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Chapter 5 Bimetallic Dimers 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter contains the synthesis and characterization of novel heterometallic magnesium 

and zinc complexes. A selection of potential heterobimetallic carboxylate complexes is 

subsequently tested for the application as catalysts in the CHO/CO2 copolymerization. The 

chapter closes with preliminary DFT calculations on the stability as well as the properties of 

heterobimetallic magnesium and zinc complexes. 

 

 

Parts of this chapter will be submitted for publication:: 

J. Intemann, D. Kuchenbecker, S. Harder, manuscript in preparation. 
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5.1. Introduction 

Organometallic compounds containing magnesium or zinc are amongst the most commonly 

used reagents in organic synthesis.  

Maybe the most utilized ones are Grignard reagents (RMgX). They combine the virtues of 

high reactivity and are easily prepared from elemental magnesium and widely available 

organo halides. Their high reactivity can be attributed to the nucleophilicity of the organic 

rest that has carbanion character on account of the rather polar magnesium carbon bond. 

The great value of the corresponding Grignard reaction to synthetic chemists is its 

generality as a building block for a range of structural and functional groups. Best known is 

the reaction of organomagnesium reagents with a variety of carbonyl compounds like 

aldehydes, ketones or esters (Figure 5.1). These reactions result in the formation of 

alcohols and ketones while the reaction of Grignard reagents with carbon dioxide yields 

carbonic acids.[1] 

 

Figure 5.1 Reactions of Grignard reagents with a selection of carbonyl derivatives. 

Additionally, organomagnesium reagents react with most organic functional groups 

containing multiple bonds (nitriles, sulfones, imines), highly strained rings (epoxides and 

various cyclohexanes), acidic hydrogens (alkynes) and various highly polar single bonds 

(carbon-halogen) (Figure 5.2).[2] Furthermore, Grignard reagents react with molecular 

oxygen to give peroxides as intermediates, resulting in the formation of primary alcohols. 

The reaction of disulfides with a Grignard reagent, RMgX, yields the according thiols (RSH) 

and thioethers (R-S-R’).[2] 



  Bimetallic dimers 

 
181 

 

 

Figure 5.2 Reactions of Grignard reagents with selected functional groups. 

The reactivity towards a large number of functional groups is also a major drawback of the 

Grignard reaction. It hampers the selectivity in reactions with polyfunctional substrates and 

the formation of certain polyfunctional reagents. 

Higher functional group tolerance can be achieved by use of a milder organometallic 

reagent with a more electronegative metal than magnesium (EN = 1.31).[3] Zinc  

(EN = 1.65),[3] for example, forms organometallic reagents that are less reactive and 

consequently show significantly improved selectivity. Organozinc compounds therefore 

represent valuable and versatile low polarity organometallic reagents.[4,5] They show 

exceptional functional group tolerance and are pivotal tools in multiple key organic 

transformations, like carbometallations,[6] enantioselective alkylations,[7] Negishi cross-

couplings[8] and oxidative cross-couplings[9] (Figure 5.3).  

 

Figure 5.3 Reactions of organozinc reagents with selected functional groups. 

Due to their low reactivity, a broad range of polyfunctional organozinc reagents (1−5) can 

be synthesized.  
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Among the tolerated functional groups in organozinc reagents are esters,[10] ethers,[11] 

nitriles[12] and halides.[4,13] The intrinsic moderate reactivity of organozinc reagents often 

hampers the reaction with designated substrates. However, it can be dramatically increased 

by the use of appropriate transition metal catalysts or Lewis acids.  

Furthermore, the low ionic character of the zinc-carbon bond enables the preparation of a 

variety of chiral zinc organometallic compounds with synthetically useful configurational 

stability. These properties make organozinc compounds ideal reagents for the synthesis of 

complex and polyfunctionalized organic molecules.[4] 

Despite their different reactivity, there are examples of magnesium and zinc supporting one 

another in various reactions. First, Magnesium salts have been found to enhance the 

reactivity of organozinc compounds towards aldehydes and ketones.[14,15] The rate 

accelerating effect of MgCl2 was rationalized by the stronger Lewis acidity of MgCl2 

compared to RZnX and thus a stronger ability to interact with the C=O group of the carbonyl 

reagent in the proposed six-membered transition state (Figure 5.4).[15-17] 

 

Figure 5.4 Six-membered transition states proposed for the addition of RZnX to R’C(O)R’’ in a) the 

absence or b) the presence of MgCl2 and c) for the addition of R3ZnMgCl to R’C(O)R’’. 

 

In 2006, Ishihara et al. identified the zincate prepared from the Grignard reagent, EtMgCl, 

and Et2Zn, presumably Et3ZnMgCl, as a powerful ethylating agent for benzophenone and 

proposed a very similar transition state as depicted in  

Figure 5.4c.[18]  

This study was extended to various magnesium trialkylzincates, which were prepared from 

ZnCl2 and alkylmagnesium chlorides using different aldehydes and ketones as 

substrates.[19] In these reports it was found that catalytic amounts of ZnCl2 (10 mol%) are 



  Bimetallic dimers 

 
183 

 

sufficient to considerably accelerate the addition of Grignard reagents to ketones. These 

synergistic effects are also observed with a range of alkaline metals when added to 

Grignard or organozinc reagents.[20] 

It has to be noted that such magnesium-zinc combinations can generate complex mixtures 

and consequently the precise species involved in reactions with carbonyl compounds are 

difficult to predict. The equimolar addition of ZnCl2 to t-BuMgCl in THF does not result in the 

anticipated metathesis (A), but reveals the formation of a magnesium zincate 6 (Figure 5.5, 

B),[21] which can be viewed as co-complexation of the products of the metathesis. When the 

reaction is carried out by using a threefold excess of the Grignard reagent, which is closer 

to the catalytic conditions employed for the additions to ketones, a solvent-separated mixed 

magnesium trialkylzincate 7 is obtained (Figure 5.5, C).[21] This complex can therefore be 

viewed as a model for the active species in organic transformations of Grignard reagents 

catalyzed by ZnCl2. The same product is also obtained in the inverse reaction of the 

according t-BuZnCl with MgCl2 (Figure 5.5, D).[21] 

 

Figure 5.5 Stoichiometric reactions of a Grignard reagent with ZnCl2 in THF. 

In an extended study of the stoichiometric reaction of various Grignard reagents with ZnCl2 

a range of novel mixed magnesium zinc species (Figure 5.6) was discovered. The favorable 

formation of these hybrids (8−11) over the expected homometallic metathesis products 

MgCl2 and RZnCl is supported by DFT computational studies.[22] These results indicate that 

mixed-metal compounds can be involved or even be responsible for observed reactivities 

that have been previously attributed to monometallic species.[22] 
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Figure 5.6 Stoichiometric reaction of Grignard reagents with ZnCl2 in a mixture of THF and toluene. 

Another major by-product in the metathesis of Grignard reagents with ZnCl2 was identified 

as the magnesium zincate 12 (Figure 5.7). The precipitation of this solvent-separated ion-

pair removes significant amounts of ZnCl2 from the reaction mixture. It should thus be 

considered in so-called “ZnCl2 catalyzed” reactions of Grignard reagents.
[21] Furthermore, 

the magnesium zincate 12 is also generated in equimolar mixtures of MgCl2 and ZnCl2 in 

THF (Figure 5.7). 

 

Figure 5.7 Side-reactions observed in the stoichiometric reaction of Grignard reagents with ZnCl2. 

Although [Mg·(THF)6]
2+ and [Zn2Cl6]

2− are the building blocks of numerous ionic compounds, 

the combination of magnesium and zinc is scarce. Only three other examples of magnesium 

zincates with a Mg:Zn ratio of 1:2 (13,14) have been previously reported.[23,24] The solvent-

separated ion pair 14 has also been considered to be a model compound for the active 

species in zinc-catalyzed nucleophilic additions of Grignard reagents.[23] 

  

Despite the differences in reactivity of magnesium and zinc complexes, there are various 

examples for reactions that can be catalyzed by magnesium as well as zinc. Zinc and 
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magnesium-based catalysts have been extensively employed in the ring-opening 

polymerization of lactides.[25,26] They are among the most efficient initiators for the well-

controlled polymerization of cyclic esters such as ε-caprolactone and lactides.[27] A range of 

different ligands have been explored and excellent activities and selectivities have been 

observed with three major types of ligands: ß-diketiminates (15), tris(pyrazolyl)borates (16) 

and phenoxy-amines (17) (Figure 5.8). Metal alkoxide complexes have proven to be 

extraordinarily active, give predictable polymer chain lengths (reflected by the number 

average weights (Mn)) and a narrow distribution of molecular masses of the polymer, which 

is expressed in the polydispersity index (PDI). 

 

Figure 5.8 Structures of ß-diketiminate, tris(pyrazolyl)borate and phenoxy-amine metal alkoxide 

complexes. 

Another catalytic transformation in which zinc-catalysts have proven to be very successful is 

the copolymerization of epoxides and CO2 (Figure 5.9). This polymerization reaction is 

particularly interesting as it employs CO2 as a non-toxic, non-flammable and naturally 

abundant C1 feedstock, which is also emitted as a waste product in numerous industrial 

processes.[28-30] The major obstacle in the generation of polycarbonates by copolymerization 

of epoxides and carbon dioxide is the thermodynamic stability of CO2
[29] and the concurrent 

formation of cyclic carbonates, which reduce the yield of the desired polymers (Figure 5.9b). 

 

Figure 5.9 Alternating copolymerization of cyclohexene oxide (CHO) and propylene oxide (PO) with 

CO2. 
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The resulting polycarbonates are biodegradable polymers with potential applications as 

packaging material, thermoplastics, pyrotechnics and interliners for safety glass.[16,31,32] PPC 

decomposes uniformly and controllably to cyclic propylene carbonate below 250 °C[33] which 

makes it particularly useful as binder for ceramics, adhesives and propellants.[34] However, 

the low glass transition temperature of PPC (35-40 °C) hinders its broad utility as a bulk 

material. PCHC exhibits a much higher glass transition temperature of 115 °C resulting in 

materials with very similar properties to polystyrene.[35] The higher decomposition 

temperature of PCHC (≈ 300 °C) also allows for melt-processing.[31] Cyclic carbonates are 

industrially utilized as polar aprotic solvents, substrates for small molecule synthesis, 

additives, antifoam agents for antifreeze and plasticizers.[36] 

The moderate thermal stability and the low temperature of thermal deformation of aliphatic 

polycarbonates, combined with their high production cost (ca. 200 $ per kg) have hampered 

their widespread use as commercial polymers. A significant contributor to the cost of these 

materials is the low activity of the heterogeneous zinc/dicarboxylic acid catalyst used in 

industry to polymerize epoxides and CO2. As a result a significant amount of recent 

research has been focused on the discovery and development of new catalysts for this 

process.[37] An important approach for the design of improved catalysts is the detailed 

understanding of the polymerization mechanism.  

The epoxide-CO2 copolymerization is generally accepted to proceed by a coordination-

insertion mechanism (Figure 5.10).[38] 

 

Figure 5.10 Basic mechanism of epoxide-CO2 copolymerization and the formation of cyclic 

carbonates (Lx = ligand set, M = metal, P = polymer chain)
[38]
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The alternating copolymerization is a two-step process: the insertion of CO2 into a metal 

alkoxide is followed by insertion of epoxide into a metal carbonate (Figure 5.10, 

polymerization manifold). Based on this mechanism, most catalysts (polymerization 

initiators) are metal-alkoxide or metal carboxylate species that are similar to putative 

catalytic intermediates.[38] The selectivity for polymeric or cyclic product can be tuned 

depending on the catalyst, additives, CO2 pressure, epoxide concentration and temperature. 

