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Chapter 4 

 

Metal-Mediated Self-Assembly of Polymer-Supported 

and Dendritic Catalysts 

 
 

 

Abstract 
 

The metal-mediated assembly of supported and dendritic catalysts was explored. This novel 

approach is based on the formation of heteroleptic complexes from assembly metals, a basic 

building block and supported or dendritic co-ligands. Both the co-ligand and the basic 

building block contain binding sites for coordination to an assembly metal, while the basic 

building block contains additional binding sites for catalytically active metals. Application of a 

resin-bound terpyridine as co-ligand resulted in polymer-supported hetero-nuclear 

complexes, which were applied in the palladium-catalyzed allylic substitution. The low 

stability of the resin-bound heteroleptic terpyridine-bipyridine copper complex leads to non-

supported copper species, as is evidenced by the limited success with which palladium 

catalysts could be recycled. In a related approach DAB-dendrimers were applied as co-

ligands, aiming at the formation of dendritic catalysts. The coordination modes of the 

assembly and catalytically active metals towards the DAB-dendrimer and 1 were studied. 

The results indicate that most likely mixtures of homo- and heteroleptic complexes are 

formed. In the palladium-catalyzed allylic amination the DAB-dendrimer-based assemblies 

proved highly active catalysts, with the generation of DAB-dendrimer having no influence on 

the activity and selectivity of the catalyst. 
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4.1   Introduction 
 

The present chapter consists of two parts. In the first part we describe the formation of resin-

bound catalysts immobilized via metal-mediated self-assembly and in the second part the 

application of this methodology to form dendritic catalysts. We recently explored metal-

mediated self-assembly as a novel route to form hetero-nuclear catalysts1. Our approach is 

based on the simultaneous coordination of an assembly metal (Mass) and a catalytically 

active metal (Mcat) to a basic building block (1) containing appropriate binding sites for the 

two types of metals (scheme 1). More specifically, 1 consists of a bipyridine2 and two 

bidentate phosphine moieties. Coordination studies confirmed that, in the presence of Mass 

(and an appropriate co-ligand), palladium (as Mcat) indeed coordinates selectively to the 

diphosphine moieties of 1. 
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Scheme 1: Self-assembly of a palladium(I)-copper(II) catalyst from 1 and terpyridine. 

 

We were interested if we could use our metal-mediated self-assembly methodology to form 

functionalized catalysts by using co-ligands containing the desired functionality for the 

assembly process. For instance, application of a supported co-ligand allows the anchoring of 

1 on a support and thus the immobilization of Mcat by means of metal-mediated self-

assembly. This approach is schematically depicted in scheme 2 and it is described in more 

detail in the first part of this chapter (4.2). 
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Scheme 2: Metal-mediated self-assembly of a solid-supported catalyst. 

 

In a related approach, we explored the application of a co-ligand containing a number of 

binding sites for the assembly metal, which should lead to a dendritic catalyst (schematically 
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depicted in scheme 3). We have investigated this approach, of which the details are 

discussed in the second part of this chapter (4.3). Note that both approaches are based on 

the use of the same basic building block (1), while catalytic systems with very different 

properties are generated. 

McatMassdendritic 
co-ligand

1

+ + +

dendritic catalyst

 
 

Scheme 3: Metal-mediated self-assembly of a dendritic catalyst. 

 

 

4.2   Results and Discussion  –  Metal-mediated self-assembly of supported catalysts 
 

Supported catalysts   Immobilized homogeneous catalysts combine the good control over 

catalyst properties typical for homogeneous catalysts, with the ease of separation associated 

with heterogeneous catalysis3. Furthermore, heterogenized catalysts can be recycled and 

consequently, by immobilizing a catalyst the turnover number can be increased. This is 

attractive both from an environmental and an economical point of view. Accordingly, the 

immobilization of a homogeneous catalyst is an area of extensive research3,4. The non-

covalent anchoring of homogeneous catalysts to a support is an attractive methodology, as it 

allows the reversible formation of immobilized catalysts. This methodology could be applied, 

for instance, in a batch reactor of which the support can be loaded with different catalysts for 

different reactions. Surprisingly, only a few systems have been reported in which 

molecules5,6 or catalysts7 are (reversibly) anchored to a support via non-covalent 

interactions.8 

 

Synthesis of a polymer-bound co-ligand   Our general assembly approach is based on 

coordination of the assembly metal to a nitrogen-based binding site of the co-ligand. In order 

to study the assembly of supported catalysts, we synthesized a supported poly-pyridine co-

ligand. While numerous supports have been applied successfully in the immobilization of 

catalysts, polystyrene-based resins are particularly attractive. These supports have excellent 

swelling properties in organic solvents, allowing good mixing of the catalyst and the 

reactants9. As a result of the poly(ethylene glycol) linker between the functionality and the 
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polystyrene support, TentaGel resins have superior swelling properties in commonly applied 

organic solvents10. We decided to functionalize a TentaGel resin with a terpyridine moiety. In 

combination with the diimine of 1, terpyridine provides a penta-coordinated environment for 

Mass, for which Cu(II) has a high affinity
11. 

 

Scheme 4 depicts the synthetic route towards the supported co-ligand. The commercially 

available 4’-chloro-terpyridine (2) was converted into 4’-(3-carboxypropoxy-)-terpyridine (3) 

by reaction with 4-hydroxybutyric acid sodium salt12. A subsequent standard peptide coupling 

reaction between the acid modified terpyridine and TentaGel-S-NH2 (4), a primary amine 

functionalized resin, yielded the supported terpyridine co-ligand (5). 
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Scheme 4: Synthesis of the terpyridine functionalized resin 5. 

