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Chapter 5 

 

Novel Hybrid Phosphine-Bipyridine Building block for the Metal-

Mediated Assembly of Bidentate Phosphine Ligands 

 
 

 

Abstract 
 

With the aim of constructing poly-hetero-nuclear catalysts via self-assembly, a new hybrid 

phosphine bipyridine building block (6-diphenylphosphinomethyl-2,2’-bipyridine) was 

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

while the bipyridine binds the assembly metal, the phosphine coordinates to the catalytic 

center. Metal-ligand interactions between the assembly metal and the building block form a 

non-covalent bridge between two phosphine moieties, resulting in a bidentate phosphine 

motif. This methodology, in principle, allows the generation of ligands with different bite 

angles, simply by changing the type of assembly metal. The coordination mode of the 

building block in various homo- and hetero-nuclear complexes was studied, revealing a 

variety of selective and unselective coordination modes. Palladium(II), rhodium(I) and 

copper(I) display a high preference for both type of donor atoms, leading to tridentate 

coordination modes. In several hetero-nuclear assemblies, rhodium(I) was found coordinated 

to the phosphine donor atoms and the assembly metal coordinated to the diimine binding 

site(s). These coordination modes did, however, not result in the anticipated bidentate 

phosphine motif. Several families of (poly)-nuclear assemblies were evaluated as catalysts in 

three reactions. In both the rhodium-catalyzed hydroformylation and hydrogenation, the 

hetero-nuclear complexes are inactive as catalysts. Studying model systems pointed out that 

tridentate coordination of the building block to the catalytic center results in inactive species. 

In the palladium-catalyzed allylic amination, the catalytic activity proved highly dependent on 

the nature of the assembly metal, copper species being less active than zinc species. Model 

systems confirmed that also under catalytic conditions, palladium has a high preference for 

tridentate coordination to the building block. 
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5.1   Introduction – metal-mediated assembly of bidentate phosphine ligands 
 

For several reactions, superior catalysts can be formed when bidentate phosphine ligands 

are applied (figure 1)1. A commonly used parameter to quantify the structure of bidentate 

phosphine ligands is the natural bite angle (βn)
2. This is defined as the ligand preferred P-M-

P angle and is calculated using computer models. For a number of reactions, a correlation 

between this angle and the catalyst selectivity is observed and the structural element that 

creates the ‘bridge’ between the two phosphorus atoms (also referred to as the backbone) 

has evolved as a powerful tool to tune catalyst selectivity2. The synthesis of a series of 

ligands with different bite angles is generally a laborious and time consuming task. In the last 

decade self-assembly emerged as a powerful tool to provide (libraries of) catalysts with 

limited synthetic effort3 and several groups have assembled bidentate ligands3c,4,5. These 

ligands are typically formed by utilizing non-covalent interaction between two phosphorus-

based building blocks. 

 

M

P P

ββββn

bridge

R R

R R

 
 

Figure 1: Bite angle of bidentate phosphine ligands. 

 

Concept   We recently explored the metal-mediated self-assembly of hetero-nuclear 

catalysts6. The approach is based on the simultaneous coordination of an assembly metal 

(Mass) and a catalytically active metal (Mcat) to a basic building block containing well-defined 

pre-organized binding sites for the two types of metals. We were interested in finding out 

whether we could apply this approach to form bidentate phosphines and more specifically the 

formation of diphosphines resembling the structure of BISBI (bis-diphenylphosphinomethyl-

1,1’-biphenyl, fig. 2)7. The ‘bridge’ between the two phosphine moieties in BISBI is a carbon-

carbon bond, while in the anticipated assembled analogue this ‘bridge’ would be formed by 

metal-ligand interactions. 
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Figure 2: The structure of BISBI and a self-assembled hetero-nuclear analogue. 

 

Our approach is schematically depicted in scheme 1. Two basic building blocks (1) are 

brought in proximity of one another as a result of coordination to Mass
8. This process results 

in the formation of a bidentate phosphine ligand and a subsequent coordination of Mcat yields 

a poly-nuclear catalyst. Since the metals that can serve as Mass have a variety of preferred 

geometries (e.g. tetrahedral or square planar), bidentate ligands with various structures can 

be assembled (A versus B, scheme 1)9. In other words, the bite angle of the self-assembled 

bidentate ligand is dictated by the nature of the assembly metal. As several bidentate 

phosphines can be generated from a single building block, this methodology can reduce the 

synthetic effort required to generate a family of ligands. 

 

+

+

ditopic building block

A

B

(1)

Mcat Mass

 
 

Scheme 1: Metal-mediated self-assembly of catalysts with different bite angles. 

 

In a second approach a template (2) is incorporated in the assembly (scheme 2). This 

template, capable of coordinating to two assembly metals simultaneously, is anticipated to 

act as a ‘bridge’ between the two basic building blocks. The structure of the bi-nucleating co-

ligand determines the bite angle and extents the structural diversity of bidentate ligands that 

can be generated with the basic building block. 
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+

di-nucleating co-ligand1

(2)  
 

Scheme 2: Use of templates in the self-assembly of a bidentate ligands. 

 

In a third approach co-ligands (3) are applied, resulting in the formation of complexes in 

which the basic building block acts as a monodentate ligand (scheme 3). The co-ligands are 

anticipated to coordinate to Mass, which in turn are coordinated to the basic building block. 

This approach allows the introduction of a functional group on the phosphine, for instance a 

sterically demanding substituent, by application of the appropriate co-ligand. Metal-directed 

self-assembly brings the functionality on 3 in proximity of the catalytic center, thereby altering 

the environment around Mcat. 
 

+

co-ligand1
(3)

 
 

Scheme 3: Self-assembly of functionalized phosphines that act as monodentate ligands. 

 

 

5.2   Results and Discussion 
 

Design and synthesis of the building blocks   We decided to combine the same types of 

donors we had applied in a related building block6; imine-based binding sites for Mass and 

phosphines for coordination to Mcat. More specifically, as the basic building block we chose to 

functionalize a bipyridine10 with a diphenylphosphinomethyl (-CH2PPh2) moiety11. 

Coordination of two bipyridine units to Mass should position the two phosphines in such a 

manner that bidentate ligation to Mcat is possible (chart 1). On the basis of molecular 

modeling, functionalization of the bipyridine on the 3 or 4 positions can be excluded. Both 6-

diphenylphosphinomethyl-bipyridine (1a) and 5-diphenylphosphinomethyl-bipyridine (1b) in 

principle allow the formation of the desired poly-nuclear assemblies. Modeling also indicate 

that tridentate (PNN) coordination of a metal to building block 1a is possible. 
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Chart 1: Bidentate phosphine formation after coordination to Mass for various phosphine 

functionalized bipyridines. 

 

Synthesis of 1a and 1b   All new compounds were characterized with mass spectrometry, 

elemental-analysis and 1H, 13C and 31P NMR spectroscopy (see experimental section for 

details). 1a (6-diphenylphosphinomethyl-bipyridine) was synthesized in a four-step procedure 

from commercially available bipyridine (3a), with 6-chloromethyl-bipyridine as a key 

intermediate (scheme 4). The preparation of halomethyl derivates of (bi-) pyridines is 

typically achieved with free radical halogenation, generally yielding mixtures of halogenated 

products. A two-step synthetic procedure recently developed by Fraser et al. allows the 

generation of various halomethyl bipyridines in excellent yields12. 6-Trimethylsilylmethyl-

bipyridine was generated via deprotonation of 6-methyl-bipyridine with LDA, followed by 

quenching with ClSiMe3. The chloromethyl bipyridine was subsequently formed by reaction 

with hexachloroethane in the presence of CsF (reaction II). Nucleophilic substitution of the 

chloromethyl derivate with potassium diphenylphosphide gave 1a in 56% yield (reaction III). 

 

N N N N
Cl

N N
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2. ClSiMe3

CsF, Cl6C2

N N

1. MeLi

2. MnO2

N N
SiMe3

N N
Cl

N N
PPh2

KPPh2

I

II

III

 
 

Scheme 4: Synthesis of basic building block 1a (6-diphenylphosphinomethyl-bipyridine). 



Chapter 5 
__________________________________________________________________________________________ 
 
 

 112 

Following a similar route, we attempted the synthesis of 1b. Schubert et al. reported the 

synthesis of 5-bromomethyl-5’-methyl-bipyridine, via the corresponding trimethylsilylmethyl 

intermediate, in 98% overall yield13. In our hands, however, the procedure resulted in the 

formation of significant amounts (40-70%) of the 5,5’-bis-trimethylsilylmethyl adduct (reaction 

I, scheme 5). Optimizing the reaction conditions (reagent ratios and concentration) did not 

significantly improve the yield of the desired mono-silylated adduct. Attempts to purify 5-

methyl-5’-trimethylsilylmethyl-bipyridine by crystallization or column chromatography were 

unsuccessful, although pure 5,5’-bis-trimethylsilylmethyl-bipyridine could be obtained by 

crystallization of the crude product. 

 

  
X = Br, Y = PPh2

X, Y = H

N N N N

KPPh2
III

PPh2
  
1c

Br

X Y

N N AIBN

N N
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N N

I

II
NBS Br

N N Si

N N Si

Si

N N B
r

Br

+

+

unstable

   98%          60-30%

  

  < 2%          40-70%

1b

literature    our results

 
 

Scheme 5: Attempted synthesis of building blocks 1b and 1c. 

 

Free radical bromination of 5,5’-dimethyl-bipyridine, using NBS (N-bromosuccinimide) 

(reaction II), proved an overall more efficient method14. The procedure leads to a relatively 

large amount of 5,5’-bis-bromomethyl-bipyridine, but this can easily be separated from the 

desired product by selective crystallization. 

 

The subsequent reaction between potassium diphenylphosphide and 5-bromomethyl-5’-

methyl-bipyridine in THF at –78 °C resulted in a yellow-grey powder, which, on the basis of 

mass spectrometry and NMR data, was identified as 5-diphenylphosphinomethyl-5’-methyl-

bipyridine (reaction III)15. The compound is, however, highly unstable. Purification of the 

crude product by column chromatography led to cleavage of the phosphorus-carbon bond, 

yielding 5,5’-dimethyl-bipyridine and HP(O)Ph2. Attempts to purify 1b via crystallizations or 

precipitation were also obstructed by the instability of the compounds16. Interestingly no 

stability problems have been reported for related compounds (e.g. 3-

diphenylphosphinomethyl-pyridine)15,17. 
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Monodentate phosphine 4 and bipyridine-phosphine oxide 5 (chart 2) were synthesized with 

the aim to serve as model compounds for respectively the phosphine and the bipyridine 

moiety of 1a. 3-Diphenylphosphinomethyl-biphenyl (4) was synthesized from 3-bromomethyl-

biphenyl and potassium diphenylphosphide. Phosphine oxide 5 was synthesized by oxidizing 

1a with molecular oxygen. Additionally we applied BISBI (6) as a model ligand.  

