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1 

1. Introduction −−−− Biological Background 
 

1.1. Zinc and its Biological Role 
 

The role of zinc in biology was underestimated for a long time due to its missing exciting 

properties. Under physiological conditions, it is existent as Zn2+ ion with a d10 

configuration that makes its role in coordination chemistry not very special. Complexes 

of Zn2+ are colourless, diamagnetic and because of its filled electron shell it is unreactive 

in redox processes.[1] Owing to its unremarkable properties compared to other transition 

metals, zinc was mentioned to be a boring metal.[2] In fact, zinc is an interesting element 

that stands in the same group as cadmium and mercury, which both are poisonous, but 

zinc is essential for life. With 2−3 g, it is the second most abundant 3d-metal in the 

human body and was found to be present in all classes of enzymes (i.e., oxidoreductases, 

transferases, hydrolases, lyases, isomerases and ligases). This makes zinc important in 

various biological processes (e.g., development and function of the central nervous 

system, the immune defense and the production and function of insulin).[3]  

Zinc is a metal with intermediate hard-soft behaviour making it attractive to be 

coordinated by nitrogen, oxygen and sulphur ligands and thus allows binding in many 

proteins compared to other metals. Resulting from the lack of ligand field stabilisation 

effects due to its d10 configuration, Zn2+ is flexible in coordination number and 

geometry.[1b] Although coordination numbers from 2−8 are possible, most common are 4, 

5 and 6. This labile coordination allows fast ligand exchange that is necessary in catalytic 

reactions.[2] Another important property of Zn2+ is its high Lewis acidity. The ability to 

polarise substrates, especially water, is necessary in enzymatic hydrolytic reactions. If 

water coordinates to Zn2+, its pKa is lowered under physiological pH enabling to generate 

a nucleophile that is able to attack.[1a]  

The importance of zinc in biology was not recognised for a long time, because of its 

spectroscopic silent properties that make zinc difficult to identify. With improvement of 

analytic methods, the first zinc containing enzyme was found in 1930s[4] and since this 

time, more than 400 enzymes have been discovered that bear Zn2+ in the active site 

indicating the important role in biological processes.[5] The functions of zinc enzymes can 

be both catalytic and structural. Enzymes, like phosphatases, nucleases, peptidases and 
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amidases are important in biological degradation reactions. In addition, zinc enzymes 

(e.g., synthetases, polymerases and transferases) are also necessary in biological growth 

processes.[6] Pure structural functions of zinc are found in E. coli aspartate 

transcarbamoylase[7] or in the zinc finger protein.[8]  

The manifold applications of zinc containing enzymes make this element highly attractive 

in biomimetic investigations. To mimic the biological function of enzymes, the active 

centres are emulated by synthetic models. These simplified analogues enable the 

investigation of the mechanistic processes of the enzymes that is essential to understand 

their way of function. As mentioned above, more than 400 enzymes are known, which 

bear zinc in their active sites. Zinc is present in various mononuclear enzymes (e.g., 

carbonic anhydrase and alcohol dehydrogenase) and also in enzymes containing more 

than one zinc ion in their active site (e.g., phosphodiesterases and metallo-β-lactamases). 

Due to the large number of zinc containing enzymes, only few of them will be discussed 

here. With the focus on multinuclear enzymes, which hydrolyse chemical bonds, the 

active centres of phosphatases, phosphodiesterases, phosphotriesterases and metallo-β-

lactamases, which serve as biological archetypes, will be presented. In addition, carbonic 

anhydrase is one of the most efficient mononuclear enzymes and is highly attractive in 

biomimetic reactions, since it is able to activate CO2. 

 

 

1.2. Monozinc Enzymes  
 

In many mononuclear zinc enzymes, the structural motif is a tetrahedrally coordinated 

zinc centre [(XYZ)Zn2+-OH2] that is bound to the protein by three amino acid residues 

(XYZ) as it is depicted in Scheme 1.1. 

 

 

X, Y, Z N, O, S donors 
of amino acid residues

Zn2+

X Z

OH2

Y  
Scheme 1.1: Tetrahedral coordination of most mononuclear zinc enzymes. 

 

 

 



The fourth position is occupied by a water or hydroxide ligand (depends on pH) and is the 

so called open site, where catalysis can take place. The flexible coordination geometry of 

zinc allows the change of tetrahedral coordination to a penta

within the catalytic circle.[6b]

 

 

1.2.1. Carbonic Anhydrase
 

One of the known most efficient mononuclear enzymes is carbonic anhydrase (CA). 

 

 

 

 

 

 

 

 

 

Figure 1.1: Tetrahedrally coordinated zi
Code: 4CAC)[9] and scheme (right).

 

This enzyme contains three histidine amino acid residues bound to the zinc centre. An 

additional water molecule l

the first enzyme, which was known to contain zinc in its active site.

equation (i), its function is the hydrolytic conversion of carbon dioxide to bicarbonate. 

This reaction is essential for life to 

The conversion of CO2 into bicarbonate allows the transport between metabolising tissues 

and the lungs that makes respiration possible. Its remarkable nature makes this enzyme 

ubiquitous, since it was found in animals, plants and bacteria.

 

 

Monozinc Enzymes
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zinc allows the change of tetrahedral coordination to a penta-coordinated zinc centre 
[6b]  

nhydrase 

One of the known most efficient mononuclear enzymes is carbonic anhydrase (CA). 

Tetrahedrally coordinated zinc centre in the active site of carbonic anhydrase; crystal structure (left, PDB 
and scheme (right). 

This enzyme contains three histidine amino acid residues bound to the zinc centre. An 

additional water molecule leads to a tetrahedral coordination of zinc (Figure 

the first enzyme, which was known to contain zinc in its active site.

), its function is the hydrolytic conversion of carbon dioxide to bicarbonate. 

This reaction is essential for life to maintain acid-base balance in blood and other tissues. 

into bicarbonate allows the transport between metabolising tissues 

and the lungs that makes respiration possible. Its remarkable nature makes this enzyme 

found in animals, plants and bacteria.[6a]  
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The fourth position is occupied by a water or hydroxide ligand (depends on pH) and is the 

, where catalysis can take place. The flexible coordination geometry of 

coordinated zinc centre 

One of the known most efficient mononuclear enzymes is carbonic anhydrase (CA).  

nc centre in the active site of carbonic anhydrase; crystal structure (left, PDB 

This enzyme contains three histidine amino acid residues bound to the zinc centre. An 

Figure 1.1). CA was 

the first enzyme, which was known to contain zinc in its active site.[4] As indicated in 

), its function is the hydrolytic conversion of carbon dioxide to bicarbonate. 

base balance in blood and other tissues. 

into bicarbonate allows the transport between metabolising tissues 

and the lungs that makes respiration possible. Its remarkable nature makes this enzyme 

Zn2+

Z

OH2

Y  
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The mechanism of CA is illustrated in Scheme 1.2. The high Lewis acidity of Zn2+ 

polarises the water molecule that lowers its pKa to ~7. Proton shuttling occurs while a 

nearby located histidine (B−) acts as a proton acceptor generating the zinc-hydroxide form 

of the enzyme (b).[10] Next step is the interaction of the CO2 molecule with the zinc 

centre, which has to attract, orientate and polarise the substrate to bring the CO2 closer to 

the hydroxide ligand (c).[1a] 

 

 

Zn2+

HisN NHis

OH2

NHis

Zn2+
HisN NHis

O

NHis

CH

Zn2+
HisN NHis

O

NHis

CH

O

O

BH

CO2

H2O

HCO3
-

(b)

(c)(d)

(a)

O

O

Zn2+

HisN NHis

OH

NHis
B-

 
 

Scheme 1.2: Catalytic circle of carbonic anhydrase. 

 

Nucleophilic attack of the hydroxide ligand forms an intermediate (d) that is degraded by 

water to release bicarbonate and closing the catalytic circle (a).[6a] Two different 

mechanisms have been proposed in bicarbonate formation (Scheme 1.3): (i) the 

“Lipscomb” mechanism that involves an internal proton transfer or (ii ) the “Lindskog” 

mechanism that assumes a turn of the Zn−O bond enabling the hydrogen atom to stay at 

the original nucleophile oxygen atom (O*). Although both intermediates were found 

experimentally, the “Lindskog” mechanism is favoured in theoretical calculations.[11]  
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Scheme 1.3: Proposed mechanisms for bicarbonate formation. 

 

 

1.3. Multinuclear Hydrolases 
 

Hydrolases are a group of enzymes that catalyse the hydrolytic cleavage of chemical 

bonds. Members of this group like phosphatases and nucleases are able to cleave 

phosphate ester bonds of phosphorylated amino acids and saccharides, nucleotides, DNA 

and RNA. Other enzymes like metallo-β-lactamases hydrolyse the C−N bond of β-lactam 

antibiotics. Most of these enzymes contain more than one metal ion in their active sites 

(e.g., Zn2+, Fe3+ or Mg2+). In binuclear zinc enzymes, both metal centres are in close 

proximity (3−5 Å) and are bridged by a donor ligand, like aspartate, glutamate, water or a 

hydroxide ligand.[6b,12] The synergistical work of both metal centres enables the binding 

and activation of substrate molecules (e.g., water) to generate a nucleophile that is able to 

attack under physiological conditions.[13]  
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1.3.1. Enzymes Cleaving Phosphate Esters
 

Enzymes that catalyse the cleavage of phosphate ester bonds

phosphatases, phosphodiestera

the enzymes are specialised to hydrolyse the P

purple acid phosphatase and alkaline phosphatase), phosphate diesters (like P1 nuclease) 

or triesters (e.g., phosphotriesterase). Some of these enzymes bear a third me

the active site, like Mg2+ in alkaline phosphatase or a third Zn

This third metal centre is slightly apart from the binuclear active site (

functional role in biological processes is more structural than c

stabilising intermediates or ensuring the protonation state of the nucleophile.

 

 

1.3.1.1. Purple Acid Phosphatase
 

Specialised to cleave the P−

(optimum pH of 4.9−6.0), purple acid phosphatases (PAP) are enzymes with two metal 

ions in their active site.[14] Isolated from kidney beans the enzyme bears one Zn

Fe3+ ion in the catalytic centre. The purple colour of the enzyme is caused by a Tyr/Fe

ligand-to-metal charge transfer.

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2: Updated crystal structure of the active site of purple acid phosphatase isola
PDB Code: 1KBP)[15] and scheme (right).

Biological Background 

Enzymes Cleaving Phosphate Esters 

that catalyse the cleavage of phosphate ester bonds are divided 

phosphatases, phosphodiesterases and phosphotriesterases. Depending on the substra

the enzymes are specialised to hydrolyse the P−O bond of phosphate monoesters (e.g., 

purple acid phosphatase and alkaline phosphatase), phosphate diesters (like P1 nuclease) 

or triesters (e.g., phosphotriesterase). Some of these enzymes bear a third me

in alkaline phosphatase or a third Zn2+ centre in nuclease P1. 

This third metal centre is slightly apart from the binuclear active site (

functional role in biological processes is more structural than catalytic, for instance, 

stabilising intermediates or ensuring the protonation state of the nucleophile.

Purple Acid Phosphatase 

−O bond of phosphate monoesters under acidic conditions 

6.0), purple acid phosphatases (PAP) are enzymes with two metal 

Isolated from kidney beans the enzyme bears one Zn

ion in the catalytic centre. The purple colour of the enzyme is caused by a Tyr/Fe

metal charge transfer.[6b] 

Updated crystal structure of the active site of purple acid phosphatase isolated from kidney beans (left, 
and scheme (right). 

HisN
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H
O
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are divided into 

. Depending on the substrate, 

monoesters (e.g., 

purple acid phosphatase and alkaline phosphatase), phosphate diesters (like P1 nuclease) 

or triesters (e.g., phosphotriesterase). Some of these enzymes bear a third metal centre in 

centre in nuclease P1. 