 

Characterization of polymer-supported heteroleptic complexes   Upon reaction of 5 with 

one equivalent of copper(II) triflate, the off-white polymer turned bright blue, indicating 

binding of the metal by the terpyridine moiety (6, scheme 5)13. Reaction of this copper(II)-

loaded resin with 0.2 equivalent of 1 led to a color change on the resin from bright blue to 

yellowish green, indicating a change in the coordination environment of the metal. This 

process was accompanied by a slight coloration of the solution-phase to green. The 31P gel-

phase NMR spectrum of the green resin obtained after repeated washing displayed an 

extremely broad signal at roughly –3 ppm. We assign this signal to 1 bound to the resin via 

copper-phosphine coordination (7)14,15. The observed chemical shift is somewhat higher than 

that observed for the non-supported analogue [1Cu(II)terpyridine]2+, which displayed a signal 

at –10 ppm1. Interestingly, in contrast to the non-supported analogue, the metallo-resin 

showed no signal corresponding to uncoordinated phosphines. 

 

Reaction of copper(II)-loaded resin 6 with one equivalent of [1(Rh(I)(COD))2]
2+ gave a color 

change of the resin to greenish blue and a simultaneous decoloration of the solution-phase 



Self-Assembled Polymer-Supported and Dendritic Catalysts 
__________________________________________________________________________________________ 
 
 

  87 

from red to orange (COD = 1,5-Z-cyclooctadiene). The chemical shifts of the two broad 

resonances at 27 and 14 ppm (1:1) observed with 31P gel-phase NMR of the resulting 

purified resin, correspond closely to those observed for related non-supported rhodium 

complexes of 1, in which rhodium selectively coordinates to the phosphines of 11. The 

absence of a signal at –3 ppm indicates that copper-phosphine complexes were not 

present16. The result implies that the reaction of 5 with copper(II) and subsequently 

[1(Rh(I)(COD))2]
2+ indeed leads to a resin-bound rhodium complex in which the rhodium is 

bound by the phosphine moieties of 1 (8, scheme 5). 
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Scheme 5: Immobilization of 1 and a 1-rhodium(I) species on 5 by copper(II) coordination. 

 

In initial screening experiments the addition of diimine or 1 to copper(II) loaded 5 also led to a 

green-blue coloration of the solution-phase, which indicates liberation of copper from the 

support and may be attributed to the formation of non-supported bipyridine complexes. 

LCMS measurements confirmed the presence of [Cu(NN)2]
2+, [Cu(NN)2MeCN]

2+ and 

[Cu(NN)3]
2+ complexes (NN = bipyridine or phenanthroline) in the solution-phase17. In order 

to quantify the capacity of copper(II) to coordinate simultaneously to the terpyridine binding 

site of the resin and the diimine moiety of 1, we used 5,5’-dimethyl-bipyridine (9) as a model. 

For this study the heterolpetic [5Cu(II)9] complex (A, scheme 6) was allowed to form, after 

which the concentration of 9 in the solution-phase was determined using UV-VIS 

spectroscopy. The concentration of 9, as free ligand (B) or as copper(II) complex (C), allows 

calculation of the yield in which the supported heteroleptic complex A is formed18,19. Note that 

9 only serves as a model for the diimine moiety of 1 and that the phosphine moieties of 1 will 

most likely influence the binding efficiency. 
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Scheme 6: Possible equilibriums in the formation of polymer-bound heteroleptic terpyridine-

bipyridine copper(II) complex A. 

 

We explored two routes to form the anticipated supported terpyridine-bipyridine copper 

complex (scheme 7). Loading the resin directly with bipyridine-copper(II) in dichloromethane 

was unsuccessful (route A). When a 1:1 mixture of 9 and Cu(II)(OTf)2 was reacted with 5.9 

equivalents of resin 5, 81% of bipyridine 9 remained in the solution-phase after 90 minutes, 

corresponding to a 3% yield of the resin-bound copper(II)-9 complex. 
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Scheme 7: Routes studied towards supported terpyridine bipyridine copper(II) complexes. 

 

Formation of the supported copper-terpyridine complex followed by reaction with bipyridine, 

led to the anticipated heteroleptic copper species in an overall higher yield (route B, scheme 

7). When one equivalent of copper was used and subsequently one equivalent of bipyridine 

was added to the reaction mixture, the supported [5Cu(II)9] was formed in 19% yield20. The 

use of a large excess of copper (>10 equivalents), followed by thorough washing to remove 

non-immobilized copper and the subsequent reaction of the metallo-resin with one equivalent 

of bipyridine, resulted in a slight increase in the yield to 22%. These results signify that it is 

possible to form the supported penta-coordinated copper complex in reasonable yield via 

route B. The UV-VIS spectra indicate that copper-bipyridine complexes were present in the 

solution-phase. The shoulders observed at 318 nm are typical for copper complexes of 9 and 

the shoulder at 273 nm can be assigned specifically to [Cu(II)92]
18. This signifies that the 

diimine is capable of releasing copper (in the form of non-supported copper-bipyridine 

species), initially bound by the resin. To establish the stability of the supported heteroleptic 

[5Cu(II)9], the metallo-resin was separated from the solution-phase by filtration, washed and 

re-suspended in dichloromethane. This shows that a considerable amount (21%) of the 

resin-bound bipyridine had leached into the solution-phase. Again the UV-VIS spectrum 
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displayed shoulders typical of copper complexes, showing that both the diimine and the 

metal were liberated from the resin. A negligible difference in binding capacity of the 

bipyridine and stability of the resulting resin-bound species was observed when Cu(II)(BF4)2 

was used instead of Cu(II)(OTf)2. Additionally, we studied zinc as assembly metal, as it also 

forms stable five coordinated terpyridine-bipyridine species21. Reaction of 5 with 3.2 

equivalents of Zn(II)(OTf)2 yielded, after work-up an off-white resin, which was subsequently 

reacted with 0.25 equivalent of 9. According to UV-VIS spectroscopy, the polymer-supported 

zinc(II)-9 complex was formed in 6% yield only. 

