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I. INTRODUCTION 

 

Spontaneous organisation of molecular building blocks into predesigned supramolecular 

coordination compounds has been extensively studied for almost 20 years. In order to construct 

self-assembled aggregates mimicking various geometrical forms, researchers have mainly 

relied on the high directionality encoded into the positions of the coordination sites. It has been 

demonstrated that parameters such as tecton concentration, temperature, the chemical nature of 

the solvent and the anion, and incorporation of guest molecules may also affect the 

composition of the reaction mixture. 

To the best of our knowledge, no systematic study has been carried out, however, to 

explore the effects of steric properties of the chelating ligands. Sporadic literature data do 

indicate that steric interactions may play a crucial role in determining the nuclearity of the self-

assembled products. However, the major drawback of comparing observations from various 

literature sources is that they are not systematic, because simultaneous changes of more than 

one essential parameter, like the chemical nature of the metal centre, the electronic properties 

of the ligands, and the coordinating ability of the solvent and the anion, hamper unambiguous 

conclusions. The aim of our work was to study the potential extent of the steric interactions by 

monitoring the composition of reaction mixtures formed in the reaction of square-planar 

palladium complexes and linear bridging ligands while keeping all parameters (temperature, 

concentration, solvent, etc.) constant. 

In order to shed light on the manifestation of steric effects in a self-assembly process, we 

have chosen first [Pd(N N)]
2+

/4,4’-bpy equimolar mixtures as model systems (where bpy 

abbreviates bipyridine and N N stands for chelating diamines such as N,N,N’,N’-

tetramethylethylenediamine (tmen), N,N,N’,N’-tetraethylethylenediamine (teen), N,N’-

dimethylpiperazine (dmpip), 1,3-diaminopropane (dap), homopiperazine (hpip), 

ethylenediamine (en)). Aliphatic diamines seemed to be highly suitable chemicals for a 

systematic investigation of steric effects because changing the backbone between the donor 

atoms or replacing the NH hydrogen atoms for bulkier groups offer an easy way to adjust the 

steric properties according to our purposes. It was of primary importance for us to vary the 

bulkiness of the chelating ligand without changing the electronic properties and, therefore, all 

the diamines selected were of purely σ-donor character. 

For our second model system we planned and synthesized new multifunctional nitrogen 

donor ligands, bis(arylimino)acenaphthenes (Ar-BIANs). These compounds have coordination 

sites with different steric features (Scheme 1). It was suspected that the dissimilar steric 
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environments of the donor atoms will be reflected by the arrangement of the tectons in the self-

assembled constituents. The self-assembly of the novel ligands was probed using sterically 

different diphosphine palladium complexes (Scheme 2). Due to the highly symmetric nature of 

the expected products, special attention has been paid to the nuclearity of the aggregates. 

 

Scheme 1        Scheme 2 

 

 

 

 

        [Pd(dppp)(OTf)2] bite angle = 91° 

 

 

 

 

        [Pd(dppf)(OTf)2] bite angle = 96° 

 

 

 

 

        [Pd(dppe)(OTf)2] bite angle = 91° 

 

 

II. EXPERIMENTAL 

 

The self-assembly of the [Pd(N N)](NO3)2] complexes with 4,4’-bipyridine was studied 

in water. However, all moisture sensitive experiments with palladium diphosphine complexes 

were carried out under a nitrogen atmosphere using standard Schlenk techniques and dried 

solvents (dichloromethane, chloroform, methanol and diethyl ether). 

The identification of the products is based on elemental analysis, multinuclear (
1
H, 

15
N, 

19
F, 

31
P) and 2D (COSY, DOSY, NOESY, ROESY) NMR spectroscopic, IR spectroscopic and 

ESI-mass spectrometric studies as well as on X-ray diffraction investigations on single crystals 

and, in one case, on solutions. 
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III. NEW SCIENTIFIC RESULTS 

 

1. Our work has been the first attempt in the literature to characterize the steric 

requirements of [Pd(N N)]
2+

 tectons numerically and to explain the distribution of the tectons 

between the self-assembled trimeric and tetrameric products on the basis of the steric 

properties of the building elements. The bulkiness of the diamine complexes has been 

calculated using two different methods. We have shown that the compounds investigated can 

be divided into three groups displaying i) relatively small (N N = en, hpip), ii) medium (N N 

= dap, dmpip) and iii) large steric demand (N N = tmen, teen). The deviations of the bulkiness 

predicted for hpip and dap have been attributed to the different approaches applied by the two 

methods. 

 

2. We have shown, that the interaction of equimolar amounts of [Pd(N N)(NO3)2] 

complexes and 4,4’-bipyridine results in equilibrium mixtures of trimers and tetramers even 

with the sterically least demanding hpip and en ligands (Scheme 3). This indicates that the 

[Pd(N N)(NO3)2]/4,4’-bpy system is not suitable to construct a single product by self-

assembly. Depending on the steric demand of the chelating diamine ligand, the distribution of 

the tectons between trimers and tetramers changed from Δ:□ = 4:96 (N N = en, hpip) to Δ:□ = 

82:18 (N N = teen). The systematic study of steric effects has allowed us to observe and 

identify the trimeric [Pd(en)(4,4’-bpy)]3
6+

 cation for the first time, in contrast with previous 

statements on the exclusive formation of tetrameric species. 

 

Scheme 3 

 

 

 

 

 

 

 

 

3. The trimeric and tetrameric [Pd(tmen)(4,4’-bpy)]n
2n+

 (n = 3, 4) complexes have been 

observed in solution at high concentration (500 mM) by using wide-angle X-ray diffraction and 

the ratio of the two products has been determined. To our knowledge, this is the first instance 
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when solution phase X-ray diffraction is applied to determine the nuclearity of self-assembled 

species. 