In most cases, cyclic carbonates are thought to be generated by the backbiting of a metal-

alkoxide species into an adjacent carbonate linkage (Figure 5.10, cyclization manifold).[39]  

In some aliphatic polycarbonates, the presence of ether linkages as a result of consecutive 

epoxide enchainment can be observed. However, most systems can be tuned to favor CO2 

incorporation by catalyst selection, CO2 pressure, epoxide concentration and polymerization 

temperature.[38] 

Well-defined, single-site homogeneous catalysts allow for a precise modification as well as 

detailed mechanistic studies and can thus improve the PDIs and the composition 

distributions. A highly active single-site zinc system for the living epoxide-CO2 

copolymerization based on bulky ß-diketiminate ligands has been introduced by Coates et 

al. (18−20).[40-44] 
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These active catalysts are dimeric in the solid state as revealed by X-ray crystallography, 

however the situation in solution is highly dependent on the steric bulk of the ligands, which 

has to be tuned carefully to achieve high activity.[26,30,40-42] Based on solution studies, 

stoichiometric insertion reactions and rate studies, a bimetallic mechanism for the 

copolymerization of epoxides and CO2 is proposed (Figure 5.11a).[45,46] The crucial, rate-

determining, step is the ring-opening of the epoxide depicted in Figure 5.11b. Although also 

a monomeric mechanism could be formulated, it was found that this single-metal species is 

hardly active. This implies a loss of activity of the catalyst at higher dilutions of the reaction 

mixture as it shifts the position of the monomer-dimer equilibrium to the monomeric side.[42] 

For this reason, the protocol for Zn-catalyzed epoxide/CO2 copolymerization is often one in 

which no solvent is used (the epoxide is the solvent). This results in yields of at most 40% 

due to viscosity limitations (at this stage the polymerization mixture starts to become 

solid).[47] The proposed bimetallic mechanism has also furnished extensive research into the 

preparation of bimetallic zinc complexes.[30,47,48] These bimetallic systems are not influenced 

by concentration effects and polymerizations run in solution can reach epoxide conversions 

>90%. 

 



  Bimetallic dimers 

 
189 

 

 

Figure 5.11 Proposed copolymerization mechanism using ß-diketiminate zinc complexes (P = 

polymer chain)
[42]

 

In contrast to the very active zinc complexes, analogous magnesium complexes are either 

completely inactive or show only poor catalytic activity.[46,49] To the best of our knowledge, 

only two examples of active magnesium complexes (21, 22) for the copolymerization of CO2 

and epoxides are reported.[50] 
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The low activity in the copolymerization cannot be attributed to the incapability of 

magnesium to activate CO2 as it resembles nature’s choice when it comes to CO2 fixation.  

In the copolymerization of CO2 and epoxides no reports on synergistic effects or the activity 

of heterobimetallic Mg/Zn have been published yet. 

5.2. Goal 

Cooperative effects of neighboring metals have shown to influence the activity and 

selectivity in catalytic transformations considerably. In contrast to the well-studied 

homobimetallic Mg/Mg and Zn/Zn complexes (Figure 5.12a), little is known about analogous 

heterobimetallic Mg/Zn complexes. These mixed-metal complexes are usually generated by 

distinctly different coordination sites in the ligand system (Figure 5.12b). 

 

In this study, we aim to synthesize unsupported heterobimetallic complexes of magnesium 

and zinc without the use of dinucleating ligand systems. Therefore we intend to obtain 

dimeric complexes fused by different bridging ligands (X) (Figure 5.13).  

Figure 5.12 Schematic representation of a) homobimetallic and b) heterobimetallic complexes 

a) b) 

M M 
M M‘ 
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Figure 5.13 Unsupported heterobimetallic complexes fused by bridging ligands (X) 

We use bulky ß-diketiminate ligands (DIPP and MES) for the stabilization of the complexes 

as they have previously shown to be suitable frameworks for dimeric magnesium as well as 

zinc complexes. For a variation in the bridging units (X) of the heterobimetallic complexes 

hydrides, halides and carboxylates will be investigated. We anticipate that the 

heterobimetallic complexes LZnX/LMgX have “ate” character which means that they are 

polarized: LZnX2ˉLMg+. This could attribute significantly to their stability and it is the goal of 

this research to reveal to what extent mixed-metal dimers are favored over their 

homometallic dimers. 

Finally, we would like to test these heterobimetallic systems in the copolymerization of 

cyclohexene oxide and carbon dioxide. This could allow for the study of potential synergic 

effects of magnesium and zinc in this catalytic reaction. As a bimetallic transition state has 

been proposed for the copolymerization, the incorporation of magnesium could enhance the 

activity of the catalyst. It represents a better Lewis acid than zinc and could lead to 

improved substrate activation. The LZnOR/LMgOR catalyst likely has strong “ate” character: 

[LZn(OR)2]ˉ[MgL]+. This might facilitate the nucleophilic attack of the growing polymer chain 

(Figure 5.14b). 

 

Figure 5.14 Proposed transition state for copolymerization of CO2 and CHO catalyzed by a) 

homobimetallic ß-diketiminate zinc and b) heterobimetallic ß-diketiminate magnesium and zinc 

complexes. 

 

 

M M‘ 
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5.3. Synthetic Results and Discussion 

Numerous homometallic magnesium and zinc complexes stabilized by bulky aryl-

substituted ß-diketiminate ligands have been previously reported and structurally 

characterized.[44,51-53] The majority of these complexes are dimeric in the solid state as 

verified by X-ray crystallography. However, depending on the steric bulk of the aryl 

substituent at the nitrogen atoms, they can be subject to a monomer-dimer equilibrium in 

solution. This equilibrium is influenced by the choice of solvent and temperature (Figure 

5.15). 

 

Figure 5.15 Solvent- and temperature dependent monomer-dimer equilibrium of ß-diketiminate 

complexes. 

The monomer-dimer equilibrium can potentially be utilized for the synthesis of 

heterobimetallic dimers. The mixing of equimolar amounts of homometallic dimers in 

appropriate solvents should lead to the formation of a statistical mixture of homo- and 

heterobimetallic dimers (Figure 5.16). As Mg and Zn complexes with  

2,6-diisopropylphenyl- (DIPP) and 2,4,6-trimethylphenyl-substituted (MES)  

ß-diketiminate ligands show the desired monomer-dimer equilibria in most cases, they were 

chosen for this study.[41,54,55]  

 

Figure 5.16 Formation of unsupported heterobimetallic dimers 

Due to the differences in electronegativity of magnesium and zinc, the resulting 

heterobimetallic complexes might be polarized (an extreme resonance structure would be 

[MgL]+[X2ZnL]ˉ). Therefore the hybrid complexes should be less soluble in aliphatic or 

aromatic solvents. This could facilitate the separation from the homobimetallic starting 

materials by simple crystallization. The isolation of single crystals would also allow for the 
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structural characterization of the desired heterobimetallic compounds by means of single-

crystal X-ray diffraction. 

5.3.1. Halides as bridging units 

Chloride ligands exhibit good bridging abilities between metal centers and are therefore 

promising bridging units for the synthesis of heterobimetallic magnesium and zinc 

complexes. For this purpose, benzene and THF solutions of (DIPP-MgCl)2 and (DIPP-

ZnCl)2 were mixed and heated for several hours. Slow cooling of the reaction mixture 

afforded colorless block-shaped crystals that were suitable for X-ray diffraction. 

The obtained crystal structure, however, revealed that in place of the desired 

heterobimetallic dimer, the unforeseen magnesium zincate (23) (Figure 5.17, Table 5.1) had 

formed. The molecule has Cs symmetry and the mirror plane which is spanned by the metal 

centers and the metal centers. Due to the crystallographic symmetry one of the THF 

molecules (O2) is disordered over two positions. For clarity only one possible position is 

depicted (Figure 5.17).  

 

Figure 5.17 Crystal structure of (DIPP-ZnCl)2MgCl2·(THF)3; i-Pr groups are omitted for clarity. 

The central Mg2+ cation is surrounded by two [DIPP-ZnCl2]ˉ anions and the coordination 

sphere around the Mg center is saturated by three molecules of THF. One of the zincate 

units is connected to the Mg center by two bridging chloride ligands that give rise to a planar 

23 
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[Mg(µ-Cl)2Zn] four-membered ring. The second zincate unit is linked only by one bridging 

chloride ligand and possesses one terminal chloride ligand.  

In comparison to the magnesium zinc hybrid 6 (Figure 5.5), the Zn−Cl bond lengths of the 

bridging chloride ligands (6: 2.4107(7), 2.4226(7) Å) are shortened, while the Zn−Cl bond 

length of the terminal chloride (6: 2.2788(7) Å) and the Mg−Cl bond lengths (6: 2.4774(10) 

Å, 2.4972(10) Å) are comparable (Table 5.1). The distance between the Mg atom and the 

Zn center participating in the four-membered ring (3.481(2) Å) is slightly shorter than in the 

heterobimetallic compound 6 (3.5298(9) Å).[21] 

Table 5.1 Selected bond lengths (Å), distances and angles (°) in (DIPP-ZnCl)2MgCl2·(THF)3 

(symmetry operations: X’ = x, 1/2 – y, z) 

(DIPP-ZnCl)2MgCl2 ·3THF 

Zn1–N1 1.980(2) Mg1–Cl1 2.4981(17) Mg1–O2 2.089(4) 

Zn2–N2 1.981(2) Mg1–Cl2 2.5403(17) Mg1···Zn1 3.481(2) 

Zn1–Cl1 2.3060(10) Mg1–Cl3 2.4660(18) Mg1···Zn2 4.493(2) 

Zn1–Cl2 2.3256(10) Mg1∙∙∙Cl4 4.8520(17) Cl1–Zn1–Cl2 92.59(4) 

Zn2–Cl3 2.3033(13) Mg1–O1 2.261(4) Cl3–Zn2–Cl4 105.46(4) 

Zn2–Cl4 2.2447(11)     

In order to gain further insight into the formation of (DIPP-ZnCl)2MgCl2·(THF)3, the mother 

liquor of the crystallization was analyzed by means of 1H NMR. It revealed the presence of 

homoleptic DIPP2-Mg. Therefore formation of the magnesium zinc hybrid 23 might be 

explained by a ligand exchange between intermediate heterobimetallic complexes [DIPP-

(Mg/Zn)Cl]2, in which a zincate [DIPP-ZnCl2]ˉ directly replaces the ß-diketiminate ligand at 

the Mg center to give complex 23 and a homoleptic DIPP2-Mg complex (Figure 5.18a). 

Alternatively, traces of MgCl2 that form in a classical Schlenk equilibrium of (DIPP-MgCl)2 

insert into present (DIPP-ZnCl)2, subsequently shifting the equilibrium between heteroleptic 

(LMgCl)2 and MgCl2 + L2Mg to the homoleptic side (Figure 5.18b). 
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Figure 5.18 Schematic representation of a) direct ligand exchange between heterobimetallic [L-

(Mg/Zn)Cl]2 and b) classical Schlenk equilibrium of (L-MgCl)2 and subsequent reaction of MgCl2 with 

(L-ZnCl)2 (L = ß-diketiminate ligand). 

An analogous experiment, in which equimolar solutions of (MES-ZnCl)2 and (MES-MgCl)2 in 

benzene and THF were mixed, yielded colorless hexagon-shaped crystals. This reaction did 

also not produce the desired heterobimetallic dimer (MES-Zn(µ-Cl)2Mg-MES), but resulted 

in formation of magnesium-zinc hybrid 24 with a comparable structural motive to compound 

23 (Figure 5.19, Table 5.2). In contrast to compound 23, all four chloride ligands are 

bridging between the metal centers in the D2h symmetrical complex 24. 

 

Figure 5.19 Crystal structure of (MES-ZnCl)2MgCl2·(THF)2. 

24 
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In the octahedral coordination sphere around the central Mg atom the equatorial positions 

are occupied by four chloride ligands while the axial positions are filled by two molecules of 

THF. The bridging chloride ligands connect the zinc center with the central Mg atom, 

resulting in two planar four-membered rings. The complex 24 can be considered as a 

central magnesium cation surrounded by two zincate anions and stabilized by two 

coordinating THF molecules. 

The Zn−Cl and Mg−Cl bond lengths in the mixed Mg-Zn complex 24 (Table 5.2) are 

comparable to the previously characterized hybrid 23 (Table 5.1). The differing coordination 

mode of the fourth chloride ligand can most likely be attributed to the slightly decreased 

steric bulk of the mesitylene-substituent in compound 24 in comparison to the DIPP-

substituent in 23. 