 

PPh2

4 5

N N

PPh2

O

PPh2

PPh2

6  
 

Chart 2: Model ligands 4-6. 

 

Design and synthesis of the bi-nucleating templates and co-ligands   Charts 2 and 3 

depict the templates (2) and co-ligands (3) used in this study. Several of these pyridine-

based building blocks are commercially available, a number had been synthesized 

previously6,18, and a few bi-nucleating templates were especially synthesized for the current 

project (see experimental section for details). 
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Chart 3: Bi-nucleating polypyridines applied as templates in this study. 
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R, R' = Me, R'', R''' = H
R = Me, R', R'' = H, R''' = (-)-menthol  

 

Chart 4: The bipyridines, phenanthrolines and terpyridine applied as co-ligands in this study. 

 

Coordination behavior of 1a in homo-nuclear complexes   Related work on the self-

assembly of poly-nuclear complexes showed that Cu(I), Cu(II) and Zn(II) are excellent 
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assembly metals6. Palladium and rhodium are prime candidates as Mcat, since phosphine 

complexes of these metals are good catalysts for a broad range of reactions. We therefore 

have studied the coordination modes of these metals in homo-nuclear complexes of 1a 

(discussed in more detail in the experimental section). A variety of (unselective) coordination 

modes was observed and a selected number is depicted in scheme 6. For copper(I), 

rhodium(I) and palladium(II) the preference of the metals for both type of donor atoms 

resulted in tridentate coordination modes. Note that for most metals the reaction does not 

proceed selectively to a single, well-defined species. Reaction of 1a with palladium(II) allyl 

triflate for instance, yielded predominantly the terdentate (PNN) coordinated palladium(II) η1-

allyl species, but also several complexes in which the building block coordinates in a bi- or 

monodentate manner (see the experimental section for details). Note that with the exception 

of rhodium(I)(acac) (acac = acetylacetonate), all metals were applied as their triflate salts and 

that the anions will not be mentioned or depicted in the rest of this chapter.  

 

N N
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Ph Ph
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Pd
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Cu(I)
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R  =

 
 

Scheme 6: Selection of coordination modes observed in homo-nuclear complexes of 1a. 

 

Coordination behavior of 1a in hetero-nuclear complexes   We studied the coordination 

mode of the building block in palladium- and rhodium-based hetero-nuclear assemblies in 

more detail. More specifically we determined whether metal-mediated self-assembly leads to 

a [Mass1a2] moiety with a bidentate phosphine motif, comparable in structure to BISBI (fig. 2). 

For this purpose 1a was reacted with the metals (and if applicable a co-ligand) for at least 

one hour, after which the formed products were analyzed with NMR, UV-Vis and mass 

spectrometry. 

 

Coordination modes in hetero-nuclear palladium(II) assemblies   We started by studying 

the simultaneous coordination of palladium(II) and copper(I) to 1a. Both copper(I) and 

palladium(II) have a high preference for tridentate coordination to 1a and this hinders the 

formation of a hetero-nuclear species. The assembly process yields predominantly the 

mono-nuclear copper(I) and palladium(II) complexes (scheme 7). 
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Scheme 7: Mixture of homo-nuclear copper(I) and palladium(II) complexes of 1a. 

 

31P NMR spectroscopy indicate that the homo-nuclear palladium (A) and copper(I) (B) 

complexes, in which 1a coordinates in a tridentate (PNN) manner to the metal, are formed in 

roughly a 8:10 ratio (fig. 3). Approximately two third of the copper and two third of the 

palladium centers can be found in the corresponding mono-nuclear species. The other metal 

centers are most likely present as a number of homo- and hetero-nuclear species, supported 

by several singlets and multiplets in the region between 67 and 22 ppm. Due to the number 

and the broadness of the signals, the 1H NMR spectrum did not supply additional structural 

information. 

                                                                                              B  →   

 

                                                A   →   

 
 
 
 
 

Figure 3: 
31
P NMR spectrum of the Pd(II)-Cu(I) assembly. 

 

Note that, on the basis of the spectroscopic data, the formation of poly-nuclear aggregates, 

in which both types of metals are coordinated to both a bipyridine and a phosphine moiety 

(e.g. C), cannot be excluded. In the binuclear palladium-rhodium complex of the related 6-

diphenylphosphinopyrdine ligand, for instance, both metals coordinate to one phosphine and 

one pyridine moiety (D, chart 5)19. 

 

2+

N N
PPh2

NN
Ph2P

CuPd

N PPh2

NPh2P

Pd Rh ClCl

CO

Cl

C D  
 

Chart 5: Possible structure of a binuclear Pd(II)-Cu(I) species of 1a (C) and a related 

coordination mode observed for a binuclear complex of 6-diphenylphosphinopyrdine (D). 
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Next, we studied the use of bi-nucleating template 2a. Again the high affinity of the two 

metals for both types of donor atoms inhibited the formation of a hetero-nuclear assembly 

(scheme 8). 
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N
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+
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+

N

N

N

N

+

2a

+

palladium 
and copper 
complexes 

of 2a

2

A B  
 

Scheme 8: Application of template 2a yields homo-nuclear Cu(I) and Pd(II) complexes of 1a. 

 

The 31P NMR spectrum showed great similarity to that of the homoleptic 

[Cu(I)1a2Pd(II)(allyl)]
2+, with the main signals corresponding to the mono-nuclear tridentate 

coordinated palladium(II) (A) and copper(I) (B) complexes of 1a. The 9:17 ratio of the 

integrals, reflects the applied palladium(II) to copper(I) 1:2 ratio. The presence of both A and 

B shows that the two metals compete with coordination to the donor atoms of 1a. Thus, even 

in the presence of template 2a, which results in a diimine to phosphine ratio of two, both 

copper(I) and palladium(II) prefer to coordinate to (the phosphorus donor of) 1a. 

 

Zinc(II) has a very low affinity for phosphine donors and we expected that in combination with 

palladium(II), it would lead to selective coordination of the two types of metals to the two 

types of donor atoms of 1a. To the contrary, the self-assembly process did not result in the 

anticipated homoleptic hetero-nuclear assembly, but yielded a mixture of (poly-nuclear) 

complexes (scheme 9). 
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Pd

PPh2

N

N
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+

A

N N
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B

+
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x+
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Scheme 9: Mixture of palladium(II) and zinc(II) (hetero-nuclear) complexes of 1a. 

 

Several multiplets were observed in the 31P NMR spectrum in the region between 48 and 17 

ppm. The signals can all be attributed to phosphines coordinated to palladium, as the zinc(II) 

complex of 1a displays a resonance at higher field. Moreover, it indicates that palladium can 

be found in several environments, which we attribute to the presence of a number of hetero-
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nuclear species (B). The reaction also yields the mononuclear tridentate coordinated 

palladium complex (A), underlining the strong preference of palladium for this coordination 

mode. Due to the broad character of the signals, 1H NMR spectroscopy did not provide 

structural information. Since zinc(II) has a very low affinity for coordinating to the phosphine 

moiety, the unselective coordination modes can solely be attributed to the high preference of 

palladium for both the phosphine and diimine donor atoms of 1a. Apparently, zinc(II) is 

unable to fully displace palladium(II) from the pyridine donors. 

 

Coordination modes in rhodium(I)-based assemblies   We studied the coordination mode 

of rhodium(I) in the presence of copper(I). In the homo-nuclear rhodium(I)-COD complex of 

1a, the metal coordinates to both the phosphine and bipyridine moieties (COD = 1,5-Z-

cyclooctadiene). A similar preference for both types of donor atoms was observed for the 

homo-nuclear copper(I) complex. Surprisingly, in the hetero-nuclear assembly, rhodium(I) 

and copper(I) coordinate in a selective manner to, respectively, the phosphine and diimine 

moieties. The reaction nevertheless does not lead to a single species, but yields a number of 

related aggregates (scheme 10). 

 

N

N

Ph2P

N N

PPh2

Cu [(COD)Rh(I)(THF)2]
+

+

n

2n+

Ph2P

Rh
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N N

Cu

NN

 
 

Scheme 10: Formation of a mixture of related rhodium(I)-copper(I) assemblies (n = 1, 2, etc.). 

 

The rapid color change to red observed after addition of one equivalent of 

[(COD)Rh(I)(THF)2]
+ to an orange solution of in situ generated [1a2Cu(I)]

+, indicates that the 

copper(I) center in the resulting assembly is coordinated in a bis-bipyridine environment. This 

is consistent with 31P NMR spectroscopy, as resonances corresponding to copper(I) 

coordinated phosphines were not observed. Cooling the NMR sample to –10 oC sharpened 

the multiplet present between 31 and 25 ppm, allowing the signals to be identified as four 

roughly equally intense doublets with coupling constants (1JRh-P) between 111 and 99 Hz (fig. 

4)20. The chemical shift values correspond to rhodium(I) solely coordinated by the phosphine 

moieties of 1a. In comparison, the homo-nuclear [1a2Rh(COD)]
+, in which the metal is 

coordinated to both the diimine and phosphine moieties, displays a signal at roughly 47 ppm. 

The 1H NMR spectrum did not supply additional structural information due to the broadness 

of the signals. With mass spectroscopy, [1aCu]+, [1aRh]+, [1aRh(MeCN)]+, [5Rh(COD)]+ and 

[1a2Rh]
+ were identified, but hetero-nuclear species were not detected. This can be attributed 
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to fragmentation of the hetero-nuclear assembly inside the mass spectrometer. The data 

corresponds to the formation of at least four different hetero-nuclear species with overall 

comparable structures in which copper(I) coordinates to the diimines and rhodium(I) to the 

phosphines (scheme 10)21,22. The copper(I)-phosphine coordination, which was identified for 

[1aCu(I)]+, is disrupted by the presence of rhodium(I). Similarly, rhodium(I) coordination to the 

diimine, as observed in [1a2Rh(I)]
+ is blocked by the presence of the copper(I) cation. This 

result signifies that by appropriate choice of the ligand it is possible to address the 

coordination of two types of metals to a building block containing two types of donor atoms. 

 

Figure 4: 
31
P NMR spectrum of the Cu(I)-Rh(I)(COD) assembly. 

