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Chapter 2 

 

Novel Building Blocks with Well-Defined Binding Sites for the Metal-

Mediated Assembly of Poly-Nuclear Catalysts 

 
 

 

Abstract 
 

The formation of poly-nuclear catalysts by means of metal-mediated self-assembly was 

explored. The approach is based on the use of multiple sets of metal-ligand interactions; 

while one site binds the assembly metal, the other site binds the catalytic centers. For this 

purpose a building block with two types of well-defined binding sites was designed and 

synthesized. The coordination chemistry of the building block in homo- and hetero-nuclear 

complexes was studied and this revealed a variety of selective and unselective coordination 

modes. The type of coordination mode depends highly on the nature of metal(s), the anion 

and the presence of co-ligands. Several hetero-nuclear complexes were identified in which 

palladium coordinates in a selective manner to the phosphine moieties. The assembly metal 

is coordinated by the pyridine-based binding sites of the basic building block and, if 

applicable, the co-ligand. To evaluate our approach, we applied a family of homo- and 

hetero-nuclear complexes in the palladium-catalyzed allylic amination. The assemblies are 

active catalysts and the presence of the assembly metal turned out to have a positive effect 

on the yield of the product formed. The nature of the assembly metal and the presence of a 

co-ligand have a negligible influence on the catalytic performance. 
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2.1   Introduction – metal-mediated self-assembly of catalysts 
 

Homogeneous catalysts commonly consist of a transition-metal stabilized by one ore more 

ligands. The electronic and steric nature of the ligand determines important catalyst 

properties like activity, selectivity and stability; modification of the ligand is the dominant 

route to improve catalyst performance1. Due to its time consuming nature, the synthesis of 

new ligands is often the rate limiting step in the development of new efficient catalysts. Not 

surprisingly, novel routes to form catalysts are highly desirable. In the last decade metal 

directed self-assembly2 has emerged as an extremely powerful tool to provide novel catalytic 

systems3. Since the building blocks can be combined in a modular fashion, it is possible to 

create catalyst libraries with limited synthetic effort and this property has been exploited 

successfully by several groups4. The unprecedented (catalytic) properties of some self-

assembled catalysts5 are indicative of the potential of the methodology. Although several 

interaction motifs have been effective in the assembly of catalysts3-5, a multiple of 

approaches have not yet been studied. We studied the formation of novel poly-hetero-

nuclear catalysts by means of metal-mediated self-assembly and are reporting the results in 

this chapter6. 

 

Concept   Our methodology to assemble catalytic hetero-nuclear structures is based on 

multiple sets of metal-ligand interactions between a basic building block and two types of 

metals. The approach is schematically depicted in scheme 1. The basis of our approach is a 

building block (1) containing two types of binding sites. While one set of metal to ligand 

interactions binds the catalytic center (Mcat), the second binding site coordinates to an 

assembly metal (Mass) and serves as the basis for the self-assembly process. Two or more 

building blocks can coordinate to a single assembly metal and the formation of this complex 

(Mass1x) affects the steric environment around Mcat and thereby influences its catalytic 

properties7. Since the metals that can serve as Mass have various preferred coordination 

numbers (e.g. 4 or 6) and geometries (e.g. tetrahedral or square planar), a single building 

block can lead to different overall structures. In scheme 1 this is schematically represented 

by structures A (Mass12) and B (Mass13). We anticipate that with our approach a single 

building block can lead to assemblies displaying different catalytic properties, simply by 

altering the assembly metal applied in the process. 
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Scheme 1: Metal-mediated self-assembly of two different poly-nuclear catalysts from the same 

basic building block by application of two types of assembly metals. 

 

In a related approach a co-ligand (2) is applied in the assembly process (schematically 

depicted in scheme 2). Simultaneous coordination of both 1 and 2 to Mass yields a 

heteroleptic assembly metal complex ([1Mass2]) and brings the structural features of the co-

ligand in proximity of Mcat. This methodology in principle allows for tuning of catalyst 

properties by variation of the co-ligand applied in the assembly process, thereby extending 

the structural diversity of catalysts that can be assembled with 1. 

 

+

co-ligand

2

(2)

1 heteroleptic assembly

 
 

Scheme 2: Application of a co-ligand to yield a heteroleptic assembly metal complex. 

 

 

2.2   Results and Discussion 
 

Design and synthesis of the basic building block   Regarding the choice of the assembly 

metal it is important to note that, in contrast to bimetallic catalysis8, the role of this metal is 

limited to altering the environment around the catalytic center9. We restricted this initial study 

to combining independent, well-defined binding sites: (soft) phosphines for binding Mcat and 

(hard) polypyridines for binding Mass. We decided to functionalize a bipyridine10 with two bis-

(2-diphenylphosphinoethyl)amido11,12 moieties and use this product as our basic building 

block. Molecular modeling experiments indicate that functionalization at the 5,5’ positions of 

the bipyridine was the most preferable option, as both 4,4’- and 6,6’-substitution patterns 

could lead to unwanted coordination modes (chart 1). In these isomers the phosphine and 
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bipyridine moieties are in close proximity of one another, allowing intra-molecular phosphine-

pyridine coordination. 
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Chart 1: Possible coordination modes in metal complexes of the 4,4’-, 5,5’- and 6,6’- isomers of 

the basic building block. 

 

The basic building block 1 (bipyridine-5,5'-dicarboxylic acid bis-[bis-(2-

diphenylphosphinoethyl)-amide]) was prepared in a simple two-step procedure. The 

commercially available bipyridine-5,5’-dicarboxylic acid (3, scheme 3) was converted to the 

corresponding acid chloride (4) with SOCl2. Subsequent reaction with bis-(2-

diphenylphosphinoethyl)ammonium chloride (5) gave, after work up, the desired compound 

in 66% yield as an air-stable white solid, which was fully characterized with 1H, 31P and 13C 

NMR spectroscopy, mass spectroscopy and elemental analysis (see experimental section for 

details). 
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Scheme 3: Two-step synthetic procedure to basic building block 1. 

 

Two signals with equal intensity were observed in the 31P NMR spectrum. Similarly, four sets 

of signals were present in the aliphatic region of the 1H NMR spectrum. 1H-1H correlation 

NMR (COSY) revealed that the two -CH2CH2- groups had undergone a considerable shift of 

approximately 0.3 ppm (3.63 and 2.46 versus 3.29 and 2.12 ppm). These observations 

correspond to the presence of two magnetically inequivalent 2-diphenylphosphinoethyl 

groups. Similar observations have been reported for related compounds and the 
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inequivalency is attributed to restricted rotation of the C-N amide bond11b. COSY 

spectroscopy also allowed assignment of the 3,3’ (doublet at 8.28 ppm), the 4,4’ protons 

(doublet at 7.57 ppm) and the 6,6’ protons (singlet at 8.58 ppm). 

 

Design and synthesis of the co-ligands   An enormous variety of bi- and polypyridines that 

could potentially serve as co-ligands have been reported and several are commercially 

available13. Chart 2 depicts various bi- and poly-pyridines (2a-2i) that have been used in this 

study, both as co-ligands and as models for the bipyridine binding site of 1. 
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Chart 2: Polypyridines 2a-2i applied as co-ligands and models in this study. 

 

2,9-bis-mesityl substituted phenanthrolines (2f and 2g) are attractive candidates as co-

ligands in combination with copper(I), as they yield highly stable heteroleptic 

bis(phenanthroline) complexes14 and this motif has been applied in the assembly of complex 

architectures14d. 
 

Br

NN

RR

1. n-BuLi

2. 2c or 2d

2f:  R = H     2g:  R = Ph

3. MnO2

 
 

Scheme 4: Synthesis of mesityl substituted phenanthrolines 2f and 2g. 

 

The mesityl groups in 2f and 2g can easily be introduced on 2 and 9 position of the 

appropriate phenanthrolines (2c and 2d) in a two-step direct arylation procedure developed 

by Sauvage and co-workers (scheme 4)15. A key step in this synthesis turned out to be the 

generation of mesityllithium; when a procedure for the synthesis of mesityllithium by 

Schmittel et al.14b was followed, 2,9-di-n-butyl substituted phenanthrolines were formed as 

the main product (see experimental details for details). Closer examination of the reaction 

between n-butyllithium and 2-bromo-1,3,5-trimethylbenzene under the applied reaction 

conditions (Et2O, 0°C), revealed that the desired mesityllithium was only formed in trace 
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amounts. A procedure by Schrock et al., in which n-butyllithium and 2,4,6-trimethyl-bromo-

benzene are refluxed in hexanes for 24 hours16, was more successful and 2f and 2g were 

obtained in, respectively, 61 and 28% yield. 

 

Choice of the metals   The metals (both Mass and Mcat) that are suitable for our approach are 

dictated, to a certain extent, by the type of binding sites present in 1 and the co-ligands. 