 

Catalytic performance of self-assembled polymer-supported catalyst   Next, we studied 

the performance and stability of our catalysts, anchored to the resin via metal-ligand 

interactions, in two palladium-catalyzed allylic substitution reactions (scheme 8). 
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Scheme 8: Palladium-catalyzed allylic amination studied with our supported catalysts. 

 

We started by determining the efficiency of unmodified TentaGel-S-NH2 (4) as support in our 

approach (scheme 9). Reaction of 4 with Cu(II), 1, and subsequent reaction with palladium 

allyl triflate (1:1:1:2) yielded, after filtration and washing of the residue, a green polymeric 

material (10). The color indicates the presence of copper, which we attribute to metal 

coordination to the primary amine and/or the oxygen donor atoms of the poly(ethylene glycol) 

moiety. The solution-phase, which was isolated by filtration, was evaporated to dryness to 

yield a red-brown solid (11). 
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Scheme 9: NH2-functionalized resin 4 as catalyst support. 
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Both 10 and 11 were applied as catalyst in the allylic amination of methyl crotyl carbonate 

(16) with piperidine (17) in nitromethane as the solvent (reaction 1a, scheme 8)22. Metallo-

resin 10 displayed no activity after 14 hours (entry 1, table 1), indicating that no active 

palladium complexes were bound by unmodified resin 4. Application of 11 as a catalyst led to 

100% conversion after 30 minutes (entry 2), signifying that it contains active palladium 

species. Most likely, 11 is a mixture of homo- and hetero-nuclear palladium-copper 

complexes of 1. The observed selectivity (33:63:3) is different from that observed for the 

related [(terpyridine)Cu(II)1((Pd(II)(allyl))2]
4+ species (40:59:1, entry 7), but this can be 

attributed to palladium-catalyzed isomerization of the allyl amines to the trans product. This 

latter transformation is often observed after the reaction has reached full conversion23. 

Similar isomerization activity was observed for the [(terpyridine)Cu(II)1((Pd(II)(allyl))2]
4+ 

species24. 

 

Table 1: Resin-bound and non-supported palladium complexes as catalysts in reaction 1a. 

Entry Catalyst Time      
(hours) 

Yield
a
 Selectivity 

(branched:trans:cis) 

  1 10 14     0 - 

  2 11     0.5 100 33:63:3 

  3 12     0.5   41 42:58:1 

  4 12  1   78 41:59:1 

  5 12 14 100 33:64:3 

  6   13
b
  3     0 - 

  7
 

[(terpyridine)Cu(II)1(Pd(II)(allyl))2]
4+ c 

      0.25   86 40:59:1 

  8
 

[(terpyridine)Cu(Il)]
2+ c 

24     0 - 

  9
 

[1Cu(II)]
2+ c 

24     0 - 

10 [(terpyridine)Pd(II)(allyl)]
+ c 

24 trace n.d. 

11 [(bipyridine)Pd(II)(allyl)]
+ c 

24     5 25:75:0 

Conditions: Reaction 1a, anion = triflate, T = 25 °C, Solvent = CH3NO2, internal standard = PhNO2. Pd/16/17 
1/239/217. [16] = 87.8 mM. 

a
Yield in mol% based on 17. 

b
[16] = 50.7 mM. 

c
Pd/16/17 1/240/263, [16] = 0.12 M, see 

chapter 2 for details. n.d. = not determined. 

 

Next, we determined the efficiency of terpyridine-functionalized resin 5 as support for copper-

palladium immobilized hetero-nuclear catalysts. Reaction of the resin in a one-pot procedure 

with subsequently copper(II), 1 and palladium allyl (1:1:1:2), yielded a blue-green resin (12, 

scheme 10). With 9, which has an identical binding site for the assembly metal as 1, the 

corresponding supported complex was formed in 20% yield (vide supra). We anticipated that 

1 will be immobilized on the resin in a comparable yield. Indeed, 1H and 31P NMR 

spectroscopy of the combined yellow-brown solution-phases obtained after filtration of the 
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reaction mixture, confirmed the presence of 1, indicating that the immobilization does not 

proceed quantitatively. 
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Scheme 10: One-pot formation of polymer-supported catalyst 12. 

 

Metallo resin 12 was applied as a catalyst in the allylic amination of crotyl methyl carbonate 

with piperidine in nitromethane (reaction 1a, scheme 8). The immobilized palladium complex 

displayed good catalytic activity, as 41% conversion was reached after 30 minutes and 78% 

after 1 hour (entries 3-4, table 1). Since copper complexes of terpyridine or 1 (entries 8-9) 

are inactive and palladium complexes of terpyridine or bipyridine are only slightly active as 

catalysts under these conditions (entries 10-11), the activity can be attributed to the 

palladium centers coordinated to the phosphines of 1. Moreover, the very similar 

regioselectivities observed for the polymer-supported and non-immobilized analogues, 

indicate that the catalytic centers can be found in similar environments (entries 3 and 7). On 

the basis of these results, we conclude that the anticipated supported hetero-nuclear catalyst 

(8, scheme 10) is indeed formed. In this species copper binds to the terpyridine and 

bipyridine binding sites, while palladium is bound by the phosphines. When we, on the basis 

of the binding studies conducted with 9 (vide supra), assume that 1 was immobilized on the 

resin via bipyridine-copper coordination in 19% yield and assume a palladium to 1 ratio of 2, 

the conversions equal an average turn over frequency (TOF) of 195 mol prod. (mol. Pd)-1 h-1. 