 

On the basis of the data, the formation of a species in which the [1a2Cu(I)]
+ fragment forms a 

bidentate phosphine (n =1) cannot be confirmed, nor excluded. The steric bulk of the 

diphenylphosphinomethyl moiety may disfavor the formation of a di-nuclear assembly and 

promotes the formation of less sterically crowded higher aggregates. Alternatively, the bite 

angle of the [1a2Cu(I)]
+ fragment may be unfavorable for rhodium(I) coordination, pushing the 

assembly process to higher aggregates. Literature provides numerous examples in which 

self-assembly leads to higher aggregates instead of an anticipated mono- or bi-nuclear 

species. The related 6-(2-diphenylphosphinoethyl)-bipyridine building block, for instance, 

yields with ruthenium(II) and copper(I) a tetra-nuclear metallocycle, instead of a bi-metallic 

complex (scheme 11)23. 
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Scheme 11: Formation of higher aggregates observed by Ziessel et al. for a related building 

block. 

 

Next, we studied the coordination chemistry of the related hetero-nuclear Cu(I)-Rh(I)(acac) 

species. This assembly has a structure which is very similar to the structure of the Cu(I)-

Rh(I)(COD) analogue; copper(I) can be found in a bis-bipyridine environment, while 

rhodium(I)(acac) is coordinated by the phosphine moieties (scheme 12)24. Again, the 

[1a2Cu(I)] fragment does not form a bidentate phosphine motif similar to the BISBI ligand, but 

the assembly process yields higher aggregates. 
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Scheme 12: Hetero-nuclear rhodium(I)(acac)-copper(I) complex of 1a. 

 

The formation of the Cu(I)-Rh(I)(acac) species proceeded more slowly than that of the 

related Cu(I)-Rh(I)(COD) species. Addition of a green solution of [1aRh(I)(acac)] to an 

orange solution of [1aCu(I)]+ resulted in a slow color change to red, typical of copper(I) bis-

diimine species (route A). In the 31P NMR spectrum a new, slightly broad doublet emerged at 

53.35 ppm (1JRh-P = 151.7 Hz). Simultaneously, the doublet corresponding to [1aRh(I)(acac)] 

decreased in intensity (fig. 5). On the basis of the integrals (10:8), roughly half of the initial 

rhodium complex had been converted after one hour reaction time. The reaction was allowed 

to proceed for another 14 hours, after which, according to 31P NMR spectroscopy the self-
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assembly process had completed. Resonances corresponding to copper(I) coordinated 

phosphines were not observed, signifying that the phosphines are solely coordinated to 

rhodium(I). 

 
 
 

                                     ←  [Cu(I)1a2Rh(I)(acac)]
+
 

 
 
 
 

                                                                                         ←  [1aRh(I)(acac)] 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: 
31
P NMR spectrum of the reaction between [1aRh(I)(acac)] and [1aCu(I)]

+
 after one 

hour. 

 

With mass spectrometry several homo-nuclear species were detected ([1aCu]+, [5Cu]+, 

[1aRhCO]+, [1aRh(MeCN)]+, [1a2Rh]
+), as well as the hetero-nuclear [Cu1a2Rh]

2+ and 

[Cu1a2Rh]
+ species. Interestingly, while no rhodium(I)(acac) complexes were observed, 

[5Cu(acac)]+, which originates from an anion exchange reaction between copper and 

rhodium, was detected. In the 1H NMR spectrum of the product, the resonances had a 

considerably broader character than observed for the starting [1aRh(I)(acac)] species, which 

can be attributed to the coordination of copper(I) to the bipyridine moiety. The methylene 

moiety of 1a gives rise to a broad resonance at 4.53 ppm. This corresponds to a downfield 

shift of 0.50 ppm with respect to the homo-nuclear [1aRh(I)(acac)] species and is attributed 

to the coordination of the copper(I) cation to the bipyridine moiety of 1a. This coordination 

mode is confirmed by the UV-Vis spectrum, as a typical absorption band with a maximum at 

454 nm was observed (ε = 2746 M-1 cm-1). Moreover, the broad absorption band with a 

maximum around 645 nm observed in the UV-Vis spectrum of [1aRh(acac)] was absent (fig. 

6). This signifies that the tridentate coordination of rhodium(I) to 1a is blocked in the hetero-

nuclear assembly as a result copper(I)-diimine coordination.  
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Figure 6: UV-Vis spectra of the hetero-nuclear Cu(I)-Rh(I)(acac) (bold) and the mononuclear 

                Cu(I) (grey) and Rh(I)(acac) (black) species. 

 

The resemblance of the 31P NMR chemical shift to that of related heteroleptic assemblies 

(vide infra), signifies that phosphine moieties coordinate to rhodium in a pseudo-

monodentate manner. In other words, the coordination of copper(I) to the diimine moieties 

does not yield a bidentate phosphine motif (n ≠ 1, scheme 12). On the basis of the 

spectroscopic data, the exact structure of the assembly can not be established. We attribute 

the observation with 31P NMR spectroscopy at –40 °C of two doublets with slightly altered 

chemical shift values, to the formation of a mixture of related assemblies (e.g. n = 2 & 3)22. 

 

We also studied the formation of the assembly by starting with different homo-nuclear 

complexes (route B, scheme 12), in order to verify the formation of the thermodynamic 

product25. The dark-red solid obtained after reaction of [Cu(I)(CH3CN)4]
+ with [1a2Rh(I)(acac)] 

is the same hetero-nuclear complex as was obtained when [1a2Cu(I)] and [CO2Rh(I)(acac)] 

were allowed to react (route A). This indicates that the hetero-nuclear complex is formed 

independently of the type of starting complexes and that the assembly is not a kinetic 

intermediate, but indeed the thermodynamic product. 

 

2,9-Bis-mesityl substituted phenanthrolines (3i-3j) are attractive co-ligands in combination 

with copper(I), as they form stable heteroleptic bis-phenanthroline complexes in high yield26. 

We studied if co-ligand 3j yields a heteroleptic hetero-nuclear complex, once combined with 

1a, Cu(I) and Rh(I)(acac) (scheme 13). The spectroscopic data indicate that the main 

species is the anticipated heteroleptic hetero-nuclear assembly. Rhodium(I) is coordinated to 

the phosphines of 1a in a monodentate manner, while copper(I) is coordinated to the diimine 

moieties of 1a and 3j. 

 

[1aRh(I)(acac)]  (15.2 10
-5
 M) 

 

[1aCu(I)]
+
  (21.7 10

-5
 M) 

 

[Cu(I)1a2Rh(I)(acac)]
+
  (2.81 10

-5
 M) 
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Scheme 13: Heteroleptic hetero-nuclear rhodium(I)-copper(I) complex of 1a. 

 

Reaction of pre-formed [1aCu(I)3j]+ with [(acac)Rh(CO)2] (2:1) yielded a dark-red solution. 

The color and UV-Vis spectrometry (λmax = 456 nm, ε = 6294 M-1 cm-1) confirmed that 

copper(I) is coordinated in a bis-diimine environment. Due to sterical reasons the homoleptic 

[3j2Cu(I)]
+ species cannot be formed26 and copper(I) must therefore be coordinated by the 

diimine moieties of both 1a and 3j. This is supported by the absence of a band around 650 

nm indicating tridentate coordination of rhodium(I) to 1a. Similarly, copper(I)-phosphine 

coordination bonds were not observed with 31P NMR spectroscopy. Next to the doublet 

displayed by the main product (53.72 ppm, 1JP-Rh = 152.7 Hz), several other signals (roughly 

25%) were observed. Thus, the reaction does not yield the anticipated hetero-nuclear 

assembly quantitatively27. Accordingly, in the 1H NMR spectrum, several resonances for the 

methyl moieties of 3j indicate that the co-ligand was present in more than one environment28. 

The main resonances for the methylene protons of 1a are two doublets at 4.47 and 4.51 ppm 

with a typical 2JH-H coupling of 3.6 Hz
29. The inequivalency of the protons can be attributed to 

restricted rotational freedom of the methylene moiety in the hetero-nuclear heteroleptic 

assembly, resulting in an AB pattern. With mass spectrometry several homo-nuclear species 

were detected ([Cu5]+, [1aRh(CO)]+, [3jCu(MeCN)]+ and [3jCu5]+). No hetero-nuclear species 

could be identified. Interestingly, the main signal in the 31P NMR spectrum is almost identical, 

both in chemical shift value and in coupling constant, to the main signal observed for 

[Cu(I)1a2Rh(I)(acac)]
+. We attribute this similarity to the resemblance in structure of the 

related homo- and heteroleptic Cu(I)-Rh(I) assemblies. In both species the phosphines 

coordinate in a monodentate manner to rhodium(I) (schemes 12 and 13). Apparently the 

direct environment around the phosphorus and therefore the chemical shift of the 31P NMR 

signal is not influenced by the presence and structure of the co-ligand. 

 

The same interpretation applies for the 31P NMR signal of the related heteroleptic zinc(II)-

rhodium(I)-3h complex (scheme 14). This assembly also displays a doublet with chemical 

shift and coupling constant similar to those observed for the related species (53.39 ppm, 1JP-

Rh = 151.6 Hz, fig. 7). This signifies that the rhodium(I) center is coordinated by two 

phosphines in a monodentate manner. The clean formation of a single hetero-nuclear 
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species30 indicates that zinc(II) coordinates in a considerably more selective manner in the 

product than in the starting material, which consists of a mixture of homo- and heteroleptic 

zinc(II) species. Accordingly, in the 1H NMR spectrum of the heteroleptic assembly a single 

doublet at 4.54 ppm (J = 11.5 Hz) was observed for the CH2 moiety of 1a, while in the 

starting material these protons display two doublets. We attribute the selective formation of 

the heteroleptic zinc(II) species to (sterical) restrictions inhibiting the formation of the 

homoleptic [Zn(II)1a2Rh(I)(acac)]
2+ assembly in which the [Zn(II)1a2] motif acts as a bidentate 

phosphine ligand for rhodium. Consequently the equilibrium is pushed towards the 

heteroleptic species31.  
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Scheme 14: Formation of [3h2Zn(II)21a2Rh(I)(acac)]
4+
 from a mixture of zinc(II) precursors. 

 

 

Figure 7: 
31
P NMR spectrum of [3h2Zn(II)21a2Rh(I)(acac)]

4+
. 