Table 5.2 Selected bond lengths (Å), distances and angles (°) in (MES-ZnCl)2MgCl2·(THF)2 

(symmetry operation: X’ = − x, − y, − z) 

(MES-ZnCl)2MgCl2·2THF 

Zn1–N1 1.967(1) Zn1∙∙∙Mg1 3.42(2) Mg1–O1 2.074(1) 

Zn1–N2 1.969(1) Mg1–Cl1 2.510(4) Cl1–Zn1–Cl2 95.12(1) 

Zn1–Cl1 2.314(4) Mg1–Cl2 2.538(4) O1–Mg1–O1 180.00(5) 

It is assumed that the magnesium dizincate 24 is the result of ligand exchange processes 

depicted in Figure 5.18. The homoleptic magnesium complex MES2-Mg that is produced 

along with compound 24 was detected by means of 1H NMR spectroscopy. 

In addition to Cl-bridged Mg/Zn hybrid compounds, also the iodide-bridged species were 

investigated. The magnesium complexes with the larger halide iodine, DIPP-MgI·THF and 

DIPP-MgI·Et2O, have been reported to be monomeric in the solid state as verified by single-

crystal X-ray crystallography.[56] For the analogue zinc iodide complex, no structures have 

been reported to date. From the reaction of the lithiated ligand DIPP-Li and ZnI2 in diethyl 

ether, the heterobimetallic complex DIPP-Zn(µ-I)2Li·2Et2O, in which the side product lithium 

iodide is incorporated, was isolated and structurally characterized.[57] 

As mixed Mg/Zn iodides might show different structural properties than their homometallic 

compounds, this compound class was subjected to further research. In order to avoid 

complex mixtures due to the incorporation of alkali metals and variations in coordinated 

solvent, we prepared DIPP-ZnI from DIPP-K and ZnI2 in benzene and THF. When DIPP-

MgI·THF was added to a solution of DIPP-ZnI·THF colorless block-shaped crystals suitable 

for X-ray diffraction were isolated. The crystal structure determination revealed a structure 

that is isomorphous to the previously reported monomeric DIPP-MgI·THF. Structures of ß-
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diketiminate Mg and Zn complexes are often comparable (MES-MgI·THF,[56] MES-

ZnI·THF[53]). However, refinement with a Mg/Zn combination resulted in the best R-value 

and moderate rest electron densities and holes. Therefore a cocrystallization of DIPP-

MgI·THF and DIPP-ZnI·THF can be assumed (Figure 5.20, Table 5.3). The asymmetric unit 

contains two molecules of DIPP-(Mg/Zn)I·THF that could not be clearly refined as DIPP-

MgI·THF or DIPP-ZnI·THF, in both cases the Mg/Zn ratio amounts to 41/59. 

 

Figure 5.20 Crystal structure of DIPP-(Mg/Zn)I·THF [M = Mg/Zn, 41/59), only one of the two 

molecules in the asymmetric unit is depicted. 

The metal center is tetrahedrally surrounded by the two nitrogen atoms of the ß-diketiminate 

ligand, an iodide ligand and an additional molecule of THF. In the previously reported 

magnesium iodide complex, DIPP-MgI·THF, the Mg−N (2.038(3), 2.041(3) Å) and Mg-I 

(2.651(1)Å)[56] bond lengths are slightly longer than the average bond lengths in mixed 

magnesium zinc iodide complex (Table 5.3). This can be explained by the fact that Zn-

ligand bonds are generally shorter than Mg-ligand bonds (this is most likely caused by the 

more covalent character of Zn-ligand bonds). Due to the electropositive nature of 

magnesium, the Mg−O bond to the THF molecule is also somewhat shorter in DIPP-

MgI·THF (2.039(3) Å) than in DIPP-(Mg/Zn)I·THF. The N−Mg−N angle associated with the 

ß-diketiminate nitrogen centers in DIPP-MgI·THF (95.3 (1)°) is smaller than in the mixed 

Mg/Zn analogue. 
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Table 5.3 Selected bond lengths (Å) and angles (°) in DIPP-(Mg/Zn)I·THF (average values of the two 

molecules in the asymmetric unit). 

DIPP-(Mg/Zn)I·THF 

M1–N1 1.9875(17) M1–I1 2.5648(4) N1–M1–N2 98.31(7) 

M1–N2 1.9895(17) M1–O1 2.1272(15) I1–M1–O1 103.62(4) 

When the bond lengths of the Mg/Zn iodide complex (Table 5.3) are compared to the 

previously reported structure of DIPP-Zn(µ-I)2Li·2Et2O, the Zn−N bond lengths (1.984(3), 

1.991(4) Å) and the N1−Zn−N2 angle (98.78(15)°) are very similar, while the Zn−I bonds 

(2.6142(8), 2.6648(8) Å) appear elongated. In comparison to  

MES-ZnI·THF, the Zn−N bond lengths (1.968(2) Å, 1.952(2) Å) are shorter, while the Zn−I 

(2.513(1) Å) and the Zn−O bonds (2.107(2) Å) are slightly elongated.  

In summary, the structure of DIPP-(Mg/Zn)I·THF (Table 5.19) is isomorphous to that of the 

reported DIPP-MgI·THF,[56] whereas the bond lengths and angles, concerning the ß-

diketiminate ligand in particular, comply strongly with those in DIPP-Zn(µ-I)2Li·2Et2O.  

Although halide ligands, particularly chloride ligands, show good bridging properties and 

allow for the synthesis of stable homometallic complexes, the desired heterobimetallic 

complexes L-Mg(µ-X)Zn-L (L = DIPP, MES; X = Cl, I) could not be obtained by simple 

mixing of the homometallic complexes. 

5.3.2. Hydrides as bridging units 

Another small bridging ligand that has previously been reported to form dimeric ß-

diketiminate magnesium and zinc complexes is the hydride ion. Crystal structure 

determinations of (DIPP-MgH)2,
[58]

 (MES-MgH)2
[56] and (MES-ZnH)2

[54] have shown their 

dimeric nature in the solid state. In contrast, DIPP-ZnH[59] is monomeric in the solid state as 

verified by single-crystal X-ray structure determination. Also, it has to be noted that solution 

NMR studies on (MES-ZnH)2 have shown that it has to be considered rather monomeric in 

solution as well.[54]  

In addition, (MES-MgH)2 is reported to be unstable in solution, leading to a complicated 

mixture that Jones et al. assumed to eventually result in the formation of homoleptic MES2-

Mg and MgH2.
[56] 

For these reasons, the MES ligand was not further considered for the formation of dimeric 

heterobimetallic hydride complexes. Bearing in mind the monomeric nature of DIPP-ZnH in 

the solid state and solution, we attempted the synthesis of a heterobimetallic complex DIPP-

Mg(µ-H)Zn-DIPP (Figure 5.21). 
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Figure 5.21 Synthesis of heterobimetallic DIPP-Mg(µ-H)Zn-DIPP. 

From various crystallization attempts using different solvents and conditions, the only 

single-crystals obtained were those of monomeric DIPP-ZnH, a species that shows high 

tendency to crystallize in large blocks. 

However, 1H NMR of the reaction mixture showed, next to two different sets of ligands, only 

one single hydride resonance at 4.13 ppm, while the previously reported signals that were 

assigned to the hydride in (DIPP-MgH)2 (δMg-H = 4.03 ppm)[58]
 and DIPP-ZnH (δZn-H = 4.39 

ppm)[59] are significantly different. Also the resonances assigned to the i-Pr groups on the 

DIPP substituent of the potential Mg/Zn hybrid differ from the homometallic congeners. This 

observation could point to the formation of the desired heterobimetallic product. For 

additional proof, nuclear Overhauser effect spectroscopy (NOESY) NMR studies were 

conducted, indicating the interaction of protons of the i-Pr groups from both ligands with the 

hydride resonance (Figure 5.22). As the observed cross peaks have a different phase than 

the diagonal peaks (shown in yellow and blue, respectively) and the molar mass is below 

1000 g/mol (M(Mg/ZnH) = 927.03 g/mol) chemical exchange can be excluded. 
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Figure 5.22 NOESY NMR spectrum of DIPP-Mg(µ-H)Zn-DIPP in C6D6/THF-d8 (4/1) at 25 °C, hydride 

signal highlighted in blue, i-Pr signals highlighted in red. 

This suggests that the hydride is bound to the Mg as well as the Zn center and points to the 

formation of the desired heterobimetallic Mg/Zn hydride complex (Figure 5.21). However, 

this compound appears to be subject to a monomer-dimer equilibrium in solution and 

cooling or concentration of the solution led to immediate crystallization of the monomeric 

DIPP-ZnH, which has thus far prevented the structural characterization of DIPP-Mg(µ-

H)2Zn-DIPP by means of single-crystal X-ray structure determination. 

5.3.3. Alkoxides and carboxylates as bridging units 

Carboxylate and alkoxide groups are well-known bridging ligands and their zinc complexes 

have proven to be particularly valuable initiators in the copolymerization of carbon dioxide 

with epoxides. In order to test for synergistic effects in the CO2/epoxide copolymerization, 

the synthesis of heterobimetallic magnesium and zinc alkoxide or carboxylate complexes is 

a crucial requirement. 

For the first synthetic attempt on mixed alkoxide complexes, solutions of DIPP-Mg-alkyl and 

DIPP-Zn-alkyl or -amide precursors were combined in a 1/1 ratio, cooled to 0 °C and 
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hydrolyzed by the addition of selected alcohols (Figure 5.23). This could lead to the 

formation of a statistical mixture of homo- and heterobimetallic alkoxide complexes 

containing about 50% of the desired hybrid Mg/Zn complex. 

 

Figure 5.23 Synthetic approach towards heterobimetallic Mg and Zn alkoxide complexes 

DIPP-Mg(n-Bu) is the preferred precursor as it offers good reactivity in combination with the 

gaseous byproduct butane. This also pushes chemical equilibrium to the product side. 

DIPP-ZnEt provides the same advantage but has proven to be insufficiently reactive 

towards hydrolysis by alcohols in previous experiments. Therefore DIPP-ZnN(SiMe3)2 was 

chosen as a more reactive alternative. 

The main obstacle in these reactions was the choice of appropriate reaction conditions as 

the magnesium complexes are significantly more reactive than the zinc precursors. This led 

to a fast over-hydrolysis of the magnesium complexes with methanol or ethanol while a 

major fraction of the zinc complexes did not react. In the reaction of the less reactive and 

bulkier iso-propanol with DIPP-Mg(n-Bu) and DIPP-ZnEt, the desired [DIPP-Mg(Oi-Pr)]2 was 

formed, however, DIPP-ZnEt did not show any conversion. When DIPP-ZnEt was replaced 

by DIPP-ZnN(SiMe3)2, formation of significant amounts of protonated DIPP ligand as a 

result of over-hydrolysis was observed within few minutes. 

In alternative synthetic approaches to isolate DIPP-Mg(µ-Oi-Pr)Zn-DIPP, mixtures of (DIPP-

MgH)2 and DIPP-ZnH were reacted with dimethyl oxirane as well as acetone. These 

attempts did not allow for the isolation of the desired heterobimetallic product as complex 

reaction mixtures formed under the tested reaction conditions.  

The mixture of independently prepared [DIPP-Mg(µ-Oi-Pr)]2 and [DIPP-Zn(µ-Oi-Pr)]2 did not 

give definite proof of the formation of heterobimetallic dimers as the NMR data suggested 

the presence of multiple species and no crystals suitable for X-ray diffraction could be 

obtained.  

As isolation of well-defined Zn/Mg hybrid alkoxides was unsuccessful, the synthesis of 

hybrid magnesium and zinc carboxylate complexes was attempted. This was particularly 

interesting as the most active ß-diketiminate stabilized catalyst for the copolymerization of 

CO2 and epoxides is a Zn acetate complex. In order to obtain heterobimetallic carboxylate-
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bridged dimers, magnesium and zinc carboxylate complexes could be independently 

synthesized and subsequently mixed. Alternatively, appropriate precursors could be reacted 

with carboxylic acids (Figure 5.24). 

 

Figure 5.24 Synthetic approach towards heterobimetallic Mg and Zn carboxylate complexes 

First it was attempted to hydrolyze a mixture of the metal complex precursors DIPP-Mg(n-

Bu) and DIPP-ZnEt with acetic acid or benzoic acid under various reaction conditions 

(different temperatures and solvents). However, the major product was always the 

protonated ligand, DIPP-H, due to over-hydrolysis of the more reactive magnesium 

complex. 