The activity of 12 is approximately 25% of the activity observed for the analogues non-

supported [(terpyridine)Cu(II)1(Pd(II)(allyl))2]
4+ (entry 7). It is a general observation that the 

activity of a homogeneous catalyst drops considerably upon immobilization on a support. 

Similarly, the lower activity of 12 in comparison to [(terpyridine)Cu(II)1(Pd(II)(allyl))2]
4+ can be 

contributed to the immobilization of the complex on the resin. After 14 hours, in which full 

consumption of the substrate was reached, the regioselectivity of the product had changed 

considerably (33:65:3, entry 5). Again, the shift towards a higher portion of the trans isomer 

can be attributed to palladium-catalyzed isomerization after the reaction reached full 
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conversion23. The observation that both the resin and the solution-phase were red-brown 

within this reaction time, suggests that the coordination modes of copper and/or palladium 

changed. These processes do not occur in the absence of solvents and/or reactants; a 

several weeks old batch of supported catalyst 12 had catalytic properties similar to those of a 

freshly prepared batch. 

 

In addition, we explored the partial loading of 5, for which we treated the resin with 

subsequently Cu(II), 1 and palladium allyl triflate in a 424/100/100/200 ratio. The prepared 

polymeric material (12) displayed no catalytic activity after 3 hours (entry 6). We contribute 

the inactivity to the formation of a resin-bound terpyridine-palladium complex, which is 

inactive as a catalyst under these conditions (entry 8). The formation of the palladium allyl 

species of 5 can be attributed to the availability of sufficient un-coordinated terpyridines (1.62 

equivalents per palladium). This in turn is a result of the use of a sub-stoichiometric amount 

of copper. This result implies that palladium has a higher affinity for binding to the terpyridine 

moiety of 5 than to the bipyridine or phosphine moieties of 1. 
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Figure 1: Supported copper and palladium species formed as a result of the use of a sub-

stoichiometric amount of copper(II). 

 

To ensure full loading of the resin, with the aim to block terpyridine from binding palladium, 

we used a large excess of copper(II) (approximately 50 equivalents with respect to the resin) 

in the formation of the copper(II)-loaded resin (14). This approach was successful, as 

reaction of the purified green-blue copper(II)-loaded resin with 0.20 equivalent of 

[1(Pd(II)(allyl))2]
2+ yielded a blue metallo-resin (15, scheme 11). In the amination of methyl 

crotyl carbonate (17) with morpholine (18) in nitromethane (reaction 1b, scheme 8), full 

conversion was observed after 1 hour (entry 1, table 2). This, assuming immobilization of 1 

on the resin in 20% yield, equals an average TOF of roughly 160 mol prod. mol. Pd-1 h-1, 

comparable to the activity observed for resin 12. Note that the two catalysts have been 

applied in different reactions (1a and 1b) and under different conditions. This result confirms 

that, both the one-pot procedure (depicted in scheme 10) and the sequential formation with 

copper(II)-loaded 14 as intermediate (depicted in scheme 11) yield the supported hetero-
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nuclear catalyst. Without further research it is, however, not possible to compare the 

efficiency of the two immobilization procedures. 
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Scheme 11: Copper loaded resin 14 as intermediate in the formation of palladium catalyst 15. 

 

Interestingly, after addition of the reactants the solution-phase slowly turned orange-red, 

while the green-blue resin 15 slowly turned green. We attribute this to changes in the 

coordination modes and/or to redox reactions, which result in leaching of Mcat into the 

solution-phase. To verify this hypothesis, we separated the solution-phase from the resin 

after 2.5 hours reaction time and subjected the remaining polymer to a second batch of 

reactants (entry 2). The activity of the resin was considerably lower than that in the first run, 

giving the product in 18% yield after 1 hour. The altered regioselectivity (16:76:8 for run 1, 

30:65:5 for run 2) can be attributed to palladium-catalyzed isomerization, occurring after full 

conversion was reached in run 1. 

 

Table 2: Recycling of resin-based self-assembled palladium-catalysts. 

Entry Catalyst Run Solvent Time 
(hours) 

Yield
a
 Selectivity 

(branched:trans:cis) 

1 15
 

1 CH3NO2
 

1 100 16:76:8 

2 15
 

2 CH3NO2
 

1  18 30:65:5 

3 15
b 

1 CH2Cl2
 

2  21 43:56:1 

4    15-sol
b,c 

- CH2Cl2
 

3  30 41:57:1 

5 15
b 

2 CH2Cl2
 

2   0 - 

Conditions: Reaction 1b, T = 25 °C, anion = BF4
-
. Pd/16/amine 1/31/29, [16] = 0.1 M, internal standard = PhNO2. 

a
Yield in mol% based on 18. 

b
Pd/16/amine 1/172/155, [16] = 0.17 M, internal standard = dihexylether. 

c
Solution-phase 

separated from resin 11, run 1 after 2 hours reaction time.  