This third metal centre is slightly apart from the binuclear active site (~5−7 Å). Its 

atalytic, for instance, 

stabilising intermediates or ensuring the protonation state of the nucleophile.[6b] 

O bond of phosphate monoesters under acidic conditions 

6.0), purple acid phosphatases (PAP) are enzymes with two metal 

Isolated from kidney beans the enzyme bears one Zn2+ and one 

ion in the catalytic centre. The purple colour of the enzyme is caused by a Tyr/Fe3+ 

ted from kidney beans (left, 

Asp

Zn2+

OAsn

NHis

NHis

OH2



Multinuclear Hydrolases 

7 

As depicted in Figure 1.2, the ferric centre in PAP of kidney beans is coordinated by two 

anionic (Asp, Tyr) and one neutral (His) amino acid residues. A terminal hydroxide and 

two bridging ligands (hydroxide and Asp) complete an octahedral coordination. The 

strong Lewis acidic character of Fe3+ ensures a constant deprotonation of the terminal 

coordinated hydroxide ligand. In addition to the two bridging ligands, Zn2+ is coordinated 

by three neutral amino acid residues (two His and one Asn) and one aqua ligand, which is 

not deprotonated.[16]  

 

The mechanism of PAP is shown in Scheme 1.4. After substrate coordination to Zn2+ by 

elimination of the labile aqua ligand (b), the terminal hydroxide ligand at Fe3+ is able to 

attack the phosphorous atom resulting in a penta-coordinated intermediate (c). Release of 

the leaving group ROH (d) and exchange of HPO4
2− by solvent molecules completes the 

catalytic circle (a).[16]  

 

Fe Zn

H
O

O

O
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OH OH2

Fe Zn

H
O

O

O
Asp

OH O

Fe Zn

H
O

O

O
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HO O

P
O

O
OR

Fe Zn

H
O

O

O
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HO O

P
O O

H2O

H+

ROH

2 H2O

HPO4
2- + H+

P
ORO

O

(a) (b)

(c)(d)

ROPO3
2-

 
 

Scheme 1.4: Catalytic circle of purple acid phosphatase. 
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1.3.1.2. Alkaline Phosphatase
 

Alkaline phosphatases (AP) cleave non

conditions (optimum pH > 7.5).

activity. Two Zn2+ ions and one Mg

Figure 1.3).[17] Although enzymes containing only Mg

activity of AP is dramatically decreased, if Mg

ions. This third centre plays thus an ancillary role. In addition, the lack of one zinc centre 

reveals no activity.[13] The active nucleophile is proposed to be a deprotonated serine 

residue, which is stabilised by one zinc centre. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Crystal structure of the active site of alkaline phosphatase from 
stabilised by hydrogen bonding to an arginine 

 

As illustrated in Scheme 1.5 

monophosphate to the zinc centres with release of the water molecule. The two not 

coordinating oxygen atoms of the phosphate form hydrogen bonds to an arginine residue 

for stabilisation (b). The active serine nucleophile then attacks the phosphorous atom 

resulting in the cleavage of the P

generating a new terminal nucleophile, which again attacks the phosphorous atom (

This leads to the cleavage of the P(O)

intermediate in accordance with release of the serine nucleophile (

eliminated by water to generate the zinc

during this process is proposed to regulate the protonation s

Biological Background 

Alkaline Phosphatase 

Alkaline phosphatases (AP) cleave non-specific phosphate monoesters under basic 

7.5).[14] These enzymes require three metal ions for optimal 

ions and one Mg2+ ion are present in the active site of 

Although enzymes containing only Mg2+ are not catalytically active, the 

activity of AP is dramatically decreased, if Mg2+ is substituted by other divalent metal 

ions. This third centre plays thus an ancillary role. In addition, the lack of one zinc centre 

The active nucleophile is proposed to be a deprotonated serine 

h is stabilised by one zinc centre.  

Crystal structure of the active site of alkaline phosphatase from E. coli with coordinated phosphate that is 
rginine amino acid residue (PDB Code: 1ALK).[17]  

Scheme 1.5 the first step in catalysis is the coordination of the 

monophosphate to the zinc centres with release of the water molecule. The two not 

coordinating oxygen atoms of the phosphate form hydrogen bonds to an arginine residue 

). The active serine nucleophile then attacks the phosphorous atom 

resulting in the cleavage of the P−OR bond. The alcohol (ROH) is eliminated by water 

generating a new terminal nucleophile, which again attacks the phosphorous atom (

This leads to the cleavage of the P(O)−enzyme bond forming an phosphate bridging 

intermediate in accordance with release of the serine nucleophile (d). The phosphate is 

eliminated by water to generate the zinc-aqua complex (a).[6a] The function of Mg

during this process is proposed to regulate the protonation state of the serine residue.

specific phosphate monoesters under basic 

These enzymes require three metal ions for optimal 

ion are present in the active site of E. coli AP (see 

tically active, the 

is substituted by other divalent metal 

ions. This third centre plays thus an ancillary role. In addition, the lack of one zinc centre 

The active nucleophile is proposed to be a deprotonated serine 

with coordinated phosphate that is 

the first step in catalysis is the coordination of the 

monophosphate to the zinc centres with release of the water molecule. The two not 

coordinating oxygen atoms of the phosphate form hydrogen bonds to an arginine residue 

). The active serine nucleophile then attacks the phosphorous atom 

OR bond. The alcohol (ROH) is eliminated by water 

generating a new terminal nucleophile, which again attacks the phosphorous atom (c). 

enzyme bond forming an phosphate bridging 

). The phosphate is 

The function of Mg2+ 

tate of the serine residue.[13] 
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Scheme 1.5: Proposed mechanism of alkaline phosphatase. 

 

 

1.3.1.3. P1 Nuclease 
 

As an example for cleaving phosphate diesters, P1 nuclease is a glycoprotein isolated 

from the fungi Penicillium citrinum and catalyses the hydrolysis of single stranded DNA 

or RNA. The enzyme is a phosphodiesterase that cleaves the bond between the 

3'-hydroxyl and 5'-phosphoryl group of adjacent nucleotides. At the same time it is also a 

phosphomonoesterase, removing the 3'-terminal phosphate group.[18]  P1 nuclease 

requires three zinc centres in its active site (Figure 1.4). Two zinc ions (Zn1 and Zn3) are 

bridged by an aspartate residue and a water (or hydroxide) molecule.  
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Figure 1.4: Crystal structure of the active site of P1 nuclease without water ligands (left, PDB Code: 1AK0)
scheme showing the hydroxide bridge of Zn1 and Zn3 and the coordination of two water molecules to Zn2 (right).

 

The zinc centres Zn1 and Zn3 are separated by 

apart from Zn1 and ~4.7 Å from Zn3. In addition to the bridging ligands (aspartate and 

hydroxide), Zn1 is coordinated by two histidines and one aspartate. The Zn3 centre is 

additionally ligated by one histidine and the nitrogen and oxygen atoms of the 

of tryptophan. Two histidines, one aspartate and two additional water molecules are 

coordinated to the single site containing Zn2. In conclusion, all three zinc centres are 

penta-coordinated by two nitrogen and three oxygen ligands.

mechanism of P1 nuclease (Schem

bridging hydroxide. The phosphate group is not directly coordinated to zinc centres Zn1 

and Zn3, but is stabilised by an arginine residue. The function of Zn2 is to trap the 

oxygen atom of the phosphate group that is cleaved to stabilise the intermediate.
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nd Zn3, but is stabilised by an arginine residue. The function of Zn2 is to trap the 
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structure of the active site of P1 nuclease without water ligands (left, PDB Code: 1AK0)[19] and 
bridge of Zn1 and Zn3 and the coordination of two water molecules to Zn2 (right). 

. The third zinc ion (Zn2) is ~5.8 Å 

from Zn3. In addition to the bridging ligands (aspartate and 

), Zn1 is coordinated by two histidines and one aspartate. The Zn3 centre is 

by one histidine and the nitrogen and oxygen atoms of the N-terminus 

of tryptophan. Two histidines, one aspartate and two additional water molecules are 

coordinated to the single site containing Zn2. In conclusion, all three zinc centres are 

In the proposed catalytic 

), the attacking nucleophile is assumed to be the 

bridging hydroxide. The phosphate group is not directly coordinated to zinc centres Zn1 

nd Zn3, but is stabilised by an arginine residue. The function of Zn2 is to trap the 

oxygen atom of the phosphate group that is cleaved to stabilise the intermediate.[19-20] 
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1.3.1.4. Phosphotriesterase
 

Organophosphate triesters are no naturally occurring compounds. Because of their high 

toxicity, they are used as fungicides and insecticides (e.g.

used as warfare agents (e.g., Sarin or Soman). The 

insecticides and soil bacteria to

phosphotriesterase enzyme. This binuclear enzyme is highly ac

cleavage, but not able to hydrolyse phosphate monoesters or diesters.

Figure 1.5, the active site consists of two zinc centres

lysine (KCX-169 in Figure 

two histidines and one aspartate, while Zn2 is ligated to two histidines and a water 

molecule.[21]  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: Crystal structure of the active site of 
1EYW)[22] and scheme (right). 

 

The proposed mechanism of phosphotriesterase is shown in 

is the binding of the substrate 

molecule. This results in the formation of a strong P(O)

binding of µ−OH to Zn2 (

under elimination of the leaving group 

aspartate and a nearby located histidine, a phosphate bridging enzyme

formed (c). The hydrolysed product is then released by solvent molecules generating the 

active site hydroxide (a).[13,21,23]

Multinuc

Phosphotriesterase 

Organophosphate triesters are no naturally occurring compounds. Because of their high 

toxicity, they are used as fungicides and insecticides (e.g., Paraoxon) and have also been 

used as warfare agents (e.g., Sarin or Soman). The resistance of some insects towards 

insecticides and soil bacteria towards pesticides led to the discovery of the 

phosphotriesterase enzyme. This binuclear enzyme is highly active in phosphotriester 

cleavage, but not able to hydrolyse phosphate monoesters or diesters.[12

, the active site consists of two zinc centres that are bridged by a carboxylated 

Figure 1.5) and a hydroxide ion. In addition, Zn1 is coordinated by 

two histidines and one aspartate, while Zn2 is ligated to two histidines and a water 

Crystal structure of the active site of Pseudomonas diminuta phosphotriesterase (left, P

The proposed mechanism of phosphotriesterase is shown in Scheme 1.7

s the binding of the substrate OP(OR)3 to the Zn2 centre with release of the water 

molecule. This results in the formation of a strong P(O)−Zn2 bond, which weakens the 

OH to Zn2 (b). The nucleophile is then able to attack the 

imination of the leaving group RO−. Upon proton shuttling with assistance of 

aspartate and a nearby located histidine, a phosphate bridging enzyme-

). The hydrolysed product is then released by solvent molecules generating the 
[13,21,23] 
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Scheme 1.7: Proposed mechanism of phosphotriesterase. 

 

 

1.3.2. Metallo-β-Lactamases 
 

β-Lactamases are a class of enzymes that are able to cleave the four-membered lactam 

ring of antibiotics. This cleavage results in the inactivation of the medicinal drug and 

makes bacteria resistant towards β-lactam antibiotics, e.g. penicillins, carbapenems and 

cephalosporins.[24] The classification of β-lactamases into groups A, B, C and D depends 

on the molecular structure, which is directly related to their active site and amino acid 

sequences.[25] Members of group A, C and D bear a serine amino acid residue in their 

active site and the mode of function is well known.[26] Group B members contain at least 

one zinc ion in the catalytic centre and are the so called metallo-β-lactamases (mβls). 

Most binuclear mβls are broad spectrum enzymes and hydrolyse a wide range of 

antibiotics, while most mononuclear enzymes are restricted to cleave exclusively 

carbapenems.[26a,27] Enzyme BcII isolated from Bacillus cereus[28] and CcrA from 

Bacillus fragilis[26a,29] represent the class of mβls containing two zinc ions in the active 

site. 
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Figure 1.6: Crystal structure of the active site of metallo-β-lactamase from Bacillus cereus (left, PDB Code: 1BC2)[28a] 
and scheme (right). 