Cu(I), Cu(II) and Zn(II) are prime candidates for use as assembly metals. They have been 

applied extensively in the assembly of polypyridine-based superstructures2. Metal-ligand 

exchange reactions occur readily at room temperature in solution, favoring the formation of 

the thermodynamically most stable arrangement. Palladium is the primary candidate as Mcat, 

as its (phosphine) complexes efficiently catalyze a very broad range of reactions1. Several 

industrially important reactions (e.g. hydroformylation and hydrogenation of alkenes) are 

catalyzed by rhodium (phosphine) complexes1, making this metal a good choice as Mcat. The 

performance of bis-(2-diphenylphosphinoethyl)-amido and amino ligands in several 

palladium- and rhodium-catalyzed reactions has been studied17. In addition, the coordination 

behavior of these metals towards polypyridines, phosphines and more specifically bipyridine 

and bis-(2-diphenylphosphinoethyl)-amido and amino ligands12 is well documented, providing 

a good starting point for our approach. 

 

Coordination modes in homo-nuclear complexes of 1   Ligands containing multiple types 

of well-defined binding sites are uncommon18,19. As a result, the coordination behavior of 1 

towards Mass and Mcat is difficult to predict and we started by studying the coordination modes 

of 1 in homo-nuclear complexes. For this purpose the building blocks and metals were 

allowed to react for at least one hour, after which the formed products were analyzed with 

NMR spectroscopy. For most assemblies studied, mass spectrometry did provide little 

additional structural information. Predominantly 1 and the corresponding oxides were 

identified, while the anticipated (multi-nuclear) complexes were not observed (see 

experimental section for details).  

 

Coordination of zinc(II) to 1   The low preference of zinc for phosphorus donors20 has been 

utilized in several approaches to assemble hetero-nuclear catalysts6. The coordination 

behavior of zinc(II) towards 1 is no exception, as the metal coordinates solely to the 

bipyridine moiety (scheme 5). 
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Scheme 5: Formation of [Zn(II)13]
2+

 from zinc(II)triflate and 1. 

 

Reaction of Zn(II)(OTf)2 with three equivalents 1 yielded a white solid (OTf = O3SCF3 = 

triflate). The altered chemical shifts of the bipyridine protons in the 1H NMR spectrum of a 

slightly yellow clear CDCl3 solution clearly showed the coordination of the metal to the 

diimine21. Interestingly, the eight NCH2 protons coincidentally overlap, displaying a single 

resonance at 3.46 ppm, while the four CH2P protons still appear as two distinct resonances 

(δH = 2.39 and 2.11 ppm). Similarly, the 31P NMR spectrum displayed two singlets (1:1), with 

chemical shifts only slightly shifted with respect to 1 (∆δP = 0.28 and –1.25 ppm), indicating 

that the phosphines are not involved in metal coordination (fig. 1)22. 
 

 

Figure 1: 
31

P NMR spectrum of [Zn(II)13]
2+

. 

 

The low preference of zinc for phosphorus donor atoms is particularly evident when six 

equivalents of Zn(II)(OTf)2 were present for coordination to 1. Even under these conditions, 

31P NMR spectroscopy did not give evidence of zinc coordination to the phosphines. 

Reaction of Zn(II)(OTf)2 with two equivalents of 1 yields a mixture of the [Zn(II)1x]
2+ species (x 

= 1-3), as was evident by the increased number of the signals displayed in the 1H and 31P 

NMR spectra23. Zn(II)Cl2, with the more strongly coordinating chloride anion, displayed a 

similar high preference for coordination to the bipyridine unit and the equimolar reaction of 

Zn(II)Cl2 with 1 yields the mono-nuclear [1ZnCl2]
24. 

 

Coordination of copper(I) to 1   Copper(I) has a high preference to form (mixed diimine-) 

phosphine complexes25,26 and this is also reflected in the coordination to 1. The addition of 1 
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to a solution of [(CH3CN)4Cu]OTf (1:2) resulted in a clear, yellow solution. The absence of the 

red color typical of bis-diimine copper(I) complexes27, indicates that the metal coordinates to 

the phosphines. Indeed, in the 31P NMR spectrum two broad signals at –13 and –22 ppm 

confirm the presence of both copper(I) coordinated and uncoordinated phosphines (fig. 2). 

Evaporation of the solvents yielded an insoluble solid, which can be attributed to the 

formation of a coordination polymer (scheme 6)28. 

 

                                 Copper(I) coordinated phosphines  →                               ←  Free phosphines 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: 
31

P NMR spectrum of [Cu(I)12]
2+

. 
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Scheme 6: Copper(I) based coordination polymer of building block 1. 

 

Next, we studied the use of co-ligand 2f in combination with copper(I). The presence of the 

co-ligand did not prevent copper(I)-phosphine coordination, but it did reduce the affinity of the 

metal towards these donors (scheme 7). 
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Scheme 7: Coordination of copper(I) to 1 in the presence of co-ligand 2f. 
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Reaction of equal amounts of 1, [Cu(I)CH3CN)4]OTf and 2f resulted, after evaporation of the 

solvents, in a yellow-orange powder. The product displayed a low solubility in CD2Cl2, but 

gave a clear, yellow solution when CD3OD was added. The color signifies that phosphines 

are coordinated to the metal and this was also confirmed by 31P NMR spectroscopy (broad 

resonance at –13 ppm). Signals corresponding to free phosphines were not present, 

indicating that rapid exchange processes are taking place29. No structural information could 

be extracted from the extremely broad signals (which did not sharpen upon cooling to –40° 

C) observed with 1H spectroscopy.  

 

Coordination of copper(II) to 1   Copper(II) has, in comparison to copper(I), a considerably 

lower affinity for phosphine donor atoms30. This character was only partially reflected in the 

coordination mode of copper(II) towards 1 (scheme 8).  
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Scheme 8: Terpyridine (2h) as co-ligand in combination with copper(II). 

 
 

                                                                     Copper(II) coordinated phosphines           ←     Free 

                                                                                                                  ↓                        phosphines 
 
 
 
 
 
 

Figure 3: 
31

P NMR spectrum of [Cu(II)1]
2+

. 

 

The addition of one equivalent of 1 to a Cu(II) solution yielded, after evaporation of the 

solvents, a green solid (A, scheme 8). Phosphine-copper(II) coordination is evident from a 

resonance at –10 ppm in the 31P NMR spectrum (fig. 3). The very broad character of the 

signal can be attributed to the paramagnetic nature of the metal. A broad multiplet at –21 

ppm indicate that not all phosphines participate in binding the metal. 

 

Terpyridine (2h) supplies, in combination with the bipyridine moiety of 1, a favorable penta-

pyridine environment for Cu(II)31,32. The equimolar reaction of 1, copper(II) and 2h yielded, 

after evaporation of the solvent, a green solid (B, scheme 8). 31P NMR spectroscopy 
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confirmed that the metal does not coordinate to the phosphines. A multiplet at 31 ppm 

reveals the presence of phosphine oxides (~25%)33, which is most likely a result of (catalytic) 

oxidation by the metal34. We attribute the reduced affinity of copper(II) for phosphine 

coordination when in the presence of 2h, to the formation of the bipyridine-terpyridine 

copper(II) complex, thereby fulfilling the coordination sphere of the metal35. 

 

Coordination of palladium(II) to 1   Both bidentate phosphine and bipyridine ligands yield 

stable palladium complexes and it is difficult to predict the coordination of palladium to 136. 

Reaction of equimolar amounts of (CH3CN)2Pd(II)Cl2 and 1 in CDCl3/CD3CN (10:1) yielded a 

cloudy solution. With 1H NMR spectroscopy only very broad signals were observed, which 

did not provide additional structural information. The two sets of broad multiplets at 12.5 and 

–20.0 ppm in the 31P NMR spectrum can be attributed to palladium-coordinated and free 

phosphines, respectively. The relative intensities of approximately 1:1 corresponds to roughly 

50% of the phosphines assisting in binding of the metal (Pd:P 1:2), indicating that the metal 

preferentially coordinates to the phosphines (scheme 9). 

N

N

N
O

N
O

PPh2

PPh2 PPh2Pd

Cl

Cl

N N

N

O

N

O

PPh2
PPh2

Ph2P
PPh2

(MeCN)2Pd(II)Cl2
N

N

N
O

N
O

Ph2P

PPh2 PPh2

PPh2Pd

Pd

Cl

Cl
Cl

Cl

Pd
Cl

Cl3 (MeCN)2Pd(II)Cl2

 
 

Scheme 9: Polymer formation as a result of palladium(II)chloride coordination to 1. 

 

For the related 4-methoxy-N,N-di-(2-diphenylphosphinoethyl)-amide ligand, Tooze and co-

workers established that it forms a metallomacrocycle from two ligands and two trans 

coordinating palladium(II) chlorides12a. The comparable 31P NMR chemical shifts displayed by 

this macrocycle and the mono-nuclear [1Pd(II)Cl2] species, indicates that palladium also 

coordinates in a trans mode to the phosphines of 1. When the experiment was performed 

with three equivalents of (CH3CN)2Pd(II)Cl2, an insoluble orange precipitate formed. The 

formation of polymeric species can be contributed to the trans coordination to the phosphines 

of two building blocks (scheme 9). 

