)2 group). 

Complex dppf-PtCl2 'H NMR: 8= 7.86 (m, 8H), 7.52 (m , 4H), 7.45 (m, 8H), 4.40 (s, 4H), 4.22 (s, 

4H);31P NMR: 8= +13.4 (Pt satellites at -2.1 and+29.0 ppm; J= 1.88 103 Hz). 

Complex 4-PtCl2 'H NMR: 8= 7.97 (m, 8HAr), 7.51 (m, 8HAr), 7.28 (m, 4HAr), 4.62 (m, 1H, CH2N), 

4.46 (bs, 1HFC), 4.32 (s, lHFc), 4.27 (s, 3HFc), 4.00 (s, 1HFC), 3.84 (s, lHFc), 2.96 (m, 1H, CH2N), 2.10 

(s, 6H,N(CH3)2);."PNMR: 8=+10.7 (Pt satellites at-4.8 and+26.1 ppm;J= 1.87 103Hz). 

Palladium-catalyzed Grignard cross-coupling reaction - General procedure 

To a solution of the catalyst (0.010 mmol) in Et20 (8 mL) at room temperature was added a solution 

of bromobenzene (157.02 mg, 1.00 mmol) and decane (142.29 mg, 1.00 mmol) in Et20 (2 mL). The 

reaction was started with the addition of 5-butylmagnesium chloride (1.00 mL of a 2.0 M solution in 

Et20, 2.00 mmol). Samples were taken at regular intervals, and hydrolyzed with 10 % HCl. The 

organic layer was separated and dried over MgS04, and analyzed with GC. 

Batchwise palladium-catalyzed allylic animation reaction - General procedure A solution of 

ligand (1.00 umol) and [Pd(crotyl)Cl]2 (0.50 umol) in CH2C12 (5.0 mL) was stirred for 60 minutes at 

room temperature. To start the catalytic reaction, a solution of crotyl acetate (78.8 mg, 0.615 mmol), 

piperidine (107.6 mg, 1.264 mmol), and decane (internal standard; 73.6 mg, 0.517 mmol) in CH2C12 

(1.0 mL) was added. Samples were taken after 0, 7.5, 15, 30, 60, 120, 240, and 1200 minutes, 

quenched in a 1 M dba (dibenzylidene acetone) solution in Et20, filtered over celite, and analyzed with 

GC. All allylic animation experiments were performed at least in duplo, and the results were 

reproduced within GC error limits. 

Continuous allylic animation reaction The Koch MPF-60 NF membrane was carefully installed in 

the reactor and flushed with CH2C12 at 20 mL h"1 overnight. The reactor was flushed with substrate 

solution of piperidine (3.012 g, 35.38 mmol), crotyl acetate (1.965 g, 17.21 mmol) and decane 

(internal standard, 2.062 g, 14.49 mmol) in CH2C12 (132 mL) for 1 hour at 15 mL h ' . The reaction 

temperature was set and maintained at 30 °C using a heating mantle. A solution of ligand (2.0 umol) 

and [Pd(crotyl)Cl]2 (0.394 mg, 1.0 umol) was stirred for 60 minutes (incubation), after which the 

yellow solution was injected into the membrane reactor. The substrate solution was fed into the reactor 

at 15 mL h'1. Samples from the reaction mixture taken at regular time intervals were analyzed with 
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[3] 

[4] 

GC. The reaction mixture coming from the membrane reactor was collected for palladium analysis as 
were the reactor contents after the experiment. 
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(chapter 4 

Core-functionalized Dendrimeric Mono- and 

Diphosphine Rhodium Complexes; Application in 

Hydroformylation and Hydrogénation 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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



4.1 Introduction 

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

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

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

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

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

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

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

at the periphery. 

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

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

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

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

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

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

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

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

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

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

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

peripheral phosphines were applied in aqueous biphasic rhodium hydroformylation of styrene 

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

occurred, which was confirmed by atomic absorption measurements. 

Core-functionalized dendrimeric catalysts are highly interesting because the 

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

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

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

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

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

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

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

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

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

loss of activity in three consecutive runs. 

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

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

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

7, R = CH2CH2CH2SiMe3 

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

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

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

RT, 4 h. 

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

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

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

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

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

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

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

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

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

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

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

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

in the batchwise and continuous hydrogénation of dimethyl itaconate. 

4.2 Results and discussion 

4.2.1 Synthesis of the ligands 

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

hydrogénation and hydroformylation, which possibly leads to undesired side effectsj19! we 
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Scheme 2. Core-functionalized dendrimeric ligands 9, 10 and 11 via coupling of the 

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

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

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

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

reaction with methylmagnesium chloride (Scheme 1)I20] 

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

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

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

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

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

Dendrimeric analogues of triphenylphosphine were prepared using a similar strategy. 

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

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

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

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

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

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

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

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

performances. 

Me3Si ^ \ S ^ SiMe3 

Me3Si 

SiMe3 SiMe3 
M e3S iMe,Si SiMe3SiMe3 

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

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

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

4.2.2 Rhodium-catalyzed hydroformylation ofoct-l-ene 

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

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

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

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

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

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

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

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

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

Me3Si 

4, R = Me 
5, R = CH2CH2CH2SiMe3 

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

a, b 

SiMe3 

SiMe3 

16, R = Me 
17, R = CH2CH2CH2SiMe3 

18, R = CH2CH2CH2Si(CH2CH2CH2SiMe3)3 

19, based on 7, could not be obtained 

Me3Si 

Me3S 

SiMe3 SiMe3 

SiMe3 
SiMe3SiMe3

 J 

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

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

CO/H 2 

[Rh], 80 °C 
H 

R = C5H11,C(C6H5)3 

+ by-products 

linear 
H ^ O 

branched 

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

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

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

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

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

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

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

hydrogenolysis are reversible. 

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

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

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

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

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

I \f I 
CO L v g 

linear 
aldehyde 

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

I d \S 
CO CO 

internal 
alkene 

Scheine 6. Simplified dissociative mechanism of hydroformylation 

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

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

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

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

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

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

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

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

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

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

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

regioselectivities for the linear aldehyde similar to PPI13. 

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

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

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

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

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

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

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

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

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

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

xantphos, and triphenylphosphine'a' 

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

1 PPh3
[f] 29 2.9 73 2.3 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

that observed for the dendrimeric monophosphines. 

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

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

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

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

ferrocenyl diphosphine dendrimers 9-11 the induced regioselectivity remains largely 

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

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

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

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

hydroformylation reaction. 

H H 

c p ^ ' R h — CO « ^ . R h — C O 

CO V _ ^ P 

(e-e) (e-a) 

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

complex observed with IR spectroscopy. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

hydroformylation. 

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

dendrimeric ligands1' 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

based on size. [27] 

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

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

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

oct-1-ene. 

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

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

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

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

6 

5 

o 4 

3 
u. 

dtpf 10 11 
ligand 

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

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

21 

18 

1/b 

15 

12 

9 

6 

3 

0 

a 

dtpf 9 .. , 1 0 
ligand 

11 

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

(b) using various ligands. 

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

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

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

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

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

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

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

like B. 

4.2.4 Batchwise and continuous rhodium-catalyzed hydrogénation 

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

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

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

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

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

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

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

higher temperatures to obtain reasonable conversions. In general hydrogénation reactions 

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

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

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

materials become available. 

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

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

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

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

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

results are summarized in Table 3. 