 

Several groups found a large solvent dependence on the performance of resin-bound 

catalysts9,10c. To see the effect of the solvent on the catalyst performance and recyclability, 
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we also studied catalyst 15 in dichloromethane (entries 4-6). In this solvent the product was 

formed with a different regioselectivity (43:56:1). The activity of the catalyst in 

dichloromethane was approximately half of the activity observed for nitromethane as the 

solvent. The 21% conversion after 2 hours (entry 3), corresponds to an average TOF of 80 

mol prod. mol Pd-1 h-1. At this point, the dichloromethane phase was separated from the resin 

by filtration and was allowed to react for an additional hour, during which the yield increased 

to 30% (entry 4). Only a small alteration of the regioselectivity was observed (41:57:1). This 

result suggests that, with dichloromethane as the solvent, a part of the activity originates 

from complexes that have leached into the solution-phase, rather than from immobilized 

complexes. This is also supported by the performance of the remaining blue-green resin in a 

second run, as after 2 hours no product was formed (entry 5). This implies that all active 

palladium had leached into the solution-phase prior to catalyst recycling. On the basis of 

these preliminary results, it can be concluded that a considerable portion of the catalyst 

leaches into the solution-phase for both nitromethane and dichloromethane as the solvent 

(entries 1-5). In dichloromethane complete deactivation of the resin occurs after a single 

catalytic run (entries 3 and 5)25, while in nitromethane the polymer retained some activity 

(entries 1-2). 

 

The obtained results clearly show that the metal-mediated self-assembly results in hetero-

nuclear complexes anchored to the resin via metal-ligand interactions. The application of the 

copper-palladium assemblies as catalysts in the palladium-catalyzed allylic amination 

demonstrates that this novel methodology allows the formation of active resin-bound 

catalysts. The similar regioselectivities observed for the resin-bound and the non-supported 

analogues indicate that the palladium centers can be found in comparable environments. 

The limited stability of the [(terpyridine)Cu(II)(bipyridine)]2+ species anchored to the resin 

leads to non-supported copper species and accordingly reduce the ability to recycle the 

catalyst. The formation of non-supported species could be a result of redox reactions of the 

two metals during catalysis26. The color changes observed for the allylic substitution 

reactions suggest that the coordination modes of the assembly metal indeed alters under 

catalytic conditions. So far, we only studied the application of the supported catalysts in the 

palladium-catalyzed allylic substitution. Other reactions, such as rhodium-catalyzed 

hydrogenations, may be more compatible with the current approach, as the conditions are 

milder. Additionally, the leaching could be attributed to the extremely flexible poly(ethylene 

glycol) moiety of the Tentagel support. As a result, the support may not supply sufficient site-

isolation and allow the formation of bis-terpyridine copper species, at the expense of the 

heteroleptic terpyridine-bipyridine copper(II) complex (B versus A, scheme 12)27. Further 

research is required to identify which processes attribute to the formation of the non-
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supported species. This knowledge may then be utilized to design novel building blocks in 

order to increase the stability of the immobilized species. 
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Scheme 12: Ligand disproportionation reaction leading to the formation of supported bis-

terpyridine and non-supported bis-bipyridine copper species. 

 

 

4.3   Results and Discussion  –  Metal-mediated self-assembly of dendritic catalysts 
 

Dendritic catalysts   Dendritic catalysts have received considerable attention, as 

introduction of the catalytic center in the micro-environment of the dendrimer can lead to 

unique catalytic properties28. Moreover, as a result of their size, dendritic catalysts can be 

separated from the reaction mixture by nano-filtration and recycled28. The synthesis of 

phosphine functionalized dendrimers is generally a complex and time consuming process. 

The use of non-covalent interactions to generate dendritic catalysts is an attractive 

alternative and several successful approaches have been reported28a,29. Metal-ligand 

interactions proved suitable to construct of highly complex dendritic structures8,30,31,32, but the 

use of these interactions to form dendritic catalysts is, nevertheless, without precedent. 

 

DAB-dendrimers   Benefiting their commercial availability, we explored the use of DAB-

dendrimers as nitrogen-based co-ligands to assemble heteroleptic-hetero-nuclear dendritic 

catalysts33. The structure of a third generation DAB-dendrimer (DAB-G3) is depicted in 

scheme 13 (A). Bosman et al. showed that these type of dendrimers are efficient ligands for 

binding Cu(II), Ni(II) and Zn(II)34. Zinc(II) coordinates exclusively at the periphery of the 

dendrimer via the primary amines and the tertiary amines of the penultimate generation 

(RN(CH2)3NH2)2)
34. We envisaged that an assembly metal simultaneously coordinating to a 

DAB-dendrimer and to the bipyridine moiety of 1, would allow the formation of dendritic 

catalysts by metal-mediated self-assembly. Scheme 13 depicts a dendritic hetero-nuclear 

assembly formed from DAB-G3, eight assembly metals, eight basic building blocks 1 and 16 

catalytically active metals. 
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Scheme 13: Metal-mediated self-assembly of DAB-dendrimer-based catalysts. 

 

DAB-dendrimers as co-ligands in the assembly of heteroleptic complexes   We 

investigated the coordination of Cu(II) and Zn(II) to DAB-dendrimers in the presence of a 

bipyridine. In these experiments the diimine serves as a model for the bipyridine moiety of 1. 

Penta-coordinated heteroleptic copper(II) complexes containing RN(CH2)3NH2)2-based 

ligands have been reported35. Cu(II)(OTf)2 is an unsuitable candidate as the assembly metal, 

since mixing it with DAB-dendrimers and bipyridine in DCM or MeOH resulted in tarry, 

insoluble, blue precipitates. Zn(II)(OTf)2 proved a more suitable assembly metal, as colorless 

clear solutions were obtained, of which we investigated the coordination mode of the metal 

by means of 1H NMR and mass spectrometry. The upfield shifts observed for the α, β and γ 

protons in the outer tier of the dendrimer indicate metal coordination to the dendrimer34. In 

addition, sharpening of all resonances of the DAB-dendrimer is also indicative of metal 

coordination. The shift to higher field and the slightly broadening of the bipyridine resonances 

(∆δH = –0.13 - –0.05 pm) indicate that this ligand was coordinated to the metal. GPC 

measurements on mixtures of DAB-G2 or DAB-G5 with ZnOTf2 and 9 (1:4:4 and 1:32:32, 

respectively), on the other hand, did not indicate the formation of the anticipated assemblies. 