 

The reactions were repeated with palladium allyl chloride. In the tri-nuclear palladium allyl 

chloride species the metal coordinates in a similar unselective manner, as evidenced by 31P 

NMR spectroscopy (fig. 4)37. Two broad doublets (with a coupling constant of ~44 Hz) at 24.3 
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and 12.6 ppm are the major component (68%) and correspond to palladium coordinating in a 

bidentate manner to the magnetically inequivalent phosphines. Related copper(I)-

palladium(II) allyl complexes, in which palladium coordinates in a bidentate manner to the 

phosphines, display signals with comparable chemical shifts (vide infra). The complexation 

study was repeated with palladium allyl triflate as precursor, but the type of anion did not 

significantly influence the coordination modes. 
 

 

Figure 4: 
31

P NMR spectrum of [1(Pd(II)(allyl))3]Cl3. 
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Scheme 10: Unselective coordination of palladium(II)(allyl) to 1. 

 

Coordination of rhodium(I) to 1   Finally, we studied the behavior of rhodium towards 1, 

revealing that this metal has a very high preference for coordination to the phosphine donor 

atoms of 1. We studied the coordination modes of cationic rhodium(I)(COD) in mono-, di- and 

tri-nuclear species (scheme 11, COD = 1,5-Z-cyclooctadiene). For the tri-nuclear species 

([1(Rh(I)(COD))3]
3+) two doublets of doublets were present in the 31P NMR spectrum at 28.9 

and 14.9 ppm (fig. 5)38. This is consistent with the selective coordination of rhodium(I) to the 

phosphines in a bidentate manner. The inequivalency of the two phosphines results in a 

phosphorus-phosphorus coupling of 2JP-P = 34.5 Hz and typical 
1JRh-P values of 143.2 and 

142.0 Hz lead to the observed pattern. The coordination of the third rhodium to the diimine 

binding site is evident from the altered chemical shifts of the bipyridine protons39. 
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Figure 5: 
31

P NMR spectrum of the tri-nuclear [1(Rh(I)(COD))3]
3+

. 
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Scheme 11: Formation of a tri-nuclear rhodium(I) complex. 

 

We also performed the reaction with one and two equivalents of metal precursor, which 

revealed that the metal preferentially coordinates to the phosphines (scheme 12). The mono-

nuclear species ([1Rh(I)(COD)]+) displayed three sets of broad multiplets in the 31P NMR 

spectrum at 30, 15 and –20 ppm in a roughly 1:1:2 ratio (fig. 6). This corresponds to an 

involvement in binding of the metal of approximately 50% of the phosphines. The chemical 

shifts resemble those of the tri-nuclear [1(Rh(I)(COD))3]
3+ species and indicate that the metal 

center is coordinated selectively to the phosphines, most likely in a bidentate manner. Due to 

the broadness of the signals, 1H NMR spectroscopy did not give additional structural 

information. Based on the spectroscopic data, the formation of a mixture of non-, mono- and 

di-nuclear species can not be excluded. 
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Figure 6: 
31

P NMR spectrum of the mono-nuclear [1Rh(I)(COD)]
+
. 

 

The 31P NMR spectrum of the di-nuclear species is almost identical, both in chemical shift 

value and in coupling constant, to that of the tri-nuclear species, albeit that the resonances 

had a somewhat broader character. This shows that the metal centers are selectively 

coordinated to the bidentate phosphine moieties of 1. For the di-nuclear species, the 1H NMR 

signals were considerable sharper. The large upfield shift with respect to 1 of the 6,6’ protons 

of the bipyridine (∆δH = –0.65 ppm) is attributed to an inductive effect of metal coordination to 

the phosphines40. The data thus clearly indicates that the first two equivalents of rhodium are 

coordinated by the phosphines, while the diimine moiety only becomes involved in 

coordination when three equivalents of metal are present (schemes 12-13). 
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Scheme 12: Selective coordination of rhodium(I) to the phosphine moieties of 1. 

 

After several hours in solution, red-brown precipitates formed for all rhodium cyclooctadiene 

complexes studied. NMR spectroscopy established that only small amounts of the initial 

complexes remained in the solution phases. The relative concentration of uncoordinated 

COD had, however, increased considerable. This suggests that the formation of higher 

aggregates and/or coordination polymers is accompanied by the displacement of the 

coordinated di-olefin. 

 

In conclusion, building block 1 displays a variety of coordination modes in the homo-nuclear 

complexes (scheme 13). The nature of the coordination mode depends both on the type and 

the number of metal ions available for coordination. Zn(II) coordinates solely to the bipyridine 

moiety, leaving the phosphines free to bind a second metal. Copper(I), copper(II) and 
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palladium(II) have a higher preference for phosphine donors and yield complexes in which 

both the bipyridine and the phosphine moieties participate in coordinating the metal. 

Palladium(II)chloride forms coordination polymers, most likely due to trans coordination to 

the phosphines. Palladium(II)allyl chloride, on the other hand, coordinates predominantly in a 

cis-fashion to the phosphine binding sites, yielding soluble complexes. Rhodium(I) displayed 

a very high preference for coordination to the bidentate phosphines and coordination to the 

diimine only occurs when three equivalents of rhodium are present. 

 

N

O

N

O

Ph2P

PPh2 Ph2P
PPh2

3+

PdPd

N N

N

O

N

O

PPh2
PPh2

Ph2P
PPh2

N N
Pd

N

O

N

O

Ph2P

PPh2 Ph2P
PPh2

2+

RhRh

N N

PPh2

Ph2
P

N
N

N

O

N

O

Ph2P

Ph2P Pd

Pd

Cl

ClCl

Cl

Pd

Cl
Cl

N
N

N

N N

N

O

N

O

Ph2P

Ph2P
Ph2P

PPh2

Cu(II)

O

O

N

Ph2P
Ph2P

NN

NN

N N

Zn

O N

Ph2P

PPh2

N

PPh2

N

PPh2
PPh2

PPh2O

N

Ph2P PPh2

ON

PPh2

Ph2P

O

NN

Cu(I)

N

Cu(I)

O

N
Ph2P

PPh2

O

O

N

Ph2P

PPh2
PPh2

N N

NN

O

Ph2P

Ph2P

Cu(I)

+

2+

2+

 
 

Scheme 13: Coordination modes in homo-nuclear complexes of building block 1. 

 

Coordination modes in hetero-nuclear assemblies   Examples from literature show that it 

is not uncommon for metals to display different coordination modes in related homo- and 

hetero-nuclear complexes41. Consequently, it is not possible to predict the coordination 

modes of 1 in hetero-nuclear species. We studied the formation of poly-nuclear complexes 

when two types of metals are available for coordination. For this purpose 1 (and if applicable 

a co-ligand) were allowed to react with the two metal salts for at least one hour, after which 

the formed products were analyzed with NMR, UV-VIS and mass spectrometry. For al 

assemblies studied, the latter technique did not provide evidence for the formation of the 

hetero-nuclear assembly. In the mass spectra only the homo-nuclear species of the basic 

building block (e.g. [1(Mcat)2]) and, if applicable, the co-ligand (e.g. [2Mass]) could be identified 

(see experimental section for details). 
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Coordination modes in copper(I)-palladium(II) assemblies   Both Cu(I) and Pd(II) have a 

high preference for coordination to both the pyridine and phosphine donors of 1 (vide supra). 

It was expected that in copper(I)-palladium(II) complexes the metals would coordinate in an 

unselective manner to the bipyridine and phosphine donors of 1. Reaction of 1, 

[Cu(I)(CH3CN)4]OTf and (CH3CN)2M(II)Cl2 in a 1:2:4 ratio (M = Pd or Pt) gave yellow-orange 

suspensions, which eventually resulted in insoluble brown-black tars. The formation of 

coordination polymers is not surprising; the homo-nuclear Pd(II)Cl2, Pt(II)Cl2 and Cu(I) 

complexes of 1 also had a polymeric character (scheme 13).  

 

We also studied the coordination modes of the copper(I)-palladium(II) combination when co-

ligand 2f was present. This approach proved more successful and resulted in the anticipated 

hetero-nuclear assembly (scheme 14). The spectroscopic data indicate that in this complex 

palladium(II) is coordinated selectively to the phosphine moieties, while copper(I) is 

coordinated to the diimine binding sites of 1 and 2f.  
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Scheme 14: Application of co-ligand 2f in a copper(I)-palladium(II) hetero-nuclear complex. 