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

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

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

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

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

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

ligands[a] 

Ligand Conversion 

(after 240 min) 

dppf 87 

dtpf 99 

9 98 

10 97 

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

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

were performed in duplo. 

MeOOC" .'_*. • MeOOC 
[Rh] 

COOMe 

alkane 

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

[(P-P)Rh]CI04 

C 
alkene 

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

D 

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

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

alkene hydrogénation (P-P = diphosphine ligand). 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

in the first 10 reactor volumes. 

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

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

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

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

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

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

membrane were measured (Table 4). 

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

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

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

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

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

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

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

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

104 Chapter 4 



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

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

reactor collected fractions 

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

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

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

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

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

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

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

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

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

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

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

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

performance and no decomposition of the catalyst. 

4.3 Conclusions 

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

functionalized ligands are highly active in rhodium-catalyzed hydroformylation and 

hydrogénation reactions compared to the analogous immobilized catalysts. In the 

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

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

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

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

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

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

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

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

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

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

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

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

complex based on ICP-AES (e). 

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

friendly chemical transitions such an approach is very promising. 

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

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

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

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

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

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

development of better nanofiltration membranes will open the possibility of performing 

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

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

4.4 Experimental Section 

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

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

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

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

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

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

column chromatography. 

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

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

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

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

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

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

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

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

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

eluent. 

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

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

substrate vessel, a heating mantle, and ZnS windows. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

slow addition of an aqueous NH4C1 solution (10%). The organic layer was separated, subsequently 
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washed with water, dried over MgS04 and concentrated. After filtration over silica (elution with 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

886m ,866m. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

TOF) could not be obtained. 

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

analyzed by gas chromatography. 

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

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

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

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

isomerization), and analyzed by GC-MS. 

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

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

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

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

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

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

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

diluted with ethanol, and analyzed by gas chromatography. 

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

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

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

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

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

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

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

methanol prior to use. 

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

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

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

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

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

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

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

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

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

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

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

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

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

in 2.00 mL of CH2C12, and analyzed by SEC. 

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

solution of Rh(acac)(CO)2 (2 mg, 7.75 mmol) and ligand (10.1 mmol) in freshly distilled cyclohexane 
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(12 mL). The system was flushed four times with 15 bar CO/H2 (1/1), followed by incubation of the 

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

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

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

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

obvious from the disappearance of the signals of oct-1-ene. 
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(chapter 5 

NCN Pincer Ligands at the Focal Point of 

Carbosilane Dendrons; Synthesis, Nickel 

Complexes, and the Kharasch Reaction 

A series of carbosilane dendrimeric wedges up to the second generation functionalized 

with NCN pincer ligands at the focal point was prepared using a Suzuki coupling scheme. The 

nickel complexes of these ligands are catalytically active in the Kharasch addition reaction and 

the initial activities are comparable to those of the parent complex. This shows that the 

reagents can easily reach the catalytic center, which means that under these conditions the 

dendrimeric wedges are not sufficiently large to create site isolation of the metal site at the 

focal point. Retention measurements of the non-functionalized wedges shows that the size of 

the obtained systems is sufficiently large (retention up to 99.8 %) for the application of these 

systems in a continuous process using nanofiltration techniques. 

To be published: G. E. Oosterom, G. Rodriguez, J. T. B. H. Jastrzebski, G. van Koten, J. N. H. Reek, 

P. C. J. Kamer, P. W. N. M. van Leeuwen, 2001. 



5.1 Introduction 

Dendrimer research is advancing at an enormous pace and the chemistry has advanced 

from mere curiosity-driven macromolecular structures to functional systems and 

applications! 1] The design of (transition) metal-functionalized dendrimers for catalytic 

applications has received much attention. [2] Our groups have reported early examples of 

catalytically active transition metal containing dendrimers,"] and have shown their application 

in several catalytic reactions. L̂ J We have studied aspects of dendrimeric catalysis such as 

recycling,[4a, 4c-e, 5] "proximity effects" of the peripheral functionalities,^] and the effect of 

the backbone on the catalyst performance!'] Furthermore, the synthesis and application of 

various core-functionalized dendrimers revealed that dendrimeric encapsulation has a 

considerable effect on non-covalent guest complexation and catalysis.[4f, 6b, 8] 

-NMe2 

Ni-CI 

NMe2 

R = H(17), SiMe3, NH2, 
OMe, CI, I, C(0)Me, 
carbosilane polymer 
or dendrimer 

Figure 1. Nickel complexes of the NCN pincer ligand. 

Monomerie!"] polymer-supported!1"] and dendrimer-supported[3c> 6a] nickel 

complexes based on the monoanionic "pincer" ligand [C6H3{CH2NMe2}-2,6]" (NCN, see 

Figure 1 ) have been used extensively in atom-transfer radical addition (ATRA) catalysis, such 

as the Kharasch addition reactiont'O,! '] of polyhalogenated alkanes to alkenes (Scheme 4). It 

has been observed that catalytically active complexes exhibit a proximity effect at the surface 

of dendrimers leading to a short catalyst lifetime. The decrease in catalytic activity might be 

explained by the higher local concentration of CCI3* radicals at the dendrimer surface, leading 

to a high proportion of combination of the CCI3 radicals. This results in the formation of 

insoluble Ni1" metal species that are catalytically inactive.[6a» 12] 

Encapsulation of the NCN aryldiamine nickel complexes within a dendrimer shell 

might lead to site isolation and thus could possibly prevent radical combination and 

subsequent deactivation of the catalyst complexes. Furthermore, application of these ligands in 

a continuous process would allow high space-time yields with relatively low catalyst 

concentrations, also reducing radical combination. The nanosized metallodendrimers can be 

removed from the homogeneous reaction mixtures by nanofiltration techniques. 

Here we report the synthesis of NCN pincer nickel complexes at the focal point of 

carbosilane dendrons and their application as catalysts in batchwise Kharasch reactions. 

120 Chapter 5 



5.2 Results and discussion 

5.2.1 Preparation of the ligands and the corresponding nickel complexes 

Carbosilane dendrimeric wedges such as 4i4b> 8a] having allyl end groups were 

prepared divergently starting from p-bromostyrene using repetitive hydrosilylation and 

Grignard alkenylation reactions.t3rj, 13] The unsaturated allyl groups can potentially interfere 

with catalytic reactions, which can be circumvented by using their saturated analogues. For all 

generations wedges, in the last step methylmagnesium chloride was employed as alkylating 

reagent, giving the methyl-terminated wedges 1 to 3. Generation-two allyl-terminated 

dendrimeric wedge 4 was hydrosilylated with chlorodimethylsilane, and subsequently made to 

react with methylmagnesium chloride to yield the third-generation dendrimeric wedge 5 

(Scheme 1). 

Scheme 1. Generation 0 to 2 wedges 1, 2, and 3, and synthesis of third-generation dendron 5 

via hydrosilylation and Grignard alkylation of 4. Reagents and conditions: a) HSiMe2Cl, («-

Bu4N)2PtCl6, it, 4h; b) MeMgCl, Et20, rt. 