Compounds with molecular masses corresponding closely to the masses of the dendrimers 

were observed, but species with higher molecular masses (DAB-Zn-9 assemblies) were 

absent. Unfortunately, mass spectrometry (ESI and APCI) did not give structural information 

either. Analysis of 1:1:1, 1:1:2, 1:2:2 and 1:2:4 mixtures of DAB-G1, Zn(II)(OTf)2 and 

bipyridine or phenanthroline (= NN), showed the presence of various species (e.g. 

[Zn(NN)2]
2+, [Zn(NN)3]

2+ and [Zn(NN)2OTf]
+), but DAB and/or heteroleptic DAB-G1-NN zinc 

complexes were not detected36. 

 

When 1 was applied in the formation of the metallo-dendrimers, the 1H NMR upfield shifts of 

the pyridine protons (∆δH = –0.11 - –0.05 pm) indicate coordination of zinc to the diimine 
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moiety. The chemical shifts of the two singlets in the 31P NMR spectrum had only marginally 

shifted to those observed for 1. This confirms that, as a result of the low preference of zinc 

for phosphorus donors, the phosphines were uncoordinated and able to bind a second type 

of metal. Indeed, when we performed this reaction in the presence of [Pd(II)(crotyl]Cl]2 (1:Pd 

1:2), four multiplets at lower field were observed (24.8; 24.0; 14,6 and 12.3 ppm), indicative 

of palladium coordination to the phosphines. The chemical shifts correspond to those of 

related homo- and hetero-nuclear palladium allyl complexes of 11. The absence of signals 

corresponding to uncoordinated phosphines indicate that, even in the presence of a 

multitude of nitrogen donors from both 1 and the dendrimer, palladium still binds to the 

phosphines of 1. NOE experiments conducted on a mixture of DAB-G2, Zn(II)(OTf)2 and 1 

(1:4:4) revealed NOE-interactions between H6 and the methylene-protons of 1 (fig. 2). NOE 

cross peaks between the DAB-dendrimer and 1 were not present36. Identical NOE-

interactions were observed when 3,3’-diamino-N-methyldipropylamine was used as a model 

for the binding sites of the dendrimers. 
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Figure 2: Observed NOE-interactions in DAB/Zn(II)/1-based assemblies. 

 

The anion of the assembly metal appeared to influence its coordination behavior. When 

DAB-G1 was mixed with Zn(II)(OAc)2 (1:2) the broadened signals in the 
1H NMR indicate 

metal binding by the dendrimer. Addition of 1 to this mixture resulted in a mixture of the 

metallo-dendrimer and non-coordinated 1. The 1H NMR spectrum did show signals indicative 

for metal coordination to the bipyridine or phosphines of 1. We contribute the difference in 

coordination behavior of Zn(II)(OAc)2 and Zn(II)(OTf)2 to the presence of the more strongly 

coordinating acetate anions, which inhibit the simultaneous coordination of Mass to the DAB-

dendrimer and 1. When subsequently palladium allyl acetate was added, a complex mixture 

was obtained as evidenced by several multiplets between 33 and 12 ppm in the 31P NMR 

spectrum and very broad multiplets in the 1H NMR spectrum.  

 

On the basis of the obtained data, the exclusive formation of the anticipated dendritic hetero-

nuclear structures can not be unambiguously proven. The formation of 1-based (homoleptic) 
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complexes (e.g. [Zn(II)12]
2+), next to the anticipated dendritic assemblies, can not be 

excluded. 

 

Palladium-catalyzed allylic substitution   In order to study the application of the dendritic 

co-ligands to assemble dendritic catalysts, we applied various assemblies as catalysts in the 

allylic amination of cinnamyl acetate (19) with piperidine (17) in dichloromethane (reaction 

2a, scheme 8)37. For this purpose several generations DAB-dendrimer were applied as co-

ligands, aiming to assemble dendritic catalysts, of which the general structure is depicted in 

figure 3. 
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Figure 3: General structure of the anticipated dendritic assemblies studied as catalyst. 

 

Table 3: Catalytic performance of palladium-zinc-DAB-dendrimer poly-nuclear assemblies. 

Entry Co-ligand Reaction Yield
a
 Selectivity 

(branched:trans:cis) 

 1 DAB-G1 2a
b 

100 0:100:0 

 2 DAB-G2 2a
b 

100 0:100:0 

 3 DAB-G3 2a
b 

100 0:100:0 

 4 DAB-G4 2a
b 

100 0:100:0 

 5 DAB-G5 2a
b 

100 0:100:0 

 6 DAB-G0   1a
c,d 

  26 42:58:0 

 7 DAB-G1   1a
c,d 

  28 42:58:0 

 8 DAB-G2   1a
c,d 

  26 41:59:0 

 9 DAB-G5   1a
c,d 

  24 42:58:0 

10
 

  ― 
e 

1a
c 

  76 39:60:1 

Conditions: T = 25 °C. 
a
Yield after 5 minutes in mol% based on the allyl. 

b
Pd/19/17 1/60/125, [19] = 0.12 M, anion for 

zinc and palladium = acetate, solvent = CH2Cl2, internal standard = dihexyl ether. 
c
[Pd] = 0.5 mM, anion for zinc and 

palladium = triflate, solvent = CH3NO2, internal standard = PhNO2. 
d
Pd/16/17 1/326/326. Full conversion was reached 

within 90 minutes reaction times. 
e
Catalyst = [Zn(II)12(Pd(II)(allyl))4]

6+
, Pd/16/17 1/240/263, yield after 15 minutes, see 

chapter 2 for details. 