Therefore the second approach, i.e. mixing of independently prepared carboxylates was 

investigated. Magnesium and zinc carboxylate complexes were synthesized according to 

literature by hydrolysis of DIPP-Mg(n-Bu)[51] or DIPP-ZnN(SiMe3)2
[40] with carboxylic acids. 

For the synthesis of heterobimetallic acetate complexes, solutions of  

[DIPP-Zn(µ-O2CMe)]2 and [DIPP-Mg(µ-O2CMe)]2 were mixed and subsequently cooled in 

order to obtain crystalline samples of [DIPP-(Mg/Zn)(µ-O2CMe)]2. Using a solvent mixture of 

toluene and THF (4:1), small block-shaped crystals were obtained. The quality of these 

crystals, however, was not suitable for X-ray diffraction. NMR studies could not substantiate 

the formation of the desired heterobimetallic complex [DIPP-(Mg/Zn)(µ-O2CMe)]2 as 

complicated mixtures of the homobimetallic complexes and their associated monomer-

dimer equilibria formed. We therefore diverted our studies to another potential bridging 

ligand: the benzoate anion. 

To the best of our knowledge, no synthesis has been reported on the zinc benzoate 

complex, [DIPP-Zn(µ-O2CPh)]2. It could be successfully isolated from the reaction of DIPP-

ZnEt with a 0.5 M solution of benzoic acid in toluene in moderate yields (41%). Colorless 

block-shaped crystals suitable for X-ray diffraction were obtained by slow cooling of the 

solution. The structure determination shows the anticipated dimeric complexes with bridging 

benzoate units (Figure 5.25). 
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Figure 5.25 Crystal structure of [DIPP-Zn(µ-O2CPh)]2; only one of the two molecules in the 

asymmetric unit (asymmetric residue I) is depicted; i-Pr groups have been omitted for clarity. 

The asymmetric unit contains two bisected dimers which are centrosymmetrical and have 

very similar structures (Table 5.4). The tetrahedral zinc center is surrounded by two nitrogen 

atoms of the ß-diketiminate ligand and two oxygen atoms, one of each bridging benzoate 

unit. The aryl rings on the ligand are approximately perpendicular to the N−Zn−N plane of 

the chelate. The bridging benzoate units give rise to an eight-membered central core 

analogous to the previously reported structures of  

[DIPP-Zn(µ-O2CMe)]2,
[41] [DIPP-Mg(µ-O2CMe)]2

[51] and [DIPP-Mg(µ-O2CPh)]2.
[51]  

In one of the asymmetric residues (I) the eight-membered ring is essentially planar as 

reported for [DIPP-Mg(µ-O2CPh)]2. Furthermore the angles at the carboxylate oxygen atoms 

are distinctly asymmetric with that at O2 being 124.61(12)° while that at O1 approaches 

linearity at 177.16(15)°. The Zn−O bond lengths differ by 0.02 Å and the C−O distances 

suggest that the electrons of the carboxylic unit are at least partly delocalized (Table 5.4a). 

In the other asymmetric residue (II), the eight-membered Zn2O4C2 core is slightly puckered, 

which has previously been observed for [DIPP-Mg(µ-O2CMe)]2.
[51] In this case the angles at 

the benzoate oxygen atoms are significantly less asymmetric. The angle at O2 

(124.38(12)°) is very similar to the first residue, while that O1 (154.08(14)°) is much smaller 
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than in I. Though Zn−O bond lengths differ by 0.03 Å and the C−O distances suggest that 

also in this case the electrons of the carboxylate are partly delocalized (Table 5.4b). 

Table 5.4 Selected bond lengths (Å) and angles (°) of both asymmetric residues in  

[DIPP-Zn(µ-O2CPh)]2.  

[DIPP-Zn(µ-O2CPh)]2 

a) asymmetric residue I 

Zn1–N1 1.9637(16) O1-C59 1.235(2) O1–Zn1–O2’ 113.54(6) 

Zn1–N2 1.9617(16) O2−C59 1.265(2) O1−C59−O2 124.13(18) 

Zn1–O1 1.9668(16) Zn1···Zn1’ 4.2517(5) Zn1−O1−C59 177.16(15) 

Zn1–O2’ 1.9471(13) N1–Zn1–N2 100.12(6) Zn1’−O2−C59 124.61(12) 

b) asymmetric residue II 

Zn1–N1 1.9590(17) O1-C59 1.251(2) O1–Zn1–O2’ 107.73(6) 

Zn1–N2 1.9748(15) O2−C59 1.268(2) O1−C59−O2 123.61(18) 

Zn1–O1 1.9777(14) Zn1···Zn1’ 4.3116(5) Zn1−O1−C59 154.08(14) 

Zn1–O2’ 1.9481(13) N1–Zn1–N2 99.55(7) Zn1’−O2−C59 124.38(12) 

A mixture of [DIPP-Mg(µ-O2CPh)]2 and [DIPP-Zn(µ-O2CPh)]2 dissolved in toluene and THF 

(4:1) yielded block-shaped, colorless crystals suitable for X-ray diffraction. The crystal 

structure is not isomorphous to [DIPP-Zn(µ-O2CPh)]2 and has a different unit cell and space 

group. The structure solution, however, reveals also an asymmetric unit with two 

centrosymmetric dimers. Each metal position contains magnesium as well as zinc. The ratio 

can be refined to 56% Zn and 44% Mg. Therefore the Mg and Zn atoms cannot be definitely 

located and are fully disordered (Figure 5.26). 
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Figure 5.26 Crystal structure of [DIPP-(Mg/Zn)(µ-O2CPh)]2 (Mg: 56%, Zn: 44%); only one molecule 

from both in the asymmetric unit is depicted; i-Pr groups have been omitted for clarity. 

The asymmetric unit contains two bisected dimers which are very similar to the previous 

structures in [DIPP-Zn(µ-O2CPh)]2. The tetrahedral metal center is surrounded by two 

nitrogen atoms of the ß-diketiminate ligand and two oxygen atoms, one of each benzoate 

unit. The bridging benzoate units give rise to an eight-membered central core analogous to 

the previously reported structures. 

In the case of [DIPP-(Mg/Zn)(µ-O2CPh)]2, the eight-membered M2O4C2 core in both 

residues is puckered, as observed for one of the asymmetric units in  

[DIPP-Zn(µ-O2CPh)]2. The angles at the benzoate oxygen atoms are significantly 

asymmetric with 125.56(13)° at O2 and 127.20(14°) at O4 whilst those at O1 and O3 are 

larger with 160.98(14)° and 162.94(18)°, respectively. In comparison to [DIPP-Zn(µ-

O2CPh)]2 (Table 5.4) and [DIPP-Mg(µ-O2CPh)]2,
[51] most bond lengths in the mixed complex 

[DIPP-(Mg/Zn)(µ-O2CPh)]2 are slightly elongated (Table 5.5). 
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Table 5.5 Selected bond lengths (Å) and angles (°) of both asymmetric residues in [DIPP-(Mg/Zn)(µ-

O2CPh)]2. 

[DIPP-(Mg/Zn)(µ-O2CPh)]2 

a) asymmetric residue I 

M1–N1 2.0028(16) O1-C59 1.262(2) O1–M1–O2’ 109.77(6) 

M1–N2 1.9917(18) O2−C59 1.257(2) O1−C59−O2 122.92(19) 

M1–O1 1.9658(13) M1···M1’ 4.2949(5) M1−O1−C59 125.56(13) 

M1–O2’ 1.9566(16) N1–M1–N2 97.37(7) M1’−O2−C59 160.98(14) 

b) asymmetric residue II 

M1–N1 2.0011(16) O1-C59 1.242(3) O1–M1–O2’ 107.64(8) 

M1–N2 1.9882(16) O2−C59 1.256(3) O1−C59−O2 124.1(2) 

M1–O1 1.9443(17) M1···M1’ 4.3551(5) M1−O1−C59 162.94(18) 

M1–O2’ 1.9691(14) N1–M1–N2 97.74(7) M1’−O2−C59 127.20(14) 

Whether the isolated complex is the desired Mg/Zn hybrid compound or just a co-

crystallization of homobimetallic [DIPP-Zn(µ-O2CPh)]2 and [DIPP-Mg(µ-O2CPh)]2, cannot be 

definitely ascertained by the structure. Moreover, the heterobimetallic complex could have 

co-crystallized with one or both homobimetallic species.  

Due to the presence of monomers and dimers in solution, NMR studies on this complex 

were also not able to shed further light on the exact metal distribution within this complex. 

Therefore further research is necessary to provide information on the precise nature of 

mixed magnesium and zinc carboxylate complexes. 

5.4. Polymerization 

Although the formation of heterobimetallic carboxylate complexes was not definitely 

substantiated, testing of the potentially heterobimetallic complexes in the copolymerization 

of CO2 with epoxides could provide additional information. The obtained results can be 

compared to previously reported active catalysts like [DIPP-Zn(µ-O2CMe)]2. For this 

purpose, CHO/CO2 copolymerization experiments with the homobimetallic complexes 

[DIPP-Zn(µ-O2CMe)]2 and [DIPP-Mg(µ-O2CMe)]2 were conducted to assure the appropriate 

reaction conditions and obtain values for comparison with the heterobimetallic complexes 

(Figure 5.27).  
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Figure 5.27 Copolymerization of cyclohexene oxide (CHO) with CO2 with homo- and potential 

heterobimetallic Mg and Zn complexes. 

As reported in literature, [DIPP-Zn(µ-O2CMe)]2 was shown to be very active in the 

copolymerization, giving good yields, high Mn and a narrow PDI as well as a high 

percentage of carbonate linkages (m >> n) (Table 5.6). [DIPP-Mg(µ-O2CMe)]2 in contrast 

was completely inactive.  

Subsequently, analogous experiments were conducted for [DIPP-(Mg/Zn)(µ-O2CMe)]2, 

[DIPP-Zn(µ-O2CPh)]2 and [DIPP-(Mg/Zn)(µ-O2CPh)]2. The benzoate zinc complex [DIPP-

Zn(µ-O2CPh)]2 was almost completely inactive producing only trace amounts of 

polycarbonate. This can be attributed to increased steric bulk and decreased nucleophilicity 

due to charge delocalization into the Ph-ring (the crystal structure of the dimer shows a 

planar benzoate ion). Similar results were obtained with the potential heterobimetallic 

complex, [DIPP-(Mg/Zn)(µ-O2CPh)]2.  

In the case of the potential heterobimetallic acetate complex [DIPP-(Mg/Zn)(µ-O2CMe)]2, 

two independent experiments were conducted. First, the homobimetallic complexes were 

mixed as solids and dissolved in the monomer (A), therefore potential heterobimetallic 

complexes would have to form within the polymerization mixture. The results (Table 5.6) 

reveal a significantly decreased yield in comparison to [DIPP-Zn(µ-O2CMe)]2 as a catalyst. 

Simultaneously, the Mn was lowered and the PDI broadened, while the percentage of 

carbonate linkages was virtually unchanged (Table 5.6). These observations can be 

explained by the sole activity of the zinc acetate complex [DIPP-Zn(µ-O2CMe)]2 and 

complete inactivity of the magnesium congener. Accordingly, the concentration of the active 

catalyst was reduced at least by half, which reduces the amount of active sites, resulting in 

the lower yields and Mn. The broadened PDI might be attributed to chain transfer to the Mg 

complex, which could lead to a resting state of the polymerization. This results in 

significantly different chain lengths of the copolymer and therefore a broader PDI. 

In the second experiment (B), the complexes [DIPP-Zn(µ-O2CMe)]2 and [DIPP-Mg(µ-

O2CMe)]2 were first mixed and dissolved but, in contrast to the first experiment, now heated 

for several hours in order for metal scrambling to take place. Subsequently, the catalyst was 

recrystallized and added to the polymerization mixture. This experiment gave a significant 

change in the results. It has to be noted that the yield was very poor and that the Mn 
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increased appreciably compared to the previous experiments. Apparently, only few metal 

species were catalytically active. Also, the PDI broadened significantly and most noteworthy 

the number of carbonate linkages is reduced dramatically (Table 5.6) which is in line with 

formation of CHO-homopolymer. If we assume that the Mg/Zn hybrid catalyst produces only 

CHO-homopolymer, then the observed carbonate linkages can be explained by the 

presence of small amounts of homobimetallic Zn complexes and chain transfer between the 

catalysts. It can also be assumed that small amounts of heterobimetallic complexes were 

present in the first experiment (A) leading to a slight reduction of carbonate linkages.