 

In both enzymes, one zinc centre (Zn1) is tetrahedrally coordinated by three histidines 

and a bridging hydroxide ligand (active site of BcII in Figure 1.6). The second zinc ion 

(Zn2) is penta-coordinated by one histidine, one cysteine, one aspartate and one water 

molecule. The difference of both active sites is the different affinity of binding zinc ions. 

While BcII was also found to be present in the mononuclear form due to the weak 

interaction with Zn2, both zinc ions are tightly bound in the CcrA enzyme.[29-30] It is 

reported that the bridging hydroxide, which lies closer to Zn1, interacts with the aspartate 

residue that is bound to Zn2 to bridge the binuclear centre.[28a] The functional role of Zn1 

lies in the activation of the substrate during catalysis, while Zn2 is necessary for 

stabilisation of the intermediate.[31] 

Coordination of the substrate to both zinc centres is the initial step in the mechanism 

(Scheme 1.8). The oxygen atom of the lactam carbonyl moiety binds to Zn1 polarising the 

C−N bond of the substrate (b). Next step is the nucleophilic attack of the bridging 

hydroxide resulting in the cleavage of the C−N bond. An intermediate with a negatively 

charged nitrogen atom that is stabilised by Zn2 was observed by stopped-flow 

spectroscopic studies (c). Thus, product formation and substrate consumption do not 

occur simultaneously. Hydrolysis in the next step comprises protonation of the negatively 

charged nitrogen and ligand exchange at Zn1 (a). The rate-determining step is suggested 

to be the breakdown of the intermediate.[32] 
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Scheme 1.8: Proposed mechanism of metallo-β-lactamases. 

 

Nonetheless, the mechanism of binuclear metallo-β-lactamase is still controversially 

discussed in literature.[26a,33] Especially the role of the second zinc ion is not fully 

understood, since mononuclear enzymes showed also activity in hydrolytic reactions.[34] 

In contrast to this, it is proposed that the “monozinc” species in Bacteroides fragilis 

enzyme is in fact a mixture of half of the enzyme containing two zinc ions and half 

having no metal bound into the active site (apoenzyme).[30] Computational studies have 

contributed significantly to the understanding of β-lactamase mechanisms. Molecular 

dynamic simulations and quantum chemical calculations have been carried out to study 

the function of different amino acid residues in the active sites of enzymes. In addition, 

possible modes of substrate binding could thus be investigated.[30,35] However, a 

drawback of most of these studies is the use of simplified model systems, which cannot 

explain all experimental facts (e.g., influence of pH, kinetic solvent isotope effects, etc.). 

Another possibility that allows the investigation of hydrolytic reactions in solution is to 

mimic the active sites of enzymes with synthetic models. These synthetic analogues 
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enable the investigations of the catalytic reactions under similar conditions as they are 

found in nature and support the understanding of the mechanistic pathways of the 

enzymes. 

 

 

1.4. Synthetic Approach to Mimic Metallohydrolases 
 

The challenge to emulate the active sites of binuclear metallohydrolases is to design 

suitable ligand systems, which are able to mimic the protein scaffolds and amino acid 

residues that are present in the active sites of the previously described enzymes. In 

addition, these ligands should be able to coordinate two metal ions in a predictable way to 

ensure metal-metal distances as they are found in the enzymes (3−5 Å).[12] A third point 

that has to be kept in mind is that the binuclear synthetic analogues should provide a 

hydroxide or metal bound water ligand, which acts as the nucleophile during hydrolytic 

reactions. Modifications of these synthetic models enable the investigation of necessary 

conditions that are essential to improve or to inhibit catalysis. 

  

To form binuclear complexes, suitable ligands in most cases bear at least one donor site in 

the backbone of the ligand scaffold.[23b] Ligands that feature single-atom bridges and are 

extensively studied in literature are based on 2,6-substituted phenolates.[36] These ligands 

are most suitable to form bimetallic complexes, as the O-donor atom in the backbone of 

the ligand and the chelating side chains in positions 2 and 6 ideally fix two zinc ions in 

close proximity. In addition, modifications of the side chains allow the synthesis of a 

series of ligands systems, which can be used in complex synthesis. 
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Scheme 1.9: General overview of ligands based on 2,6-substituted phenolates (a-c) and 1,3-diamino-2-propanols (d). 
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On the one hand the phenolate ligand can only be substituted with tertiary amines 

(Scheme 1.9, a).[37] But additional substitution of the amines with chelating side chains 

yields a variety of ligands, as it was reported in literature. These side chains can either 

bear exclusively N-donor moieties (Scheme 1.9, b) using aliphatic or aromatic N-donor 

groups[38] or additional O-donors (Scheme 1.9, c).[39] But also the design of asymmetric 

phenolate based ligands has been reported.[38b,39b,40]  

 

Another ligand system that features a single O-donor bridge is based on 1,3-diamino-2-

propanols (Scheme 1.9, d). Together with the chelating side chains, two zinc ions can be 

ideally fixed into the bimetallic pocket yielding suitable models for the active site of zinc 

containing metallohydrolases. The synthesis of symmetric and asymmetric ligands has 

been reported, which are substituted with N-donor benzimidazole and/or pyridyl 

moieties.[41] 

 

In addition, ligands with two-atom bridges are also common for the synthesis of 

bimetallic complexes.[36] One example that is based on 1,8-naphtyridine (Scheme 1.10, a) 

has been developed by the LIPPARD group.[38c,42] This ligand bears two nitrogen atoms in 

the naphtyridine building block and is substituted with secondary amine ligands in 

positions 2 and 7 of the heterocycle. Working on 3,5-substituted pyrazole ligands 

(Scheme 1.10, b), MEYER and co-workers were able to design a series of ligands that 

contain bridges with two adjacent N-donor atoms and are well suited to form binuclear 

complexes. These ligands have been substituted with manifold tertiary amines that bear 

aliphatic or aromatic N-donor groups.[43]  
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Scheme 1.10: General schemes of ligands based on 2,7-substituted 1,8-naphtyridine (a) and 3,5-substituted 
pyrazoles (b). 
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The particular feature of this ligand system is the ability to tune the metal to metal 

distances within the complexes. Using short side chains usually forces the metal atoms to 

separate, while long side chains allow for shorter metal-metal distances.[43c,44] 

Another generation of ligand systems, which have to be noted, are based on macrocyclic 

scaffolds. These ligands are also suitable to optimise metal-metal distances depending on 

the size of the macrocycle.[45] Although the compartments of aza-crown ethers (Scheme 

1.11, a) or macrocyclic diphenolate ligands (Scheme 1.11, b) are not well suited to 

emulate the three-dimensional structure of amino acid residues, the binuclear zinc 

complexes showed activity in the cleavage of phosphate esters (see chapter 2.4.1.).[46] 
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Scheme 1.11: Ligands based on aza-crown ether (a) and macrocyclic diphenoxide (b). 

 

A suitable ligand that mimics the protein scaffold of the enzymes has been developed 

using substituted calix[4]arenes (Scheme 1.12).[47] The hydrophobic pocket is similar to 

the polypeptide backbone of the enzymes and can be modified with multiple catalytic 

groups to mimic amino acid residues making this system highly suitable to emulate the 

biological archetypes.  
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Scheme 1.12: Calix[4]arene based ligand mimicking the protein scaffold of the enzymes [R = CH2CH2OEt]. 
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As mentioned above, the presented ligands have been used in complex synthesis to form 

bimetallic zinc complexes, which mimic the active sites of zinc containing 

metallohydrolases. The required nucleophile is generated by the deprotonation of a 

solvent molecule (e.g. water or methanol). Details of the respective complexes that have 

been investigated in the cleavage of β-lactam substrates emulating metallo-β-lactamases 

are given in section 2.3.1. In addition, complexes which are active to cleave phosphate 

diesters and triesters are discussed in section 2.4.1. 

 

 

1.5. Aim of this Work 
 

Based on the above mentioned 3,5-substituted pyrazole ligand, the aim of this work is to 

design binuclear zinc complexes (Scheme 1.13) that emulate the active sites of zinc 

containing binuclear metallohydrolases (metallo-β-lactamases, phosphate diesterases and 

triestereases). 

 

 

 

 

 

Scheme 1.13: Schematic representation of binuclear zinc complexes based on 3,5-substituted pyrazole ligands, 
X = nucleophile. 

 

The chelating side chains of the pyrazole ligands are modified by different donor 

moieties. Bearing aromatic groups, side chains containing imidazole and benzimidazole 

moieties are a common motif to mimic histidine. In addition, carboxylate groups are used 

to emulate aspartate. The characteristics of these binuclear complexes are studied in solid 

state and in solution. In addition, the complexes are investigated in their hydrolytic 

activity to cleave Penicillin G and phosphate esters. From previous studies with similar 

ligand systems it is known that complexes with short zinc-zinc separations are more 

active in the hydrolysis of Penicillin G, while complexes with long zinc distances show a 

higher activity in phosphate ester cleavage.[48] Based on these results, the correlation of 

the zinc distances and their hydrolytic activity in complexes that bear biomimetic donor 

N N

Zn

X
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groups is investigated. This work is also focused on the interaction between β-lactam 

antibiotic drugs and the zinc atoms of the complexes. The knowledge about the binding 

motifs of the substrates supports the investigation of the mechanistic pathways of the 

enzymes. The synthetic analogues can thus be optimised to improve their catalytic 

efficacy. 

As described above, the active site of the mononuclear enzyme carbonic anhydrase 

consists of three histidine amino acid residues and one water molecule and metabolises 

CO2. Although the complexes studied in this work are binuclear systems, selected 

complexes bearing imidazole moieties and a water or hydroxide ligand are investigated 

with respect to CO2 activation. Transforming CO2 is of great industrial and academic 

interest, since CO2 is an abundant and nontoxic basic material. The catalytic efficacy of 

the complex is investigated in the copolymerisation reaction of cyclohexene oxide and in 

the formation of propylene carbonate. 
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2. Results and Discussion 
 

2.1. Ligand Synthesis 

 

The backbone of all ligand systems used in this work is based on a 1H-pyrazole building 

block, which is substituted with chelating side chains in 3 and 5 positions of the 

heterocycle. To emulate amino acid residues, the side chains contain biomimetic 

functional groups. N-donor moieties imidazole and benzimidazole are used to mimic 

histidine and O-donor functions of the carboxylate moieties emulate aspartate. A 

pyrazole-based ligand that bears imidazole moieties to emulate histidine amino acid 

residues has already been described in literature.[43d] In addition, three novel ligands, 

which differ in the length of side chains and in the manner of donor atoms, have been 

designed and synthesised within this work (Scheme 2.1). 
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Scheme 2.1: Overview of ligand systems containing biomimetic N- and O-donor functions. 

 

Synthesis of the building block 3,5-bis(chloromethyl)-1H-pyrazole (I) from 3,5-dimethyl-

1H-pyrazole was carried out in a 4 steps synthesis (Scheme 2.2) as reported in the 

literature.[49] 
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Scheme 2.2: Synthesis of 3,5-bis(chloromethyl)-1H-pyrazole (I).[49] 
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Side chain bis-((1-methyl-1H-imidazol-2-yl)methyl)amine (II) was synthesised as 

described in litertaure.[50] Bis-((1-methyl-1H-benzimidazol-2-yl)methyl)amine (V)[51] and 

bis((1-methyl-1H-benzimidazol-2-yl)ethyl)amine (VII)[52] were synthesised according to 

published procedures and the workup was modified to obtain higher yields. The 

secondary amine X was synthesised in 2 steps from N-methyl-1H-pyrazole (VIII). 

Deprotonation with n-butyl lithium followed by addition of dimethylformamide yielded 

N-methyl-1H-imidazole-2-carbaldehyde (IX), which was further treated with glycine 

ethyl ester and sodium triacetoxyborohydride to obtain ethyl 2-(((1-methyl-1H-imidazol-

2-yl)methyl)amino)acetate (X). An overview of the side chain syntheses is given in 

Scheme 2.3. 
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The desired ligands are synthesised by coupling the secondary amines (II, V, VII and X) 

with compound I via nucleophilic substitution. It was found that every ligand system has 

to be treated differently and the reaction conditions have to be optimised for each of them. 