 

All hetero-nuclear assemblies are highly active as catalysts, as full conversion within 5 

minutes was observed, yielding the linear trans-product selectively (entries 1-5, table 3)38. 
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Next, we evaluated the catalytic performance of the assemblies with methyl crotyl carbonate 

as the allylic substrate (reaction 1a, scheme 8). All assemblies are highly active catalysts and 

the activities of the heteroleptic assemblies (entries 6-9) are roughly equal to the activity of 

the homoleptic analogue ([Zn(II)12(Pd(II)(allyl))4]
6+, entry 10). This signifies that the presence 

of the DAB-dendrimer does not influence the activity of the palladium and that it does not 

affect the coordination of palladium to 1. The generation of the dendrimer was found to have 

a slight influence on the catalyst performance (entries 6-9). The activities slightly dropped 

going to higher generations (28% yield for DAB-G1; 24% for DAB-G5). Interestingly, DAB-G0 

showed a slightly lower activity than DAB-G1 (26% versus 28% yield). After 90 minutes full 

conversion was observed for all systems (data not given in table 3). The dendrimer 

generation did not have a significant influence on the regio-selectivity, as it was nearly 

identical for all generations39. The branched, linear trans- and linear cis-products were 

obtained in roughly a 4:6:0 ratio. Comparable selectivities were observed for the related 

homoleptic [Zn(II)12(Pd(II)(allyl))4]
6+ assembly (entry 10), indicating that in both systems the 

catalytic centers can be found in very comparable environments1. 

 

 

4.4   Conclusions 
 

We have explored the formation of immobilized and dendritic catalysts by means of metal-

mediated self-assembly of heteroleptic complexes. For this purpose we combined a polymer-

supported co-ligand with a basic building block, both containing appropriate binding sites for 

coordinating, respectively, an assembly metal and a catalytically active metal. Several 

assembly metals and different routes towards the supported heteroleptic complexes were 

studied and the results indicate that our approach indeed results in hetero-nuclear 

complexes anchored to the support via metal-ligand interactions. The copper-palladium 

resin-bound assemblies are catalytically active in palladium-catalyzed allylic substitution 

reactions. The comparable regioselectivities observed for the non-supported and the 

polymer-bound analogues signifies that the complexes have comparable structures. 

Unfortunately, the limited stability of the resin-bound heteroleptic terpyridine-bipyridine 

copper complex also leads to non-supported copper species. This process is evidenced by 

the limited success in which the palladium catalysts can be recycled. The limited stability of 

the heteroleptic copper complex could be a result of the specific support used (Tentagel), as 

it may not supply sufficient site-isolation and consequently allows the formation of supported 

bis-terpyridine copper complexes. We expect that the stability of the supported heteroleptic 

hetero-nuclear complexes can be increased by applying more rigid polystyrene resins as 

support for the terpyridine. 
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In a related approach we applied DAB-dendrimers as co-ligands, with the aim of forming 

dendritic catalysts. Analysis of the products did not supply sufficient evidence for the 

formation of dendritic catalysts. Most likely, mixtures of homo- and heteroleptic complexes 

are formed. In the palladium-catalyzed allylic amination, the DAB-dendrimer-based hetero-

nuclear assemblies are highly active catalysts and the activity and selectivity of the catalyst is 

independent of the generation of DAB-dendrimer applied. 
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4.5   Experimental section 
 

General Remarks   All reactions were carried out under strictly oxygen and moisture free 

conditions, using standard Schlenk techniques under an atmosphere of purified nitrogen or 

argon. NMR spectra were recorded on a Varian Mercury-300, a Bruker DRX-300 and a 

Varian Inova-500. NMR-spectra were recorded at room temperature in CD3Cl, CD2Cl2, 

CD3OD or CD3NO2. Positive chemical shifts (δ) are given (in ppm) for high-frequency shifts 

relative to an 85% H3PO4 reference (
31P). 31P spectra were measured with a 1H decoupling. 

Gel-phase 31P experiments were recorded in THF using standard NMR techniques with a 

D2O inner tube for locking purposes. Mass spectra were recorded on a Shimadzu LCMS-

2010A using direct injection into the mass-spectrometer. UV-VIS spectra were recorded on a 

HP 8453 UV/Visible System. GPC measurements were performed on a Shimadzu apparatus 

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

refractive index detector and a SPD-10A VP UV-VIS detector. Gas chromatographic analysis 

were run on an Interscience HR GC Mega 2 apparatus (split/splitless injector, J&W Scientific 

DB-1 column (cross-linked phase Me2siloxane, 30 m, internal diameter 0.32 mm, film 

thickness 3.0 µm), F.I.D. detector), on an Interscience Finnigan TraceGC ultra apparatus 

equipped with a RTX1 column and on a Shimadzu GC-17A apparatus (split/splitless injector, 

BPX35 (SGE) column (35% phenyl polysilphenylenesiloxane, 25 m, internal diameter 0.22 

mm, film thickness 0.25 µm), F.I.D. detector). 