Table 5.6 Polymerization results; conditions: 3.93 g (40 mmol) CHO, metal/CHO = 1/1000, 10 bar 

CO2, 60 °C, 2 hours. 

Catalyst Yield Mn 

[104 g/mol] 

PDI Carbonate 

linkages 

[DIPP-Zn(µ-O2CMe)]2 2.20 g, 39 % 3.69 1.27 97 % 

A [DIPP-Mg(µ-O2CMe)]2 +  

[DIPP-Zn(µ-O2CMe)]2 

0.82 g, 14 % 1.81 2.22 94 % 

B [DIPP-(Mg/Zn)(µ-O2CMe)]2 0.21 g, 4 % 4.57 3.84 7 % 

 

These apparently different polymerization results, allow for the assumption that the heating 

of a mixture of the homobimetallic complexes [DIPP-Zn(µ-O2CMe)]2 and [DIPP-Mg(µ-

O2CMe)]2 leads to the formation of a new, potentially heterobimetallic, complex. The 

significant decrease in carbonate linkages cannot be explained by the formation of a 

statistical mixture of homo- and heterobimetallic complexes as in this case the yields should 

be much higher and more than 25% of carbonate linkages should be observed. The 

observation that primarily homopolymer of CHO is formed in the catalysis, can provide 

additional information on the potential structure of the catalyst. As cationic magnesium and 

zinc complexes have shown to be active in the homopolymerization of CHO,[60] we presume 

that the formed complex could have a distinctive ion-pair character (Figure 5.28). 

 

Figure 5.28 Proposed magnesium zincate complex formed from the mixture of magnesium and zinc 

acetate complexes. 
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A potential magnesium zincate complex which could be active in the homopolymerization of 

CHO (Figure 5.29) is proposed in Figure 5.28. 

 

 

Figure 5.29 Schematic representation of the cationic homopolymerization of CHO. 

It has to be noted that CHO is a strong Lewis base with a dipole moment (1.91 D)[61] higher 

than that from THF (1.75 D). CHO might stabilize ion-pair structures or even allow for the 

formation of a separated ion-pair.  

5.5. Theoretical Results and Discussion 

To gain more detailed insights into the structure and the formation of heterobimetallic 

magnesium and zinc complexes, DFT calculations have been performed. In order to reduce 

the calculation expenditure, a strongly simplified theoretical model system for the ß-

diketiminate ligand L’ (Figure 5.30), in which the DIPP substituents and the methyl groups 

were replaced by H atoms, was used. This model system neglects all steric effects but 

valorize electronic effects caused by metal-metal exchange.  

 

Figure 5.30 Theoretical model systems for the ß-diketiminate ligand L’ and dimeric metal complexes 

(L’-MX)2. 

To investigate whether heterobimetallic dimers (L’-MgX)(L’-ZnX) are favored over their 

homobimetallic counterparts (L’-MX)2, the energy of formation for the mixed Mg/Zn 

complexes from homobimetallic starting materials was calculated (Figure 5.31).  
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Figure 5.31 Formation of heterobimetallic dimers (L’-MgX)(L’-ZnX) from homobimetallic dimers (L’-

MgX)2 and (L’-ZnX)2. 

Two different functionals, each with dispersion correction, were applied: the semi-local 

gradient correction Becke-Perdew functional (BP-D3)[62,63] and the hybrid Becke-3 Lee-

Yang-Parr functional (B3-LYP-D3), which uses exact Hartree-Fock exchange.[64] Both 

functionals have previously proven their worth for calculations on organometallic 

compounds. B3-LYP-D3 is considered the default functional for organic and inorganic 

structures, energies and properties as it is not parametrized for specific applications. 

For the BP-D3 functional, two basis sets were applied for comparison as DFT energies are 

less sensitive to the size of the basis set than wave-function based methods. A small split-

valence basis set with polarization functions (SVP) was compared to a larger triple-zeta 

basis set augmented with polarization functions (def2-TZVP).[65] The B3-LYP-D3 functional 

was only used with the larger basis set denoted as def2-TZVP. The def2-basis sets 

developed by Ahlrichs et al. have proven to be very effective and accurate. The def2-TZVP 

basis set can be regarded as the basis set limit for DFT calculations as an increase in the 

basis set to def2-QZVP would only slightly affect the accuracy but immensely increase the 

calculational effort. 

An additional study applying the approximate ‘resolution of identity’ second-order many-

body perturbation theory method (RI-MP2)[66] and an accurate valence triple-zeta basis set 

augmented with polarization functions (def2-TVZPP) was conducted for comparison.  

The low-valence complexes (DIPP-Mg)2
[67] and (DIPP-Zn)2,

[68] which were structurally 

characterized recently (Chapter 2.3.3 and Chapter 3.3.2), are of great scientific interest. 

They contain unprecedented Mg(I) and Zn(I) nuclei and feature first well-defined Mg−Mg 

and Zn−Zn bonds. Their strong similarity poses the question whether mixed Mg−Zn species 

are possible. For this reason not only the formation of heterobimetallic dimers with bridging 

ligands (X) but also the formation of a low-valence Mg/Zn hybrid from the according low-

valent metal precursors was studied (Figure 5.32).  
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Figure 5.32 Formation of the heterobimetallic low-valence dimer L’-Mg−Zn-L’ from homobimetallic 

low-valence dimers (L’-Mg)2 and (L’-Zn)2. 

When the DFT methods were compared, it became apparent that the results of the BP-D3 

functional with the small basis SVP set differ significantly from the calculations with the 

larger def2-TZVP basis set. However, when the latter basis set was employed with different 

DFT functionals BP-D3 or B3-LYP-D3 the obtained results were largely comparable (Table 

5.7). For this reason the values derived from the DFT calculations with BP-D3-SVP were 

not further considered in the discussion of the energy of formation. The RI-MP2 functional 

with the enhanced basis set denoted as def2-TZVPP also delivered results that were 

different from those obtained with the smaller basis set def2-TZVP. However these 

variations were less significant in most cases and will therefore be discussed below. 

Table 5.7 Calculated energy ΔE for the formation of heterobimetallic dimers. 

 

 

X 

ΔE [BP-D3 (SVP)] 

[kJ/mol]1) 

ΔE [BP-D3  

(def2-TZVP)]* 

[kJ/mol] 

ΔE [B3-LYP-D3 

(def2-TZVP)]* 

[kJ/mol] 

ΔE [RI-MP2 (def2-

TZVPP)] [kJ/mol] 

H 7.32 − 7.57 − 6.66 − 1.74 

Cl − 0.76 − 1.05 − 0.62 − 5.63 

OH − 137.46 − 3.85 − 3.97 − 3.32 

OMe − 5.20 − 3.16 − 4.01 − 5.33 

−2) 1.56 − 6.76 − 8.67 1.62 

*Calculated with vibration correction, 1) only shown for completeness, not further discussed, 2) no 

bridging ligand. 
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First it has to be noted that the formation of heterobimetallic bridged dimers is in all cases 

near to thermoneutral, but mostly slightly exothermic. However, the overall values are very 

small, this is especially pronounced in the case of the chloride-bridged dimer when the def2-

TZVP basis set is applied. When the RI-MP2 functional with the enhanced basis set def2-

TZVPP is applied, the energy of formation for the heterobimetallic hydride dimer is the 

smallest, while the chloride-bridged dimer shows the most exothermic value. This could 

indicate that the formation of mixed dimers is thermodynamically favored but this effect is 

not very pronounced. 

For the formation of a low-valence Mg/Zn complex, the results are comparably exothermic, 

except for the RI-MP4 calculation in which the reaction is very slightly endothermic.  

However, experimental results show that reaction of the homobimetallic DIPP and MES 

chloride bridged dimers with each other did not lead to the isolation of the desired 

heterobimetallic complexes (DIPP-Mg/ZnCl)2 and (MES-Mg/ZnCl)2, respectively. The 

isolated products were identified as the Mg/Zn hybrids (DIPP-ZnCl)2MgCl2 and (MES-

ZnCl)2MgCl2, which could result from a modified Schlenk equilibrium (Figure 5.33). 

Therefore this alternative reaction pathway was also calculated. 

 

Figure 5.33 Modified Schlenk equilibrium for the chloride bridged Mg and Zn dimers. 

In the calculations both potential variations exchanging magnesium and zinc as M1
 and M2, 

respectively, in the Schlenk equilibrium were tested (Table 5.8). 

Table 5.8 Calculated energy ΔE for modified Schlenk equilibrium of chloride-bridged dimers. 

 ΔE [BP-D3 

(SVP)] [kJ/mol] 

ΔE [BP-D3 

(def2-TZVP)]* 

[kJ/mol] 

ΔE [B3-LYP-D3 

(def2-TZVP)]* 

[kJ/mol] 

ΔE [RI-MP2 

(def2-TZVPP)] 

[kJ/mol] 

M1 = Zn, M2 = Mg 14.86 10.34 12.60 8.79 

M1 = Mg, M2 = Zn 20.08 19.52 21.23 23.12 

*Calculated with vibration correction  

Within the modified Schlenk equilibrium, the formation of the isolated Mg/Zn hybrids 

compounds is not thermodynamically favored. According to the DFT calculations, the 

formation of (L’-MgCl)2ZnCl2 is more endothermic than the formation of (L’-ZnCl)2MgCl2 

which is the corresponding model system to the isolated compounds (DIPP-ZnCl)2MgCl2 

and (MES-ZnCl)2MgCl2. However, it has to be noted that the structurally characterized 
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complexes incorporate three or two THF molecules, respectively. The coordinating solvent 

has a stabilizing influence on the complex as they saturate the coordination sphere around 

the Mg center. These THF molecules were not taken into account in the DFT calculations 

and might therefore push the Schlenk equilibrium to the side of the observed products 

(Figure 5.33). In addition, this discrepancy could be attributed to the neglected influence of 

the aryl substituents in the theoretical model systems. 

The polymerization experiments with the potential heterobimetallic catalyst [DIPP-

(Zn/Mg)O2C(Me)]2 suggested the formation of a complex with ion-pair character (Figure 

5.34). In order to validate the proposed charge redistribution, the partial charges on the 

metal centers as well as on the bridging ligands X were investigated. 

 

Figure 5.34 Theoretical model for the proposed Mg/Zn complex with ion-pair character. 

For this purpose, natural population analysis (NPA) using the B3-LYP-D3 functional and the 

def2-TZVP basis set were conducted on the homobimetallic as well as the heterobimetallic 

complexes. A comparison of the natural bond orbital charges (NBO) for the homobimetallic 

complexes (Table 5.14, see experimental part 5.7.4) with the heterobimetallic counterparts 

(Table 5.9) allows for the determination of the potential charge redistribution. 

The calculated partial charges (Table 5.14, Chapter 5.7.4) on the metal and the bridging 

ligand in the homobimetallic dimers support the slightly covalent character of the zinc 

complexes, whereas the magnesium analogues show a more ionic nature. This is in 

accordance with experimental observations. 

Table 5.9 Differences in natural bond orbital charges (B3-LYP-D3, def2-TZVP) for (L’-Zn/MgCl)2 

compared to (L’-MgCl)2 and (L’-ZnCl)2. 

 

 

 

 

X  

Δ NBO-charge 

       Mg                Zn                Mg−X           Zn−X 

H 0.01 − 0.02 0.05 − 0.07 

Cl 0.00 0.00 0.03 − 0.03 

OH 0.01 − 0.02 0.03 − 0.02 

OMe 0.01 − 0.02 0.02 − 0.02 
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When the partial charges calculated for the heterobimetallic dimers are compared to the 

values obtained for their homobimetallic congeners (Table 5.9), it becomes apparent that 

these remain virtually unchanged (Δ NBO charge = 0.00 – 0.07). However, the Mg center 

and the X ligand are more positively charged than in the homometallic Mg complexes 

whereas the Zn atom and the ligand X are more negatively charged compared to the 

homometallic Zn equivalent. These charge differences point into the anticipated direction 

still the values are negligibly small and therefore do not support the proposed strong ion-

pair character for the heterobimetallic complexes. This could either imply that the 

heterobimetallic complexes do not exhibit any ion-pair character or be either due to the 

calculation method or the very simplified model system. 