 

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

hetero-nuclear species (schemes 6 and 15). The preference of palladium(II) to coordinate to 

1a in a tridentate manner inhibits the formation of the hetero-nuclear species and self-

assembly results in predominantly mono-nuclear complexes. In the homo-nuclear species, 

rhodium(I) coordinates to both the bipyridine and phosphine donors of 1a. In the presence of 

copper(I) or zinc(II), however, rhodium(I) coordinates selectively to the phosphine donors. 

This highlights a fundamental difference between the preferred coordination modes of 

rhodium(I) and palladium(II) to building block 1a when combined with an assembly metal. 
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Thus, to a certain extent, it is possible to address the coordination of two types of metals to a 

building block containing two types of donor atoms. The specific structure of the building 

block, which allows tridentate (PNN) coordination, however, puts restrictions on the types of 

metals that can be used to form selectively hetero-nuclear species. Moreover, the formation 

of bidentate phosphine ligands resembling the structure of BSIBI (fig. 2) via self-assembly 

proved difficult to engineer, as the process can also lead to higher aggregates. This 

underlines the importance of the design of the building block, as it requires careful 

consideration of numerous factors to prevent undesirable coordination modes. 
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Scheme 15: Selection of observed coordination modes in hetero-nuclear assemblies. 

 

Performance of the hetero-nuclear assemblies as catalysts   The coordination studies 

indicate that the specific structure of the basic building block allows tridentate coordination 

modes, which hamper the formation of hetero-nuclear palladium(II) species. In the mono-

nuclear rhodium(I) species the building block also coordinates in a tridentate manner. In the 

hereto-nuclear species this metal coordinates selectively to the phosphine moieties, albeit 

not in the anticipated bidentate manner. We studied the catalytic properties of palladium(II)- 

and rhodium(I)-based (hetero-nuclear) assemblies to establish if the observed coordination 

modes are also present under catalytic conditions. 

 

Palladium species as allylic substitution catalysts   Transition-metal catalyzed allylic 

substitution is a valuable tool in synthetic organic chemistry. Three products can be formed 

when non-symmetrically substituted allylic substrates are applied (branched, linear cis and 

linear trans). The regioselectivity of a catalyst is known to be very sensitive to subtle changes 

in the environment around the catalytic center32. We studied the catalytic performance of 

various assemblies in the palladium-catalyzed allylic amination33, using but-2-enyl methyl 

carbonate (7) as the allylic substrate and morpholine (8) as the nucleophile (scheme 17). 
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First, we evaluated the performance of homo- and hetero-nuclear complexes of building 

block 1a, of which the results are summarized in table 134. For this purpose 1a, the palladium 

precursor ([(allyl)Pd(II)(THF)2]
+) and Mass were allowed to react in a 2:1:1 ratio and the 

resulting assemblies were applied as catalysts without further analyses. 
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Scheme 17: Allylic amination of but-2-enyl methyl carbonate with morpholine. 

 

Table 1: Performance of 1a-based complexes in palladium-catalyzed the allylic amination. 

Entry Mass Time          
(hours) 

Conversion
a
 Selectivity 

(branched:trans:cis) 

 1
b 

-   17.5   0 - 

2 - 1  37 61:37:2 

3 -   17.5 100 60:38:3 

4 Cu(I)   17.5  13 49:51:0 

5 Cu(II)   17.5  11 44:56:0 

6 Zn(II)       0.33  16 64:36:0 

7 Zn(II) 1 34 60:39:1 

8 Zn(II) 20  99 57:39:4 

Conditions: Solvent = CH3NO2, T = RT, [Pd] = 0.5 mM, Mass/1a/Pd/7/8 1/2/1/240/264, anion = triflate. 
a
In mol% based 

on 7. 
b
1a/Pd 1/1. 

 

Application of one equivalent of 1a as ligand yielded an inactive catalyst; in 17.5 hours 

reaction time no product was formed (entry 1). The inactivity can be attributed to tridentate 

bipyridine-phosphine coordination mode of the building block to the metal, as observed in our 

coordination studies (scheme 6). Application of two equivalents of building block 1a results in 

a more active catalyst (average TOF = 89 mol prod. mol Pd-1 h-1), giving the allyl amine as a 

61:37:2 mixture (entries 2-3). The higher activity of the [1a2Pd(II)(allyl)]
+ species can be 

attributed to the presence of palladium centers coordinated solely by the phosphine moieties. 

The percentage in which these catalytically active species are formed is higher for 

[1a2Pd(II)(allyl)]
+ than for [1aPd(II)(allyl)]+, which is in line with the 31P NMR spectra (see 

experimental section for details). The hetero-nuclear copper(I)-palladium(II) assembly 

[Cu(I)1a2Pd(II)(allyl)]
2+ is only slightly active (average TOF = 7 mol prod. mol Pd-1 h-1, entry 

4). The low activity can be explained by the preference of both metals for tridentate (PNN) 

coordination to 1a, leading to the inactive mononuclear [1aPd(II)(allyl)]+ species. The data 
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indicate that the hetero-nuclear assembly deactivates rapidly; after 1 hour reaction time the 

yield was 3% (data not given in the table 1), while after 17.5 hours it had only increased to 

13%. With respect to activity and regioselectivity, [Cu(II)1a2Pd(II)(allyl)]
3+ provides similar 

results as the Cu(I) analogue (entry 5). The low preference of zinc(II) for phosphine donors is 

reflected in the higher activity displayed by the hetero-nuclear zinc(II) species (entries 6-8). 

Interestingly, both the activity and the regioselectivity of [Zn(II)1a2Pd(II)(allyl)]
3+ is very similar 

to the homo-nuclear [1a2Pd(II)(allyl)]
+ species (entries 2 and 7), signifying that the catalytic 

center can be found in comparable environments. 

 

Next, we evaluated the catalytic performance of various heteroleptic assemblies based on 

co-ligands 2 or 3 (charts 3-4), of which the results are summarized in table 2. For this 

purpose, the building block 1a, Mass, the palladium precursor (2:2:1) and 2 (1 equivalent) or 3 

(2 equivalents) were allowed to react for at least one hour, after which the assemblies were 

applied as catalysts without further analyses. 

 

Table 2: Performance of palladium-based heteroleptic complexes of 1a as catalysts. 

Entry Mass Co-ligand
a 

Time    
(hours) 

Conversion
b
 Selectivity 

(branched:trans:cis) 

1 Cu(I) 3j 20    23.5 61:39:0 

2 Cu(II) 3k 17.5   0 - 

3 Zn(II) 3g 0.33  11 63:37:0 

4 Zn(II) 3j 0.33  15 64:36:0 

5 Zn(II) 3k 0.33  17 62:38:0 

6 Cu(I) 2a 20 19 49:51:0 

7 Cu(I) 2b 20 4 54:46:0 

8 Zn(II) 2a 0.33 18 63:37:0 

9 Zn(II) 2b 24 53 62:38:0 

10 Zn(II) 2c 0.33 11 64:36:0 

11 Zn(II) 2d 0.33 16 62:38:0 

12 Zn(II) 2e 0.33 20 62:38:0 

Conditions: Solvent = CH3NO2, T = RT, [Pd] = 0.5 mM, Mass/1a/Pd/7/8 2/2/1/240/264, anion = triflate. 
a
1a/2 = 2/1 1a/3 

= 1/1. 
b
In mol% based on 7. 

 

With the exception of the Cu(II)/3k system, all heteroleptic hetero-nuclear assemblies are 

active as catalysts. The inactivity of the Cu(II)/3k system (entry 2) can be attributed to the 

presence of the co-ligand, as the homoleptic Cu(II)-system was slightly active (entry 5, table 

1). Similar to the homoleptic hetero-nuclear systems (table 1), the copper(I)-based 

heteroleptic species resulted in significantly lower yields than the zinc(II) assemblies. This 

can be rationalized by the affinity of copper(I) for phosphine donors, resulting in the formation 
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of the inactive mononuclear [1aPd(II)(allyl)]+ species. This corresponds to the coordination 

mode observed for the Cu(I)-2a system (scheme 8). Interestingly, the Cu(I)/3j assembly 

displayed a different regioselectivity (61:39:0, entry 1, table 2) than observed for the other 

copper(I) homo- and heteroleptic assemblies (roughly 5:5:0). This can be attributed to the 

specific structure of co-ligand 3j. Since [3j2Cu(I)]
+ cannot be formed because of steric 

reasons26, it pushes the equilibrium towards heteroleptic 3j-1a copper(I) complexes, thereby 

influencing the coordination mode of 1a to palladium. 

 

For all but one zinc(II)-based assemblies studied, the activities are comparable, with 

conversions after 20 minutes between 11 and 20%. The regioselectivities displayed by the 

various homo- and heteroleptic zinc(II) assemblies is very similar; roughly 6/4/0. Thus, both 

the presence and type of the co-ligand or template does not significantly influence the 

catalytic performance. This shows that the co-ligand has only a limited influence on the 

environment around palladium. Alternatively, the heteroleptic assembly is formed, but not in 

a selective manner, while the main portion of the activity originates from other species (e.g. 

homoleptic palladium-1a complexes). For the Zn(II)/2b combination no product was observed 

after 20 minutes, although the conversion reached 53% after 24 hours (entry 9). Interestingly, 

the related copper(I)/2b species was also the least active copper(I) assembly (entry 7). We 

therefore contribute the low activity to a high preference of palladium to coordinate to 2b, 

yielding inactive complexes. 

 

Finally, we performed several control experiments, of which the results are summarized in 

table 3. Application of monodentate phosphine 4 yielded an active catalyst (59% yield after 

10 minutes, entry 4) and [6Pd(II)(alyl)]+ is even more active (79% yield, entry 1). The 

activities are much higher than the activities of the hetero-nuclear [Mass1a2Pd(II)(allyl)]
+ 

species (table 1), which is in line with the preference of palladium for tridentate coordination 

to 1a. This is also evident by comparing the performances of the hetero-nuclear assemblies 

with their model systems. For example, [Cu(I)1a2Pd(II)(allyl)]
+ (entry 4, table 1) posses 

roughly 4% of the activity of the {[42Pd(II)(allyl)]
+ + [3a2Cu(I)]

+} model system (entry 7, table 

3). Similarly, the {[42Pd(II)(allyl)]
+ + 2 equiv. 3a} model system (entry 10) is roughly nine times 

more active than homo-nuclear [1a2Pd(II)(allyl)]
+ (entry 2, table 1). The regioselectivities 

(61/37/2 versus 52/46/2) corroborate the differences in coordination modes. Similar to what 

was observed for our assemblies, copper(I) has a more significant impact on the conversion 

than zinc(II). For instance, for [6Pd(II)(allyl)]+ the yield after 10 minutes dropped from 79% to 

52% with [3a2Cu(I)]
+ as additive (entries 1-2). After 120 minutes the {[6Pd(II)(allyl)]+ + 

[3a2Cu(I)]
+ model system had only reached 87% conversion (not depicted in table 3), 

implying that the catalysts deactivates rapidly. A similar deactivation was observed for the 



Chapter 5 
__________________________________________________________________________________________ 
 
 

 128 

hetero-nuclear [Cu(I)1a2Pd(II)(allyl)]
3+ assembly. For both systems this can be attributed to 

ligand disproportionation reactions as a result of the high preference of copper(I) for 

phosphine donor atoms. Zinc(II) has a very low preference for phosphine donors and this 

explains the smaller influence of zinc(II) additives on the overall activity (entries 3 and 8-9). 

