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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 

;
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 ^ 

-SiM©3 P /^ps \ - J SiMej Me3Si-

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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4 6 
11 reactor volumes 

10 

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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