In general, one equivalent of compound I, two equivalents of secondary amine and ten 

equivalents of sodium carbonate were used. L1 (Scheme 2.5) was formed in the presence 

of acetonitrile under reflux as described in literature.[43d] Best results for ligands L2 and 

L3 were obtained using chloroform as solvent (Scheme 2.5). The reaction was carried out 

under ambient conditions and was monitored by 1H NMR spectroscopy. Although this 

synthetic route was also performed in different solvents (e.g., methanol, acetonitrile and 

acetone), products were only obtained in the presence of chloroform. Since compound X 

bears a reactive ethyl ester group, synthesis of precursor-L4 was found to be challenging. 

Although the substitution reaction was performed in a variety of solvents and under 

different conditions (e.g., different bases and temperatures), no product was obtained. In a 

similar reaction with ethyl ester side chains, the formation of a heterocycle was observed 

under harsh conditions (heating or reflux). A nucleophilic attack of the nitrogen atom at 

the carbon atom led to elimination of ethanol and formation of the 1,4-substituted 

2,5-piperazinedione heterocycle. This reaction might also be possible for compound X 

(Scheme 2.4). Keeping this in mind, the synthesis of precursor-L4 was optimised under 

mild conditions. Stirring at room temperature in the presence of ethyl acetate and sodium 

carbonate led to the formation of precursor-L4 as a colourless sticky oil (Scheme 2.5). To 

obtain L4, hydrolysis of the ethyl ester moieties was carried out in aqueous solution using 

different hydroxides (NaOH, KOH and LiOH). Although the ligand was formed, L4 could 

not be purified due to impurities of inorganic salts (i.e., NaCl, KCl, LiCl). Therefore, 

precursor-L4 was used without further purification for the synthesis of the complexes in a 

one-pot reaction.  
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Scheme 2.4: Possible product formation during precursor-L4 synthesis under harsh conditions (∆T). 
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Scheme 2.5: Overview of ligand syntheses. 
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2.2. Complex Synthesis 
 

As mentioned in the introduction, 3,5-substituted pyrazole ligands are prone to form 

binuclear metal complexes. For hydrolysis activity, it is necessary that the complex 

features a nucleophile, which is able to attack. This nucleophile is either a hydroxide or 

methanolate group (for short metal-metal separations); in the resting state it might be 

incorporated in a H3O2 (HOH···OH) or Me2O2H (MeOH···OMe) moiety for longer metal-

metal distances. In order to ensure formation of a nucleophile, ligands were treated with 

two equivalents of base (KOtBu or alkali metal hydroxides): one equivalent for 

deprotonation of the pyrazole ligand and the other one for solvent deprotonation (MeOH 

or H2O). In addition, two equivalents of zinc salt (Zn(ClO4)2·6H2O or Zn(SO3CF3)2) were 

added to form the desired binuclear zinc complexes. Since ligands L1, L2 and L3 are 

singly negatively charged when deprotonated, the resulting complexes (with nucleophile) 

bear two positive charges. Keeping in mind that substrate exchange might be inhibited 

during hydrolysis due to strong interactions of the negatively charged substrate and the 

positively charged complex, L4, a ligand which contains three negative charges when 

fully deprotonated, was designed. Such solution results in a singly negatively charged 

complex (without nucleophile) or a neutral complex (with nucleophile) that should allow 

fast substrate exchange. 

 

Calculation of τ5 parameters: 

In five-coordinated complexes, the coordination polyhedra can be described as trigonal 

bipyramidal or square pyramidal geometry. The index of the degree of trigonality, within 

the continuum between both geometries, can be determined by the geometric parameter 

τ5. This structural index parameter is defined by (β−α)/60°, whereby α and β are the two 

largest bond angles (Scheme 2.6).[53] This geometric parameter is equal to zero for 

perfectly tetragonal geometry (α = β = 180°), while it becomes one for a perfectly 

trigonal bipyramidal geometry (α = 120°, β = 180°). Displacement of M out of the plane 

spanned by the equatorial ligands toward A can result in values τ5 > 1.  
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Scheme 2.6: Schematic representation of parameter τ5. 



Complex Synthesis 

25 

2.2.1. Species Distribution of L1 and Complexes 
 

Potentiometric titrations have been performed by Dr. J. Gałęzowska[54] to determine the 

pKa values of the ligand and to investigate the stoichiometry and stability of zinc 

complexes containing L1 at different pH values. Measurements were carried out in 

aqueous solution of 0.1 M KCl to maintain ionic strength and were started at acidic pH. 

Overall protonation constants (logβ) and sequential dissociation constants (pKa) of L1 and 

thermodynamic stability constants of complexes formed with Zn2+ are given in Table 2.1 

and Table 2.2, respectively. 

 

Table 2.1: Overall Protonation Constants (logβ) and Sequential 
Dissociation Constants (pKa) of L1 at 25 °C with I = 0.1 M (KCl). 

 [H4L
1]4+ [H3L

1]3+ [H2L
1]2+ [HL1]+ 

logβ 25.81(1) 20.66(1) 14.73(1) 7.86(1) 

pKa 5.15 5.94 6.87 7.86 

 

 

Table 2.2: Overall Stability Constants (logβ) and Dissociation Constants (pKa) for the Complexes formed with 
Zn2+ at 25 °C with I = 0.1 M (KCl). 

 [ZnH2L
1]4+ [Zn2L

1]4+ [Zn2H−1L
1]3+ [Zn2H−2L

1]2+ [Zn4H−5(L
1)2]

3+ [Zn4H−6(L
1)2]

2+ 

logβ 23.66(1) 19.11(1) 14.30(1) 7.94(2) 11.38(6) 2.54(7) 

pKa   6.36  8.84  

 

The ligand behaves under these conditions of titrations (pH 2.5−10) as a [H4L] 4+ acid in 

which the sequential deprotonation steps correspond to the dissociation of one proton per 

each protonated imidazole moiety. The very acidic pyrazole proton, which was 

sometimes reported in similar ligand systems, is out of range of measurements, since it 

occurs below pH 2 and was not estimated here.[48a] 

As demonstrated in the species distribution pattern (Figure 2.1), the ligand shows a high 

affinity to bind Zn2+; the coordination process starts already below pH 2. Although a 

mononuclear species [ZnH2L
1]4+ is observed below pH 4, different binuclear species are 

formed within pH 3.7 to 7.5. Above pH 7.5, tetranuclear species are present. The broad 

overlays of species distributions reduce the pH range, wherein one single species is 

preferably formed and thus hamper a controlled complex synthesis. The first binuclear 
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zinc species, which dominates around pH 4, is [Zn2L
1]4+. The heterocycle in this complex 

is still protonated. We assume that one zinc ion is coordinated by the four nitrogen atoms 

of the side chain and the pyrazole ring, while the second zinc ion is only ligated by the 

tripodal imidazole side. The next protonation step results in the formation of 

[Zn2H−1L
1]3+, the sole species at pH 4.8 to 6.4. This complex is formed, if one equivalent 

of base is used for the deprotonation of the pyrazole ring during the synthesis of the 

complexes.  
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Figure 2.1: Distribution curves of the species formed between L1 and Zn2+ at a 1:2 ligand to metal ratio. 

 

Under neutral to slightly basic conditions, the major species [Zn2H−2L
1]2+ is observed. 

This complex is presumably the active one in hydrolysis since it bears a nucleophile (OH 

or H3O2 under aqueous conditions).[48,55] Increasing the pH results in formation of a 

tetranuclear complex [Zn4H−5(L
1)2]

3+. This species is preferably formed at pH 7.5 to 8.8. 

The next deprotonation step results in the formation of [Zn4H−6(L
1)2]

2+.   

Complexes that correspond to species [ZnH2L
1]4+, [Zn2H−1L

1]3+, [Zn2H−2L
1]2+ and 

[Zn4H−5(L
1)2]

3+ are also obtained during synthesis and will be discussed in the following 

section.  
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2.2.2. Complexes based on L1 
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Scheme 2.7: Synthesis of 1. 

 

The mononuclear complex 1 was obtained in the reaction of L1 with Zn(ClO4)2·6H2O and 

represents [ZnH2L
1]4+. Although the ligand was treated with one equivalent of the 

respective base, two equivalents of zinc salt and one equivalent of KOAc to obtain an 

acetate bridged binuclear complex, only a few single crystals of the mononuclear species 

1 were obtained. As indicated in Figure 2.1, this complex is present at pH < 4 in solution. 

The isolation of this complex might be by reason of a low quality of the LiOH or the 

hydrochloric salt of the ligand (L1·xHCl) used in the synthesis shown in Scheme 2.7. 

Within this complex, the N-atom of the heterocycle and the two N-atoms of the 

imidazoles of one of the side chains are protonated and form hydrogen bonds with oxygen 

atoms of the perchlorate counter ions. In addition, the zinc ion is nested within the 

tripodal side chain and the nitrogen atom of the pyrazole ring. Coordination of an 

additional acetonitrile molecule results in a trigonal bipyramidal coordinated zinc atom 

(τ5 = 0.89).[53] As shown in Figure 2.2, one imidazole group of the loosely bound side arm 

is disordered. Selected bond lengths and angles for 1 are given in Table 2.3 and hydrogen 

bond parameters are listed in Table 2.4. 
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Figure 2.2: Molecular structure of 1, most hydrogen atoms and one counter ion omitted for clarity. 

 

 Table 2.3: Selected bond lengths [Å] and angles [°] of 1. 

Atoms Bond length  Atoms Angle 

Zn1-N1 2.026(4)  N1-Zn1-N3 75.40(13) 

Zn1-N3 2.421(3)  N1-Zn1-N4 115.71(16) 

Zn1-N4 1.992(4)  N1-Zn1-N6 109.23(17) 

Zn1-N6 1.992(4)  N1-Zn1-N13 97.66(15) 

Zn1-N13 2.074(4)  N3-Zn1-N4 77.07(14) 

   N3-Zn1-N6 77.14(14) 

   N3-Zn1-N13 172.69(14) 

   N4-Zn1-N6 119.29(16) 

   N4-Zn1-N13 104.42(16) 

   N6-Zn1-N13 107.77(15) 

 

 

Table 2.4: Hydrogen bond parameter; interatomic distances [Å] and angles [°] for 1. 

D-H···A d(D-H) d(H···A) d(D···A) ∠( D-H···A) 

N2-H2···O21 0.83(7) 2.39(7) 2.935(6) 124(6) 

N9-H9···O31 0.79(7) 2.21(8) 2.945(7) 154(8) 

N11B-H11B···O41 0.86(1) 2.17(4) 2.941(11) 148.4(7) 
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Signals for the protonated pyrazole and the imidazole groups were also found in 
1H NMR. A singlet for the two imidazole NH was observed at 11.8 ppm and the 

protonated pyrazole NH gave a signal at 12.0 ppm at room temperature. The 1H NMR 

spectrum was also measured at low temperatures (253 and 233 K). Although chemical 

shifts did not change significantly, the broad signals for the CH2 groups were split into 

one singlet for each group. ESI spectra of 1 showed various fragments of mononuclear 

zinc complexes. It seemed that 1 was not stable under electrospray conditions, since no 

fragments have been observed that feature three protonated heterocycles. Under the used 

conditions, two heterocycles were deprotonated giving a signal at m/z = 665, which could 

be assigned to fragment [ZnL1(ClO)4]
+, and [ZnL1]2+ at m/z = 283. An additional signal at 

m/z = 601 was observed, which matched to [ZnL1(OH)(OH2)]
+. However, the protonation 

state of the heterocycles was additionally confirmed by IR spectroscopy, which revealed 

two sharp signals at � = 3362 and 3163 cm−1 for the NH stretching vibrations. 