 

Addition of two equivalents of [(allyl)Pd(II)(THF)2]OTf to a yellow cloudy suspension of 

[2fCu(I)1]OTf resulted in a rapid formation of a clear, cherry-red solution. The observed color 

change signifies that palladium disrupts the copper-phosphine coordination present in the 

homo-nuclear starting material ([2fCu(I)1]OTf). The color of the product is typical of copper(I) 

bis-diimine complexes27 and since [Cu(I)2f2]
+ cannot be formed for steric reasons 14, copper 

must be coordinated to both diimine sites of 1 and 2f. The two broad signals at 25.3 and 18.9 

ppm (1:1) observed in the 31P NMR spectrum can, on the basis of their chemical shifts, be 

assigned to phosphines coordinated to palladium (fig. 7). Signals corresponding to free or 

copper(I) coordinated phosphines were not observed. 
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Figure 7: 
31

P NMR spectrum of the hetero-nuclear [2fCu(I)1(Pd(II)(allyl))2](OTf)3 species. 

 

The bidentate coordination mode was confirmed by the 31P NMR spectrum at 0°C of the 

related [2fCu(I)1(Pd(II)(allyl))2]Cl2OTf species. The two doublets (25.0 and 14.2 ppm), with a 

2JP-P coupling constant of 41.8 Hz are consistent with bidentate coordination of palladium to 

the two inequivalent phosphines of the bis-(2-diphenylphosphino-ethyl)-amide moieties (fig. 

8). Note that the homo-nuclear [1(Pd(II)(allyl))x]
x+ complexes display several signals in the 

region between 31 and 11 ppm. Thus, in the presence of copper(I) (and co-ligand 2f), 

palladium coordinates in a far more selective manner to the phosphines. From three different 

types of binding sites (two from 1 and one from 2f) and two types of metals, self-assembly 

leads to the selective coordination of palladium to the bidentate phosphine moieties and 

copper to the diimines. 

 

Figure 8: 
31

P NMR spectrum of the instable mixed anion [2fCu(I)1(Pd(II)(allyl))2]Cl2OTf species. 

 

Exchange experiments by Schmittel et al. showed that the heteroleptic [2fCu(I)2c]+ complex 

is always in rapid dissociation-association equilibrium and that small amounts of {[2fCu(I)]+ + 

2c} as well as {2f + [Cu2c]+} are also present14a. 1H NMR data confirms that comparable 

dissociation-association processes are also occurring in our heteroleptic hetero-nuclear 

assembly. For instance, several broad signals between 2.45 and 1.67 ppm show that the 

ortho- and para- methyl groups of the mesityl moieties of 2f can be found in several 
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environments42. Similarly, in the aromatic region (8.9-7.0 ppm) a large number of multiplets 

were present for the bipyridine and phenanthroline protons. Based on literature data14b, the 

most down-field multiplets can be attributed to the 6 and 6’ protons of 1 in the heteroleptic 

[1Cu(I)2f] copper(I) complex. UV-VIS spectroscopy also indicates the occurrence of 

dissociation-association processes. The broad absorption band in the 400-500 region (ε ≈ 

7000-8000 M-1 cm-1) characteristic of copper(I) complexes of aromatic diimine ligands27,43 

was only present as a weak shoulder (ε ≈ 1000 M-1 cm-1) of an broad absorption band with an 

absorption maximum at roughly 300 nm44. The relatively strong absorbtion at 375 nm (ε = 

5120 M-1 cm-1) is typical of mixed phosphine-diimine copper(I) species25b, but this 

coordination mode is not in agreement with the 31P NMR data. 

 

The presence of the more strongly coordinating chloride anion has a crucial influence on the 

stability of the [2fCu(I)1(Pd(II)(allyl))2]
3+ assembly (scheme 15). The spectroscopic similarity 

signified that [2fCu(I)1(Pd(II)(allyl))2](OTf)3 and [2fCu(I)1(Pd(II)(allyl))2]Cl2OTf initially have 

identical structures. During the NMR experiments the red solution decolorized and this 

process was accompanied by a broadening of the NMR signals and a loss of intensity. Within 

a few hours the process was complete and a grey-black precipitate had formed. The 

dissolution of the poly-nuclear complex can be contributed to anion-exchange reactions, 

yielding copper(I) chloride (complexes). Copper(I) acting as halide abstraction reagent has 

been reported by others45. 
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Scheme 15: Instability of the mixed anion copper(I)-palladium(II) assembly. 

 

Even when a multiple of diimine binding sites (more precisely, co-ligand 2e, 3,4,7,8-

tetramethyl-1,10-phenanthroline) are present, palladium still has a high preference for 

coordination to the phosphines. The building blocks were mixed in such a ratio that the 

assembly process should result in a mixture of [2eCu(I)1(Pd(II)(allyl))2](OTf)3 and 

[Cu(I)2e2]OTf (scheme 16)46. 31P NMR spectroscopy confirmed that although per palladium 

four diimine sites are available for coordination, the metal coordinates selectively to the 

phosphines in a bidentate manner47. Note that in this experiment, instead of assembling the 



Chapter 2 
__________________________________________________________________________________________ 
 
 

 44 

hetero-nuclear species from the individual components, the product was formed by reacting 

pre-formed [1(Pd(II)(allyl))2]
2+ with copper(I) and 2e (scheme 16). In the [1(Pd(II)(allyl))2]

2+ 

starting material the metal is partially coordinated to the bipyridine moiety of 1. The selective 

coordination of palladium to the phosphines in the hetero-nuclear assembly, shows that 

copper(I) disrupts palladium-diimine coordination. 
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Scheme 16: Application of co-ligand 2e in the assembly of a palladium(II)-copper(I) complex. 

 

Coordination modes in a copper(II)-palladium(II) assembly   For the formation of a 

palladium(II)-copper(II) hetero-nuclear assembly, we applied terpyridine (2h) as the co-

ligand. The data indicates that the green solid obtained after reaction of the components is 

indeed the anticipated hetero-nuclear heteroleptic assembly (scheme 17).  
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Scheme 17: Terpyridine as co-ligand in a palladium(II)-copper(II) hetero-nuclear assembly. 

 

The selective coordination of palladium to the phosphines of 1 was evidenced by 31P NMR 

spectroscopy of a green-blue CD3CN solution (fig. 9). The chemical shifts of the two broad 

resonances (24 and 18 ppm, 1:1) are comparable to those observed for the copper(I)-

palladium(II) assemblies. The broad character of the signals can be attributed to dynamic 

processes and the paramagnetic character of copper(II). Likewise, the paramagnetism of the 

assembly metal resulted in extremely broad signals in the 1H NMR spectrum. The formation 

the heteroleptic bipyridine-terpyridine copper(II) complex was confirmed by UV-VIS 

spectroscopy. According to literature data48, the absorption maximum at 670 nm (ε = 71 mol-1 

dm3 cm-1) corresponds more closely to the formation of a tris-bipyridine (λmax = 675 nm) than 

to a bipyridine-terpyridine copper(II) complex (λmax = 640 nm). The formation of tris-bipyridine 
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copper(II) species should also lead to bis-terpyridine copper(II) species, but the absence of 

the characteristic absorbance of the latter species (λmax = 687 nm), signifies that the reaction 

indeed predominantly yields the heteroleptic [2hCu(II)1(Pd(II)(allyl))2]
4+ species. We attribute 

the 30 nm redshift of λmax of [2hCu(II)1(Pd(II)(allyl))2]
2+ in comparison to model [2hCu(II)2a]2+ 

to the amide functionalities on the basic building block. 
 

 

Figure 9: 
31

P NMR spectrum of [2hCu(II)1(Pd(II)(allyl))2]
4+

. 

 

Coordination modes in a zinc(II)-palladium(II) assembly   Similar to copper(I) and 

copper(II), the application of zinc(II) as the assembly metal yields a hetero-nuclear complex 

in which palladium coordinates selectively to the phosphines (scheme 18). The 31P NMR 

spectrum was conclusive on the bidentate coordination mode of palladium and in turn 

indicates that zinc(II) is coordinated to the bipyridine, blocking palladium from coordinating to 

it49. The very broad downfield shifted resonances of the bipyridine protons in the 1H NMR 

spectrum verify zinc(II) coordination to the diimine moiety. Zinc(II) and palladium(II) both 

show a preference for coordination to the diimine moiety of 1 and compete for coordination to 

the same binding site. The selective coordination of zinc(II) to the bipyridine and palladium(II) 

to the phosphines is, however, in agreement with the principle of maximum donor 

coordination50. Palladium diimine coordination would, as a result of the very low preference of 

zinc for binding to the phosphines, lead to uncoordinated zinc ions, violating this principle51. 
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Scheme 18: Selective coordination in a tri-nuclear zinc(II)-palladium(II) complex. 