These wedges were converted into the corresponding boronic acid-functionalized wedges 6 to 

9 via reaction with ?-butyllithium and subsequent quenching of the reaction mixture with B(0/-

Pr)3, followed by acidic workup (Scheme 2).[14] Palladium-catalyzed Suzuki coupling of 6-8 

with 3,5-bis[(dimethylamino)methyl]-l-iodobenzene[15] (10) afforded the corresponding 

dendrimeric NCN pincer ligands 11, 12, and 13 in 47-58 % yield after column 
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chromatography. Several attempts to couple boronic acid 9 with the iodopincer 10 were 

unsuccessful, presumably because the steric demands of the carbosilane branches inhibit the 

Suzuki reaction, t161 The conversion of the aryl bromide to the boronic acid and the 

subsequent Suzuki coupling, which is a commonly used coupling reaction, widens the 

potential scope of this type of wedges. 
Me,N-

Me2N-
11, 12, 13 

1,6, 11;R = Me 
2, 7, 12; R = CH2CH2CH2SiMe3 
3, 8, 13; R = CH2CH2CH2Si(CH2CH2CH2SiMe3)3 
5, 9; R = CH2CH2CH2Si[CH2CH2CH2Si(CH2CH2CH2SiMe3)3]3 

Scheme 2. Preparation of the boronic acid-functionalized dendrons 6-9 and subsequent Suzuki 

coupling reaction to yield ligands 11-13. Reagents and conditions: a) /-BuLi, THF, -70 °C; b) 

B(OMe)3, -70 °C to it; c) HCl, H20; d) Pd(PPh3)4, Na2C03, H20, DME, A. 

Me2N 

Me2N 

a,b 

SiR, SiR3 

11, 12, 13 14, 15, 16 

11,14; R = Me 
12, 15; R = CH2CH2CH2SiMe3 

13, 16; R = CH2CH2CH2Si(CH2CH2CH2SiMe3)3 

Scheme 3. Nickel complexation of the dendrimeric ligands 14-16. Reagents and conditions: a) 

«-BuLi, pentane, it; b) [NiCl2(PEt3)2], Et20. 

As depicted in Scheme 3, nickel complexes 14, 15, 16, and 17 were prepared by 

lithiation of the corresponding NCN-ligands and subsequent transmetalation with 

substoichiometric (0.95 equiv.) amounts of [NiCl2(PEt3)2]. According to 'H and 13C NMR 

spectroscopy transmetalation was complete, and after the reaction only free PEt3 in the P 

NMR spectra was observedl17] The orange complexes could not be separated from the small 

excess of ligand (5%) due to similar solubility properties and the sensitivity of the complexes 

towards oxidation. 
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OMe C C ' 4
 r CI3C. ^X. ,OMe 

Me Me Cl 
CCL, 

[Ni] 
O 

Scheme 4. The nickel-catalyzed Kharasch addition reaction of CC14 to ethyl methacrylate 

(MMA). 

5.2.2 Application in the Kharasch addition reaction 
From previous work, however, we know that the presence of free ligand does not affect 

the catalytic performance of the nickel complexes. t6a> 12] Preliminary experiments were 

performed to investigate the activity of the complexes in the Kharasch addition reaction of 

CCU to methyl methacrylate (Scheme 4).t6a> 7a> 1 0 a l Table 1 shows that all complexes exhibit 

similar initial turnover frequencies after 15 minutes (60-80 mol mol Ni"' h"1). The relatively 

small dendrimeric wedges attached to the ligands clearly do not affect the activity of the 

catalyst as compared to the monomeric complex 17. Molecular modelling studies (Figure 2) 

show that the dendrimeric shell is still rather open and points away from the ligating site. The 

catalytic site is significantly exposed to bulk solution and thereby enables catalysis without any 

steric inhibition or site isolation effects. After 2 hours the conversions show some differences, 

which might be attributed to partial catalyst deactivation. Increasing the catalyst concentrations 

gave similar initial turnover numbers (after 15 minutes) and increased conversions after two 

hours. In particular 16 (compare entries 6 and 7, Table 1) exhibits an unexpectedly large 

increase from 7 % to 56 % conversion when the catalyst concentration is raised. The difference 

is presumably due to relatively high catalyst deactivation in the 'low concentration' 

experiment. This is in agreement with the better catalytic performance which is obtained when 

the reaction is performed at a larger scale. i M 

5.2.3 Retention of the wedges in a continuous-flow membrane reactor 

To evaluate the potential use of these systems in continuous processes the retention of 

carbosilane dendrimeric wedges 1, 2, 3, and 5 was determined. A dichloromethane solution of 

the wedges was injected in a continuous-flow membrane reactor, and the flow coming from 

the reactor was collected in small fractions. Size exclusion chromatography (SEC) analysis of 

these fractions and the remaining contents of the reactor was used to calculate the retention for 

the different generations (Table 2). 

The nanofiltration membranes commonly used in a continuous-flow membrane reactor 

have a molecular weight (MW) cut-off as low as 400 DaJ4a> 4c_e> 5> 1 2 ' 181 which means that 

molecules with a MW of 400 Da exhibit an average retention of 99 %. The low retention of 1 

in the membrane reactor shows that the retention drops dramatically for molecules with a MW 
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Table 1. Catalytic results using the nickel complexes 17, 14, 15, and 16 in the Kharasch 

addition reaction[a' 

Entry Complex [Ni] Conversion'1"' TOF |c| 

(mmol) (%) mol (mol Ni)"1 h ' 
1 17 0.0091 34M 68d 

2 17 0.0273 85 97 
3 14 0.0091 25 58 
4 15 0.0091 27 80 
5 15 0.0273 67 68 
6 16 0.0091 7 60 
7 16 0.0273 56 55 

[a] Conditions: 1.00 mL CC14, 1.20 mL CH2C12, 0.20 mL decane, 0.30 mL MMA, room temperature; 

[b] conversion after 120 minutes; [c] TOF after 15 minutes; [d] Compared to reactions performed at 

larger scale (ref [6a]), the catalyst performance was systematically lower, presumably due to catalyst 

deactivation. 

Figure 2. Modelled structures of NCN pincer dendrons of generation two (a) and three (b) 

(hydrogens omitted for clarity). 

below 400 Da. The MW of wedge 2 is above the cut-off, and the retention is indeed slightly 

above 99 %. When the generation number of dendrimers increases, generally a transition from 

a flat to a globular shape is observed (compare the two structures in Figure 2; G2 is planar, 
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whereas G3 is mainly spherical), which favors the retention of dendrimers compared to linear 

polymers. The observed retention of the largest wedges 3 and 5 is sufficiently high to use 

ligands based on this wedge in continuous processes (e.g. for 5, after 100 reactor volumes 

flushed, still 90.5 % would be retained in the reactor). 

Table 2. Retention of carbosilane dendrons in a continuous membrane reactor (determined 

after 37 reactor volumes flushed) 

Dendron MW Retained Retention 

(%) |a| R [ b ] 

1 257 10.14 0.938 
2 556 74.20 0.992 
3 1460 89.08 0.997 
5 4167 92.09 0.998 

[a] Absolute quantities were measured by SEC analysis of solutions in CH2C12 (1.00 mL); [b] see 
experimental for the formula used. 

5.3 Conclusions 

Carbosilane dendrimeric wedges up to generation three have been functionalized at 

their focal point with boronic acid groups, which gives access to a range of new focal point-

functionalized dendrimers via commonly used Suzuki coupling reactions!19] The boronic 

acid groups were used to functionalize these dendrimeric wedges up to generation two with 

NCN pincer ligands. After nickel complexation of the ligands the obtained complexes showed 

activities in the Kharasch addition reaction comparable to the parent complex, showing that 

the obtained dendrimers are too small for site isolation of the catalyst located at the core. 