 

Materials   Chemical were purchased from Acros Chimica, Aldrich Chemical Co., Biosolve, 

Fluka, Merck and Strem and were used as received, unless indicated otherwise. Diethyl 

ether and THF were distilled from sodium/benzophenone. Acetonitrile, dichloromethane, 

methanol, N,N’-dimethylformamide (DMF), piperidine (17) and morpholine (18) were distilled 

from calcium hydride. Nitromethane was distilled and stored in the dark at 4 °C. 2,2'-

Bipyridine-5,5'-dicarboxylic acid bis-[bis-(2-diphenylphosphinoethyl)-amide] (1)1, 4’-(3-

carboxypropoxy-)-2,2’,6’,2’’-terpyridine12, 5,5’-dimethyl-2,2’-bipyridine40 and crotyl methyl 

carbonate (16)41 were synthesized according to literature procedures. The metals were 

added via stock solutions: Cu(II)(BF4)2 and Cu(II)OTf2 in MeCN, Zn(II) in MeOH, [(η
4-

COD)Rh(I)(MeCN)2]BF4 in DCM and [(η
3-C3H5)Pd(II)(THF)2]X (X = 

-OTf, -BF4) in THF/DCM 

(10:1)1. The di-nuclear [1(Rh(I)(COD))2]
2+ and [1(Pd(II)(allyl))2]

2+ species were prepared in 

situ by reaction of 1 with two equivalents of the appropriate metal precursor in DCM. 

 

Synthesis of terpyridine functionalized resin (5)   2.52 g (0.73 mmol) TentaGel-S-NH2 

resin (4, S 30 902 from RAPP polymer, NH2-loading = 0.29 mmol/g, particle size 90 µm,) was 

allowed to swell in 15 ml DMF for 1 hour. In a second flask 310 mg 1,3-
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dicyclohexylcarbodiimide (DCC; 1.50 mmol, 2.05 equiv.), 130 mg 1-hydroxybenzotriazole (1-

HOBT; 0.96 mmol, 1.31 equiv.) and 303 mg 4’-(3-carboxypropoxy-)-2,2’,6’,2’’-terpyridine (3, 

0.90 mmol, 1.23 equiv.) were stirred for 30 minutes in 5 ml DMF. This solution was added to 

the resin and a gentle flow of nitrogen was bubbled through the mixture for several 30 minute 

periods within a 36 hours period, after which a negative Kaizer test confirmed the absence of 

primary amines on the resin. The suspension was subsequently filtered and the residue was 

washed with DMF, MeOH, DCM and Et2O (two times 5 ml) and dried with a gentle flow of 

nitrogen and subsequently dried overnight under reduced pressure. The off-white material 

was used without further characterization. 

 

Formation of polymer-supported catalyst 15 - General procedure   Resin 5 (31 µmol 

terpyridine) was suspended in DCM, followed by the addition of subsequently Cu(II), 1 and 

[(allyl)Pd(II)(THF)2]
+ in the appropriate amounts in 15 minutes intervals (total volume 20 ml, 

DCM/MeCN/THF 150:45:5). To allow a good mixing of the reactants the mixture was gently 

shaken for several minutes within an hour period, after which the suspension was filtered and 

the residue was washed with 2 ml portions of subsequently DCM (3 times), Et2O, DCM and 

Et2O, followed by drying of the resin with a gentle flow of nitrogen and under reduced 

pressure. Supported catalyst 12 was prepared as described above for 15, with the exception 

that the intermediate copper(II)-loaded resin (14) was purified by washing the resin with 3 ml 

portions of subsequently DCM (two times), MeCN, DCM, MeOH, DCM and Et2O, prior to 

reaction with [1(Pd(II)(allyl))2]
2+ in DCM. [1(Pd(II)(allyl))2]

2+ was formed in a second flask by 

allowing 1 and [(allyl)Pd(II)(THF)2]
+ (1:2) to react for 15 minutes. 

 

Palladium-catalyzed allylic amination with resin-based catalysts - General procedure   

Resin 5 (6 µmol terpyridine) was suspended in nitromethane (8.0 ml), followed after 15 

minutes by addition of crotyl methyl carbonate (1.43 mmol) and nitrobenzene (1.00 mmol, as 

internal standard for the GC) via a nitromethane stock solution (4.0 ml). The reaction was 

started by adding piperidine (1.30 mmol, 0.91 equiv., 4.0 ml of a freshly prepared 

nitromethane stock solution). To allow a good mixing of the reactants the mixture was gently 

shaken, or alternatively a gentle flow of nitrogen was bubbled trough the mixture, for several 

5 minute periods per hour. Samples were taken by taking an aliquot of the suspension, 

followed by plug-filtration, addition of a dba (dibenzylidene acetone) solution in Et2O and 

filtration over celite and were subsequently analyzed with GC. All experiments were 

performed at least in duplo and the results were reproduced within GC error limits. 

 

Palladium-catalyzed allylic amination with dendritic catalysts - General procedure   A 

Schlenk-tube, equipped with a magnetic stirring bar, was charged in the following order with 
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the dendrimer (via a MeOH or MeOH/DCM stock solution), Zn(II)(OTf)2, 1 and 

[(allyl)Pd(II)(THF)2]OTf (1.5 µmol) in the appropriate amounts. After stirring for approximately 

120 minutes, the solvents were evaporated in vacuo and the complex was re-dissolved in 

nitromethane (1.0 ml). Crotyl methyl carbonate (0.49 mmol) and nitrobenzene (0.30 mmol, as 

internal standard for the GC) were added via a nitromethane stock solution (1.0 ml). The 

reaction was started by adding piperidine (0.49 mmol, 1.0 equiv., 1.0 ml of a freshly prepared 

nitromethane stock solution) and monitored by sampling at regular intervals. The samples 

were quenched in a dba (dibenzylidene acetone) solution in Et2O, filtered over celite and 

analyzed with GC. All experiments were performed at least in duplo and the results were 

reproduced within GC error limits. 
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