 

Coordination modes in a copper(I)-rhodium(I) assembly   Finally, we studied the 

formation of copper(I)-rhodium(I) hetero-nuclear complexes, with 2f as a co-ligand (scheme 

17). Reaction of 2f, [Cu(I)CH3CN)4]OTf, 1 and [(COD)Rh(I)(THF)2]OTf (1:1:1:2) yielded, after 

evaporation of the solvents, a red solid. 31P NMR spectroscopy at –20 °C of a CD3CN 

solution of the solid revealed that several species were formed (broad multiplets at 35 and 29 
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ppm (1:4) and low intense broad multiplets at 19 and 44 ppm). The chemical shifts and 

patterns do not correspond to the bidentate phosphine coordination observed for the homo-

nuclear rhodium(I) complexes of 1. Copper(I) coordination to the phosphines can however, 

on the basis of the chemical shifts, be excluded. As was observed for the related 

[2fCu(I)1(Pd(II)(allyl))2]
+ species, the number of signals in the 1H NMR spectrum 

corresponding to the methyl groups of 2f signifies that the co-ligand is present in a number of 

complexes. The presence of uncoordinated COD can be attributed to the displacement of the 

di-olefin by other donor atoms (e.g. phosphines or pyridines). The homo-nuclear rhodium 

complexes of 1 underwent a similar side-reaction when kept in solution. 
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Scheme 19: Application of 2f as co-ligand in a rhodium(I)-copper(I) assembly leading to 

unselective coordination modes. 

 

Our approach allowed the formation of several hetero-nuclear assemblies (scheme 20). In 

these complexes palladium coordinates to the phosphine moieties, while the assembly metal 

coordinates to the pyridine-based binding sites of 1 and a co-ligand52. Even when, with 

respect to palladium(II), several equivalents of copper(I) and a phenanthroline co-ligand were 

present, palladium still coordinates in a selective manner to the bidentate phosphines. The 

study revealed interesting differences in the coordination modes of related homo- and 

hetero-nuclear species. For instance, while copper(I) and palladium(II) coordinate to both 

phosphorus and nitrogen donors of 1 in the homo-nuclear complexes, the metals were found 

to coordinate only to one type of binding site in the related hetero-nuclear assemblies. It 

turns out that palladium coordinates in a more selective manner to the phosphines of 1 in the 

hetero-nuclear assemblies, than in the homo-nuclear species. Rhodium(I) displays the 

opposite behavior, as it coordinates in a less selectively manner in the presence of copper(I) 

and 2f. This result underlines that even when the coordination behaviors of two metals in 

their homo-nuclear complexes are known, it remains difficult (or even impossible) to predict 

the coordination mode in the hetero-nuclear assembly. 
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Scheme 20: Selective palladium-phosphine coordination in hetero-nuclear assemblies. 

 

Performance of the hetero-nuclear assemblies as catalysts   We evaluated the catalytic 

properties of a family of palladium-based hetero-nuclear assemblies. As a model reaction we 

studied the allylic substitution reaction between crotyl methyl carbonate (6, scheme 21) as 

the allylic substrate with piperidine (7) as the nucleophile. Three products can potentially be 

formed (branched, linear cis and linear trans)53 and the regioselectivity is very sensitive to 

subtle changes in the environment around the catalytic center54. The nature of the anion can 

have a decisive influence on the structure of self-assembled complexes55 and on the catalytic 

performance of a transition-metal catalyst56. In order to prevent uncontrolled anion exchange 

reactions, as occurred in a copper(I)triflate-palladium(I)chloride assembly (vide supra), we 

restricted this study to the use of triflate salts for both Mass and Mcat. 

 

O
Pd

NNN
N

+

linear, cislinear, transbranched

+ +

O

OMe +

MeOH

+

CO2

6 7

 
 

Scheme 21: The palladium-catalyzed allylic amination leading to different isomers. 

 

We started by evaluating the catalytic performance of palladium complexes of the basic 

building block (1), of which the results are summarized in table 1. To gain insight in the effect 

of co-ligands 2a, 2f and 2h (chart 2) on the catalytic performance of palladium, we also 

applied the palladium complexes of these polypyridines as catalysts. 
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Table 1: Performance of palladium and copper complexes as catalysts in the allylic amination. 

Entry Ligand Metal Ligand:Metal  Yield
a
 Selectivity 

(branched:trans:cis) 

1 1 [Pd(II)(allyl)]
+
 1:1 64 42:56:1 

2 1 [Pd(II)(allyl)]
+
 1:3 60 41:58:1 

3   2a [Pd(II)(allyl)]
+
 1:1  5 25:75:0 

4  2f [Pd(II)(allyl)]
+
 1:1 trace

b
 n.d. 

5   2h [Pd(II)(allyl)]
+
 1:1 trace

b
 n.d. 

6 1 [Cu(I)]
+
 1:1 n.o.

b
 - 

7  2f [Cu(I)]
+
 1:1 n.o.

b
 - 

8 1 [Cu(II)]
2+ 

1:1 n.o.
b
 - 

9   2h [Cu(II)]
2+
 1:1 n.o.

b
 - 

Conditions: metal/6/7 1/240/263, [6] = 0.12 M, T = 25 °C, solvent = CH3NO2, internal standard = PhNO2. 
a
Yield in 

mol% based on the allyl, after 15 minutes. 
b
Yield after 24 hours. n.o. = not observed, n.d. = not determined. 

 

The mono-nuclear palladium complex of 1 ([1Pd(II)(allyl)]+) was catalytically active and the 

64% yield, corresponds to an  average turn over frequency (= TOF) of 614 mol prod. mol Pd-1 

h-1 (entry 1). The product was obtained in a branched to linear trans ratio of roughly 4:6, 

while no cis product was formed. For the related tri-nuclear [1(Pd(II)(allyl))3]
3+ species the 

yield was slightly lower (60 versus 64%, entries 1-2). The comparable regioselectivities 

observed for the mono- and tri-nuclear species (42:56:1 versus 41:58:1), indicate that the 

active centers are comparable. The palladium complex of bipyridine (2a) is a significantly 

less active catalyst (TOF = 48 mol prod. mol Pd-1 h-1, entry 3) and forms predominately the 

linear trans product. Under the applied reaction conditions the palladium complexes of 2f or 

2h are inactive as catalysts (entries 4-5). This inactivity can be contributed to, respectively, 

the sterically demanding mesityl groups in 2f and the terdentate coordination of 2h to the 

metal57. The different activities and selectivities for [1Pd(II)(allyl)]+ and [2aPd(II)(allyl)]+ 

(entries 1 and 3) signifies that under catalytic conditions at least a part of the metal in 

[1Pd(II)(allyl)]+ coordinates to the phosphines. The similar performance of [1Pd(II)(allyl)]+ and 

[1(Pd(II)(allyl))3]
3+ can be attributed to an unselective coordination mode of the metal in the 

mono-nuclear species. Assuming that the palladium center coordinated to the diimine in the 

tri-nuclear [1(Pd(II)(allyl))3]
3+ species is virtually inactive, the activity of the phosphine 

coordinated palladium centers in this complex, equals roughly 850 mol prod. mol Pd-1 h-1 (fig. 

10). This activity is not reached with [1Pd(II)(allyl)]+ (TOF = 614 mol prod. mol Pd-1 h-1), 

indicating that in this mono-nuclear species the metal is partially coordinated to the bipyridine 

moiety. This result is in line with the coordination mode of palladium in the homo-nuclear 

palladium complexes of 1, in which both the pyridine and phosphine participate in the binding 
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of the metal (scheme 10). Alternatively, the high donor atom to metal ratio of 6 in 

[1Pd(II)(allyl)]+ can lead to coordinatively saturated inactive palladium centers and 

consequently reduce the average overall activity58. 
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Figure 10: Activity of palladium complexes of 1 and 2a. 

 

Since allylic substitution reactions are catalyzed by a variety of metals59, the assembly metals 

could be catalytically active themselves. Efficient copper-based catalysts for allylic 

substitution reactions have been reported59c-d. The copper complexes of 1, 2f and 2h are, 

nevertheless, inactive under the applied conditions (entries 6-9, table 1). In addition, the 

assembly metals could play an active role in the catalytic cycle of Mcat. Yamamoto et al. 

found that the addition of copper(I) salts resulted in drastic rate and selectivity enhancements 

in the palladium-catalyzed synthesis of indoles from allyl carbonates60. To gain insight in the 

effect of the assembly metals (and the co-ligands) on the catalytic performance of palladium, 

we performed several control experiments, of which the results are summarized in table 2. 

We applied [(dppf)Pd(II)(allyl)]OTf (8, fig. 11, dppf = 1,1’-diphenylphosphino-ferrocene) as a 

catalyst in the presence of various equivalents of [2aCu(II)2h](OTf)2 or [Zn(II)2a3](OTf)2. In 

these experiments the palladium complex serves as a model for palladium coordinated to the 

bidentate phosphine moiety of 1, while the copper and zinc complexes are models for the 

coordination of Mass to both a co-ligand and the bipyridine unit of 1. 
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Figure 11: Catalyst 8 as a model for palladium coordinated to the phosphines of 1. 

 

Under the applied reaction conditions, 8 (TOF = 662 mol prod mol Pd-1 h-1), forms the 

branched, linear trans and linear cis products in a 51:46:3 ratio (entry 1, table 2). The 
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presence of [2aCu(II)2h]2+ or [Zn(II)2a3]
2+ had a distinctive influence on the performance of 8. 