The dendrimeric wedges were shown to be large enough for application in a 

continuous-flow membrane reactor, which means that the dendrimeric nickel complexes could 

serve as recoverable catalysts for the Kharasch addition reaction. In this respect the unaffected 

activity with increased dendron-size is desirable. Future work will concentrate on more 

efficient encapsulation of NCN pincer ligands in a dendrimeric shell (i.e. attachment of 

dendrimeric wedges at the ligand nitrogen atoms) to further investigate site isolation effects in 

(Kharasch) catalysis. 
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5.4 Experimental Section 

Chemicals were purchased from Aldrich Chemical Co. and Acros Chimica and used as received. All 

manipulations involving air- or water-sensitive compounds were performed using standard Schlenk 

techniques. Compound iot'5] was described previously. Solvents were dried and distilled under N2 

prior to use. Silica 60 (SDS Chromagel, 70-200 um) was used for column chromatography. Analyses 

of the catalysis samples were run on a Perkin Elmer Autosystem GC (column PE-17 phase; 30 m x 

0.320 mm; df = 0.50 urn) with FID detector. Size Exclusion Chromatography was run on a Shimadzu 

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

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

'H and l3C{'H} NMR spectra were recorded using Bruker AMX 300 and Varian Mercury 300 

spectrometers (both: 'H 300 Mhz; 13C 75 MHz). The spectra were recorded in CDC13, acetone-d6, and 

C6D6, and chemical shifts are given in ppm versus TMS. Elemental analyses were carried out on an 

Elementar Vario EL apparatus. Infrared spectra were recorded on a Nicolet 510 FT-IR 

spectrophotometer. FAB mass spectra were measured on a JEOL JMS-SX/SX102A four sector mass 

spectrometer. MALDI-TOF mass spectra were acquired on a Voyager-DE Biospectrometry 

Workstation (PerSeptive Biosystems Inc., Framingham, MA, USA) mass spectrometer equipped with a 

nitrogen laser emitting at 337 nm (3 ns pulses). 

Zeroth to third generation methyl-terminated carbosilane dendrons (1-3, and 5) 

The synthesis and characterization of compounds 1 to 3 will be reported elsewhere.t^b] Compound 5 

was prepared via a similar procedure starting from 4 . M Second generation allyl terminated wedge 4 

(1.25 g, 0.58 mmol) was reacted with HSiMe2Cl (23.2 mL, 31.2 mmol) using («-Bu4N)2PtCl6 (16 mg, 

25 umole). After removal of all volatiles, a 350 mL Et20 solution of the hydrosilylated product was 

dropped to a MeMgCl solution (25 mL of a 3 M solution in THF, 75 mmol) under vigorous stirring in 

an ice bath. After 4 hours of stirring at room temperature the reaction mixture Subsequent quenching 

with aqueous NH4C1 solution, followed by extraction with Et20 (3 x 150 mL), drying of the combined 

organic layers with MgS04, and removal of the solvents. Filtration over silica using hexane as the 

eluent and subsequent concentration in vacuo yielded 5 as a colorless oil: 1.41 g (58 %). 'H NMR 

(CDC13): 5= 7.36 (d, V(H,H) = 8.1 Hz, HAr, 2H), 7.04 (d, V(H,H) = 8.1 Hz, H^, 2H), 2.55 (m, Ar-CH2, 

2H), 1.32 (m, Si-CH2-C//,-CH2, 78H), 0.88 (m, Ar-CH2-CH2, 2H), 0.57 (t, V(H,H) = 8.1Hz, Si-CH2-

CH2-CH2, 156H), -0.01 (s, Si-CH3, 243H); l3C{'H} NMR (CDC13): S= 144.3 (Cq, 2CAr), 131.3 (CH, 

2CA,), 129.5 (CH, 2CAr), 118.6 (Br-Cq, IC*,), 29.8 (CAr-CH,-CH2, 1C), 21.7 (Si-CH2-C//2-CH2, 39C), 

18.57 - 17.66 (multiple signals, Si-CH2-CH2-CH2, 78C), 14.9 (CAr-CH2-CH2, 1C), -1.4 (Si-CH3, 81C); 

Elemental analysis calcd for Q O è R M ^ B ^ O : H, 11.73; C, 59.39; Found: H, 11.69; C, 58.65; MS 

(MALDI-TOF) m/z= 4274.9 (M'+Ag, calculated 4274.7); IR/cnf ' (CH2C12 solution) 3056w, 2955m, 

2913s, 2874m, 1417w, 1250s (SiMe), 1142m, 901m, 866s, 839s. 
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Typical preparation of boronic acid-functionalized carbosilane dendrons 

Compound 6 Two equivalents of /-butyllithium (9.5 mL of a 1.5 M solution in pentane, 14.3 mmol) 

were added to a THF solution of 1 (1.83 g, 7.15 mmol) at -70 °C. The reaction was monitored by GC-

MS or 'H-NMR spectroscopy, and after complete lithiation (usually within 15 minutes) B(07-Pr), 

(2.15 g, 11.44 mmol) was added. The mixture was slowly wanned to room temperature and stirred 

overnight. Quenching of the reaction with 1 M HCl, followed by extraction with CH2C12 and drying 

with MgS04 yielded product 6 as a colorless oil in 1.43 g (91%) yield. 'H NMR (CDC13): 5= 8.16 (d, 

V(H,H) = 8.1 Hz, HAr, 2H), 7.36 (d, V(H,H) = 8.1 Hz, Hv , 2H), 5.35 (bs, O-H, 2H), 2.73 (m, Ar-CT/,-

CH2, 2H), 0.93 (m, Ar-CH2-C//,, 2H), 0.07 (s, Si-CH3, 9H), the signal of the boronic acid B(OH)2 was 

not observed; l3C{'H} NMR (CDC13): 8= 150.5 (Cq, lCAr), 136.0 (CH, 2CAr), 128.5 (B-Cq, lC,r), 

127.8 (CH, 2CAr), 30.7 (CAr-C//„ 1C), 18.9 (CAr-CH2-C77,, 1C), -1.5 (Si-CH3) 3C); MS (FAB) m/z= 

222.08 (M*, calculated 222.1), 178.07 (IVT - B(OH)2); 

Compound 7 was prepared following the procedure described for 6, starting from 2 (3.19 g, 5.72 

mmol). A white solid was obtained: 2.85 g (95%). 'H NMR (acetone-d6): 8= 8.17 (d, V(H,H) = 7.8 Hz, 

H^, 2H), 7.39 (d, V(H,H) = 8.1 Hz, HAr, 2H), 2.73 (m, Ar-C//,-CH2, 2H), 1.49 (m, Si-CH2-C//,-CH,,' 

6H), 1.01 (m, Ar-CH2-CH„ 2H), 0.69 (m, Si-CHrCU2-CH2, 12H), 0.04 (s, Si-CH3, 27H), the signal of 

the boronic acid B(OH)2 was not observed; l3C{'H} NMR (acetone-d6): 8= 150.6 (Cq, lCAr), 136.0 

(CH, 2CAr), 127.7 (B-Cq, lCAr), 127.1 (CH, 2CAr), 30.7 (CAr-C/7„ 1C), 21.6 (Si-CH2-C//2-CH2, 3C), 

18.8 and 17.4 (Si-0/,-CH2-CT/2, 6C), 15.0 (CAr-CH2-C//,, 1C), -1.9 (Si-CH3, 9C). 