 

4. For further investigations of steric effects, we synthesized four new N,N’-

bis(aryl)acenaphthenequinonediimine (Ar-BIAN) ligands with sterically different coordination 

sites. The novel compounds have been structurally characterized by multinuclear NMR, ESI-

MS and X-ray diffraction techniques. 

 

5. We have found that the new Ar-BIAN ligands show E/Z isomerization at the C=N 

bond even if the phenyl groups connected to the imino nitrogens are not substituted by CF3-

groups. Our X-ray crystallographic studies on single crystals have shown that the imino 

nitrogen atoms have strong tendency to interact with solvent molecules possessing acidic 

hydrogen atoms, resulting thereby the preferential formation of E/E conformers both in 

solution and in solid state. 

 

6. The interaction of the double chelating ligand with Cu(I) and Ag(I) ions have not 

resulted in products suitable for unequivocal structural characterization. The remarkable 

affinity of the chelating imino nitrogens could be exploited, however, to construct a self-

assembled, polymer-like 1:1 adduct of the double chelating ligand and 2,7-

dihydroxynaphthalene that has been characterized crystallographically. We assume that the 

interaction of this ligand with Ag(I) ions leads to a similar arrangement of the tectons yielding 

insoluble, polymer-like 2D network instead of the expected [2×2] grid. The preferential 

formation of infinite chains over small aggregates has been attributed to the emergence of 

extensive secondary bonding interactions ( -  and C H···F) in the polymeric product. 

 

 

 

 

 

 

 

Figure 1: X-ray crystal structure of the polymeric aggregate of the double chelating ligand and 

2,7-dihydroxynaphthalene (the 2,7-dihydroxynaphthalene moieties are disordered) 
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7. The self-assembly of [Pd(P P)(OTf)2] complexes with N,N’-bis(4-(4-pyridyl) 

phenyl)acenaphthenequinonediimine (L) has been studied at Pd:L = 1:1 and 2:1 molar ratios 

using multinuclear (
1
H, 

15
N, 

31
P), 2D and DOSY-NMR spectroscopy, as well as ESI-mass 

spectrometry (P P = dppp, dppf, dppe). We have shown that the tectons of the 

[Pd(dppp)(OTf)2]/L system are primarily assembled to trimers and tetramers at Pd:L = 1:1 

molar ratio and at low concentrations (c ≤ 8 mM) while pentamers become the most preferred 

aggregates in less dilute solutions (c ≥ 32 mM). The resonances of low intensity detected in the 

NMR spectra at 1:1 molar ratio have been assigned to a dimeric component in which the 

bridging ligands are isomerized to the angular E/Z conformer at one of their C=N bonds. We 

have proved that the sterically more crowded imino nitrogens do not bind Pd-tectons at Pd:L = 

1:1 molar ratio. 

 

8. At Pd:L = 2:1 ratio, the major constituents of the [Pd(dppp)(OTf)2]/para-ligand 

reaction mixtures at low concentrations (c ≤ 8 mM) have been identified as trimers and 

tetramers obeying the formula [{Pd(dppp)}2L]n
4n+

 (n = 3, 4). Our ESI-MS studies have proved 

that increasing the concentration is accompanied by the enhancement of pentameric and 

hexameric aggregates which become the prevailing constituents at high concentrations (c ≥ 16 

mM). DOSY-NMR investigations have confirmed that the high nuclearity aggregates (n = 5, 

6), which are unexpected in reaction mixtures of square-planar metal complexes with linear 

bridging ligands, are not artefacts of the ESI-MS conditions. 

 

9. Our studies on the [Pd(dppp)(OTf)2]/para-ligand system have confirmed our 

expectation that the dissimilar steric environment of the donor atoms (pyridyl and imino 

nitrogens) can direct the formation of self-assembled aggregates. We have demonstrated that 

the terminal pyridyl groups are the primary coordination sites of the para-ligand and the 

palladium tectons do not bind to the more hindered imino nitrogens until all the more 

accessible pyridyl groups are coordinated. The consecutive coordination of the pyridyl and 

imino nitrogens have been attributed to steric reasons. Our experiments with the sterically 

more demanding [Pd(dppf)(OTf)2] tecton have led to an identical conclusion. The summary of 

our observations is presented in Scheme 4. 
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Scheme 4 

 

 

 

 

 

 

 

 

 

 

10. We have demonstrated that the dissimilar steric hindrance at the donor nitrogen atoms 

of the para-ligand can induce size-selective coordination if we use sterically different 

palladium tectons simultaneously. The manifestation of the steric effect has been clearly 

observed in the NMR spectra of 1:1:1 molar mixtures of [Pd(dppp)]
2+

:[Pd(dppe)]
2+

: para-

ligand where the more bulky [Pd(dppp)]
2+

 complexes coordinate to the sterically less hindered 

terminal pyridyl groups while the sterically less demanding [Pd(dppe)]
2+

 tectons bind to imino 

nitrogens, i.e. the building elements are arranged in a complementary manner (Scheme 5). 

 

Scheme 5 
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   [Pd(dppe)]
2+ 
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IV. CONCLUSIONS 

 

Our systematic studies on the [Pd(N N)(NO3)2]/4,4’-bpy and [Pd(P P)(OTf)2]/para-

ligand systems have shown that steric effects can influence not only the nuclearity and the 

molar ratio of the self-assembled products but also can determine the sequence of 

coordination, and, with tectons of different sizes, can induce size-selective coordination as 

well. These observations may contribute to the right interpretation of several previously 

published observations. Our results may contribute to the recognition that steric effects play a 

decisive role in the spontaneous arrangement of building elements and always need to be 

considered in the self-assembly of multimetallic coordination aggregates. 
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