In the presence of 0.5 equivalent of [2aCu(II)2h]2+ the yield dropped (TOF = 432 mol prod 

mol Pd-1 h-1, entry 2). Moreover the product was formed with a small but significant different 

regioselectivity (45:51:4). The yield gradually decreased with increasing amounts of the 

copper complex present. In the presence of two equivalents of the copper complex the yield 

was roughly 66% lower (entry 4). Interestingly the regio-selectivity was not affected by the 

increase of the copper to palladium ratio, as it remained roughly 45:51:4 (entries 2-4). 

 

Table 2: Influence of Mass polypyridine complexes on the catalytic performance of 
[(dppf)Pd(II)(allyl)]

+
 as a catalyst in the allylic amination. 

Entry Polypyridine 
additive 

Equivalents
a
 Yield

b
 Selectivity 

(branched:trans:cis) 

1 - - 23 51:46:3 

2 [2aCu(II)2h]
2+ 

   0.5 15 45:51:4 

3 [2aCu(II)2h]
2+
 1 11 45:51:4 

4 [2aCu(II)2h]
2+
 2   8 46:51:3 

5 [Zn(II)2a3]
2+
    0.5 11 42:58:0 

6 [Zn(II)2a3]
2+
 1 10 36:64:0 

7 [Zn(II)2a3]
2+
 2   7 29:71:0 

Conditions: 8/6/7 1/240/263, [Pd] = 0.5 mM, T = 25 °C, solvent = CH3NO2, internal standard = PhNO2. 
a
With respect to 

[(dppf)Pd(II)(allyl)]
+
. 
b
Yield after 5 minutes in mol% based on 6. 

 

The addition of [Zn(II)2a3]
2+ had a similar effect on the performance of 8; the yield dropped 

and the regioselectivity changed towards more linear trans product (entries 5-7). With an 

increasing palladium(II) to zinc(II) ratio, the regioselectivity progressively shifted towards the 

linear trans product. The behavior of the zinc(II) model system is thereby in contrast to the 

behavior of the copper(II) system. These results clearly show that the presence of 

polypyridine copper or zinc complexes influences the nature of the palladium catalyst. The 

changed regioselectivity suggests that ligand exchange processes are taking place under 

catalytic conditions. The formation of palladium bipyridine complexes, for instance, will result 

in a lower yield and a shift of regioselectivity to the trans-isomer (entry 3, table 1). 

Alternatively the assembly metals may play an active role in the catalytic transformation, for 

instance by coordination to one of the substrates61,62. 

 

Next, we evaluated the catalytic performance of hetero-nuclear palladium assemblies (table 

3). Both homoleptic assemblies (A, fig. 12) with general formula [Mass(1Mcat)x]
y+ and 

heteroleptic assemblies (B, [2Mass1(Mcat)2]
y+) were studied as catalyst. Anticipating the 

formation of the hetero-nuclear species via self-assembly, Mass, 1, the palladium precursor 



Metal-Mediated Assembly of Poly-Nuclear Catalysts 
__________________________________________________________________________________________ 
 
 

 51 

and, if applicable, 2 were allowed to react in the appropriate ratio for at least one hour. The 

assemblies were applied as catalysts, without further analyses of their structure. 
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Figure 12: General structures of the homoleptic (A) and heteroleptic (B) assemblies 

studied as catalysts. 

 

Table 3: Performance of self-assembled hetero-nuclear catalysts in the allylic amination. 

Entry Hetero-nuclear catalyst Yield
a
 Regioselectivity 

(branched:trans:cis) 

1 [2fCu(I)1(Pd(II)(allyl))2]
3+ 

85 39:60:1 

2 [2hCu(II)1(Pd(II)(allyl))2]
4+
 86 40:59:1 

3 [Zn(II)12(Pd(II)(allyl))4]
6+
 76 39:60:1 

4 [Zn(II)13(Pd(II)(allyl))6]
8+
 77 39:60:1 

5 [2fZn(II)1(Pd(II)(allyl))2]
4+
 73 39:60:1 

6 [2hZn(II)1(Pd(II)(allyl))2]
4+
 78 39:60:1 

Conditions: Pd/6/7 1/240/263, [Pd] = 0.5 mM, T = 25 °C, solvent = CH3NO2, internal standard = PhNO2. 
a
Yield after 15 

minutes in mol% based on 6. 

 

All assemblies studied were active catalysts and cleanly converted the substrate to the 

products in good yields (73-86% yield). The presence of an assembly metal has a positive 

effect on the overall yield. The hetero-nuclear assemblies have a TOF between 691 and 826 

mol prod. mol Pd-1 h-1 (table 3). For the homo-nuclear [1Pd(II)(allyl)]+ and [1(Pd(II)(allyl))3]
+ 

complexes the TOF was significantly lower (614 and 576 mol prod. mol Pd-1 h-1, entry 1-2, 

table 1). We attribute the difference to a more selective coordination of palladium to the 

bidentate phosphines, as a result of the coordination of Mass to the diimine binding site of 1. 

With Cu(I) and Cu(II) the yield was slightly higher than with Zn(II) as Mass (85-86 versus 73-

78% yield, entries 1-2 and 5-6, table 3). A comparable effect was observed for model system 

8 (entries 2 and 5, table 2). This can be attributed to different rates of ligand 

disproportionation, as a result of the different stabilities of the copper and zinc polypyridine 

complexes. The formation of inactive poly-pyridine palladium complexes is therefore 

dependent on the nature of Mass. The comparable activities of the homoleptic and 
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heteroleptic zinc assemblies studied, indicates that the co-ligands 2f and 2h are coordinated 

to zinc (entries 3-6 table 3). Palladium complexes of 2f and 2h are inactive as catalysts (table 

1, entries 4-5). Accordingly, if these complexes were present in significant amounts, the 

heteroleptic assemblies would have displayed a lower activity than the related homoleptic 

assemblies. The homo- and hetero-nuclear nuclear palladium assemblies catalyze the 

reaction with an almost identical regioselectivity of 39:60:1 (table 1, entries 1-2 and table 3, 

entries 1-6). The presence of a co-ligand and the nature of the assembly metal has a 

negligible influence on the regioselectivity. This signifies that the catalytically active centers 

can be found in similar environments. We attribute this to the design of the basic building 

block (1). As a result of the flexibility and length of the linker between the bis-phosphine and 

bipyridine moieties, the coordination geometry of Mass has no significant influence on the 

environment around the catalytic center. A similar argumentation applies to the influence of 

the co-ligand on the catalytic properties of the assembly. We expect that by redesigning the 

building blocks and more specifically by placing the two binding site in closer proximity of one 

another, the influence of the Mass and the co-ligand on the catalytic properties of the 

assembly can be increased. Results obtained with a different basic building block (discussed 

in chapter 5) shows that the design of the building block remains complicated. In this ditopic 

ligand the two types of donor atoms were placed in close proximity of one another. This 

promoted the formation of mono-nuclear species and consequently complicated the 

assembly of hetero-nuclear species. 

 

Interestingly, in the control experiments, in which 8 was applied as a catalyst, the nature of 

Mass had a significant influence on the regioselectivity (table 2), while for the hetero-nuclear 

assemblies this influence was negligible (table 3). We attribute the discrepancy in behavior to 

the different structures of the bidentate phosphine, as this determines the stability of the 

corresponding palladium complex towards copper and zinc polypyridine complexes. Related 

to this, is the observation that for several assemblies and model systems the color of the 

reaction mixture changed after addition of piperidine63. A representative example is the color 

change observed for [2hCu(II)1(Pd(II)(allyl))2]
4+; within minutes after addition of the 

nucleophile the yellow-green nitromethane solution turned brown-red. The nature of the color 

change depended highly on the type of assembly metal and/or co-ligand and some reaction 

mixtures regained their original color after several hours. This suggests that the amine 

induces a change in the environment around Mass, most likely by coordinating to it. Redox 

reactions in which both types of metals are involved, is a second possibility. Further research 

is needed to establish the origin of the color changes, as it is can supply vital information 

about the stability of the hetero-nuclear assemblies during catalysis, which in turn is essential 

for the further development of our self-assembly approach. 
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2.3   Conclusions 
 

We have explored the formation of poly-nuclear catalysts by means of metal directed self-

assembly. The construction of these complexes is based on metal-ligand interactions 

between an assembly metal and nitrogen donor atoms and a catalytically active metal and 

phosphorus donor atoms. To achieve our goal, we designed and synthesized a basic 

building block by functionalizing a bipyridine with two bidentate phosphine moieties. The 

building block displays a rich coordination chemistry. Zinc(II) coordinates in a selective 

manner to the diimine binding site, while rhodium(I) has a high preference for coordination to 

the phosphine donor atoms. More unselective coordination modes, in which both types of 

donor atoms are involved in binding the metal, were also observed. Reaction of the building 

block with palladium(II)chloride or copper(I)triflate resulted in the formation of a coordination 

polymer. With the aim of forming heteroleptic assembly metal complexes, polypyridine 

building blocks were evaluated as co-ligands. The results indicate that the presence of the 

appropriate co-ligand reduced the affinity of copper(I) and copper(II) for the phosphine 

donors of 1. Several (heteroleptic) hetero-nuclear complexes were assembled in which 

palladium coordinates to the phosphine moieties. The assembly metal is in these assemblies 

coordinated to the nitrogen-based binding sites of the basic building block (and the co-

ligand). We evaluated our approach by applying a family of assemblies as catalysts in the 

palladium-catalyzed allylic amination. The poly-nuclear complexes displayed good activities 

and the presence of the assembly metal has a positive effect on the yield. The nature of the 

assembly metal and the presence of a co-ligand turned out to have a negligible influence on 

the regioselectivity of the catalyst. We attribute this to the flexible and relatively long linker 

between the bis-phosphine and bipyridine moieties, limiting the influence of the coordination 

geometry of the assembly metal and the structure of the co-ligand on the environment 

around the catalytic center. The results, nevertheless, clearly show that catalytically active 

poly-nuclear catalysts can be formed by means of metal-mediated self-assembly. 
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2.4   Experimental Section 

 

General Remarks   All reactions were carried out under strictly oxygen free conditions, using 

standard Schlenk techniques under an atmosphere of purified nitrogen. 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 with CDCl3 as the solvent, unless stated otherwise. 