Compound 8 was prepared following the procedure described for 6, starting from 3 (1.58 g, 1.08 

mmol). A white solid was obtained: 1.50 g (97%). 'H NMR (CDC13): 8= 8.18 (d, l/(H,H) = 8.1 Hz, 

HA,, 2H), 7.36 (d, V(H,H) = 7.8 Hz, HAr, 2H), 2.72 (m, Ar-C//,-CH2, 2H), 1.41 (m, Si-CH2-C//,-CH2, 

24H), 0.96 (m, Ar-CH2-C//„„ 2H), 0.64 (t, Si-CT72-CH2-CT/„ 48H), 0.02 (s, Si-CH3, 81H), the signal of 

the boronic acid B(OH)2 was not observed; 13C{'H} NMR (CDC13): 8= 150.6 (Cq, lCAr), 135.9 (CH, 

2CAr), 127.5 (B-Cq, lCAr), 127.5 (CH, 2CAr), 30.8 (CAr-C7/2, 1C), 25.6 and 21.7 (Si-CH2-CT/2-CH2! 

12C), 18.7 to 17.5 (Si-CH2-CH2-CH2, 24C), 15.1 (CAr-CH2-CT/,, 1C), -1.4 (Si-CH3, 27C). 

Compound 9 was prepared following the procedure described for 6, starting from 5 (1.46 g, 0.32 

mmol). A white oil was obtained: 1.38 g (95%). 'H NMR (CDC13): 8= 7.62 (d, V(H,H) = 7.6 Hz, HAr, 

2H), 7.21 (d, V(H,H) = 7.8 Hz, H^, 2H), 2.61 (m, Ai-CH2, 2H), 1.30 (m, Si-CH2-072-CH,, 78H), 0.87 

(m, Ar-CH2-C//2, 2H), 0.55 (t, Si-CT/,-CH2-CT/„ 156H), -0.03 (s, Si-CH3, 243H), the s.gnal of the 

boronic acid B(OH)2 was not observed; 13C{'H} NMR (CDC13): 8= 149.4 (Cq, lCAr), 133.9 (CH, 

2QO, 128.5 (B-Cq, lCAr), 127.8 (CH, 2 C U 30.0 (CAr-C//2, 1C), 22.0 (Si-CH2-cA-CH2, 39C), 19.0 to 

17.7 (Si-C//,-CH2-CT/2, 78C), 15.3 (CAr-CH2-C//2, 1C), -1.2 (Si-CH3, 81C). 

Typical preparation of NCN-pincer cored carbosilane dendrimers (11-13) 

Compound 11 To an oxygen-free solution of 6 (0.78 g, 3.53 mmol) and 10 (1.02 g, 3.21 mmol) in 

DME (30 mL) was first added an aqueous solution of Na2C03 (3.21 mL, 2 M, 6.41 mmol) and then 

Pd(PPh,)4 (110 mg, 0.096 mmol). The mixture was refluxed for 17 h. After cooling to room 
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temperature 30 mL of Et20 and 20 mL of brine were added, the aqueous layer was separated and 

extracted with Et20 (3 x 10 mL). The combined organic fractions were dried over MgS04 and 

concentrated to give an orange oil. Column chromatography (eluent hexane, then CH2C12) gave pure 

11. Yield: 0.75 g (58 %). 'H NMR (CDC13): 5= 7.54 (d, 3J(H,H) = 12.0 Hz, H^, 2H), 7.44 (s, HAr, 2H), 

7.24 (d, V(H,H) = 12.6 Hz, HAr, 2H), 7.21 (s, HAr, 1H), 3.48 (s, N-CH2, 4H), 2.65 (m, Ar-CH2-CH2, 

2H), 2.26 (s, N-CH3, 12H), 0.89 (m, Ar-CH2-CH2, 2H), 0.02 (s, Si-CH3, 9H); 13C{'H} NMR (CDC13): 

5= 144.3 (Cq, lCAr), 139.0 (Cq, lCAr), 138.1 (Cq, lCAr), 136.5 (CH, lCAr), 128.9 (C„ 2CAr), 128.4 (CH, 

2CAr), 127.0 (CH, 2CAr), 126.4 (CH, 2CAr), 64.3 (N-CH2, 2C), 45.3 (N-CH3, 4C), 29.6 (CAr-Q/2-CH2, 

1C), 18.6 (CAr-CH2-C//_,, 1C), -1.7 (Si-CH3, 3C); Elemental analysis calcd for C23H36N2Si: H, 9.84; C, 

74.94; Found: H, 9.79; C, 75.02. 

Compound 12 was prepared following to procedure described for 11, starting from 7 (2.64 g, 4.98 

mmol) yielding a colorless oil: 1.42 g (47%). 'H NMR (CDC13): S= 7.56 (d, V(H,H)= 8.2 Hz, HAr, 2H), 

7.44 (s, HAr, 2H), 7.25 (d, V(H,H)= 8.0 Hz, H^, 2H), 7.23 (s, HAr, 1H), 3.48 (s, N-CH2, 4H), 2.65 (m, 

Av-CH2-CH2, 2H), 2.27 (s, N-CH3, 12H), 1.36 (m, Si-CH2-C//,-CH2, 6H), 0.90 (m, Ar-CU2-CH2, 2H), 

0.77 (m, Si-CH2-CR2-CH2, 12H), 0.00 (s, CH,-Si, 27H); nC{'H} NMR (CDC13): S= 144.7 (CAr, !Cq),' 

141.0 (CAr, lCq), 139.2 (CAr, 1C), 138.2 (CAr, lCq), 128.4 (CAr, 2Cq), 128.0 (C^, 2C), 127.1 (CAr, 2C),' 

126.4 (CAr, 2C), 64.4 (N-CH2, 2C), 45.4 (N-CH3, 4C), 29.9 (Ar-CH2-CH2, 1C), 21.7 (Si-CH2-C//,-CH2, 

3C), 18.6 and 17.3 (Si-CHrCH2-CH2, 6C), 15.1 (Ar-CH,-C//,, 1C), -1.5 (CH3-Si, 9C); MS (MALDI-

TOF) m/z= 670.2 (M+, calculated 669.3); MS (FAB) m/z= 669.5 (M", calculated 669.3, 100), 654, 

639, 625 {W - NMe2), 553, 293, 73; HRMS (FAB) m/z calcd for C38H72N2Si4: 669.4851. Found: 

669.4840. 

Compound 13 was prepared following to procedure described for 11, starting from 8 (1.57 g, 1.10 

mmol) yielding a colorless oil: 0.82 g (47%). 'H NMR (CDC13): 5= 7.53 (d, V(H,H)= 8.2 Hz, HAr, 2H), 

7.43 (s, HAr, 2H), 7.24 (d, V(H,H)= 8.0 Hz, HAr, 2H), 7.23 (s, H,,, 1H), 3.48 (s, N-CH2, 4H), 2.63 (m, 

Ar-C//„,-CH2, 2H), 2.27 (s, N-CH3, 12H), 1.35 (m, Si-CH2-C//,-CH2, 24H), 0.90 (m, Ar-CH2-CH2, 2H), 

0.57 (m, Si-C//,-CH2-C//,, 48H), -0.02 (s, CH3-Si, 81H); l3C{'H} NMR (CDC13): 0= 144.7 (CAr, lCq),' 

141.0 (CAr, lCq), 139.2 (CAr, 1C), 138.2 (CAr, lCq), 128.4 (CAr, 2Cq), 128.0 (CAr, 2C), 127.1 (CA'r, 2C),' 

126.5 (CAr, 2C), 64.4 (N-CH2, 2C), 45.4 (N-CH3, 4C), 30.0 (Ar-CH,-CH2, 1C), 21.7 (Si-CH2-0/,-CH2, 

12C), 18.6, 18.0, 17.7 and 17.5 (Si-C//,-CH2-C//,, 24C), 15.3 (Ar-CH2-CH2, 1C), -1.4 (CH3-Si, 27C); 

MS (MALDI-TOF) m/z= 1572.8 (M\ calculated 1571.4); 

Preparation of the dendrimeric NCN-pincer nickel complexes 14, 15, and 16 and monomeric 
complex 17. 