 

Table 3: Performance of model systems in the palladium-catalyzed allylic amination. 

Entry Ligand Additive
a
 Time Conversion

b 
Selectivity 

(branched:trans:cis) 

  1  6
c
 - 10 minutes 79 34:65:1 

  2  6
c [3a2Cu(I)]

+ 10 minutes 52 34:65:1 

  3  6
c [3a2Zn(II)]

2+ 10 minutes 86 34:64:1 

  4 4 - 10 minutes 59 52:45:2 

  5 4 - 5 hours 100 8:83:9 

  6 4 [3a2Cu(I)]
+
 10 minutes 30 51:45:4 

  7 4 [3a2Cu(I)]
+
 5 hours 100 50:48:2 

  8 4 [3a2Zn(II)]
2+
 10 minutes 51 51:47:2 

  9 4 [3a2Zn(II)]
2+ 5 hours 100 19:74:7 

10 4 3a
d 

10 minutes 57 52:46:2 

11 4 3a
d
 5 hours 100 45:52:3 

Conditions: Solvent = CH3NO2, T = RT, [Pd] = 0.5 mM, ligand/Pd/7/8 2/1/240/264, anion = triflate. 
a
One equivalent of 

additive with respect to palladium. 
b
In mol% based on 7. 

c
Ligand/Pd 1/1. 

d
Two equivalents of 3a with respect to 

palladium. 

 

The regioselectivity of the product after 10 minutes reaction time was not influenced by the 

additives. For all 6-based model systems this is roughly 34:65:1, while for all 4-based 

systems it is roughly 51:47:2. The different regioselectivities for the two types of model 

systems reflects the differences in structure of (bidentate) phosphines 6 and 4. After 45 

minutes all [42Pd(II)(allyl)]
+ model system had quantitatively converted the substrate and the 

products were obtained with regioselectivities different from those observed for the initial 

phase of the reaction. Oosterom et al. reported that after completion of the reaction, the allyl 

amines are isomerized to the thermodynamically more stable trans product and that the 

palladium center is involved in this process35. A closer look at the regioselectivities revealed 

that the presence of bipyridine (3a) and Mass has a profound influence on the isomerization 

rate. For [42Pd(II)(allyl)]
+, after 5 hours the allyl amine was obtained as a 8:83:9 mixture, 

which is considerably different from the 52:45:2 ratio in which the product was initially formed 

(entries 4-5). The {[42Pd(II)(allyl)]
+ + [3a2Zn(II)]

2+} model system behaved in a comparable 

way; the ratio changes from 51:47:2 to 19:74:7 (entries 8-9). For the {[42Pd(II)(allyl)]
+ + 

[3a2Cu(I)]
+} and {[42Pd(II)(allyl)]

+ + 2 3a} systems, on the other hand, the isomerization rate 

was negligible (entries 6-7 and 10-11). The influence of the additives on the isomerization 

properties of [42Pd(II)(allyl)]
+ is particularly evident if the trans-branched ratio is plotted 
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versus the reaction time (figure 8). After 45 minutes, when all systems obtained full 

conversion, the trans-branched ratios of the different systems are comparable (approximately 

one). After five hours, [42Pd(II)(allyl)]
+ gives rise to the highest ratio of nearly ten, whereas for 

the other systems the ratio remains considerably lower. We attribute the lowered 

isomerization activity to the coordination of bipyridine to palladium after full conversion has 

been reached. This yields coordinatively saturated palladium(0) species that posses a low 

isomerization activity. Since the nature of Mass determines the stability of its bipyridine 

complex, the overall isomerization activity depends on the type of Mass
36. Interestingly, for the 

various hetero-nuclear [Mass1a2Pd(II)(allyl)]
x+ species the isomerization activity did not 

depend on the presence and/or type of Mass. It was equally low for all systems, indicating that 

different processes are operative in the assemblies and the model systems. 
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Figure 8: Influence of additives on the isomerization activity of model complex [42Pd(allyl)]
+
. 

 

Comparing the performances of the assemblies and the model systems, it is clear that there 

is no evidence that the anticipated hetero-nuclear assemblies of building block 1a are formed 

under catalytic conditions. Most likely, palladium is present in the reaction mixture as several 

homo- and hetero-nuclear species, which corresponds to the observations made in our 

coordination study (schemes 7-9). It is important to note that the addition of the nucleophile 

(amine) induced color changes in the reaction mixtures. This was observed for the majority of 

the hetero-nuclear assemblies and model systems, but were most prominent for the 

copper(I) species37. This implies altered coordination modes of Mass as a result of amine 

coordination. Alternatively, they can be assigned to (intra-molecular) redox reactions. For 

example, for a number of copper(II) systems the reaction mixture turned from green-blue, 
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typical of Cu(II)-polypyridine complexes, to orange-red, typical of Cu(I)-polypyridine 

complexes. 

 

Rhodium-based complexes as hydrogenation catalysts   Hydrogenation of alkenes and 

carbon-element double bonds has become an indispensable technique in the production of 

fine-chemicals. Rhodium catalysts are particularly effective in (asymmetric) hydrogenations38. 

We studied the application of hetero-nuclear assemblies in the rhodium-catalyzed 

hydrogenation of dimethyl itaconate (9, scheme 18), of which the results are summarized in 

table 4. The rhodium precursor, 1a and Mass were allowed to react in a 2:1:1 ratio and the 

resulting assemblies were applied as catalysts without further analyses. 

 

9

O

O

O

O

O

O

O

O

Rh

H2

 
 

Scheme 18: Hydrogenation of dimethyl itaconate. 

 

Table 4: Performance of [Mass1a2Rh(COD)]
x+
 and model systems in the hydrogenation. 

Entry Ligand Mass Additive Equivalents
a
 Conversion

b
 

  1
c 

1a - - -     0 

  2
c 

1a Cu(I) - -     0 

  3
c 

1a  Zn(II) - -     0 

    4
d,f
 3a - - -     0 

   5
d 

6 - - -   37 

   6
d 

6 - [3c2Cu(I)]
+
 1     0 

  7
 

4 - - - 100 

  8
 

4 - [3c2Cu(I)]
+
 1   69 

   9
e
 4 - [3e2Cu(I)]

+
 4     0 

10
 

4 - [3bCu(II)3k]
2+
 1     0 

11 4 - [3c2Ag(I)]
+ 

1     0 

12 4 - [3c2Zn(II)]
2+ 

1 100 

Conditions: Solvent = CH2Cl2, T = RT, 2.5 hours, 10 bar H2, [Rh] = 0.5 mM, ligand/Rh/9 2/1/100, Rh = 
[(COD)Rh(I)(THF)2]

+
, anion = triflate. 

a
Equivalents of additive with respect to rhodium. 

b
In mol% based on 9. 

c
12 hours, 

[Rh] = 0.36 mM. Mass/Rh/9 1/1/134. Similar results were obtained whith MeOH or CH3NO2 (at RT and 50 °C) as a 
solvent.

 d
Rh/ligand 1/1. 

e
21 hours. 

f
bar H2, [Rh] = 3.3 mM, 4 hours, Rh/substrate = 1/20. 

 

All rhodium(I) (hetero-nuclear) complexes of building block 1a studied did not show 

hydrogenation activity under the conditions applied (dichloromethane, methanol or 

nitromethane as solvent at 20 and 50 °C, entries 1-3). We attribute the inactivity to pyridine 

coordination to the catalytic center and more specifically to the tridentate (PNN) coordination 

of 1a, as observed for rhodium(I) species (scheme 6). This is confirmed by control 
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experiments; no product was formed when bipyridine (3a, chart 4) was applied as the ligand 

(entry 4). Moreover, the presence of diimine ligands has a significant impact on the 

performance of phosphine-based rhodium(I) catalysts (entries 5-12). Application of BISBI (6) 

yields an active catalyst, giving dimethyl 2-methylsuccinate in 37% yield (entry 5). The 

presence of one equivalent [3c2Cu(I)]
+ is sufficient to quench all activity (entry 6). 

Comparable behavior was observed for model [42Rh(I)(COD)]
+, but the effect of the additive 

on the conversion depends highly on the type of Mass and polypyridine. For instance, one 

equivalent of [3c2Ag(I)]
+ is sufficient to completely deactivate the rhodium catalyst, while 

[3c2Zn(II)]
2+ did not diminish the conversion (entries 11-12). This signifies that the nature of 

Mass has a determining influence on the processes that take place under catalytic conditions. 

 

Rhodium-based complexes as hydroformylation catalysts   Finally, we studied several 

assemblies in the rhodium-catalyzed hydroformylation, in which an alkene reacts with carbon 

monoxide and hydrogen to form the corresponding aldehydes (scheme 19)39. Application of a 

terminal olefin as substrate generally leads to mixtures of branched and linear aldehydes and 

there is great interest in highly regioselective hydroformylation catalysts40. The steric bulk of 

monodentate phosphines and the bite angle of bidentate phosphines have a profound 

influence on the regioselectivity of a catalyst2. Self-assembly and more specifically metal-

ligand interactions have proven an efficient tool to tune the performance of hydroformylation 

catalysts5b,40,41. The advantage of the rhodium hydroformylation catalyst is that rhodium 

hydrido carbonyl species do not coordinate to nitrogen ligands and thus the nitrogen ligands 

remain available for the assembly metals. As a model reaction we studied the 

hydroformylation of styrene (10, R = Ph, scheme 19). The rhodium precursor, 1a, Mass and if 

applicable 3 were allowed to react in the appropriate ratios and the resulting assemblies 

were applied as catalysts without further analysis. The results are summarized in table 5. 

 

R
R R

O
O

+

branched 
aldehyde

linear 
aldehyde

alkene

CO/H2

Rh

 
 

Scheme 19: Regioselectivity in the rhodium-catalyzed hydroformylation of terminal olefins. 