 

 

A binuclear species of the type [Zn2H−1L
1]3+ was synthesised by treating L1 with one 

equivalent KOtBu and two equivalents of Zn(ClO4)2·6H2O yielding 2 (Scheme 2.8). The 

crystal structure is shown in Figure 2.3.  
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Scheme 2.8: Synthesis of complex 2. 

 

Each zinc atom in 2 is coordinated by one pyrazole N-atom, two imidazole N-atoms and 

the tertiary amine nitrogen atom. In addition, one acetonitrile is bound to each zinc atom. 

Both zinc atoms are coordinated in a trigonal bipyramidal fashion (Zn1: τ5 = 0.86, 

Zn2: τ5 = 0.84)[53] and separated by 4.1028(5) Å. The bond lengths of the zinc atom to the 

aromatic nitrogen atoms are almost equal, although slightly longer for Zn-NImid 

(2.00−2.03 Å) than Zn-NPz (2.00 Å). As expected, bond lengths of the zinc atom to amine 
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nitrogen atoms are longer compared to aromatic nitrogen atoms (~2.4 Å). Selected bond 

lengths and angles for 2 are given in Table 2.5. 

 

 

 

 

 

 

 

 

 

 

Figure 2.3: Molecular structure of 2, hydrogen atoms and counter ions omitted for clarity. 

 

 Table 2.5: Selected bond lengths [Å] and angles [°] for 2. 

Atoms Bond length Atoms Angle  Atoms Angle 

Zn1-N1 2.005(3) N1-Zn1-N3 75.09(9)  N2-Zn2-N8 75.56(10) 

Zn1-N3 2.376(2) N1-Zn1-N4 118.50(10)  N2-Zn2-N9 109.71(10) 

Zn1-N4 2.030(3) N1-Zn1-N6 113.15(10)  N2-Zn2-N11 120.73(10) 

Zn1-N6 2.006(3) N3-Zn1-N4 75.74(9)  N8-Zn2-N9 77.05(10) 

Zn1-N13 2.066(3) N3-Zn1-N6 77.46(10)  N8-Zn2-N11 76.21(9) 

Zn2-N2 1.996(2) N4-Zn1-N6 111.48(11)  N9-Zn2-N11 113.06(10) 

Zn2-N8 2.396(3) N1-Zn1-N13 107.56(11)  N2-Zn2-N14 104.81(11) 

Zn2-N9 2.002(3) N3-Zn1-N13 169.90(11)  N8-Zn2-N14 171.39(10) 

Zn2-N11 2.018(3) N4-Zn1-N13 94.67(11)  N9-Zn2-N14 110.50(12) 

Zn2-N14 2.069(3) N6-Zn1-N13 109.55(12)  N11-Zn2-N14 96.59(11) 

Zn1···Zn2 4.1028(5)      

 

 

ESI-MS analysis in the presence of acetonitrile showed the formation of two species: one 

could be assigned to fragment [Zn2H−1L
1(ClO4)2]

+ at m/z = 827 and 364 for 

[Zn2H−1L
1(ClO4)]

2+. The other species showed fragments at m/z = 763 and 332, which 

fitted to calculated masses of [Zn2H−1L
1(H3O2)(ClO4)]

+ and [Zn2H−1L
1(H3O2)]

2+, 

respectively. The latter species was formed under electrospray conditions. 
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Scheme 2.9: Synthesis of 3. 

 

Using Zn(SO3CF3)2 instead of Zn(ClO4)2·6H2O in complex synthesis resulted in the 

formation of 3 (Scheme 2.9). In this complex, the zinc atoms are trigonal bipyramidal 

coordinated (Zn1: τ5 = 0.85, Zn2: τ5 = 0.91)[53] and are bridged by a triflate counter ion 

elongating the zinc distance to 4.2484(6) Å (Figure 2.4), which is the longest Zn···Zn 

separation obtained with L1. Selected bond lengths [Å] and angles [°] for 3 are listed in 

Table 2.6. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Molecular structure of 3, hydrogen atoms and counter ions omitted for clarity. 
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 Table 2.6: Selected bond lengths [Å] and angles [°] for 3. 

Atoms Bond length Atoms Angle  Atoms Angle 

Zn1-N1 1.991(3) N1-Zn1-N3 79.32(11)  N2-Zn2-N8 80.48(11) 

Zn1-N3 2.316(3) N1-Zn1-N4 120.79(13)  N2-Zn2-N9 118.32(13) 

Zn1-N4 2.013(3) N1-Zn1-N6 113.04(12)  N2-Zn2-N11 112.01(11) 

Zn1-N6 2.009(3) N1-Zn1-O1 107.25(12)  N2-Zn2-O2 103.18(11) 

Zn1-O1 2.089(3) N3-Zn1-N4 77.46(11)  N8-Zn2-N9 78.93(12) 

Zn2-N2 2.009(3) N3-Zn1-N6 79.46(11)  N8-Zn2-N11 78.73(12) 

Zn2-N8 2.327(3) N3-Zn1-O1 171.89(11)  N8-Zn2-O2 174.10(10) 

Zn2-N9 2.007(3) N4-Zn1-N6 114.95(13)  N9-Zn2-N11 119.65(13) 

Zn2-N11 1.996(3) N4-Zn1-O1 94.89(11)  N9-Zn2-O2 103.00(13) 

Zn2-O2 2.120(3) N6-Zn1-O1 101.72(13)  N11-Zn2-O2 95.54(12) 

Zn1···Zn2 4.2484(6)      

 

 

ESI-MS analysis of 3 was performed in the presence of different solvents, which strongly 

depend on the variety of species obtained during the measurements. However, not all 

fragments could be assigned to appropriate species. Measurements have been performed 

in H2O, MeCN, MeOH and MeOH/H2O (1:1, v/v). In the following, only [M]2+ species 

are discussed and an overview of species that were assigned is given in Table 2.7. 

Regardless of the solvent used, all spectra showed fragments at m/z = 389, which could be 

assigned to [Zn2H−1L
1(SO3CF3)]

2+. In addition, the species [Zn2H−1L
1(H3O2)]

2+ was 

determined, when measurements were performed in MeCN and H2O/MeOH, respectively. 

Using pure H2O, fragments matching [Zn2H−1L
1(OH)]2+ were observed. Experiments in 

MeOH resulted in the formation of [Zn2H−1L
1(OMe)]2+ and [Zn2H−1L

1(OH)]2+. In 

summary, this example demonstrates that species formation strongly depends on the used 

solvent and does not give any reliable information about impurities, which might be 

present in the sample.  
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Table 2.7: ESI-MS fragments of 3 in different solvents. 

m/z Fragment MeCN H2O 
H2O/MeOH 

(1:1, v/v) 
MeOH 

323  [Zn2H−1L
1(OH)]2+ 

− � − � 
795 [Zn2H−1L

1(OH)(SO3CF3)]
+ 

330 [Zn2H−1L
1(OMe)]2+ 

− − − � 
809 [Zn2H−1L

1(OMe)(SO3CF3)]
+ 

332 [Zn2H−1L
1(H3O2)]

2+ 
� − � − 

813 [Zn2H−1L
1(H3O2)(SO3CF3)]

+ 

389 [Zn2H−1L
1(SO3CF3)]

2+ 
� � � � 

927 [Zn2H−1L
1(SO3CF3)2]

+ 

 

 

 

Since species [Zn2H−2L
1]2+ bear a nucleophile and are therefore expected to be active in 

hydrolysis, synthesis of the doubly positively charged complexes was extensively 

investigated. In general, L1 was treated with two equivalents of base and two equivalents 

of the zinc salt. 
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Scheme 2.10: Synthesis of 4a and 4b. 

 

Performing the reaction in MeOH/THF (3:1, v/v) under reflux, very few single crystals of 

4a (Scheme 2.10) were obtained by cooling the solution to room temperature. The 

structure of 4a is given in Figure 2.5 and shows that the zinc atoms are bridged by a 

methanol-methanolate (MeOH···OMe) moiety. The methanolate group additionally forms 

hydrogen bonds to a second methanol molecule. The zinc atoms are separated by 
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4.2113(5) Å and arranged within the plane of the pyrazole ring. The oxygen atoms of the 

bridging nucleophile are located barely above (0.37 Å for O2) and below (0.54 Å for O1) 

this plane. The zinc atoms are trigonal bipyramidal coordinated (Zn1: τ5 = 0.92, Zn2: 

τ5 = 1.05).[53] A geometric parameter τ5 > 1 for Zn2 was obtained, because of the location 

of Zn2 out of the plane spanned by atoms N2-N9-N11. Selected bond lengths and angles 

for 4a are given in Table 2.8 and hydrogen bonding parameters are listed in Table 2.9. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Molecular structure of 4a, most hydrogen atoms and counter ions omitted for clarity. 

 

 

 Table 2.8: Selected bond lengths [Å] and angles [°] for 4a. 

Atoms Bond length  Atoms Angle   Atoms Angle  

Zn1-N1 2.020(2) N1-Zn1-N3 77.70(9)  N2-Zn2-N8 74.86(9) 

Zn1-N3 2.380(2) N1-Zn1-N4 109.56(11)  N2-Zn2-N9 113.31(10) 

Zn1-N4 2.018(3) N1-Zn1-N6 120.89(10)  N2-Zn2-N11 113.55(10) 

Zn1-N6 2.032(3) N1-Zn1-O1 103.96(9)  N2-Zn2-O2 106.53(9) 

Zn1-O1 1.997(2) N3-Zn1-N4 76.92(10)  N8-Zn2-N9 74.58(9) 

Zn2-N2 2.043(2) N3-Zn1-N6 76.91(9)  N8-Zn2-N11 74.61(9) 

Zn2-N8 2.420(2) N3-Zn1-O1 176.30(10)  N8-Zn2-O2 176.84(9) 

Zn2-N9 2.050(3) N4-Zn1-N6 115.12(12)  N9-Zn2-N11 113.00(10) 

Zn2-N11 2.049(3) N4-Zn1-O1 105.40(11)  N9-Zn2-O2 107.15(9) 

Zn2-O2 1.982(2) N6-Zn1-O1 99.44(10)  N11-Zn2-O2 102.24(9) 

Zn1···Zn2 4.2113(5)      
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 Table 2.9: Hydrogen bond parameters for 4a; interatomic distances [Å] and angles [°]. 

D-H···A d(D-H) d(H···A) d(D···A) ∠( D-H···A) 

O1-H1···O2 0.77(6) 1.70(6) 2.453(3) 167(7) 

O3-H3···O2 0.82 1.96 2.774(4) 172.3 

 

Experiments to reproduce the complex under similar conditions did not yield 4a, instead 

4b was obtained. 

 

Crystallographic data of 4b show the zinc atoms being bridged by a single methanolate 

group (see Figure 2.6). The tilt angle between the plane of the pyrazolate ring and the 

plane through Zn1-O1-Zn2 is about 12°. The zinc-zinc distance is 3.3838(12) Å, which is 

far shorter than in 4a (4.2113(5) Å). The zinc atoms in 4b are distorted trigonal 

bipyramidal coordinated (Zn1: τ5 = 0.73, Zn2: τ5 = 0.77).[53] Selected bond lengths and 

angles for 4b are given in Table 2.10. 

 

 

 

 

 

 

 

 

 

Figure 2.6: Molecular structure of 4b, most hydrogen atoms and counter ions omitted for clarity. 
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Table 2.10: Selected bond lengths [Å] and angles [°] for 4b. 