Complexes 14 and 17 were prepared according to a literature procedure.H2] A solution of 11 (0.453 g, 

1.23 mmol) in pentane (30 mL) was reacted with «-butyllithium (0.87 mL, 1.56 M, 1.35 mmol) at room 

temperature for 16 hours. The pentane was removed under reduced pressure, the oily product was 

dissolved in Et20 (40 mL), and subsequently reacted with NiCl2(PEt3)2 (0.517 g, 1.41 mmol). After 

washing with hexane (3x15 mL), benzene extraction (3 x 20 mL), and evaporation of all volatiles an 
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orange solid was obtained. 14: 0.47 g (83 %). ' H NMR (QD6): S= 7.58 (d, V(H H) = 7 8 Hz H 2HÏ 

2.44 (s, N-CH3, 12H), 0.86 (m, Ar-CH2-C//„ 2H), 0.00 (s, S,-CH3, 9H); »C{ 'H> NMR ( W ô= 

I4S.3 (C. , 2Cq), 140.2 ( C . lCq), , 3 8 , (CAr, 1C), 129 (2CAr, and 4 C . u n d e i t h the C6D6 £ £ 

1 2 9 . 7 ( ^ , 2 0 , 128, (CAr,2C), „7.7 (CAr, 2C), 73.7 (CH2-N, 2C), 51.0 (CH3-N, 4C) 3 o ï ( A r C ^ 

CH2, ,C), 19.2 (Ar-CH2-CH2, 1C), -,.8 (Si-CH3, 3C); MS (FAB) „ * - 460.2 (M+), 425 2 (M+ - Cl 

367.3 (M" - NiCl), 147, 73 (S,Me3, ,00); HRMS (FAB) m/z ca,cd for C23H35C,N2NiSi: 460,61; Found 

460,63. 

Compound 15 was prepared starting from 12 (0.40 g, 0.60 mmol) following the proeedure described 
tor 14. Complex 15 was obtained as an orange oil- 0 21 g (47 %) 

I s ^ t r ( " V ( H - H h 8-°Hz- HA- 2 H ) ' 7-25 ( 4 ^ 8 ° HZ- * - 2 H > ' « • 
C ^ CH 6H : ' X 2 7 ! ( m ' ^ ^ 2 H ) ' 2 ' 6 3 (S ' C H 3 - N ' 12H>' ^ (-> St-CH2-

S 12 (m' ^ 2H)' °-66 (m' S i - ^ - C ^ - ^ 12H), 0.00 (s, CH3-Si, 27H); 
C{ H} NMR (acetone-d,, 5= 149.3 (CAr, lCq), , 4 5 , ( Q t o 1 C q) , 141.0 (CAr, , C q ) , ,39.5 ( C „ 1C 

"e : < i •129h
7 (CAr'2C)'1281 (C-2C)' '18-526-4 (c-2c)- 75-> ̂  ** » 

N 4C) 29 (underneath aceton signa.s), 23.0 (Si-CH2-C//2-CH2, 3C), 20.2 and 18.8 (S,CH,-CH2-CH, 

6C), 15.8 (Ar-CH2-C//„ 1C), -0.6 (CH3-Si, 9C); MS (FAB) 785.6 (M+ + Na), 762.4 (M^, 725 4 (NT! 

7 379 F H i r , ? ' 6 2 0 ' 3 5 1 ' ? 3 ( S l M C 3 ' ' 0 0 ) ; H R M S ( F A B ) ** C a k d ** C,H7 ,C,N,N lS , . 762.379; Found 762.379. 

Compound 16 was prepared startmg from 13 (385 mg, 0.245 mmol) following the procedure described 

^ZTTl6 W" °btained SS " ° r a n g e ° l l : 133 ̂  P2 %)- 'H NMR « W : 5= 7.62 (d, 
2^8 A " 2 H ) ' 7 3 5 ( d ' J ( H ' H ) "" ?-8 H Z ' HA" 2 H X 6 ' 8 2 (S ' H - ^ 3 - ° 8 & CH2-N, 4H) 
2.88 (m.Ar-C//,-CH2,2H), 2.42 (s, CH3-N, 12H), , .60 (m, S t - C H ^ - C H , 24H) 0 95 (m Ar CH 

CH2, 2H), 0.8, (m, Si-C//2-CH2-Ctf2, 48H), 0.08 (s, CH3-Si, 81H). " 

Nickel-catalyzed Kharasch addition reaction 

Prior to use CC14, CH2C,2, dodecane and MMA were degassed. In a sch.enk ,.00 mL CC,4 (,0 4 

™ o ) , ,.20 mL CH2C,2, 0.20 mL dodecane (internal standard), and 9 , , m o , Ntcke. complex were 

mtxe at room temperature. The reaction was started upon addition of methy, methacty.ate (0 30 mL) 

an7zlW
y

eGCW l t h d r a W n "^ "' ^ ^ ^ ^ "* ^ " * ' fitaBd °™ a l "> «* 

Retention measurements 

The membrane (MPF-60 NF, Koch Membrane Systems, Düsse.dorf Gennany; MW cut-off 400 Da) 

was stored m ethanol, and predated witb acetone and methano,. The membrane was carefully 

ms ailed ,n a home-made continuous-flow autoclavePO] ( v o l u m e 5 a n d flushed 

dtc Moromethane at 100 pL min' overmght using an HPLC pump. A sOution of ctrca 20 mg of the 

carbosdane wedge was injected m the membrane reactor, after whtch it was flushed with 
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dichloromethane at a rate of 500 uL min"1. The flow out of the reactor was collected for 370 minutes 

(37 reactor volumes). This fraction as well as the remaining contents of the reactor were concentrated 

under reduced pressure, dissolved in 1.50 mL of dichloromethane, and both analyzed with SEC. The 

retention was calculated using the following formula: Qret = Q0-e'O~'v- t 'W ; in which Qret equals the 

quantity of the retentate at time t [mol l"1], Q0 the quantity of the retentate at time t=0 [mol l'1], t the 

time [h], tres the residence time, tres = VR/F [h], VR the reactor volume [mL], F the flow [mL h"'], and R 

the retention!' 8] 
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S: ummary 

The work described in this thesis is part of an NWO/CW project that was initiated to 

investigate the principles that are fundamental to dendrimeric transition metal catalysis and to 

develop potential applications of these dendrimeric systems. Other researchers within the 

project group focussed on periphery-functionalized dendrimeric catalysts. Well-known 

homogeneous catalysts have been anchored to the periphery of carbosilane dendrimers, after 

which these systems have been applied as catalysts in several important reactions.H J In this 

thesis the approach of core-functionalized dendrimeric catalysts is explored, and a concise 

overview of the results is given here. 