To gain more detailed insights into the bonding situation and potential hints for partial 

formation of ion-pairs, selected bond lengths and atomic distances have been derived from 

various DFT calculations and compared to experimentally reported values. This comparison 

also gives indications on the value of the applied model system. 

The calculations were conducted using the BP-D3 functional and B3-LYP-D3 with a valence 

triple-zeta basis set augmented with polarization functions (def2-TZVP), the RI-MP2 

functional with the basis set def2-TZVPP and perturbation theory. 

First, the homo- and heterobimetallic low-valence Mg and Zn dimers were investigated 

(Table 5.10). 

Table 5.10 Differences in selected calculated bond lengths [Å] for L’-Mg−Zn-L’ compared to (L’-Mg)2 

and (L’-Zn)2. 

 
BP-D3      (def2-

TZVP)  

B3-LYP-D3 

(def2-TZVP) 

perturbation 

theory 

RI-MP2    (def2-

TZVPP) 

L’-Mg−Zn-L’ 

M−M1)  −0.30 −0.28 −0.29 −0.29 

M−M2)  0.21 0.19 0.22 0.21 

Mg−N −0.01 −0.01 −0.01 0.00 

Zn−N 0.02 0.02 0.01 0.01 

1) compared to (L’-Mg)2, 2) compared to (L’-Zn)2. 

Taking into account the simplified ligand system, the calculated bond lengths (Table 5.15, 

Chapter 5.7.4) for the model systems (L’-Mg)2 and (L’-Zn)2 are in good accordance with the 

structurally characterized low-valence complexes (DIPP-Mg)2
[67] and (MES-Zn)2,

[68] 
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respectively. In the calculated heterobimetallic complex L’-Mg−Zn-L’, the Mg−Zn bond 

length is situated in between the bond lengths of the homobimetallic complexes. The Mg−N 

bond lengths are slightly shortened, while the Zn−N bond lengths are elongated in 

comparison to the homometallic analogues. This fits with the proposed ion pair [LMg]+ 

[X2ZnL]  . 

The bond lengths and distance were also calculated for the hydride-bridged homo- and 

heterobimetallic dimers using the same three methods as for the low-valence complexes 

(Table 5.11). 

Table 5.11 Differences in selected calculated bond lengths [Å] for L’-Mg(µ-H)2Zn-L’ compared to (L’-

MgH)2 and (L’-ZnH)2. 

 BP-D3      (def2-

TZVP)  

B3-LYP-D3 

(def2-TZVP) 

perturbation 

theory 

RI-MP2    (def2-

TZVPP) 

L’-Mg(µ-H)2Zn-L’ 

M···M1) −0.21 −0.18 −0.29 −0.19 

M···M2) 0.16 0.14 0.16 0.16 

Mg−H 0.03 0.03 0.00 0.03 

Zn−H −0.04 −0.03 −0.04 −0.03 

Mg−N −0.01 0.00 −0.02 −0.01 

Zn−N 0.01 0.01 0.01 0.01 

1) compared to (L’-MgH)2, 2) compared to (L’-ZnH)2. 

The obtained bond lengths (Table 5.16, Chapter 5.7.4) for the homometallic complex (L’-

MgH)2 are underestimated compared to the structurally characterized hydride-bridged dimer 

(DIPP-MgH)2.
[58] For the homometallic zinc complex and (L’-ZnH)2 the bond lengths are only 

slightly smaller than in (MES-ZnH)2.
[54] In the heterobimetallic complex, the Mg···Zn distance 

lies in between the Mg···Mg and the Zn···Zn distances of the homobimetallic complexes. 

The Mg−H bond is slightly elongated when BP-D3 (DZVP) and B3-LYP-D3 (TZVP) are 

considered. When the perturbation theory was applied, the Mg−H bond length does not 

change compared to the values in the homobimetallic dimer (L’-MgH)2. The Zn-H bond 

length in the heterobimetallic dimer decrease in all cases compared to (L’-ZnH)2.  

An increase in Mg−H bond length in combination with a decreased Zn−H bond length can 

be considered as an indication for a potential ion-pair character of the Mg/Zn hybrid 

compound. 
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The chloride-bridged dimers (L’-MgCl)2, (L’-ZnCl)2 and L’-Mg(µ-Cl)Zn-L’ were also 

subjected to DFT calculations using BP-D3 (def2-TZVP), B3-LYP-D3 (def2-TZVP) and RI-

MP2 (def2-TZVPP) to obtain the according bond lengths and atomic distances (Table 5.17, 

Chapter 5.7.4). The differences in bond lengths between the heterobimetallic dimer L’-

Mg(µ-Cl)Zn-L’ and the homobimetallic complexes are listed in Table 5.12. 

Table 5.12 Differences in selected calculated bond lengths [Å] for L’-Mg(µ-Cl)2Zn-L’ compared to (L’-

MgCl)2 and (L’-ZnCl)2. 

 BP-D3 (def2-TZVP)  B3LYP-D3 (def2-TZVP) RI-MP2 (def2-TZVPP) 

L’-Mg(µ-Cl)2Zn-L’ 

M···M1) − 0.06 − 0.04 − 0.07 

M···M2) 0.03 0.01 0.03 

Mg−Cl 0.00 0.00 − 0.01 

Zn−Cl 0.00 0.00 0.00 

Mg−N 0.00 0.00 0.00 

Zn−N − 0.01 0.00 0.00 

1) compared to (L’-MgCl)2, 2) compared to (L’-ZnCl)2. 

In general, the calculated values for the homometallic chloride-bridged dimers are in 

accordance with the previously structurally characterized Mg and Zn chloride complexes, 

(DIPP-MgCl)2
[51]

 and DIPP-Zn(µ-Cl)2Li(Et2O)2.
[69]

 However, the formation of a 

heterobimetallic dimer L’-Mg(µ-Cl)Zn-L’ does virtually not affect the metal chloride and 

metal-nitrogen bond lengths. An ion-pair character is therefore not pronounced in this case. 

Finally, the bond lengths and atomic distances in hydroxide- and methoxide-bridged 

magnesium and zinc dimer were calculated (BP-D3 (def2-TZVP), B3-LYP-D3 (TZVP) and 

RI-MP2 (def2-TZVPP)) (Table 5.18, Chapter 5.7.4). The comparison of the results for the 

hetero- and homobimetallic is summarized in Table 5.13. 
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Table 5.13 Differences in selected calculated bond lengths [Å] for L’-Mg(µ-OH)2Zn-L’ compared to 

(L’-MgOH)2 and (L’-ZnOH)2 and for L’-Mg(µ-OMe)2Zn-L’ compared to (L’-MgOMe)2 and (L’-

ZnOMe)2. 

1) compared to (L’-MgOH)2, 2) compared to (L’-ZnOH)2, 3) compared to (L’-MgOMe)2, 2) compared 

to (L’-ZnOMe)2. 

The bond lengths and metal center distances in the zinc complexes are generally in 

accordance with the structurally characterized hydroxide and methoxide zinc complexes, 

(DEP-ZnOH)2
[40] (DEP = 2,6-diethylphenyl-nacnac) and (DEP-ZnOMe)2.

[40] However, the 

calculations slightly underestimated the bond lengths and distances in (L’-MgOH)2 when 

compared to the structurally characterized (DIPP-MgOH)2.
[70]

 

When the M−O bond lengths in the heterobimetallic complexes are compared to the 

corresponding homobimetallic complexes, it becomes apparent that the Mg−O bond lengths 

decrease while the Zn−O bond lengths increase slightly or are unaffected. This observation 

contradicts the ion-pair character in these Mg/Zn hybrid complexes that was proposed 

based on the polymerization results. 

 BP-D3 (def2-TZVP)  B3-LYP-D3 (def2-TZVP) RI-MP2 (def2-TZVPP) 

L’-Mg(µ-OH)2Zn-L’ 

M···M1) 0.02 0.04 0.02 

M···M2) 0.00 − 0.03 − 0.04 

Mg−O − 0.01 − 0.01 − 0.01 

Zn−O 0.00 0.00 0.01 

Mg−N 0.00 0.00 0.00 

Zn−N 0.00 − 0.01 0.00 

L’-Mg(µ-OMe)2Zn-L’ 

M···M3) 0.02 0.04 0.02 

M···M4) 0.01 − 0.04 − 0.02 

Mg−O − 0.02 − 0.01 − 0.01 

Zn-O − 0.01 0.01 0.00 

Mg-N 0.00 0.00 0.00 

Zn-N 0.00 0.00 − 0.01 
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In conclusion, the DFT calculations on the very simplified model system delivered bond 

lengths that were mostly in good accordance with structurally characterized analogues.  

The calculated partial charges and bond lengths do not deliver proof for a pronounced ion-

pair character in heterobimetallic dimers but do show a small bias towards a polarized 

structure for which [LMg]+ [X2ZnL]ˉ is an extreme resonance form. It should be noted that 

the model system neglects the influence of the bulky aryl substituents on the ligand. 

Therefore a more elaborate model complex might have led to different results. In addition, 

the effect of polar solvents like THF and CHO used during the experiments has to be taken 

into account as well. This could have a significant influence on the stabilization of an ion-

pair complex. 

5.6. Conclusions and Outlook 

Various approaches for the formation of heterobimetallic magnesium and zinc complexes 

have been tested. From reactions of the homobimetallic chloride-bridged dimeric complexes 

(DIPP-ZnCl)2 and (DIPP-MgCl)2 or (MES-ZnCl)2 and (MES-MgCl)2, a novel type of Mg/Zn 

hybrid was isolated. The complexes (DIPP-ZnCl)2MgCl2·(THF)3 and (MES-

ZnCl)2MgCl2·(THF)2 were structurally characterized by X-ray crystallography. These 

compounds are most likely the product of ligand exchange by a Schlenk equilibrium. 

A heterobimetallic iodide-bridged dimer could not be obtained due to the monomeric nature 

of these iodide complexes. However, according to their similar structure a co-crystal of 

DIPP-MgI·THF and DIPP-ZnI·THF was isolated and structurally characterized. 

The 1H NMR spectrum of a mixture of dimeric (DIPP-MgH)2 and monomeric DIPP-ZnH 

revealed only a single hydride resonance at 4.13 ppm, while two distinct sets of ligands 

were observed. Additional NOESY experiments confirmed the interaction between the 

hydride and both types of ß-diketiminate ligand. These observations point towards the 

formation of a heterobimetallic dimer, however, the structural characterization was 

hampered by the preferred crystallization of monomeric DIPP-ZnH. This shows that 

equilibria with homometallic compounds play a role. 

A novel zinc benzoate complex [DIPP-Zn(µ-O2CPh)]2 was structurally characterized and 

subsequently reacted with the according magnesium complex, [DIPP-Mg(µ-O2CPh)]2. The 

resulting complex showed a statistical distribution of magnesium and zinc (Mg:Zn = 44:56) 

as both metal position display equal coordination geometries. This crystal structure could 

indicate the formation of the desired heterobimetallic dimer. However, the cocrystallization 

of purely homobimetallic complexes cannot be fully excluded. 
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To investigate synergic effects of magnesium and zinc in the copolymerization of CO2 and 

CHO, a recrystallized mixture of the magnesium and zinc acetate complexes [DIPP-Mg(µ-

O2CMe)]2 and [DIPP-Zn(µ-O2CMe)]2 was tested. The polymerization experiments resulted in 

formation of CHO homopolymer, thus indicating the formation of a new complex with a 

potential ion-pair character. 

Supporting DFT calculations have shown that the formation of heterobimetallic dimers from 

their homobimetallic analogues is slightly exothermic. However, the observed modified 

Schlenk equilibrium is less thermodynamically favored. A comparison of the partial charges 

and bond lengths in homo- and heterobimetallic complexes could not confirm a pronounced 

ion-pair character as suggested by copolymerization experiments but showed tendencies 

towards [LMg]+ [X2ZnL]ˉ polarization. 

The chemistry of heterometallic complexes remains a widely unexplored field which is not 

as straightforward as anticipated. Therefore more research is necessary to gain in-depth 

insights into the structure and synergic behavior of mixed-metal complexes. This might lead 

to more detailed mechanistic understanding of numerous catalytic transformations and 

disclose the involvement of metal salts that are often considered as innocent spectators. 