Atoms Bond length  Atoms Angle  Atoms Angle  

Zn1-N1 1.972(4) N1-Zn1-N3 70.535(155)  N2-Zn2-N8 70.653(158) 

Zn1-N3 2.5889(45) N1-Zn1-N4 119.55(17)  N2-Zn2-N9 112.05(17) 

Zn1-N4 2.013(4) N1-Zn1-N6 108.43(16)  N2-Zn2-N11 116.53(17) 

Zn1-N6 2.002(4) N3-Zn1-N4 75.035(162)  N8-Zn2-N9 75.864(171) 

Zn1-O1 2.028(4) N3-Zn1-N6 75.657(144)  N8-Zn2-N11 74.849(167) 

Zn2-N2 1.969(4) N4-Zn1-N6 109.01(17)  N9-Zn2-N11 108.70(17) 

Zn2-N8 2.5544(48) N1-Zn1-O1 93.36(17)  N2-Zn2-O1 92.13(17) 

Zn2-N9 2.006(4) N3-Zn1-O1 163.803(143)  N8-Zn2-O1 162.447(145) 

Zn2-N11 2.012(4) N4-Zn1-O1 113.58(16)  N9-Zn2-O1 115.31(16) 

Zn2-O1 2.032(4) N6-Zn1-O1 112.15(16)  N11-Zn2-O1 111.58(17) 

Zn1···Zn2 3.3838(12)    Zn1-O1-Zn2 112.9(2) 
 

 

At the present state, the pyrazole based ligand was reported to be suitable to tune zinc-

zinc separations in the complexes depending on the lengths of the side chains. Ligands 

bearing long side chains allow for short zinc-zinc distances, which are bridged by a 

methanolate or hydroxide moiety. Short side chains force the metal atoms to separate 

requiring an additional solvent molecule to bridge the zinc atoms.[43c,44] A possible 

equilibrium of OH � H3O2 bridges in aqueous solution was assumed for binuclear zinc 

complexes with similar ligands, but longer side chains that are more flexible.[48b] To date, 

no exchange of nucleophiles with ligands bearing short side chains has been reported in 

the solid state. A copper(II) complex based on L1 was obtained that exclusively bears a 

(MeO···HOMe) moiety as bridging group as it was observed for 4a.[43d] The more 

interesting is the molecular structure of 4b. In this complex the zinc atoms are only 

bridged by a methanolate group. Compared to 4a, bond lengths of the zinc atoms to the 

aromatic N-donor moieties do not change significantly; the maximum deviation is 

observed for the bond lengths to the pyrazole nitrogen atoms, which differ about 0.048 Å 

for Zn1-N1 and 0.074 Å for Zn2-N2. The major difference was observed for the bond 

lengths to the tertiary nitrogen atoms, which are changed about 0.209 Å for Zn1-N3 and 

0.134 Å for Zn2-N8. The flexibility of the system lies thus in the plasticity of the bond 

lengths of the zinc atoms to the tertiary nitrogen atoms leading to a change in the 

coordination geometry of the zinc atoms. While the coordination polyhedra of the zinc 
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atoms in 4a are almost perfect trigonal bipyramids (Zn1: τ5 = 0.92, Zn2: τ5 = 1.05),[53] a 

significantly distorted trigonal bipyramidal coordination of the zinc atoms is observed in 

complex 4b (Zn1: τ5 = 0.73, Zn2: τ5 = 0.77).[53] If one considers that the backside Zn-N 

bonds in 4b are very long (2.59(1) Å for Zn1-Zn3 and 2.55(1) Å for Zn2-N8), the 

coordination in 4b might be even better described as {4+1} approaching tetrahedral. This 

hemilabile coordination of the zinc atoms allows a shorter zinc-zinc distance in 4b that 

enables the zinc atoms to be bridged by a single methanolate moiety only. Conditions, in 

which either 4a or 4b is preferably formed could not be obtained due to the equilibrium of 

both species (Scheme 2.11).  
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Scheme 2.11: Equilibrium of 4a and 4b. 

 

ESI-MS analysis of 4b in the presence of acetonitrile did not reveal appropriate species, 

but fragments [Zn2H−1L
1(CN)]2+ and [Zn2H−1L

1(CN)(ClO4)]
+ at m/z = 328 and 754, 

respectively. Obviously, an exchange of the nucleophiles took place resulting in a cyano-

species, which was formed in acetonitrile. Similar observations have been reported by 

YANG and co-workers.[56] The authors investigated the activity of cryptate complexes that 

bear copper or zinc ions to cleave acetonitrile resulting in cyano-bridged complexes. In 

addition, 1H NMR analysis of 4b revealed three species in d3-MeCN, which might be 4a, 

4b and the complex bearing a cyano-ligand. Four different species were obtained when 

the measurements were performed in d6-DMSO indicating strong interactions with the 

solvent and possible nucleophile exchanges. 4b was slightly soluble in d4-MeOD, but the 

obtained spectra showed only two different species, which might be 4a and 4b due to the 

equilibrium as discussed above. Although these findings do not confirm that 4b is active 

in acetonitrile cleavage, the observed results most likely indicate such activity as the only 

species observed in ESI-MS was the cyano-bridged complex.  
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Scheme 2.12: Synthesis of complexes 5. 

 

Since the bridging moiety of the complexes representing [Zn2H−2L
1]2+ is difficult to 

control, acetate was used as co-ligand resulting in the formation of 5a (Scheme 2.12). The 

reaction was performed by treating L1 with KOtBu, Zn(SO3CF3)2 and NaOAc in 

acetonitrile. As shown in Figure 2.7, the zinc atoms are bridged by the acetate group in a 

µ1,3-binding fashion. The zinc-zinc distance is 3.9548(4) Å. In 5a, the bridging acetate 

moiety is twisted with respect to the pyrazolato plane (angle between the pyrazolato plane 

and the plane through atoms O1-C26-O2 is 41.4(1)°). The zinc atoms are located out of 

plane with distances of 0.914 Å for Zn1, which is located above, and 0.402 Å for Zn2 

below the pyrazolato plane. In addition, the carbon atom C26 of the acetate ligand is also 

arranged out of the pyrazolato plane with a distance of 0.20(1) Å, while C27 is located 

within the plane. Selected bond lengths and angles for 5a are given in Table 2.11.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.7: Molecular structure of 5a, hydrogen atoms and all counter ions omitted for clarity. 
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 Table 2.11: Selected bond lengths [Å] and angles [°] for 5a. 

Atoms Bond length Atoms Angle  Atoms Angle 

Zn1-N1 2.0024(16) N1-Zn1-N3 76.72(6)  N2-Zn2-N8 75.68(6) 

Zn1-N3 2.4563(18) N1-Zn1-N4 111.89(7)  N2-Zn2-N9 111.09(7) 

Zn1-N4 2.0048(18) N1-Zn1-N6 119.00(7)  N2-Zn2-N11 113.21(7) 

Zn1-N6 2.0023(17) N1-Zn1-O1 107.56(7)  N2-Zn2-O2 110.93(6) 

Zn1-O1 1.9823(16) N3-Zn1-N4 76.91(6)  N8-Zn2-N9 76.02(6) 

Zn2-N2 1.9890(17) N3-Zn1-N6 76.70(7)  N8-Zn2-N11 75.35(6) 

Zn2-N8 2.4636(16) N3-Zn1-O1 175.14(6)  N8-Zn2-O2 171.64(6) 

Zn2-N9 2.0124(17) N4-Zn1-N6 113.84(7)  N9-Zn2-N11 117.94(7) 

Zn2-N11 2.0203(18) N4-Zn1-O1 99.10(7)  N9-Zn2-O2 105.36(7) 

Zn2-O2 1.9907(14) N6-Zn1-O1 102.71(8)  N11-Zn2-O2 96.98(7) 

Zn1···Zn2 3.9548(4)      

 

In a similar reaction using Zn(ClO4)·6H2O as zinc source, the acetate bridged complex 5b 

was obtained. Different to 5a, the zinc atoms in 5b (see Figure 2.8) are nested within the 

pyrazolato plane with a zinc-zinc separation of 3.8809(21) Å that is slightly shorter 

compared to 5a (d(Zn1···Zn2 = 3.9548(4) Å). In addition, the acetate group in 5b is less 

twisted with respect to the pyrazolato plane with an angle of 27.3(1)° between the 

pyrazolato plane and the plane through atoms O1-C14-O1'. The difference between the 

structures of 5a and 5b concerning to the location of the zinc atoms and the twisted 

acetate moieties is depicted in Figure 2.9 and selected bond lengths and angles for 5b are 

listed in Table 2.12. The structure of 5b is already known in literature.[57] This paper 

describes the different arrangements of acetate bridged binuclear zinc complexes, which 

are based on 3,5-substituted pyrazole ligands. Therein, a complex that is based on L1 has 

been reported that features out of plane located zinc atoms (Zn1 is arranged 0.35 Å above 

the pyrazolato plane and Zn2 is 0.26 Å below), as it was observed for 5a, although the 

zinc atoms are severely more located out of plane in 5a (see values above). The major 

difference between both structures is that the bridging acetate moiety is arranged within 

the pyrazolato plane in the reported structure, while a twisted motif was observed for 5a. 

In addition to this, the authors reported a tilting effect (Scheme 2.13) of the acetate ligand 

in complexes with similar ligand systems.[57] These findings suggest a high flexibility of 

the carboxylate binding in the bimetallic pockets. The IR spectrum of 5a shows two 

strong peaks for the symmetric and asymmetric vibration of the carboxylate moiety with a 
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difference of 139 cm−1 that is typical for µ1,3-binding fashion and is in agreement with the 

reported results (∆�    = 140 cm−1).[57]  

 

 

 

 

 

 

 

 

 

Figure 2.8: Molecular structure of 5b, hydrogen atoms and counter ions omitted for clarity. Symmetry operation used 
to generate equivalent atoms: (') -x, y, -z+1/2. 

 

 Table 2.12: Selected bond lengths [Å] and angles [°] for 5b. 

Atoms Bond length Atoms Angle  Atoms Angle 

Zn1-N1 1.984(2) N1-Zn1-N2 74.94(8)  N2-Zn1-N5 76.27(8) 

Zn1-N2 2.438(2) N1-Zn1-N3 107.16(8)  N2-Zn1-O1 173.32(8) 

Zn1-N3 2.008(2) N1-Zn1-N5 116.08(9)  N3-Zn1-N5 119.79(9) 

Zn1-N5 1.995(2) N1-Zn1-O1 110.80(9)  N3-Zn1-O1 103.94(9) 

Zn1-O1 2.013(2) N2-Zn1-N3 76.91(8)  N5-Zn1-O1 97.79(9) 

Zn1···Zn1' 3.8809(21)      

       

 

 

 

 

 

 

 

 

 

Figure 2.9: Molecular structures of 5a (left) and 5b (right) showing the different twisted motifs of the acetate ligand 
and the out of plane (5a) and in plane (5b) locations of the zinc atoms. 
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Scheme 2.13: Twisted (left) and tilted (right) binding motifs of the acetate ligand as it is reported in literature.[57]  

 

 

NN
N

N

N

2+

N

N

N NH
N

N

N

N

N
N

N

N

N

N

1) KOH
2) Zn(ClO4)2 . 6H2O

N

NN

N

N

N N N

N

N

N

N

N

N N

N

N

Zn Zn

L1

6

2 (ClO4)-

 
Scheme 2.14: Synthesis of complex 6. 

 

Apart from the discussed complexes, the binuclear zinc complex 6 with a metal to ligand 

ratio of 1:1 was obtained using equimolar amounts of L1 and Zn(ClO4)2·6H2O (Scheme 

2.14). Complex 6 crystallises in the monoclinic space group C2/c with 4 molecules per 

unit cell. In 6, one zinc atom is coordinated to the tripodal side arm and to one nitrogen 

atom of the pyrazole ring. The zinc atom additionally binds to the pyrazole nitrogen atom 

of the second ligand resulting in the structure shown in Figure 2.10. This binding motif 

reveals two dangling side chains, which are not coordinated. The zinc-zinc distance is 

found to be 3.7200(4) Å. Selected bond lengths and angles for 7 are listed in Table 2.13. 
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Figure 2.10: Molecular structure of 6, hydrogen atoms and counter ions omitted for clarity. Symmetry operation used 
to generate equivalent atoms: (') –x+1, -y+1, -z+1. 

 

 Table 2.13: Selected bond lengths [Å] and angles [°] for 6. 