In the introduction {Chapter 1) the history and the current state of dendrimeric 

transition metal catalysis are reviewed. The chapter includes a brief discussion of the position 

of dendrimeric catalysts in comparison with homogeneous and heterogeneous catalyst systems. 

Several concepts such as periphery-, core-, and focal point-functionalization are discussed. 

Furthermore, an overview of the reported application of dendrimeric transition metal catalysts 

in continuous processes and in asymmetric catalysis is presented. A closer look at the literature 

references shows that the majority of the reports on dendrimeric catalysis has appeared in the 

last five year, that is, since the initiation of the project reported in this thesis, which shows that 

this field is advancing rapidly and still has to mature. 

Chapter 2 describes the synthesis and characterization of allyl-terminated carbosilane 

dendrimeric wedges. After coupling these wedges to a ferrocenyl diphosphine core a series of 

core-functionalized dendrimeric ligands was obtained. Palladium complexes of the dppf-type 

ligands were prepared, and even for the largest dendrimer A (see Chart) a facile formation of 

the bidentate complex was observed. Application of the ligands in the palladium-catalyzed 

allylic alkylation of several allylic substrates using diethyl 2-sodio-2-methylmalonate revealed 

an interesting dendrimeric effect; when higher generation dendrimers were used, formation of 

the branched alkylation product was promoted at the expense of the linear trans product. The 

change in regioselectivity was attributed to the apolar microenvironment around the catalytic 

center created by the dendrimeric encapsulation. The encapsulation imposed a disadvantageous 

effect on the catalytic activity, which was ascribed to the reduced accessibility of the catalytic 

center located at the core. 



The largest dendrimeric catalyst A was applied in the allylic alkylation reaction in a 

continuous-flow membrane reactor. A constant activity and an unchanged selectivity were 

observed for at least 20 reactor volumes. This shows for the first time that core-functionalized 

dendrimeric catalysts are well-applicable in continuous processes. 

Chapter 3 presents a direct comparison of the catalytic properties of dendrimeric 

systems with dppf derivatives located at the core (B, see Chart) and at the periphery (C). 

Palladium complexes of the two different kinds of functional dendrimers were applied as 

catalysts in the Grignard cross-coupling and the allylic amination reactions. When the core-

functionalized dendrimers were employed, a decrease of the rate was observed for both 

catalytic reactions. This is in contrast to what we found for the systems with the catalysts 

attached to the dendrimer surface, which is directly related to the accessibility of the catalytic 

sites. In the allylic amination reaction no detrimental effect was observed. In the Grignard 

cross-coupling reaction a slightly lower rate is observed when dendrimer C is used compared 

to the monomeric analogue, which presumably is caused by interactions between the 

peripheral catalytic sites. This shows that, depending on the reaction studied, the interaction 

between the peripheral catalysts can change the catalytic performance. 

The largest core-functionalized dendrimer B induced a change in the product selectivity 

of the Grignard cross-coupling reaction compared to that of the monomeric parent catalysts. 

Also a slower isomerization reaction, which is a side reaction after the allylic amination 

reaction has gone to completion, was observed. Such effects were not detected for the 

peripheral sites. 

Allylic amination experiments in the continuous-flow reactor clearly show the 

differences between the encapsulated and peripheral catalysts. The latter are much more active 

than the less accessible sites at the core, while at the same time the dendrimeric encapsulation 

leads to a more stable catalyst. 

The preparation of core-functionalized dendrimers containing xantphos (D) and 

triphenylphosphine (E) backbones is described in Chapter 4. Rhodium complexes of these and 

the dppf-based ligands (B) were applied as catalysts in the hydroformylation of oct-1-ene. Only 

a slight decrease of the reaction rate was observed when the higher generation dendrimers were 

employed. The regioselectivities induced by the three different types of phosphine ligands 

were similar to those obtained with the corresponding parent ligands. Apparently the 

regioselectivity of the hydroformylation of oct-1-ene is solely determined by the ligand 

backbone, be it a monophosphine, a rigid diphosphine, or a flexible diphosphine. 

When the more bulky substrate 4,4,4-triphenylbut-l-ene was used, the decrease of 

activity along the dendrimeric ferrocenyl series was more pronounced. This shows clearly that 
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steric interactions between the substrate and the dendrimeric branches are responsible for the 

reduced activities. Additionally, when higher generations were applied as ligands a higher rate 

of isomerization was observed. The amount of linear aldehyde remained constant. 

Rhodium complexes of the dppf-type dendrimeric ligands were also applied in the 

batchwise and continuous hydrogénation of dimethyl itaconate. The catalysts were active 

under mild conditions (room temperature, 5 bar H2) and the rate of reaction was independent 

of the dendrimer used. Application of the dendrimeric hydrogénation catalyst in a continuous-

flow membrane reactor showed the high stability of the dppf-rhodium catalyst and the high 

retention compared to the non-dendrimeric complex. 

In Chapter 5 the synthesis and characterization of NCN pincer ligands coupled to the 

focal point of a series of carbosilane dendrimeric wedges (F) is described. The Suzuki 

coupling between the ligand precursor and the boronic acid-functionalized wedge of 

generation three failed. The NCN pincer-nickel complexes up to generation two were applied 

in the Kharasch addition reaction of CC14 to methyl methacrylate. The preliminary catalytic 

results reveal that these focal point systems have no effect on the reaction rate or on the 

stability of the catalyst is observed. Molecular modeling confirmed that the second-generation 

wedge does not lead to encapsulation of the catalytic center. Retention measurements indicate 

that the size of ligand F is sufficiently large for the application in a continuous-flow membrane 

reactor. 
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Samenvatting 

Het in dit proefschrift beschreven werk is deel van een NWO/CW project met als doel 

het onderzoek naar de fundamentele principes van dendrimere overgangsmetaal-katalyse en 

het ontwikkelen van potentiële toepassingen voor deze dendrimere systemen. Andere 

onderzoekers binnen de projectgroep hebben zich geconcentreerd op periferie-

gefunctionaliseerde dendrimere katalysatoren. Goed-bekende homogene katalysatoren werden 

aan de buitenkant van carbosilaan dendrimeren gekoppeld, waarna deze systemen getest 

werden als katalysatoren in diverse belangrijke reacties.H] In dit proefschrift is de benadering 

van kern-gefunctionaliseerde dendrimere katalysatoren onderzocht, en een beknopt overzicht 

van de resultaten wordt hier gegeven. 

In de inleiding (Hoofdstuk 1) wordt een samenvatting gegeven van de geschiedenis en 

de huidige stand van kennis op het gebied van dendrimere overgangsmetaal-katalyse. Het 

hoofdstuk bevat een korte bespreking van de positie van dendrimere katalysatoren in 

verhouding tot homogene en heterogene katalysator systemen. Verschillende concepten zoals 

periferie-, kern-, en brandpunt-gefunctionalisering worden besproken. Verder wordt een 

overzicht van de gepubliceerde toepassingen van dendrimere overgangsmetaal-katalysatoren in 

continue processen en in asymmetrische katalyse gepresenteerd. Een nadere kijk op de 

literatuurreferenties toont dat de grote meerderheid van de publicaties over dendrimere 

katalyse in de laatste vijf jaren is verschenen, dus sinds het opstarten van het project 

beschreven in dit proefschrift. Dit laat zien dat het onderzoeksgebied zich snel ontwikkelt en 

nog op weg is om volwassen te worden. 