 

The assembly metal free [1a2Rh(I)(acac)] species gave under the conditions applied, 2- and 

3-phenylpropanal in a 5:1 ratio in 6% yield (average TOF of 1.5 mol prod. mol Rh-1 h-1, entry 

1). Model complexes [6Rh(I)(acac)] and [42Rh(I)(acac)] are considerably more active 

(average TOF = 24.7 and 21.5 mol prod. mol Rh-1 h-1, entries 9-10). The different 

regioselectivities displayed by [1a2Rh(I)(acac)] (b/l = 4.9) and model [42Rh(I)(acac)] (b/l = 2.3) 
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corroborate the influence of the diimine on the environment around the catalytic center. We 

attribute the low activity of [1a2Rh(I)(acac)] to the partial formation of inactive pyridine 

coordinated rhodium species. Phosphine oxide 5 or diimines 3a, 3i or 3k also yield inactive 

catalysts (entries 13-14). 

 

Table 5: Performance of hetero-nuclear assemblies and model systems as catalysts in the 
hydroformylation of styrene. 

Entry Ligand Mass 
Co-
ligand 

Additive
a 

Conversion
b
 Branched/linear

c
 

  1
 

1a -  - 6 4.9 

   2
d
 1a Cu(I)  - 0 - 

   3
d
 1a Cu(II)  - 0 - 

   4
d
 1a Ag(I)  - 0 - 

   5
d
 1a Zn(II)  - 0 - 

   6
e 

1a Cu(I) 3i  0 - 

   7
e
 1a Cu(II) 3d  0 - 

   8
e
 1a Zn(II) 3d  0 - 

   9
f
 6 - - - 99 3.8 

10 4 - - - 86 2.3 

11 4 - - [3aCu(I)3i]
+
 0 - 

12 4 - - [3aCu(II)3k]
2+
 0 - 

13
f
 5 - - - 0 - 

14
f 

 3
g
 - - - 0 - 

Conditions: Solvent = ClCH2CH2Cl, T = 50 °C, 20 hours, 20 bar H2/CO 1:1, Rh/ligand/10 1/2/500, [Rh] = 0.17 mM, Rh 
= (acac)Rh(CO)2, anion for Mass = triflate.

 a
Two equivalents with respect to rhodium. 

b
In mol% based on 10. 

c
Branched 

to linear aldehyde ratio. 
d
1a/Mass 2/1. 

e
3/Mass/1a 1/1/1. 

f
Rh/ligand 1/1. 

g
3 = 3a, 3i, 3k. 

 

Coordination of Mass to the diimine moiety of 1a prevents the coordination of rhodium to this 

binding site and we expected the hetero-nuclear species to display a higher activity. To the 

contrary, all (heteroleptic) hetero-nuclear assemblies are inactive as catalysts, which can be 

attributed to the formation of rhodium-pyridine species as a result of ligand disproportionation 

reactions (entries 2-8). Control experiments confirmed this; in the presence of two 

equivalents of a Cu(I) or Cu(II) polypyridine complex, [42Rh(I)(acac)] becomes inactive 

(entries 11-12). Thus, although the coordination studies showed that in the hetero-nuclear 

complexes, rhodium(I)(acac) coordinates to the phosphines in a selective manner, under 

catalytic conditions different coordination modes exists. Most likely tridentate coordination of 

1a to the catalytic center results in inactive species. The inactivity of the related rhodium(I) 

hydrogenation catalysts can also be attributed to this coordination mode. 
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5.3   Conclusions 
 

We have explored the formation of bidentate phosphine transition-metal catalysts by means 

of metal-mediated self-assembly. The approach is based on the selective coordination of two 

bipyridine moieties to an assembly metal, yielding a bidentate phosphine ligand capable of 

binding the catalytic center. For this purpose we synthesized a novel phosphine 

functionalized bipyridine building block. Its coordination chemistry shows a variety of 

coordination modes, but in most homo-nuclear complexes both the phosphine and bipyridine 

were involved in binding the metal. More specifically, most metals displayed a high 

preference for tridentate coordination to the building block. This coordination mode inhibits 

the formation of hetero-nuclear palladium(II) species. To the contrary, in several hetero-

nuclear complexes, rhodium(I) coordinates to the phosphine moieties, while the assembly 

metal coordinates to the diimine binding site(s) of the basic building block (and the co-

ligand). These coordination modes do, however, not result in the anticipated bidentate 

phosphine motif resembling the structure of BISBI, as the assemblies form higher 

aggregates. The hetero-nuclear rhodium(I) complexes are inactive as catalysts in the 

hydrogenation of dimethyl itaconate and the hydroformylation of styrene. Model systems 

indicate that the low activity can be attributed to tridentate coordination of the building block 

to the catalytic center. Under allylic amination conditions, palladium is present as a mixture of 

homo- and hetero-nuclear species, with the formation of inactive tridentate coordinated 

palladium species leading to low overall activities. It can be concluded that the specific 

structure of the building block, with the diimine and phosphine donor atoms in close 

proximity, promotes tridentate coordination and thereby inhibits the metal-mediated assembly 

of bidentate phosphines. For a related basic building block (discussed in chapter 2) the 

opposite effect was observed; the two types of binding sites are positioned too distant, 

limiting the influence of the assembly metal and the co-ligand on the catalytic properties. The 

importance of building block design for the assembly of poly-nuclear catalysts is evident, 

while the results also underline that the outcome of assembly processes remain difficult, if 

not impossible, to predict. 
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5.4   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 in CDCl3 or CD2Cl2, 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 to a 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 (APC- or ES- 

ionization) using acetonitrile or methanol as the eluent and 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 of CH2Cl2 solutions of the complexes. 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). Maayke J. Mars is acknowledged for the attempted synthesis of 

building block 1b. 

 

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, triethylamine, dichloromethane, 1,2-

dichloroethane, methanol, piperidine and triethylamine were distilled from calcium hydride. 

Nitromethane was stored in the dark at +4 °C. Deuterated solvents were distilled from the 

appropriate drying agents; 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. 6-methyl-2,2’-

bipyridine42, 6-trimethylsilylmethyl-2,2’-bipyridine12b, 5,5’-dimethyl-2,2’-bipyridine (3b)43, 5-

bromomethyl-5’-methyl-2,2’-bipyridine44, 6’,6’’-bis(2-pyridyl)-2,2’:4,4’’:2’’,2’’’-quaterpyridine 
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(2e)45, 2,9-Bis-(2,4,6-trimethylphenyl)-1,10-phenanthroline (3i)6, 2,9-Bis-(2,4,6-

trimethylphenyl)-4,7-diphenyl-1,10- phenanthroline (3j)6, (2R,5S,1S)-2-iso-propyl-5-methyl-1-

(4,7-dimethyl-1,10-phenanthroline-9-yl)-cyclohexanol (3h)18, [Cu(I)(CH3CN)4]OTf
6 and crotyl 

methyl carbonate46 were synthesized according to literature procedures. 6-Chloromethyl-2,2’-

bipyridine was synthesized using a modified literature procedure47; due to the large scale of 

the synthesis, the crude material was purified prior to column chromatography by acid-base 

extraction. 3,3’-Bi-1,10-phenanthroline (2c) was synthesized using a modified literature 

procedure48, in which NiCl2 was replaced by (DME)NiCl2
49 (DME = 1,2-dimethoxy-ethane), 

resulting in an improvement of the yield to 80% (literature value: 70%). The assembly metals 

were added via stock solutions of their triflate salts. Cu(I) was dissolved in CH2Cl2/MeCN 9:1, 

Cu(II) in MeCN and Zn(II) in MeOH. Stock solutions (CH2Cl2/THF, 10:1) of [(η
4-

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

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

remove AgCl. When kept under an inert atmosphere at –20 °C for several months, the stock 

solutions do not show signs of decomposition. 

 

6-Diphenylphosphinomethyl-2,2’-bipyridine (1a)   3.8 g 

(18.6 mmol) 6-Chloromethyl-2,2’-bipyridine was dissolved in 

100 ml THF. The solution was cooled to –78 °C and 19.0 mmol 

KPPh2 (38 ml, 0.5 M in THF) was added dropwise. After stirring 

for two hours, the solution was allowed to warm up to room 

temperature. After an additional four hours stirring, the reaction was quenched by adding 20 

ml water. Evaporation of the solvents in vacuo, resulted in a yellow solid. CH2Cl2 (20 ml) was 

added and the suspension was filtrated over a P4 glass filter (to remove KCl). Addition of iso-

propanol (20 ml) and hexanes (30 ml) to the filtrate and subsequently cooling to –20 °C, 

resulted in a white precipitation. 31P NMR spectroscopy revealed two phosphorus containing 

compounds (δ = –10.6 ppm and –14.5 ppm, 100:44). The crude product was purified on a 

Chromatotron™ (silica / EtOAc, Rf = 0.90), affording 1a as a white analytical pure solid. 

Yield: 3.66 g, 10.32 mmol, 56%. 1a slowly decomposes, even when kept under strictly air 

free conditions, evidenced by additional signals in the 31P NMR spectrum at 37.1 (d, J = 

227.9 Hz), 22.6 (s), –13.8 (s), and –21.17 ppm (d, J = 227.9 Hz). 

1H NMR: δ = 8.63 (ddd, J = 0.9 Hz, J = 1.8 Hz, J = 4.8 Hz, 1H, Ar-H), 8.15 (m, 2H, Ar-

H), 7.72 (ddd, J = 1.8 Hz, J = 6.5 Hz, J = 8.1 Hz, 1H, Ar-H), 7.61 (dd, appears as a triplet, J= 

8.1 Hz, 1H, Ar-H), 7.49 (m, 4H, Ar-H), 7.33 (m, 6H, Ar-H), 7.24 (m, 1H, Ar-H), 7.03 (d, J = 7.5 

Hz, 1 H, Ar-H), 3.71 (s, 2H, CH2 ); 
13C NMR: δ = 157.74, 157.64, 156,51, 155.69, 149.17, 

138.69, 138.49, 137.29, 137.02, 133.36, 133.11, 128.87, 128.62, 128.54, 123.87, 123.77, 

121.62, 118.45, 38.76 (d, J = 15.7 Hz, CH2); 
31P NMR: δ = –10.6; LC-MS: (m/z (relative 

N N

P
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intensity, assignment)): 355 (25, M+), 371 (100, M+O), 387 (4, M+O2); Anal. calc. for 

C23H19N2P: C 77,95, H 5,40, N 7,90; found: C 78.08, H 5.36, N 7.82; m.p. = 79 °C. 