Atoms Bond length  Atoms Angle 

Zn1-N1 2.008(2)  N1-Zn1-N3 74.67(7) 

Zn1-N3 2.496(2)  N1-Zn1-N4 115.86(8) 

Zn1-N4 2.060(2)  N1-Zn1-N6 111.75(8) 

Zn1-N6 2.048(2)  N1-Zn1-N2' 107.94(8) 

Zn1-N2' 2.014(2)  N3-Zn1-N4 73.88(7) 

Zn1···Zn1' 3.7200(4)  N3-Zn1-N6 73.76(8) 

   N3-Zn1-N2' 175.30(7) 

   N4-Zn1-N6 110.77(8) 

   N4-Zn1- N2' 107.86(8) 

   N6-Zn1- N2' 101.57(8) 

 

ESI-MS analysis of 6 revealed a main peak at m/z = 565 for [(ZnH−1L
1)2]

2+. The spectrum 

showed no other species that gave indication for a high stability of 6 in solution. The 
1H NMR spectrum in d3-MeCN at room temperature showed broad peaks for the protons 

of the NMe and CH2 groups, which could not be assigned to coordinated or 

uncoordinated groups. Measurements have therefore been performed at low temperature 

(233 K) to obtain sharp singlets for each methylene group and for the N-methyl groups of 
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the complex. In addition, NMR measurements were carried out by adding defined 

amounts of Zn(ClO4)2·6H2O to 6. First, only one equivalent Zn(ClO4)2·6H2O (dissolved 

in d3-MeCN) was added resulting in a high number of broad signals in the 1H NMR 

spectrum that indicated the formation of a variety of species. However, addition of the 

second equivalent revealed sharp and defined signals, which were in accordance with the 

chemical shifts and intensities as observed for 2. 
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Scheme 2.15:  Synthesis of 7. 

 

In an attempt to reproduce 4, 2 was treated with NaOMe in methanol (Scheme 2.15). 

After dissolving 2, a methanol solution of NaOMe was added dropwise and the mixture 

was stirred for 12 hours. The longer the reaction was stirred, the more precipitate was 

formed. After filtration, the colourless precipitate was dried and dissolved in acetonitrile. 

Et2O diffusion into the complex solution afforded colourless crystals suitable for X-ray 
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analysis. As shown in Figure 2.11, the tetranuclear complex 7 was formed with a zinc-

zinc separation of 3.9586(11) Å for Zn1···Zn2 and a distance of 4.1702(12) Å for 

Zn3···Zn4. 7 represents species [Zn4H−5(L
1)2]

3+ in Figure 2.1 and crystallises in the 

triclinic space group P1� with two formula units per unit cell. The two binuclear units are 

bridged by a µ-oxo-µ-hydroxo moiety, whereby µ-O2 coordinates to Zn1 (1.997(4) Å) 

and Zn4 (2.003(4) Å) and the hydroxide moiety bridges Zn2 (1.934(5) Å) and Zn3 

(1.957(5) Å), respectively. In addition, the zinc atoms of each binuclear complex unit are 

nested within the pyrazolato plane and both subunits [Zn2H−1L
1] are twisted about 

53.1(4)° relative to each other. The Zn1-O2-Zn4 angle is 134.3(3)° and the angle between 

atoms Zn2-O1-Zn3 is 139.6(3)°. Selected bond lengths and angles for 7 are listed in 

Table 2.14 and hydrogen bonding parameters are listed in Table 2.15. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.11: Molecular structure of 7, most hydrogen atoms and all counter ions omitted for clarity. 

 

The presence of a µ-oxo-µ-hydroxo bridge is well known for tetranuclear iron complexes 

and was also described for a manganese complex, but has not been reported for zinc 

complexes so far.[58] 
1H NMR analysis revealed two signals for the proton of the pyrazole ring (6.09 ppm and 

6.12 ppm) giving evidence for two different species. The signal at 6.12 ppm was assigned 

to 7. In addition, the spectrum gave a signal at 8.88 ppm that presumably corresponds to 

the proton of the µ-OH ligand. Comparing this spectrum with the 1H NMR spectrum of 
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the acetate bridged complex 5 indicated its formation during the reaction, as chemical 

shifts and intensities were in agreement. The presence of 5b was also confirmed by 

ESI-MS analysis giving signals at m/z = 787 and 344 for fragments 

[Zn2H−1L
1(OAc)(ClO4)]

+ and [Zn2H−1L
1(OAc)]2+, respectively. Although the reaction 

was not performed by treating the mixture with acetate salts, the formation of the acetate 

bridged complex presumably results from impurities of the NaOMe that was used. A 

second species was observed under ESI-MS conditions at m/z = 754 and 328, which 

matched the calculated masses of [Zn2H−1L
1(CN)(ClO4)]

+ and [Zn2H−1L
1(CN)]2+, 

respectively, as it was observed in ESI-MS analysis of 4b.  

 

Table 2.14: Selected bond lengths [Å] and angles [°] for 7. 

Atoms Bond length Atoms Angle  Atoms Angle 

Zn1-N1 1.974(6) N1-Zn1-N3 74.6(2)  N2-Zn2-N8 73.6(2) 

Zn1-N3 2.455(6) N1-Zn1-N4 113.7(2)  N2-Zn2-N9 112.7(2) 

Zn1-N4 2.016(6) N1-Zn1-N6 110.8(2)  N2-Zn2-N11 112.4(2) 

Zn1-N6 2.026(5) N1-Zn1-O2 114.9(2)  N2-Zn2-O1 107.8(2) 

Zn1-O2 1.997(4) N3-Zn1-N4 74.4(2)  N8-Zn2-N9 74.9(2) 

Zn2-N2 2.002(6) N3-Zn1-N6 75.6(2)  N8-Zn2-N11 74.3(2) 

Zn2-N8 2.471(6) N3-Zn1-O2 170.48(19)  N8-Zn2-O1 176.5(2) 

Zn2-N9 2.022(6) N4-Zn1-N6 115.7(2)  N9-Zn2-N11 113.7(3) 

Zn2-N11 2.042(5) N4-Zn1-O2 99.8(2)  N9-Zn2-O1 101.6(2) 

Zn2-O1 1.934(5) N6-Zn1-O2 100.9(2)  N11-Zn2-O1 107.8(2) 

Zn3-N13 1.995(7) N13-Zn3-N15 75.7(3)  N14-Zn4-N20 76.9(2) 

Zn3-N15 2.455(7) N13-Zn3-N16 116.0(3)  N14-Zn4-N21 113.8(3) 

Zn3-N16 1.992(9) N13-Zn3-N18 114.4(3)  N14-Zn4-N23 110.7(3) 

Zn3-N18 2.041(6) N13-Zn3-O1 112.6(2)  N14-Zn4-O2 113.6(2) 

Zn3-O1 1.957(5) N15-Zn3-N16 74.4(4)  N20-Zn4-N21 74.2(2) 

Zn4-N14 2.005(6) N15-Zn3-N18 74.5(2)  N20-Zn4-N23 75.2(2) 

Zn4-N20 2.417(6) N15-Zn3-O1 171.7(2)  N20-Zn4-O2 168.68(17) 

Zn4-N21 2.051(7) N16-Zn3-N18 110.0(3)  N21-Zn4-N23 117.1(2) 

Zn4-N23 2.032(6) N16-Zn3-O1 101.9(3)  N21-Zn4-O2 96.9(2) 

Zn4-O2 2.003(4) N18-Zn3-O1 100.3(2)  N23-Zn4-O2 103.6(2) 

Zn4-N14 2.005(6) Zn1-O2-Zn4 134.3(3)  Zn2-O1-Zn3 139.6(3) 

Zn1···Zn2 3.9586(11)      

Zn3···Zn4 4.1702(12)      
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Table 2.15: Hydrogen bond parameters for 7; interatomic distances [Å] and angles [°]. 

D-H···A d(D-H) d(H···A) d(D···A) ∠( D-H···A) 

O1-H1···O2 0.84(2) 1.91(3) 2.704(6) 157(7) 
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Scheme 2.16: Synthesis of 8. 

 

8 was synthesised in the presence of methanol, treating L2 with two equivalents of LiOH 

and two equivalents of Zn(ClO4)2·6H2O (Scheme 2.16). After stirring, the colourless 

precipitate was collected by filtration and redissolved in acetonitrile. Et2O diffusion into 

the complex solution yielded colourless single crystals that were suitable for X-ray 

analysis.  

8 crystallises in the triclinic space group P1� with two independent molecules per unit cell. 

As depicted in Figure 2.12, each zinc atom is coordinated by four N-donor groups of the 

ligand and an additional hydroxide group, which bridges the zinc atoms 

(d(Zn1···Zn2) = 3.3372(12) Å and  3.3374(12) Å for the second independent molecule). 

Selected bond lengths and angles for 8 are listed in Table 2.16. The bridging hydroxide 

moiety in 8 is located within the pyrazolato plane and the zinc atoms are marginally out 

of plane with distances of 0.34(1) Å [0.23(1) Å] for Zn1 and 0.24(1) Å [0.21(1) Å] for 

Zn2 (values for independent second molecule in square brackets). The zinc atoms are 

distorted trigonal bipyramidal coordinated (Zn1: τ5 = 0.77 [0.72], Zn2: τ5 = 0.76 

[0.70])[53] in both molecules. Considering the very long Zn1-N3 and Zn2-N8 bonds the 

coordination might even be described as {4+1} or close to distorted tetrahedral. These 
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observations of the distorted coordination polyhedra are in agreement with the results 

obtained for the methanolate bridged imidazole complex (4b). The bond lengths of the 

zinc atoms to the tertiary nitrogen atoms in 8 are slightly elongated compared to 4b 

(Zn1-N3 about 0.04 Å [0.03 Å] and Zn2-N8 about 0.09 Å [0.08 Å]). The plasticity of 

these Zn-N bonds thus results in the distorted coordination geometry of the zinc atoms 

and allows a short zinc-zinc distance as it was discussed above. 

 

 

 

 

 

 

 

 

 

 

Figure 2.12: Molecular structure of 8, most hydrogen atoms and all counter ions omitted for clarity. 

 

Table 2.16: Selected bond lengths [Å] and angles [°] for 8 (values for independent second molecule in square brackets). 

Atoms Bond length  Atoms Angle  Atoms Angle 

Zn1-N1 
 

1.974(6) 
[1.997(5)] 

N1-Zn1-N3 
 

70.206(204) 
[69.510(223)] 

 N2-Zn2-N8 
 

69.753(215) 
[69.704(225)] 

Zn1-N3 
 

2.6279(43) 
[2.6165(66)] 

N1-Zn1-N4 
 

115.2(2) 
[107.9(2)] 

 N2-Zn2-N9 
 

109.3(2) 
[113.3(2)] 

Zn1-N4 
 

2.014(5) 
[2.013(6)] 

N1-Zn1-N6 
 

108.1(2) 
[112.9(2)] 

 N2-Zn2-N11 
 

112.5(2) 
[108.7(2)] 

Zn1-N6 
 

2.005(5) 
[2.004(6)] 

N3-Zn1-N4 
 

74.357(172) 
[74.298(221)] 

 N8-Zn2-N9 
 

73.777(179) 
[74.443(226)] 

Zn1-O1 
 

1.975(4) 
[1.961(5)] 

N3-Zn1-N6 
 

74.740 (164) 
[73.806(221)] 

 N8-Zn2-N11 
 

73.233(217) 
[74.443(226)] 

Zn2-N2 
 

1.966(6) 
[1.991(6)] 

N6-Zn1-N4 
 

112.4(2) 
[113.3(2)] 

 N11-Zn2-N9 
 

111.7(2) 
[111.8(2)] 

Zn2-N8 
 

2.6426(58) 
[2.6312(61)] 

N1-Zn1-O1 
 

91.1(2) 
[91.9(2)] 

 N2-Zn2-O1 
 

92.4(2) 
[91.8(2)] 

Zn2-N9 
 

2.020(6) 
[1.988(6)] 

O1-Zn1-N3 
 

161.335 (159) 
[161.247(218)] 

 O1-Zn2-N8 
 

162.146(177) 
[160.972(188)] 

Zn2-N11 
 

2.003(5) 
[2.000(6)] 

O1-Zn1-N4 
 

115.2(2) 
[110.7(2)] 

 O1-Zn2-N9 
 

112.7(2) 
[118.9(2)] 

Zn2-O1 
 

1.979(5) 
[1.981(5)] 

O1-Zn1-N6 
 

113.1(2) 
[117.9(2)] 

 O1-Zn2-N11 
 

116.8(2) 
[110.5(2)] 

Zn1···Zn2 
 

3.3372(12) 
[3.3374(12)] 

   Zn1-O1-Zn2 
 

115.2(2) 
[115.7(2)] 
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The proton spectrum of 8 in d6-DMSO showed a signal at 5.16 ppm, which was assigned 

to µ−OH. However, no signal for the hydroxide ligand was obtained in d3-MeCN. 