Hoofdstuk 2 beschrijft de synthese en karakterisering van carbosilaan dendrimeren met 

allyl eindgroepen en een functionele groep in het brandpunt. Door het koppelen van deze 

'takken' aan een ferrocenyl difosfine kern werd een serie kern-gefunctionaliseerde dendrimere 

liganden verkregen. Palladium complexen van deze dppf-type liganden werden gemaakt, en 

zelfs voor het grootste dendrimeer A (zie Chart) werd een makkelijke vorming van het 

bidentaat complex waargenomen. Het toepassen van de liganden in de palladium-

gekatalyseerde allylische alkylering van diverse allylische substraten met diethyl 2-sodio-2-

mefhylmalonaat toonde een interesant dendrimeer effect; naarmate dendrimeren van hogere 

generaties gebruikt werden werd de vorming van het vertakte alkyleringsproduct bevorderd ten 



koste van het lineaire trans product. De verandering in regioselectiviteit kon toegeschreven 

worden aan de apolaire micro-omgeving rondom het katalystisch centrum die ontstaat door de 

dendrimere omringing. De omringing heeft een negatief effect op de katalystische activiteit, en 

dat kan verklaard worden door de verminderde toegankelijkheid van het katalystische centrum 

in de dendrimeer-kern. 

De grootste dendrimere katalysator A werd toegepast in de allylische alkyleringsreactie 

in een doorstroom membraanreactor. Er werden een constante activiteit en een onveranderde 

selectiviteit waargenomen gedurende tenminste 20 reactor volumes. Dit toont voor het eerst 

aan dat kern-gefunctionaliseerde katalysatoren goed toepasbaar zijn in continue processen. 

Hoofdstuk 3 beschrijft een directe vergelijking van de katalytische eigenschappen van 

dendrimere systemen met dppf liganden in de kern (B, zie Chart) of aan de buitenkant (C). 

Palladium complexen van de twee verschillende soorten functionele dendrimeren werden 

toegepast als katalysatoren in Grignard cross-coupling en allylische aminering. Toen de kern-

gefunctionaliseerde dendrimeren gebruikt werden, werd een afname van de reactiesnelheid 

waargenomen voor beide katalytische reacties. Dit is in tegenstelling tot de constante 

reactiesnelheid voor de systemen met de perifere katalysatoren, zodat duidelijk blijkt dat de 

reactiesnelheid gerelateerd is aan de toegankelijkheid van de katalytische centra. In de allylic 

amineringsreactie werd voor de periferie-systemen geen nadelig effect waargenomen. In de 

Grignard cross-coupling reactie werd voor dendrimeer C een lagere reactiesnelheid gevonden 

vergeleken met de monomere verbinding, hetgeen waarschijnlijk wordt veroorzaakt door 

interacties tussen de perifere katalytische centra. Dit toont dat afhankelijk van de bestudeerde 

reactie de interacties tussen de perifere katalysatoren de prestaties van de katalysator kunnen 

beïnvloeden. 

Het grootste kern-gefunctionaliseerde dendrimeer B induceerde een verandering in de 

product selectiviteit van de Grignard cross-coupling reactie vergeleken met die van de 

monomere katalysator. Er werd ook een langzamere isomerisatie-reactie, een bijreactie nadat 

de allylische amineringsreactie afgerond is, waargenomen. Deze effecten werden niet 

gevonden voor de perifere katalytische centra. 

Allylische aminering experimenten in de doorstroom membraanreactor tonen duidelijk 

het verschil tussen katalysatoren in de kern en aan de periferie. Die laatste zijn veel actiever 

dan de minder toegankerlijke centra in de kern, terwijl tegelijkertijd de dendrimere omringing 

zorgt voor een stabielere katalysator. 

De synthese van kern-gefunctionaliseerde dendrimeren met xantphos (D) en 

triphenylphosphine (E) kernen is beschreven in Hoofdstuk 4. Rhodium complexen van deze en 

de dppf-gebaseerde liganden (B) werden toegepast als katalysatoren in de hydroformylering 

138 Samenvatting 



van 1-octeen. Voor de hogere generaties dendrimere katalysatoren werd slechts een kleine 

afname in reactiesnelheid waargenomen. De door de drie typen fosfine liganden geïnduceerde 

regioselectiviteiten waren vergelijkbaar met die van de corresponderende monomere liganden. 

Klaarblijkelijk wordt de regioselectiviteit in de hydroformylering van 1-octeen alleen bepaald 

door het ligand skelet, hetzij monofosfme, rigide difosfme, of flexibele difosfine. 

Toen het grotere substraat 4,4,4-triphenyl-1-buteen werd gebruikt, was de afname in 

activiteit gaandeweg de dendrimere ferrocenyl serie meer uitgesproken. Dit toont dat sterische 

interacties tussen het substraat en de dendrimere takken verantwoordelijk zijn voor de 

afgenomen reactiesnelheden. Bovendien leidde toepassing van de hogere generaties liganden 

tot een hogere isomerisatiesnelheid. De hoeveelheid lineair aldehyde bleef constant. 

Rhodium complexen van de dppf-type dendrimere liganden werden ook gebruikt in de 

batchgewijze en continue hydrogenering van dimethylitaconaat. De katalysatoren waren actief 

onder milde omstandigheden (kamertemperatuur, 5 bar H2) en de reactiesnelheid was 

onafhankelijk van het gebruikte dendrimeer. Het gebruik van de dendrimere 

hydrogeneringskatalysatoren in een doorstroom membraanreactor toonde de hoge stabiliteit 

van de rhodium complexen en de hoge retentie vergeleken met het niet-dendrimere complex. 

In Chapter 5 wordt de synthese en karakterisering van NCN tang liganden gekoppeld 

aan het brandpunt van een serie carbosilaan dendrimeren (F) beschreven. De Suzuki koppeling 

tussen de ligand uitgangsverbinding en het boorzuur-gefunctionaliseerde dendrimeer van 

generatie drie mislukte. De NCN tang-nickel complexen tot generatie twee werden toegepast 

in de Kharasch additie reactie van CC14 met methyl methacrylate. De eerste katalytische 

resultaten tonen dat voor deze brandpunt-systemen geen effect op de reactiesnelheid of de 

stabiliteit van de katalysator is waargenomen. Molecular modeling bevestigt dat het tweede 

generatie dendrimeer niet leidt tot omringing van het katalytisch centrum. Retentie metingen 

geven aan dat de grootte van ligand F al wel voldoende is voor toepassing in een doorstroom 

membraanreactor. 
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heen, maar dat heeft jullie er niet van weerhouden om mij te steunen, aan te moedigen en me 

te laten ontspannen. Hartelijk bedankt voor al die steun, het boekje is af! 

Het meest speciale bewaar ik voor het laatst. Lieve Pernella en Rachel, om samen met 

jullie door het leven te gaan is onvoorstelbaar mooi. Jullie hebben me met name in de 

afronding moeten missen (steeds weer achter die computer...), en me toch altijd 

onvoorwaardelijk gesteund. Jullie zijn de parels van mijn leven! 

En U, Here God, U wil ik prijzen! Het leven in de wetenschap (!) dat U de 

uiteindelijke baas bent in dit heelal is ontzagwekkend. En dat U mijn leven, ieders leven, zo 

waardevol vond dat U de Here Jezus gestuurd hebt, zodat wij U kunnen leren kennen, dat is te 

mooi om niet te geloven! ! ! 

142 Dankwoord 







'.•.'•:•;••..:-.--.'••'••• ..••:•••.•• 
MBS 