Positive chemical shifts (δ) are given (in ppm) for high-frequency shifts relative to a TMS 

reference (1H and 13C), a CFCl3 reference (
19F) and an 85% H3PO4 reference (

31P). 13C and 

31P spectra were measured with a 1H decoupling. Data are reported as follows: br - broad, s - 

singlet, d - doublet, t - triplet, q - quartet, m - multiplet; coupling constant(s) in Hz; integration; 

assignment. Mass spectra were recorded on a Shimadzu LCMS-2010A using APC- or ES- 

ionization with acetonitrile or methanol as the eluent or on a Hewlett-Packard 6890N/6973N 

GC-MS set-up (HP-5ms column (cross-linked phase 5% PhMe-siloxane, 30 m, 0.25 mm 

internal diameter, 0.25 µm film thickness), E.I. detection). Elemental analyses were carried 

out by H. Kolbe Mikroanalytisches Laboratorium, Mülheim an der Ruhr, Germany. Melting 

points were determined on a Gallenkamp melting point apparatus in open capillaries and are 

reported uncorrected. UV-Vis spectra were recorded on a HP 8453 UV/Visible System. 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). Molecular modeling was performed using semi-empirical (PM3-tm) calculations on 

a Unix workstation or a Windows PC, using Spartan software. 

 

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

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

and THF were distilled from sodium/benzophenone. Hexanes and n-pentane were distilled 

from sodium/benzophenone/triglyme. Acetonitrile, dichloromethane, methanol, morpholine, 

piperidine and triethylamine were distilled from calcium hydride. Nitromethane was distilled 

and stored in the dark at 4 °C. SOCl2 was freshly distilled prior to use. Deuterated solvents 

were distilled from the appropriate drying agents and distilled CDCl3 was stored on K2CO3. 

Silica chromatography columns (silica 60, SDS Chromagel, 70-200 µm) were deactivated 

with 10% NEt3 in petroleum ether followed by washing several times with petroleum ether. 

Bis-(2-diphenylphosphinoethyl)ammonium chloride (5)11a, 5,5’-dimethyl-bipyridine (2b)64, 2i65, 

crotyl methyl carbonate (= but-2-enyl methyl carbonate, 6)66 and [(COD)Rh(I)Cl]2
67 were 
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synthesized according to literature procedures. The assembly metals were added via stock 

solutions. Cu(I) was dissolved in DCM/MeCN 9:1, Cu(II) in MeCN and Zn(II) in MeOH. 

[(COD)Rh(I)Cl]2, [(C3H5)Pd(II)Cl]2, (MeCN)2Pd(II)Cl2 and (MeCN)2Pt(II)Cl2 were added as 

DCM stock solution or alternatively added as solids. Stock solutions (DCM/THF, 10:1) of [(η4-

COD)Rh(I)(THF)2]X
68 and [(η3-C3H5)Pd(II)(THF)2]X were generated from, respectively, 

[(COD)Rh(I)Cl]2 and [(C3H5)Pd(II)Cl]2 by anion exchange with Ag(I)X, followed by filtration to 

remove Ag(I)Cl (X = -OTf or -BF4). The stock solutions could be kept under an inert 

atmosphere at –20 °C for several months, without signs of decomposition. 

 

2,2'-Bipyridine-5,5'-dicarboxylic acid bis-[bis-(2-

diphenylphosphinoethyl)-amide], (1)   2,2’-

Bipyridine-5,5’-dicarboxylic acid (3) (670 mg, 2.82 

mmol) was suspended in 10 ml SOCl2 and 

subsequently refluxed for 3h and stirred overnight. 

The resulting clear solution was evaporated to 

dryness in vacuo. To remove any traces of SOCl2 

the crude 5,5’-bis(carbonylchloride)-2,2’-bipyridine (4) was dissolved in 3 ml of toluene, 

followed by evaporation in vacuo of the solvent (2 times). The resulting white solid was 

dissolved in 125 ml THF. Subsequently NEt3 5.0 ml (36 mmol, 13 equivalents) and bis-(2-

diphenylphosphinoethyl)ammonium chloride (5) 2.70 g, (5.65 mmol, 2.00 equivalents) were 

added and the reaction mixture was stirred for 24 hours. After evaporation of the solvents, 

the residue was dissolved in CH2Cl2 (400 ml) and washed with 300 ml water. After phase 

separation the organic layer was dried over MgSO4 and concentrated in vacuo. Purification 

by column chromatography (silica, DCM/MeOH 9:1) afforded 1 as a white solid. Yield: 2.01 g, 

1.85 mmol, 66%.  

1H NMR: δ = 8.58 (s, 2H, H6), 8.28 (d, J = 8.2 Hz, 2H, H3), 7.57 (d, J = 8.2 Hz, 2H, 

H4), 7.49 (br s, 8 H, Ar-H), 7.34 (br s, 12 H, Ar-H), 7.17 (br s, 20 H, Ar-H), 3.63 (br m, 4H, 

CH2N), 3.29 (br m, 4H, CH2N), 2.46 (br m, 4H, CH2P), 2.12 (br m, 4H, CH2P); 
13C NMR: δ = 

169.2, 155.9, 147.3, 138.0, 137.9, 136.9, 136.7, 135.3, 133.1, 132.8, 132.7, 132.5 (2 s), 

130.8 (2 s), 129.2, 128.9, 128.8, 121.0, 47.1 (br), 43.6 (br), 28.4 (br), 26.7 (br); 31P NMR: δ = 

–19.9 (s, 1P), -21.1 (s, 1P); LC-MS (m/z (relative intensity, assignment)): 1091 (100, M+), 

1106 (13, M+O), 1124 (4, M+2O); Anal. calc. for C68H62N4O2P4: C 74.85, H 5.73, N 5.13; 

found: C 72.80, H 5.69, N 5.01; m.p. = 219 °C. Formation of the amide bond was confirmed 

by the observation of a characteristic carbonyl absorption peak at 1624 cm-1 in the infrared 

spectrum. 
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2,9-Bis-(2,4,6-trimethylphenyl)-1,10-phenanthroline, (2f) 

The synthesis of 2f has independently been reported by two 

groups14b,69, although (detailed) synthetic or analytical data were 

not given. 6.43 ml 2-Bromo-1,3,5-trimethylbenzene (8.36 g, 42 

mmol) was dissolved in 10 ml hexanes. At 0 °C, 42 mmol n-BuLi 

(22.1 ml 1.92 M in hexanes, 42 mmol, 1.0 equivalent) was slowly 

added. After stirring for 30 minutes the mixture was heated to 65 °C and refluxed for 14 

hours. After cooling to room temperature, the suspension was filtered (P4 glass filter) and the 

light yellow residue was washed with hexanes (2 x 10 ml). In a separate flask 1.76 g 1,10-

phenanthroline (9.78 mmol, 0.23 equivalent) was azeotropically dried by dissolving it in 10 ml 

toluene followed by evaporation in vacuo of the solvent (2 times). The phenanthroline was 

dissolved in 40 ml toluene and the mesityllithium, suspended in 30 ml Et2O, was slowly 

added to it. After stirring and refluxing the reaction mixture for 20 hours, it was cooled to 

room temperature and quenched with 100 ml water. After phase separation the aqueous 

layer was extracted two times with 50 ml CHCl3 and 40 g MnO2 (precipitated activate, Merck) 

was added to the combined organic layers. After stirring for 24 hours, it was dried with 

MgSO4 and filtered. Purification of by column chromatography (neutral alumina, DCM/CHCl3 

1:1) afforded 2a as off-white flakes. Yield: 2.5 g, 6.0 mmol, 61%. 

