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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 
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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 
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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 

48 Chapter 2 



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 
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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, 
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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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