 

3-Diphenylphophinomethyl-biphenyl (4)   1.20 g 3-

Bromomethyl-biphenyl (4.85 mmol) was dissolved in 125 ml 

THF and cooled to –78 °C. KPPh2 (9.7 ml 0.5 M in THF, 4.85 

mmol, 1 equivalent) was added dropwise. After stirring for 90 

minutes the reaction mixture was allowed to warm to room 

temperature. The resulting orange suspension was stirred for an additional 45 minutes, after 

which it was quenched at 0 °C with 10 ml water. The solvents were evaporated in vacuo and 

the resulting white powder was subsequently purified by plug filtration with CH2Cl2 over 

neutral alumina (to remove KCl and phosphine oxides) and precipitation from CH2Cl2/i-PrOH. 

Yield: 1.45 g, 4.12 mmol, 85%. 

1H NMR: δ = 7.47-7.07 (m, 19H, Ar-H ), 3.49 (s, 2H, CH2); 
13C NMR: δ = 141.32 (s), 

141.27 (s), 138.15 (m), 133.36 (s), 133.12 (s), 129. 01 (s), 128.65 (m), 127.34 (s), 125.03 (s), 

125.00 (s), 36.28 (d, 1J(P-C) = 14.6 Hz); 31P NMR: δ = –8.51 (s); LC-MS (m/z (relative 

intensity, assignment)): 353 (100, M+), 369 (20, M+O); Anal. calc. for C25H21P: C 85,20, H 

6,01; found: C 84.98, H 6.06; m.p. = 63 °C. 

 

6-Diphenylphosphinoylmethyl-2,2’-bipyridine (5)   6-

Diphenylphosphinomethyl-2,2’-bipyridine was quantitatively 

converted into the corresponding phosphine oxide by bubbling 

air through a CH2Cl2 solution for 30 minutes. Evaporation of the 

solvent in vacuo, yielded a clear yellowish oil, which was used 

without further purification.  

1H NMR: δ = 8.59 (d, J = 5.4 Hz, 1 H, Ar-H), 8.14 (d, J = 8.1 Hz, 1H, Ar-H), 7.83-7.65 

(m, 7H, Ar-H), 7.65-7.20 (m, 8H, Ar-H), 3.98 (d, 2J(H-P) = 14.4 Hz, 2H, CH2 ); 
31P NMR: δ = 

31.8; LC-MS: (m/z (relative intensity, assignment)): 371 (100, M+), 387 (4, M+O). 

 

5,5’-Bis-trimethylsilanylmethyl-2,2’-bipyridine    The 

target compound was obtained as a byproduct in the 

attempted synthesis of 5-Methyl-5’-[(trimethylsilyl)methyl]-

2,2’-bipyridine13. Crystallization of the crude product 

(CH2Cl2/Hexanes, –20 °C), yielded large colorless needles of analytically pure 5,5’-Bis-

trimethylsilanylmethyl-2,2’-bipyridine. 

1H NMR: δ = 8.31 (d, J = 2.4 Hz, 2H, Ar-H), 8.17 (d, J = 8.1 Hz, 2H, Ar-H), 7.41 (dd, J 

= 8.1 Hz, J = 2.4 Hz, 2H, Ar-H), 2.09 (s, 4H, CH2), 0.01 (s, 18H, Si(CH3)3) 
13C NMR: δ = 

P

N N

P

O

N

N

Si

Si
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152.75 (Ar-C), 148.59 (Ar-C), 136.09 (Ar-C), 136.17 (Ar-C), 120.23 (Ar-C), 24.08 (CH2), -1.82 

(SiCH3); GC-MS (m/z (relative intensity), assignment) 328 (100, M+), 313 (33), 256 (32), 240 

(14); Anal. calc. for C18H28N2Si2: C, 65.79, H, 8.59, N, 8.53; found: C 65.86, H 8.55, N 8.47, 

m.p. = 148 °C. 

 

Typical procedure for coordination studies   Appropriate amounts of stock solutions of 

Mass, Mcat (and the co-ligand) were added to a CH2Cl2 solution of 1a. 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 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 

atmosphere to a with N2 atmosphere flushed cuvet. Mass spectra of the metal complexes 

were recorded on a Shimadzu LCMS-2010A system by direct injection into the mass-

spectrometer (solvent = MeCN or MeOH, APCI and/or ESI ionization, CDL and block 

temperature = 50, 100 or 250 °C)51.  

 

Coordination of copper(I) to 1a in homo-nuclear complexes   The coordination mode of 

copper(I) towards mixed phosphine-pyridine ligands is difficult to predict, as the metal has a 

high preference for both types of donor atoms52. This is also reflected in the coordination of 

copper(I) to 1a (scheme 20). 
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N N
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Cu PPh2
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N N

PPh2
Cu
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N

N
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[Cu(I)(CH3CN)4]
+

+ +

CA B  
 

Scheme 20: Homo-nuclear copper(I) complexes of building block 1a. 

 

In the yellow-orange mononuclear copper(I) complex both the diimine and the phosphine 

donors participate in coordination. A single broad resonance at 8.0 ppm observed in the 31P 

NMR spectrum reveals the copper(I)-phosphine coordination bond. 1H NMR spectroscopy 



Chapter 5 
__________________________________________________________________________________________ 
 
 

 138 

did not provide much additional structural information, as only extremely broad resonances 

were observed. Two signals at 4.38 and 4.15 ppm with equal intensity can be attributed to 

the methylene moiety of 1a. Mass spectroscopy showed the presence of [Cu1a]+ and 

[Cu1a2]
+. Mixed tri-arylphosphine-diimine copper(I) species typically exhibit a MLCT transition 

in the UV-Vis spectrum between 360 and 390 nm53,54. For [1aCu(I)]+ a band was observed 

with an absorption maximum at 314 nm (ε = 4585 M-1 cm-1) with a shoulder at 421 nm. The 

absence of the typical band can be attributed to the specific tridentate (PNN) coordination 

mode (A, scheme 20). The coordination sphere of the metal may be fulfilled by acetonitrile 

originating from the starting material (not depicted in scheme 20). On the basis of the 

spectroscopic data it is not possible to establish the exact structure of the copper(I) complex. 

Higher aggregates, in which both the nitrogen and phosphorus donor atoms participate in 

binding the metal (B), cannot be excluded. The related 6-diphenylphosphino-bipyridine 

ligand, for instance, forms bi-nuclear copper(I) complexes, in which both metals are 

stabilized by a bipyridine and a phosphine (C)52c. 

 

2,9-Bis-mesityl substituted phenanthrolines (3i and 3j) yield in combination with copper(I) 

and a second phenanthroline, stable heteroleptic bis-phenanthroline complexes in high 

yield26. In combination with 1a, the co-ligand reduces the preference for copper(I)-phosphine 

coordination and leads to predominately the heteroleptic [3jCu(I)1a]+ species (scheme 21). 

 

N N

PPh2

NN

CuR

Ph Ph

R
N N

R

PhPh

R

N N

Ph2P

+

[Cu(I)(CH3CN)4]
+

R  =  2,4,6-mesityl

1a 3j

+

N N

Cu

+

PPh2

+ +   3j

BA
(~ 80% yield)  

 

Scheme 21: Unselective formation of the heteroleptic 1a-3j copper(I) complex. 

 

Addition of one equivalent of 3j to a clear yellow-orange solution of in situ generated 

[1aCu(I)]+, resulted in a rapid color change to dark red. In the UV-Vis spectrum a broad 

absorption band with a maximum at 464 nm (ε = 1705 M-1 cm-1) was observed, characteristic 

for bis-phenanthroline copper(I) complexes53,55. Mass spectrometry confirmed the formation 

of the heteroleptic copper species ([1aCu3j]+), as well as the homoleptic metal complexes 

([1aCu]+ and [3jCu(MeCN)]+). In the 31P spectrum of a CD2Cl2 solution, broad signals were 

present at –13 and 8 ppm (roughly 4:1). The high field signal can be assigned to the 

uncoordinated phosphine moiety of the basic building block in the heteroleptic [1aCu(I)3j]+ 

complex (A, scheme 8). The heteroleptic copper(I) complex (A) is thus formed in roughly 
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80% yield. The relative low yield of the heteroleptic bis-diimine species can be attributed to 

the high preference of copper(I) for phosphine donors. The signal at 8 ppm reveals the 

presence of the homoleptic tridentate copper(I) complex of 1a (B). The formation of this 

species also implies that uncoordinated 3j must be present in the reaction mixture28. Indeed 

several broad resonances observed in the 1H NMR spectrum in the region between 2.6-1.3 

ppm, correspond to the CH3 moieties of 3j in several environments. 

 

Coordination of zinc(II) to 1a   We studied the coordination of zinc(II) to building block 1a in 

the presence of co-ligand 3h. Reaction of equimolar amounts of 1a, Zn(II)(OTf)2 and 3h 

yielded an off-white solid, which according to the spectroscopic data contains several 

species (scheme 22). 
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Scheme 22: Non-selective formation of the heteroleptic [1aZn(II)3h]
+
 complex. 

 

[1aZn3h]2+ and [1aZn5]2+ were identified with mass spectrometry. The presence of [1aZn5]2+ 

can be attributed to the oxidation of one phosphine moiety of the [1a2Zn(II)]
2+. This process 

takes place inside the mass spectrometer, as with 31P NMR spectroscopy no signals 

corresponding to phosphine oxides were observed (fig. 9). 

 
 

                                                                                                           [1aZn(II)3h]
+
  →    

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: 
31
P NMR spectrum of the heteroleptic [1aZn(II)3h]

+
 complex 
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The two sharp resonances at –18.5 and –25.4, as well as an extremely broad resonance at –

15.7 ppm (132:25:32) show that the reaction leads to a mixture of complexes. Likely the 

heteroleptic ([1aZn(II)3h]2+) and homoleptic ([1a2Zn(II)]
2+ and [3h2Zn(II)]

2+) complexes are 

formed and we assign the main signal at –18.5 ppm to the heteroleptic species. The 1H NMR 

spectrum supports this; two distinct sets of resonances (3:1) at 4.20 (doublet, 8.0 Hz) and 

4.08 ppm (doublet, 8.8 Hz) corresponding to the methylene moiety of 1a in at least two 

different environments. The chemical shifts in the 31P NMR spectrum suggest that the 

phosphine moiety is coordinated to the metal. Care should, however, be taken when 

assigning zinc-phosphine coordination bonds solely on the basis of 31P NMR data; the shift to 

higher field could also be induced by the coordination of the zinc ion to the diimine in close 

proximately of the phosphine56. 