5.7. Experimental section 

5.7.1. General 

All experiments were carried out in flame-dried glassware under an inert atmosphere using 

standard Schlenk-techniques and freshly dried degassed solvents. The following 

compounds were synthesized according to literature procedures: (DIPP-ZnCl)2,
[40] (DIPP-

MgCl)2,
[51] (MES-ZnCl)2,

[53] (MES-MgCl)2,
[51] DIPP-MgI,[71] DIPP-ZnI (modified procedure),[57] 

DIPPZnH,[59] (DIPP-MgH)2,
[58] [DIPP-Zn(µ-O2CMe)]2,

[40] DIPP-ZnEt,[40] [DIPP-Mg(µ-

O2CMe)]2
[51] and [DIPP-Mg(µ-O2CPh)]2.

[51] Benzoic acid was obtained commercially, dried in 

vacuum at 100°C and dissolved in dry toluene (0.5 M). CHO was obtained commercially, 

dried on potassium hydride and freshly distilled prior to use. CO2 (5.0) has been obtained 

commercially and was used without further purification. NMR spectra have been recorded 

on 300 MHz, 400 MHz or 500 MHz NMR spectrometers (specified at individual 

experiments). Number average weights (Mn) and polydispersity indices (PDI) of the 

obtained polycarbonates (8 mg dissolved in 4 mL chloroform) were determined by means of 

GPC at 25 °C using polystyrene as a standard. Carbonate linkages were determined by 1H 

NMR spectroscopy. 
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5.7.2. Syntheses of the complexes 

Synthesis of (DIPP-ZnCl)2MgCl2·(THF)3 

A solution of (DIPP-ZnCl)2 (25.8 mg, 0.05 

mmol) and (DIPP-MgCl)2 (24.0 mg, 0.05 

mmol) in 0.4 mL of C6D6 and 0.1 mL of 

THF-d8 was heated to 60 °C for 4 hours 

and slowly cooled down to room 

temperature. Colorless block-shaped crystals suitable for X-ray diffraction could be obtained 

from this solution. 

Yield: 42.0 mg, 0.04 mmol, 84%. 

1H NMR (300 MHz, THF-d8, 20 °C): δ (ppm) = 1.06 (d, 3JHH = 6.8 Hz, 24 H, i-Pr), 1.12 (d, 

3JHH = 6.8 Hz, 24 H, i-Pr), 1.59 (s, 12 H, CH3), 3.21 (sept, 3JHH = 6.8 Hz, 8 H, i-Pr), 4.75 (s, 2 

H, CH), 6.94 – 7.03 (m, 12 H, Ar).  

13C NMR (75 MHz, THF-d8, 25 °C): δ (ppm) = 24.4 (i-Pr), 25.1 (i-Pr), 25.6 (Me backbone), 

28.7 (i-Pr), 94.8 (backbone), 124.4 (Ar), 126.1 (Ar), 143.9 (Ar), 146.6 (Ar), 169.0 

(backbone). 

Synthesis of (MES-ZnCl)2MgCl2·(THF)2 

A solution of (MES-ZnCl)2 (21.0 mg, 0.05 

mmol) and (MES-MgCl)2 (18.9 mg, 0.05 

mmol) in 0.4 mL C6D6 and 0.1 mL THF-d8 

was heated to 60 °C for 4 hours and 

slowly cooled down to room temperature. 

Colorless hexagon-shaped crystals suitable for X-ray diffraction could be obtained from this 

solution. 

Yield: 28.3 mg, 0.04 mmol, 71%. 

1H NMR (300 MHz, toluene-d8, 20 °C): δ (ppm) = 1.44 (s, 12 H, CH3), 1.99 (s, 24 H, o-CH3), 

2.05 (s, 12 H, p-CH3), 4.68 (s, 2H, CH) 6.63 (s, 8 H, Ar). 

13C NMR (75 MHz, toluene-d8, 25 °C): δ (ppm) = 18.5 (CH3), 20.7 (CH3), 22.6 (CH3), 94.6 

(backbone), 128.9 (Ar), 131.9 (Ar), 133.6 (Ar), 146.5 (Ar), 166.9 (backbone). 
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Synthesis of DIPP-(Mg/Zn)I·THF (M = Mg, Zn) 

To a suspension of DIPP-ZnI (18.3 mg, 0.03 mmol) and DIPP-MgI 

(17.1 mg, 0.05 mmol) in 0.4 mL of C6D6, THF-d8 was added 

dropwise until complete dissolution. Slow cooling of this solution 

to 8 °C yielded colorless block-shaped crystals suitable for X-ray 

diffraction. By removal of the solvent the remaining complex was 

isolated as a white solid.  

Yield: 35.4 mg, 0.03 mmol, quantitative. 

1H NMR (300 MHz, C6D6, 20 °C): δ (ppm) = 1.14 (d, 3JHH = 6.9 Hz, 24 H, i-Pr), 1.23 (d, 3JHH 

= 6.9 Hz, 12 H, i-Pr), 1.24 (d, 3JHH = 6.9 Hz, 12 H, i-Pr), 1.59 (s, 6 H, CH3), 1.61+1.62 (s, 6 

H, CH3), 3.11 – 3.27 (m, i-Pr), 4.81 (s, 1 H, CH), 7.0 – 7.09 (m, 12 H, Ar). 

Due to low solubility no 13C NMR data could be obtained of the crystals. 

Reaction of (DIPP-MgH)2 with DIPP-ZnH 

24.0 mg (0.050 mmol) of DIPP-ZnH and 22.1 mg (0.025 mmol) 

of (DIPP-MgH)2 were mixed and dissolved in a mixture of 0.4 

mL of C6D6 and 0.1 mL of THF-d8. The solution was heated to 

60°C for 2 hours and slowly cooled down to room temperature. 

Yield: 26.3 mg (0.05 mmol), quantitative. 

1H NMR (300 MHz, C6D6/THF-d8, 20 °C): δ (ppm) = 1.19 – 1.24 (m, 36 H, i-Pr), 1.32 (d, 3JHH 

= 6.8 Hz, 12 H, i-Pr), 1.71 (s, 6 H, CH3), 1.72 (s, 6 H, CH3), 3.21 (sept, 3JHH = 6.9 Hz, 4 H, i-

Pr), 3.43 (sept, 3JHH = 6.9 Hz, 4 H, i-Pr), 4.13 (s, 2H, H), 4.88 (s, 1 H, CH), 5.03 (s, 1 H, CH), 

7.09–7.23 (m, 12 H, Ar).  

13C NMR (125 MHz, C6D6/THF-d8, 25 °C): δ (ppm) = 23.7 (i-Pr), 23.9 (i-Pr), 24.4 (Me 

backbone), 25.0 (i-Pr), 25.1 (i-Pr), 25.5 (Me backbone), 28.6 (i-Pr),28.7 (i-Pr), 94.9 

(backbone), 96.1 (backbone), 124.2 (Ar), 124.3 (Ar), 125.5 (Ar), 126.3 (Ar), 142.3 (Ar), 

143.3 (Ar), 145.4 (Ar), 146.2 (Ar), 168.2 (backbone), 168.4 (backbone). 

Reaction of [DIPP-Zn(µ-O2CMe)]2 and [DIPP-Mg(µ-O2CMe)]2 

[DIPP-Zn(µ-O2CMe)]2 (27.1 mg, 0.05 mmol) was added to a solution of [DIPP-Mg(µ-

O2CMe)]2 (25.1 mg, 0.05 mmol) in a mixture of 0.8 mL of toluene-d8 and 0.2 mL of THF-d8. 

From this solution colorless block-shaped crystals unsuitable for X-ray diffraction were 

obtained. 
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Yield: 10.8 mg, 0.02 mmol, 21%. 

Due to the formation of complex mixtures no clearly assignable NMR data could be 

obtained. 

Synthesis of [DIPP-Zn(µ-O2CPh)]2 

A solution of benzoic acid (0.5 M, 1.96 mL, 0.98 mmol) in 

toluene was added to a solution of DIPP-ZnEt (500.0 mg, 

0.98 mmol) in 15 mL of toluene and the mixture was 

heated to 50 °C overnight. Cooling of this solution 

afforded white cube-shape crystals of [DIPP-Zn(µ-

O2CPh)]2 suitable for X-ray diffraction. Concentration of 

the solution yielded another crop of white precipitate 

which was identified as [DIPP-Zn(µ-O2CPh)]2. 

Combined yield: 243.0 mg, 0.40 mmol, 41%. 

1H NMR (300 MHz, C6D6/THF-d8, 20 °C): δ (ppm) = 0.77 (m, 12H, i-Pr), 1.15 (d, 3JHH = 7.2 

Hz, 6H, i-Pr), 1.15 (d, 3JHH = 6.9 Hz, 6H, i-Pr), 1.57 (s, 6H, CH3), 2.98 (m, 4H, i-Pr), 3.35 

(sept, 3JHH = 6.9 Hz, 4H, i-Pr), 4.85 (s, 2H, CH), 6.83-7.24 (m, 18H, Ar), 8.26 (m, 4H, Ar). 

Due to the low solubility of the crystals no 13C NMR data could be obtained. 

Synthesis of [DIPP-(Mg/Zn)(µ-O2C Ph)]2 

[DIPP-Zn(µ-O2CPh)]2 (30.2 mg 0.05 mmol) was 

added to a solution of [DIPP-Mg(µ-O2CPh)]2 

(28.2 mg, 0.05 mmol) in a mixture of 0.4 mL of 

toluene-d8 and 0.1 mL THF-d8. From this solution 

colorless sparkling crystals suitable for X-ray 

diffraction were obtained. 

Yield: 19.8 mg, 0.03 mmol, 34%. 

1H NMR (300 MHz, THF-d8, 20 °C): δ (ppm) = 0.69-1.11 (m, 48H, i-Pr), 1.41 (s, 3H, CH3), 

1.43 (s, 3H, CH3), 1.43 (s, 3H, CH3), 1.45 (s, 3H, CH3), 2.95-3.14 (m, 8H, i-Pr), 4.71 (s, 1H, 

CH) , 4.75 (s, 1H, CH), 6.70-7.93 (m, 22H, Ar).  

Due to the low solubility of the crystals no 13C NMR data could be obtained. 
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5.7.3. General polymerization procedure 

40 µmol of the corresponding catalyst (0.1 mol%) were dissolved in 3.93 g (40.0 mmol) of 

CHO. The obtained solution was quickly transferred into a pre-heated (60 °C) reactor and 

immediately pressurized with 10 bar of CO2. The solution was vigorously stirred for two 

hours at 60 °C, subsequently cooled down to room temperature and the CO2-pressure was 

released carefully. The very viscous reaction mixture was diluted with 100 mL of 

dichloromethane. After concentration of the resulting solution, the polymer was precipitated 

by the use of 100 mL of methanol. The polymer was isolated by filtration and dried under 

vacuum at 100 °C. The obtained polymers were analyzed by means of 1H NMR and GPC 

using polystyrene standards for Mw determination. 

5.7.4. Computational details 

DFT calculations were performed with the Turbomole 6.3 program suite[72] using the BP86-

D3[62] and B3-LYP-D3 density functional,[64] each with dispersion correction[73] along with the 

implemented def2-TZVP basis set.[74] Additionally, the approximate ‘resolution of identity’ 

second-order many-body perturbation theory method (RI-MP2)[66,75] and an accurate 

valence triple-zeta basis set augmented with polarization functions (def2-TVZPP)[76] 

calculations were applied. The structures obtained were confirmed as true minima by 

calculating analytical frequencies.  