1H NMR: δ = 8.27 (d, J = 8.1 Hz, 2H, Ar-H (phenanthroline)), 7.85 (s, 2H, Ar-H 

(phenanthroline)), 7.57 (d, J = 8.4 Hz, 2H, Ar-H (phenanthroline)), 6.92 (s, 4H, Ar-H 

(mesityl)), 2.31 (s, 6H, CH3), 2.13 (s, 12H, CH3); 
13C NMR: δ = 160.0, 146.1, 138.0, 137.4, 

136.2, 135.7, 128.4, 127.1, 126.1, 125.0, 21.1 (CH3), 20.6 (CH3); LC-MS (m/z (relative 

intensity, assignment)): 416 (5, M+), 415 (40), 414 (100); Anal. calc. for C30H28N2: C 86.50, H 

6.78, N 6.73; found: C 86.44, H 6.71, N 6.68; m.p. = > 300 °C (decomposition). 

 

2,9-Bis-(2,4,6-trimethylphenyl)-4,7-diphenyl-1,10- 

phenanthroline, (2g)70   The compound was prepared analogues 

to 2f from respectively 1.38 ml 2-bromo-1,3,5-trimethylbenzene 

(1.79 g, 9.02 mmol, 4.3 equivalents) and 700 mg 4,7 diphenyl-

1,10-phenanthroline (2.1 mmol). After work-up and re-

aromatization with MnO2 (precipitated activate, Merck), the crude 

product was crystallized as a white microcrystalline solid from 

DCM/n-pentane. Yield: 331 mg, 0.58 mmol, 28%. 

1H NMR: δ = 7.97 (s, 2H, Ar-H), 7.51-7.62 (m, 12H, Ar-H), 6.98 (s, 4H, Ar-H (mesityl)), 

2.36 (s, 6H, CH3 ), 2.27 (s, 12H, CH3 ); 
13C NMR (APT): δ = 159.478 (Cq), 147.872 (Cq), 

146.895 (Cq), 138.371 (Cq), 138.048 (Cq), 137.377 (Cq), 136.316 (Cq), 129.743 (CH), 

128.581 (CH), 128.537(CH), 128.306 (CH),  125.435 (CH),  124.858 (Cq),  123.595 (CH), 

N N

N N
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21.091 (CH3), 20.742 (CH3); LC-MS (m/z (assignment)): 569 (M+); Anal. calc. for C42H36N2: C 

88.69, H 6.38, N 4.93; found: C 88.62, H 6.30, N 4.79; m.p. = 252 °C. 

 

2,9-Dibutyl-4,7-diphenyl-1,10-phenanthroline   This diimine was 

obtained as the main product in the attempted synthesis of 2g (see 

above), when in the formation of the mesityllithium a procedure 

from Schmittel et al.14b was followed. The product as obtained as 

an analytical pure off-white microcrystalline solid by precipitation 

from a hot ethanol solution of the crude product. Yield: 46% 

1H NMR: δ = 7.73 (s, 2H, Ar-H), 7.52-7.45 (m, 12H, Ar-H), 

3.26 (m, 2H, CH2CH2CH2), 1.95 (m, 2H, CH2CH2CH2), 1.54 (m, 2H, CH2CH2CH2), 1.04 (t, 3H, 

CH3); 
13C NMR: δ = 162.9, 148.6, 146.3, 138.8, 129.9, 128.7, 128.5, 125.1, 123.2, 123.0, 

39.6, 32.2, 23.3, 14.4; LC-MS (m/z (assignment)): 444 (M+); Anal. calc. for C32H32N2: C 

86.44, H 7.25, N 6.30; found: C 85.51, H 7.34, N 6.18; m.p. = 137 °C. 

 

[Cu(I)(CH3CN)4]OTf   The target compound was prepared using a modified procedure for the 

synthesis of [Cu(I)(CH3CN)4]BF4
71. 1.37 g Cu(II)(OTf)2 (3.79 mmol) dissolved in 4 ml CH3CN 

was added to 1.87 g copper(0)-dust (29.4 mmol, 7.8 equivalents) suspended in 5 ml CH3CN. 

The reaction mixture was stirred for 30 minutes, during which the blue solution de-colorized, 

indicating the reduction of copper(II) to copper(I). The suspension was subsequently filtered 

(P4 glass filter) and the residue was washed with 8 ml CH3CN. The solvents were 

evaporated in vacuo, yielding [Cu(I)(CH3CN)4]OTf in quantitatively yield, as a white 

microcrystalline powder, which was used without further characterization. The solid is highly 

sensitive to oxidation (exposure to air results in a rapid colorization to green/blue) and it was 

therefore stored and manipulated in a glovebox. 

 

Typical procedure for coordination studies   Appropriate amounts of stock solutions of 

Mass, Mcat and/or the co-ligand were added to a CH2Cl2 solution of 1. After stirring for 

approximately one hour at room temperature, the solvents were evaporated and the residue 

was dried in vacuo. The solid was dissolved in deuterated solvent and transferred to a, with 

N2 atmosphere flushed, dry NMR tube fitted with an air tight cap. Alternatively the reaction 

was conducted by mixing stock solutions (of deuterated solvents) of the building blocks 

directly in a NMR-tube. Low temperature NMR experiments were performed by taking NMR 

spectra at regular 10 °C intervals. To check for slow disproportionation and/or decomposition 

reactions, NMR spectra were taken again after several hours up to several days. For UV-Vis 

measurements the compound was dissolved in CH2Cl2 and transferred under an inert 

NN
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atmosphere to a with N2 atmosphere flushed cuvet. Silver coordination to 1 was studied by in 

situ formation of the complexes in NMR tubes that were kept in the dark. 

 

Mass spectroscopy of homo- and hetero-nuclear assemblies   For the characterization 

of metal-based self-assembled structures by means of mass spectrometry, good results have 

been obtained with coldspray ionization techniques72. We therefore analyzed model 

complexes (of 2) and the complexes of 1 under the mildest possible conditions (direct 

injection into the mass spectrometer of a Shimadzu LCMS-2010A system, solvent = MeCN 

or MeOH, APCI and/or ESI ionization, CDL and block temperature = 50, 100 or 250 °C), of 

which the data are summarized below: 

 

[Zn(II)1n](OTf)2 (n = 2, 3, ESI): 1 and corresponding oxides.  

[1Zn(II)Cl2] (APCI): 1, 1-mono-oxide, [1ZnCl]+ and [(1-mono-oxide)ZnCl]+. 

[Zn(II)(2e)n]X2 (n = 1-3, X = OTf, Cl, APCI and ESI): molecular ions and various fragments 

(e.g. [Zn(II)2e2]
2+, [Zn(II)2eCl]+). 

[1Cu(II)2h](OTf)2 (APCI and ESI): 2h, 1 and 1-mono-oxide. 

[2bCu2h](OTf)2 (ESI): [2hCu2b)]
2+, [Cu2h2]

2+ and [Cu2b2]
+. 

[1Cu(II)2i](OTf)2 (ESI): [2iCuMeCN]2+ and [2iCuMeCN2]
2+ 

[2aCu(II)2i](OTf)2 (ESI): [2iCu2a]
2+, [2iCuMeCN]2+, [2iCu(OTf)]+ and [2iCu2a(OTf)]+. 

[2fCu(I)1Pd(II)(allyl))2](OTf)3 (APCI and ESI): [2fCuMeCN]+, [2fPd(allyl)]+ and 1(Pd(allyl)2]
2+ 

[2eCu(I)1Pd(II)(allyl))2](OTf)3 (ESI): [2eCuMeCN]+, [Cu2e2]
+, [Cu2e3]

2+, [1Cu]2+, 

[1(Pd(allyl))2]
2+ and [2ePd(allyl)]+. 

[2hCu(II)1Pd(II)(allyl))2](OTf)4 (ESI): [Cu2h2]
2+ and [2hCu1]2. 

[ZnCl21(Pd(allyl))2]Cl2 (ESI): [1Pd(allyl)]
+ and [1(Pd(allyl))2]

2+. 

[2fCu(I)1(Rh(I)(COD))2](OTf)3 (ESI): [2fCuMeCN]+, [2fCu]+ and [1Cu]2+. 

 

Palladium-catalyzed allylic amination - General procedure   A Schlenk-tube, equipped 

with a magnetic stirring bar, was charged in the following order with the co-ligand, the 

assembly metal, 1 and [(allyl)Pd(II)(THF)2]OTf (1.5 µmol) in the appropriate amounts. After 

stirring for approximately 60 minutes, the solvents were evaporated in vacuo and the 

complex was re-dissolved in nitromethane (1.0 ml). The allylic substrate (0.36 mmol) and 

nitrobenzene (0.20 mmol, as internal standard for the GC) were added via a nitromethane 

stock solution (1.0 ml). The reaction was started by adding the amine (0.40 mmol, 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 allylic amination experiments were performed at least in 

duplo and the results were reproduced within GC error limits. Note that a problem associated 
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with nitromethane as a solvent (for allylic substitution reactions) lies in the explosive nature of 

nitromethane under basic conditions!73. (Additionally nitromethane can act as a C1 

nucleophile73, but under the applied reaction conditions the allyl amine products were formed 

cleanly and quantitatively. 
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