 

Coordination of palladium(II) to 1a    Related tridentate ligands, (e.g. terpyridine) generally 

yield η3- and η1-allyl complexes with the ligand coordinated in bi- and tridentate modes57. It 

can therefore be expected that 1a also yields more than one species. Indeed, reaction of 

equimolar amounts of the building block 1a with [(allyl)Pd(II)(THF)2]
+ yielded a mixture of 

complexes in which the metal coordinates to both types of donor atoms (chart 6). 
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Chart 6: Possible bi- and tridentate coordination modes in palladium-1a complexes. 

 

In the 31P NMR spectrum several multiplets were observed in the region between 67 and 22 

ppm (fig. 10). The main signal (roughly 50%), is a slightly broad singlet at 37.5 ppm. On the 

basis of its chemical shift57a, this is assigned to the mononuclear η1-allyl palladium complex 

in which 1a coordinates in a tridentate manner (A). The main distinctive signals in the 1H 

NMR spectrum were a doublet at 4.66 ppm (12.5 Hz, CH2 of 1a) and two broad singlets at 

5.9 and 2.6 ppm (protons of the allyl moiety). The chemical shifts are in agreement with the 

allyl moiety coordinating to the palladium in a η1-manner57. The reaction of two equivalents of 

1a with palladium did not lead to a more selective coordination mode58. In the 31P NMR 

spectrum three slightly broad resonances were observed at 37.3, 24.4 and 19.7 ppm 

(3:2:15), corresponding to, respectively, A and palladium complexes in which the metal is 

solely coordinated to the phosphine moiety (e.g. C)57a. Note that the integrals show that a 
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considerable percentage of the palladium centers is solely coordinated by the phosphine 

moieties of 1a (roughly 75% of 1a is present as a ligand in these species). 

 
 

                                                                   ←  Tridentate coordinated species (A) 

 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                                            ←  (bis-) phosphine coordinated 

                                                                                                            complexes (e.g. C) 
 
 
 
 
 
 
 

Figure 10: 
31
P NMR spectrum of [1aPd(II)(allyl)]

+
. 

 

Coordination of rhodium(I) to 1a   In previous work, rhodium(I) displayed a high preference 

for coordination to the phosphine moieties of the basic building block6. To the contrary, in the 

coordination to building block 1a, both the nitrogen and phosphine donor atoms are involved 

(scheme 12). We attribute this difference in behavior to the specific structure of 1a with the 

phosphine and diimine donor atoms in close proximity, enabling terdentate coordination. 
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Scheme 24: Displacement of COD as a result of diimine-rhodium(I) coordination. 

 

Reaction of 1a with [(COD)Rh(I)(THF)2]
+ (2:1) in CH2Cl2 resulted, after evaporation of the 

solvent, in a dark red-brown powder. With mass spectrometry [1a2Rh]
+, [5Rh(COD)]+, 
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[1aRh5]+ and [52Rh]
+ were identified. The 1H NMR spectrum gave little additional structural 

information due to the broadness of the peaks. A doublet at 3.96 ppm (13.8 Hz) can be 

assigned to the CH2 moiety of the building block. In the 31P NMR spectrum two sets of 

slightly broad multiplets were observed around roughly 56 and 42 ppm. A singlet at 32.0 ppm 

can be assigned to (the rhodium complex of) 5. Cooling the sample to –10 °C sharpened the 

resonances, allowing the identification of the pattern as two doublets of doublets at 55.96 

and 42.48 ppm (fig. 11). The coupling constants are, respectively, 172.7 and 168.6 Hz, 

typical for 1JRh-P, while the additional coupling with an average value of 50.4 Hz is typical for 

2JP-P. Note that, due to the broad character of the resonances, the coupling constants could 

not be determined exactly59. The data is consistent with a rhodium complex coordinated to 

two magnetically different phosphines. A rhodium complex in which one building block 1a is 

coordinated in a tridentate manner to the metal, while a second 1a is coordinated solely via 

the phosphine moiety fulfills the criteria (B, scheme 24). Moreover, the average chemical 

shift of roughly 47 ppm is in agreement with a cationic rhodium species coordinated by one 

bipyridine and two phosphine moieties60. 
 

                                                                                                                       ←  5    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: 
31
P NMR spectrum of [1a2Rh(I)]

+
. 

 

The complex in which the metal is solely coordinated by phosphines ([1a2Rh(I)(COD)]
+, A) 

may have been formed initially, with coordination of the bipyridine moiety of 1a in equilibrium 

with coordination of the COD ligand61. Evaporation of the uncoordinated alkene during work 

up subsequently pushed the equilibrium towards B. Indeed, the protons of the 

cyclooctadiene ligand could not be identified in the 1H NMR spectrum. Rhodium(I)-COD 

complexes of related pyridine-phosphine ligands have shown similar behavior; the initially 

formed bis-phosphine COD species rearrange to give uncoordinated cyclooctadiene6,60. The 

rearrangement process was still in progress; after one day the 31P NMR spectrum displayed 

a number of multiplets in the region between 54 and 23 ppm. 
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Finally we studied the coordination mode in the related Rh(I)(acac) species. The results 

indicate that with this anion the coordination towards 1a is more selective, yielding a single 

mononuclear species in which 1a coordinates in a tridentate manner (scheme 25)24. 
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Scheme 25: Selective coordination of rhodium(I)(acac) to building block 1a. 

 

Reaction of equimolar amounts of 1a and [(acac)Rh(I)(CO)2] yielded, after evaporation of the 

solvent (toluene), a dark-green solid. In the UV-VIS spectrum of a CH2Cl2 solution a band 

with an absorption maximum at 645 nm was observed (ε ≈ 372 M-1 cm-1), which is 

responsible for the green color of the complex (fig. 6). We attribute this band to a tridentate 

(PPN) coordinated species, as [42Rh(I)(acac)] only absorbs below the 350 nm, while 

[(pyridine)2Rh(I)(PPh3)2]
+ has an absorption maximum at 410 nm62. With mass spectrometry 

[1aRh]+, [1aRh(CO)]+ and [1aRh(MeCN)]+ were identified (the MeCN ligand can be attributed 

to the use of MeCN as the eluent). In the 31P NMR spectrum a doublet was observed at 46.1 

ppm, with a coupling constant of 150.4 Hz, which is a typical value for 1JRh-P. The absences 

of signals corresponding to non-coordinated phosphines, indicates that the metal coordinates 

in a selective 1:1 manner to the building block. In the 1H NMR spectrum, a doublet at 4.03 

ppm (14.5 Hz) can be assigned to the methylene protons of 1a63. Reaction of 

[(acac)Rh(CO)2] with two equivalents of building block 1a yielded, after evaporation of the 

solvent, a black solid. The spectroscopic data indicate that this reaction yielded 

predominately the mononuclear [1aRh(I)(acac)] species, with the second equivalent of 1a 

oxidized during work-up to yield 5. This is also consistent with the mass spectrometry, in 

which [1aRh]+, [1aRh(CO)]+, [1a2Rh]
+, [1aRh5]+ and [52Rh]

+ were detected. 

 

Palladium-catalyzed allylic amination - General procedure   A Schlenk, equipped with a 

magnetic stirring bar, was charged in the following order with the bi-nucleating template (2) 

or co-ligand (3), the assembly metal, the ligand 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). 

Alternatively, the catalysts and assembly metal complexes were prepared in separate flasks 

and added to the reaction flask via stock solutions. 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 
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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 

with nitromethane as a solvent (for allylic substitution reactions) lies in the explosive nature of 

nitromethane under basic conditions!64. Additionally nitromethane can act as a C1 

nucleophile64. Note that under the applied reaction conditions no nitromethylated allyl 

products were observed. 

 

Hydrogenation of dimethyl itaconate - General procedure   A Schlenk, equipped with a 

magnetic stirring bar, was charged in the following order with the co-ligand (3), the assembly 

metal, the ligand and [(COD)Rh(I)(THF)2]OTf in the appropriate amounts. After stirring for 

approximately 60 minutes, the solvents were evaporated in vacuo and the complex was re-

dissolved in the reaction medium. Alternatively, the catalysts and assembly metal complexes 

were prepared in separate flasks and added to the reaction flask via stock solutions. The 

catalytic experiments were run simultaneously in a parallel way using an autoclave equipped 

with 15 mini inner-reactors. Vessels equipped with Teflon stirring bars, were charged with the 

self-assembled catalyst (0.5 µmol Rh), 50 µmol dimethyl itaconate and 50 µmol decane (as 

internal standard for GC). The vessels were transferred into a stainless steel 150 ml 

autoclave and the autoclave was flushed with hydrogen gas (3 x 3 bar) and pressurized to 10 

bar. After stirring for 12 hour at 20 °C, the autoclave was depressurized and the reaction 

mixtures were filtered over silica (CH2Cl2). Conversions were determined by GC and all 

catalytic runs were performed at least in duplo and the results were reproduced within GC 

error limits. 

 

Hydroformylation of styrene - General procedure   A Schlenk, equipped with a magnetic 

stirring bar, was charged in the following order with the co-ligand (3), the assembly metal, the 

ligand and [(acac)Rh(I)(CO)2] in the appropriate amounts. After stirring for approximately 60 

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

ClCH2CH2Cl. Alternatively, the catalysts and the assembly metal complexes were prepared 

in separate flasks and added to the reaction vessels via stock solutions. The catalytic 

experiments were run simultaneously in a parallel way using an autoclave equipped with 15 

mini inner-reactors. Vessels equipped with Teflon stirring bars, were charged with the self-

assembled catalyst (0.25 µmol Rh), 100 µmol decane (as internal standard) and 125 µmol 

styrene, which was purified prior to use by filtration over a plug of basic alumina. The vessels 

were transferred into a stainless steel 150 ml autoclave. The autoclave was flushed with 

hydrogen gas (3 x 3 bar), pressurized to 20 bar and heated to 50 °C. After stirring for 20 
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hours, the autoclave was cooled to room temperature, depressurized and the reaction 

mixtures were filtered over silica (CH2Cl2). Conversions were determined by GC and 

products were identified by GC and GC-MS. All catalytic runs were performed at least in 

duplo and the results were reproduced within GC error limits.  

 

Molecular modeling   Molecular modeling experiments were performed using semi-

empirical (PM3-TM) calculations on a Unix workstation or a Windows PC, using Spartan 

software. 
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