NBO-charges 

Table 5.14 Natural bond orbital charges (B3-LYP-D3, def2-TZVP) for a) (L’-ZnCl)2, b) (L’-MgCl)2 and 

c) (L’-Zn/MgCl)2 

a) 

 

 

 

 

 

 

X  

NBO-charge  

             Zn                             X 

H 1.45 − 0.66 

Cl 1.56 − 0.77 

OH 1.68 − 0.87 

OMe 1.68 − 0.87 



 Chapter 5  

 
224 

 

b) 

 

 

 

 

 

 

Bond lengths 

Table 5.15 Selected calculated and experimental bond lengths [Å] for low-valence Mg and Zn 

dimers. 

 
experimental 

(average) 

BP-D3    

(def2-

TZVP)  

B3-LYP-D3 

(def2-

TZVP) 

perturbation 

theory 

RI-MP2 

(def2-

TZVPP) 

L’-Mg−Mg-L’ (DIPP-Mg)2
[67]

  

Mg−Mg 2.8457(8) 2.87 2.86 2.87 2.87 

Mg−N 2.0604(13) 2.07 2.06 2.05 2.05 

L’-Zn−Zn-L’          (MES-Zn)2
[68]  

Zn−Zn 2.3813(8) 2.36 2.39 2.36 2.37 

Zn−N 2.003(3) 2.01 2.02 1.97 1.98 

L’-Mg−Zn-L’ 

Mg−Zn  2.57 2.58 2.58 2.58 

Mg−N  2.06 2.05 2.04 2.05 

Zn−N  2.03 2.04 1.98 1.99 

 

X  

NBO-charge  

             Mg                            X 

H 1.63 − 0.78 

Cl 1.69 − 0.83 

OH 1.78 − 0.91 

OMe 1.78 − 0.91 

 

X  

NBO-charge 

        Mg                Zn                   X 

H 1.64 1.43 − 0.71 

Cl 1.69 1.56 − 0.80 

OH 1.79 1.67 − 0.88 

OMe 1.79 1.66 − 0.89 
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Table 5.16 Selected calculated and experimental bond lengths and distances [Å] for hydride-bridged 

Mg and Zn dimers. 

 experimental 

(average) 

BP-D3    

(def2-TZVP)  

B3-LYP-D3 

(def2-

TZVP) 

perturbation 

theory 

RI-MP2 

(def2-

TZVPP) 

(L’-MgH)2                               (DIPP-MgH)2
[58]  

Mg···Mg 2.890(2) 2.78 2.77 2.85 2.76 

Mg−H 1.96(3) 1.89 1.88 1.90 1.87 

Mg−N 2.065(2) 2.05 2.04 2.05 2.04 

(L’-ZnH)2 (MES-ZnH)2
[54]  

Zn···Zn 2.4705(7) 2.41 2.45 2.40 2.41 

Zn−H 1.749(33) 1.76 1.77 1.73 1.73 

Zn−N 1.973(2) 1.98 1.99 1.95 1.95 

L’-Mg(µ-H)2Zn-L’ 

Mg···Zn  2.57 2.59 2.56 2.57 

Mg−H  1.92 1.91 1.90 1.90 

Zn−H  1.72 1.74 1.69 1.70 

Mg−N  2.04 2.04 2.03 2.03 

Zn−N  1.99 2.00 1.96 1.96 

 

Table 5.17 Selected calculated and experimental bond lengths and distances [Å] for chloride-bridged 

Mg and Zn dimers. 

 experimental 

(average) 

BP-D3    

(def2-TZVP)  

B3-LYP-D3 

(def2-TZVP) 

RI-MP2 

(def2-

TZVPP) 

(L’-MgCl)2 (DIPP-MgCl)2
[51]  

Mg···Mg 3.392(2) 3.33 3.34 3.32 

Mg−Cl 2.3884(11) 2.40 2.40 2.39 

Mg−N 2.033(2) 2.03 2.02 2.02 

(L’-ZnCl)2 DIPP-Zn(µ-Cl)2Li(Et2O)2
[69]

  

Zn···Zn  3.24 3.29 3.22 

Zn−Cl 2.3001(8) 2.36 2.38 2.34 

Zn−N 1.981(2) 1.97 1.97 1.94 
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L’-Mg(µ-Cl)2Zn-L’ 

Mg···Zn  3.27 3.30 3.25 

Mg−Cl  2.40 2.40 2.38 

Zn−Cl  2.36 2.38 2.34 

Mg−N  2.03 2.02 2.02 

Zn−N  1.96 1.97 1.94 

Table 5.18 Selected calculated and experimental bond lengths and distances [Å] for hydroxide and 

methoxide-bridged Mg and Zn dimers. 

 experimental 

(average) 

BP-D3    (def2-

TZVP)  

B3-LYP-D3 

(def2-TZVP) 

RI-MP2  (def2-

TZVPP) 

(L’-MgOH)2 (DIPP-MgOH)2
[70]  

Mg···Mg 3.1160(18) 2.96 2.94 2.95 

Mg−O 2.040(2) 1.97 1.96 1.96 

Mg−N 2.1688(18) 2.06 2.05 2.04 

(L’-ZnOH)2 (DEP-ZnOH)2*
[40]  

Zn···Zn 2.9745(5) 2.98 3.01 3.01 

Zn−O 1.977(2) 2.00 2.00 1.96 

Zn−N 1.9829(15) 1.99 2.00 1.97 

L’-Mg(µ-OH)2Zn-L’ 

Mg···Zn  2.98 2.98 2.97 

Mg−O  1.96 1.95 1.95 

Zn−O  2.00 2.00 1.97 

Mg−N  2.06 2.05 2.04 

Zn−N  1.99 1.99 1.97 

(L’-MgOMe)2 

Mg···Mg  2.93 2.91 2.92 

Mg−O  1.97 1.96 1.96 

Mg−N  2.05 2.05 2.04 

(L’-ZnOMe)2 (DEP-ZnOMe)2*
[40]  

Zn···Zn 2.9581(7) 2.94 2.99 2.96 

Zn−O 1.958(2) 2.00 1.99 1.97 

Zn−N 1.979(2) 1.98 1.99 1.97 
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* DEP = 2,6-diethylphenyl-nacnac 

5.7.5. Crystal structure determinations 

All crystals have been measured on a Siemens SMART CCD diffractometer. Structures 

have been solved and refined using the programs SHELXS-97 and SHELXL-97, 

respectively.[77] All geometry calculations and graphics have been performed with 

PLATON.[78] The crystal data are summarized in Table 5.19.  

Single-crystal X-ray structure determination of (DIPP-ZnCl)2MgCl2·(THF)3 

All hydrogen atoms have been placed on calculated positions. The structure contains two 

disordered half molecules of benzene over inversion centers. One benzene molecule was 

refined with large anisotropic displacement factors and the other benzene was described by 

a 50/50 disorder model. All coordinating THF molecules are disordered over two positions.  

Single-crystal X-ray structure determination of (MES-ZnCl)2MgCl2·(THF)2 

All hydrogen atoms have been located in the difference-Fourier map and were refined 

isotropically, except for the para-methyl hydrogen atoms, which were placed on calculated 

positions The structure contains one half disordered benzene molecule over an inversion 

centre. and likely other disordered benzene molecules which could not be recognized as 

such. All cocrystallized benzene molecules have been treated by the SQUEEZE procedure 

incorporated in the PLATON program.[78] The unit cell contains holes of 336 Å3 which were 

filled with 152 electrons. 

Single-crystal X-ray structure determination of DIPP-MI·THF (M = Mg, Zn) 

All hydrogen atoms have been placed on calculated positions. The molecule lies on an 

inversion centre and the asymmetric unit contains two molecules DIPP-MI·THF. Refinement 

with only Mg gave small displacement factors for Mg and rest electron density at the metal 

site. Refinement with only Zn gave large displacement factors for Zn and electron holes at 

L’-Mg(µ-OMe)2Zn-L’ 

Mg···Zn  2.95 2.95 2.94 

Mg−O  1.95 1.95 1.95 

Zn-O  1.99 2.00 1.97 

Mg-N  2.05 2.05 2.04 

Zn-N  1.98 1.99 1.96 
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the metal site Refinement with a Mg/Zn combination gave the best R-values and moderate 

e-densities/holes. (Mg1/Zn1 = 39.9/60.1; Mg2/Zn2 = 41.3/58.7; average Mg/Zn = 40.6/59.4) 

Single-crystal X-ray structure determination of [DIPP-Zn(µ-O2C Ph)]2 

All hydrogen atoms have been placed on calculated positions. Two independent dimeric 

molecules are found on an inversion center. The asymmetric unit contains two half dimers. 

Residual electron densities point to the cocrystallization of heavily disordered hexane which 

was treated by the SQUEEZE procedure incorporated in the PLATON program.[78] The unit 

cell contains a hole of 456 Å3 which were filled with 95 electrons. 

Single-crystal X-ray structure determination of [DIPP-M(µ-O2CPh)]2 (M = Mg, Zn) 

All hydrogen atoms have been placed on calculated positions. Two independent dimeric 

molecules are found on an inversion center. The asymmetric unit contains two half dimers. 

Refinement with a Mg/Zn combination gave best R-values and moderate e-densities/holes. 

(Mg1/Zn1 = 56.6/43.4; Mg2/Zn2 = 55.7/44.3; average Mg/Zn = 56.2/43.8) 
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Table 5.19 Crystal structure data. 

Compound (DIPP-ZnCl)2MgCl2·(THF)3 (MES-ZnCl)2MgCl2·(THF)2 

Formula C82H118Cl4MgN4O3Zn2 C54H74Cl4MgN4OZn2 

M 1504.66 1108.29 

Size (mm³) 0.3 x 0.4 x 0.4 0.3 x 0.4 x 0.5 

Crystal system Orthorhombic Monoclinic 

Space group Pmna P21/n 

a (Å) 29.6253(13) 8.8798(3) 

b (Å) 23.5679(10) 25.9868(7) 

c (Å) 11.4087(5) 13.9510(4) 

α 90 90 

β 90 95.858(2) 

γ 90 90 

V (Å³) 7965.6(6) 3202.49(17) 

Z 4 2 

ρ (g.cm-3) 1.255 1.149 

μ (MoKα) (mm-1) 0.793 0.962 

T (°C) −170 −170 

Θ (max) 27.55 30.61 

Refl. total, independent 

Rint 

76853, 9396 

0.045 

38297, 9801 

0.024 

Found refl. (I > 2σ(I)) 7163 8480 

Parameter 472 430 

R1 0.0492 0.0376 

wR2 0.1392 0.1203 

GOF 1.044 1.109 

min/max remaining      e-

density (e·Å-3) 
−0.67/0.90 −1.00/0.71 
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Compound DIPP-MI·THF (M = Mg, Zn) [DIPP-Zn(µ-O2CPh)]2 

Formula C66H98I2N4O2M2 C72H92N4O4Zn2 

M 1345.5 1008.24 

Size (mm³) 0.3 x 0.2 x 0.1 0.5 x 0.4 x 0.4 

Crystal system Monoclinic Triclinic 

Space group P21/c   1 

a (Å) 16.6218(8) 13.9763(12) 

b (Å) 20.2929(11) 14.4415(12) 

c (Å) 19.3912(9) 18.0791(15) 

α 90 94.747(3) 

β 91.524(2) 93.593(3) 

γ 90 91.718(3) 

V (Å³) 6538.4(6) 3627.1(5) 

Z 4 2 

ρ (g.cm-3) 1.37 1.106 

μ (MoKα) (mm-1) 1.465 0.707 

T (°C) −170 −170 

Θ (max) 28.33 27.13 

Refl. total, independent 

Rint 

73994, 16035 

0.0279 

40982, 15086 

0.0301 

Found refl. (I > 2σ(I)) 12667 11350 

Parameter 707 759 

R1 0.032 0.0369 

wR2 0.076 0.0987 

GOF 0.999 1.053 

min/max remaining      e-

density (e·Å-3) 
−0.759/1.576 −0.407/0.723 
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Compound [DIPP-(Mg/Zn)(µ-O2CPh)]2 

Formula C72H92Mg1.12N4O4Zn0.88 

M 1162.1 

Size (mm³) 0.5 x 0.4 x 0.3 

Crystal system Monoclinic 

Space group P21/c 

a (Å) 19.0023(9) 

b (Å) 19.3796(9) 

c (Å) 18.7741(8) 

α 90 

β 101.115(2) 

γ 90 

V (Å³) 6784.0(5) 

Z 4 

ρ (g.cm-3) 1.138 

μ (MoKα) (mm-1) 0.379 

T (°C) −170 

Θ (max) 24.75 

Refl. total, independent 

Rint 

83760, 11379 

0.0394 

Found refl. (I > 2σ(I)) 9084 

Parameter 760 

R1 0.0414 

wR2 0.1150 

GOF 1.047 

min/max remaining 

e-density (e·Å-3) 
−0.33/0.50 
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