ESI-MS analysis did not confirm the formation of a hydroxide bridged complex. Instead, 

signals for the fragments [Zn2H−1L
2(H3O2)(ClO4)]

+ at m/z = 963 and 432 for 

[Zn2H−1L
2(H3O2)]

2+ were obtained. These findings indicated that the equilibrium, which 

was found for 4, is also present for 8 in solution (Scheme 2.17). 
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Scheme 2.17: Proposed equilibrium of 8; species were found in solid state (left) and in solution (right). 

 

 

2.2.4. Complexes based on L3 
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Scheme 2.18: Synthesis and proposed structure of 9. 

 

In contrast to the ligands L1 and L2, the usual procedure for complexation was not 

successful when using L3 (Scheme 2.18). Treating the ligand with base and Zn(SO3CF3)2 

resulted in various species as evidenced by 1H NMR and ESI-MS analysis. The mixture 
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of complexes was purified by crystallisation. This purification step resulted in a complex 

mixture that consists of only two species as the 1H NMR spectrum showed two sharp 

signals at 5.97 and 6.15 ppm for the aromatic pyrazole protons. Since sharp signals were 

obtained in the spectrum for all other protons that fitted in intensities, as anticipated for 

two complexes, the co-existence of two different complexes was assumed. During 

ESI-MS, fragments [Zn2H−1L
3(H3O2)]

2+ at m/z = 460 and 1069 for 

[Zn2H−1L
3(H3O2)(SO3CF3)]

+ were observed. In addition, the signal at m/z = 955 matched 

the calculated mass of the fragment [Zn2H−1L
3(OH)2(H2O)2]

+. However, as demonstrated 

for the complexes of ligands L1 and L2, ESI-MS did not confirm the formation of the 

complexes in bulk solution as different species can be formed under electrospray 

conditions.  
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Scheme 2.19: Synthesis and proposed structure of 10. 

 

To obtain a complex that is likely to be stable in solution, acetate was added as co-ligand. 

The observed signals in the 1H NMR spectrum revealed the formation of one species. The 

ESI-MS spectrum showed signals at m/z = 1093 for [Zn2H−1L
3(OAc)(SO3CF3)]

+ and 472 

for [Zn2H−1L
3(OAc)]2+, respectively. In addition, fragments of [Zn2H−1L

3(H3O2)]
2+ were 

observed as for 9 without co-ligand. Since L3 bears long side chains that form less stable 

six-membered chelate rings, structures different from the one shown in Scheme 2.19 

might be possible due to the flexible side chains, which are able to dissociate.[44a,44b,55] 
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2.2.5. Complexes based on L4 
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Scheme 2.20: Synthesis of 11. 

 

 

Since ligand L4 could not be separated from inorganic salts (see section 2.1.), 

precursor-L4 was used for the synthesis of the complexes. Precursor-L4 and four 

equivalents of base (LiOH) were stirred in methanol until the solution became clear. 

Subsequently, Zn(ClO4)2·6H2O dissolved in methanol was added. In the course of this 

reaction a colourless precipitate was formed, which dissolved again by stirring. Et2O 

diffusion into the filtered complex solution afforded only few single crystals that were 

suitable for X-ray analysis. Although a binuclear complex was formed, the structure did 

not match the expectations of a complex with a metal to ligand ratio of 2:1. Instead, 11 

(Figure 2.13) was obtained with a metal to ligand ratio of 1:1. In methanol, a 

transesterification took place by exchanging ethyl ester into methyl ester groups (Scheme 

2.20). Each zinc atom in 11 is octahedrally coordinated by six nitrogen atoms of the 

ligands. The methyl ester moieties are dangling and are not involved in the coordination 

to the zinc ions. Selected bond lengths and angles for 11 are listed in Table 2.17. 
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Figure 2.13: Molecular structure of 11, hydrogen atoms and counter ions omitted for clarity. Symmetry operation used 
to generate equivalent atoms: (') -x+1, -y, -z+2. 

 

 Table 2.17: Selected bond lengths [Å] and angles [°] for 11. 

Atoms Bond length   Atoms Angle 

Zn1-N1 2.0470(3)  N1-Zn1-N3 72.461(3) 

Zn1-N3 2.7610(2)  N1-Zn1-N4 97.589(5) 

Zn1-N4 2.0228(2)  N1-Zn1-N5 171.507(5) 

Zn1-N5 2.6799(3)  N1-Zn1-N6 101.859(5) 

Zn1-N6 2.0234(2)  N3-Zn1-N4 71.008(3) 

Zn1···Zn1' 3.7318(4)  N3-Zn1-N5 109.224(3) 

   N3-Zn1-N6 82.367(3) 

   N4-Zn1-N5 90.778(4) 

   N4-Zn1-N6 140.332(5) 

   N5-Zn1-N6 70.464(4) 
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Scheme 2.21: Synthesis of 12. 

 

To avoid transesterification, complexation was performed in different solvents (e.g., 

acetone, acetonitrile), but still showed formation of several species according to NMR 

analysis. Crystallisation of the complexes always gave colourless oils. Thus, acetate was 

added as co-ligand to form a complex, which is presumably stable in solution. The 

reaction was performed in the presence of water using KOH as base and Zn(ClO4)2·6H2O 

(Scheme 2.21). After stirring for several hours, the aqueous solution was filtered from 

KClO4, evaporated to dryness and the colourless residue was dissolved methanol. Slow 

diffusion of Et2O into the filtered complex solution afforded an amorphous solid, which 

was collected by filtration. The colourless compound was dried in vacuum and re-

dissolved in acetonitrile. Et2O diffusion into the complex solution yielded colourless 

single crystals that were analysed by X-ray diffraction. The structure of 12 is given in 

Figure 2.14 and selected bond lengths and angles are listed in Table 2.18.  

 

 

 

 

 

 

 

 

 

Figure 2.14: Molecular structure of 12, most hydrogen atoms omitted for clarity. Symmetry operation used to generate 
equivalent atoms: (') x, -y+1/2, z. 
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The neutral complex 12 crystallises in the monoclinic space group P21/m with two 

formula units per unit cell. The zinc atoms are nested within the ligand donor 

compartments and additionally bridged by the acetate moiety in a µ1,3-binding fashion. 

Separation of the zinc atoms was found to be 3.9094(4) Å, which lies between the Zn-Zn 

distances obtained for the acetate bridged complexes 5a (3.9548(4) Å) and 5b 

(3.8809(21) Å). In 12, the zinc atoms and the acetate moiety are almost located within the 

pyrazolate plane (d(Zn1···pz) = 0.11(1) Å, d(O3···pz) = 0.10(1) Å, d(C11···pz) = 

0.21(1) Å). This is also different from complexes 5a and 5b, in which the acetate moiety 

was twisted with respect to the pyrazolato plane.  

 

Table 2.18: Selected bond lengths [Å] and angles [°] for 12. 

Atoms Bond length   Atoms Angle 

Zn1-N1 1.9727(18)  N1-Zn1-N2 76.81(7) 

Zn1-N2 2.3757(18)  N1-Zn1-N3 116.13(8) 

Zn1-N3 2.021(2)  N1-Zn1-O1 112.77(8) 

Zn1-O1 1.9819(17)  N1-Zn1-O3 114.31(7) 

Zn1-O3 2.0048(16)  N2-Zn1-N3 76.66(7) 

Zn1···Zn1' 3.9094(4)  O1-Zn1-N2 77.84(7) 

   O3-Zn1-N2 168.74(7) 

   O1-Zn1-N3 116.59(8) 

   O3-Zn1-N3 95.97(8) 

   O1-Zn1-O3 98.40(7) 

   C11-O3-Zn1 141.19(17) 

 

ESI-MS analysis confirmed the formation of 12 by signals at m/z = 555 for [ZnH−3L
4]+ 

and 615 for [ZnH−2L
4(OAc)]+, respectively. In addition, several fragments were observed 

that fitted to the composition of [ZnH−3L
4]+ and additional solvent molecules. A signal at 

m/z = 1169 probably reflected the tetranuclear complex [(Zn2H−3L
4)2(OAc)]+. Strong 

bands for the asymmetric and symmetric stretching vibration were observed in IR 

analysis. Bands at 1614 and 1389 cm−1 were assigned to the carboxylate group of the 

ligand with ∆� = 226 cm−1 that is characteristic for a monodentate binding fashion. Bands 

at 1580 and 1424 cm−1 were observed for the acetate group, which is bidentate 

coordinated as indicated by ∆� = 156 cm−1. 
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2.3. Investigations on β-Lactam Substrates 

2.3.1. Introduction 
 

Since the germ-killing effect of Penicillin has been found,[59] many diseases , which are 

caused by bacteria, could be treated with this new kind of antibiotics. The research on 

related compounds derived from parent penicillins had grown tremendously and various 

antibiotic drugs have been investigated;[60] nowadays more than 50% of the worldwide 

used antibiotics are β-lactam antibiotics.[24] The acting agent and the characteristic 

structural motif of this group is the four membered β-lactam ring.[61] The antibiotic drug 

inhibits bacterial cell wall biosynthesis, what causes the disruption of the bacteria.[62] 

Stimulated by the often unnecessary and excessive use of antibiotic drugs, bacteria have 

increasingly developed resistance against its antagonists. They express an enzyme, which 

is the so called β-lactamase. This enzyme binds to the antibiotic substrate, opens the 

β-lactam ring by hydrolysis of the β-lactam C−N bond and thus inactivates the medicinal 

drug (Scheme 2.22).[24] The investigations of mechanistic pathways of these enzymes are 

of enormous medicinal interest to avoid bacterial epidemics. 
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Scheme 2.22: Hydrolysis of β-lactam antibiotics caused by β-lactamase enzymes. 

 

Initial studies into the hydrolytic cleavage of β-lactams were performed with divalent 

metal ions (Zn2+, Cu2+, Co2+ and Ni2+). A rate enhancement in the formation of the 

hydrolytic product was observed in the presence of these transition metals compared to 

uncatalysed reactions.[63] The mechanistic pathways of these reactions were explored by 

binding studies of the substrates to the metal ions. Intensive mechanistic studies were 

carried out by PAGE and co-workers.[63b,63c] The authors hypothesised the coordination of 

Penicillin G to the metal ion via the carboxylic acid moiety and the nitrogen atom of the 

lactam ring. The C−N bond is thus polarised and the nucleophilic attack occurs by an 

external hydroxide group (Scheme 2.23).  
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Scheme 2.23: External nucleophilic attack reported by PAGE and co-workers. 

 

In contrast to an external nucleophilic attack, HAY  et al. proposed an intramolecular 

attack by an activated water molecule, which binds to Cu2+. As a result of potentiometric 

investigations, coordination of the deprotonated amide side chain to Cu2+ was suggested 

to be the active species (Scheme 2.24, a). In addition, the reaction was observed to be 

independent from the hydroxide ion concentration above pH 6, which must result from an 

intramolecular attack of a coordinated hydroxide ion.[64] These studies were supported by 

FIFE and co-workers (Scheme 2.24, b).[65] 
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Scheme 2.24: Intramolecular nucleophilic attack by HAY  et al. (a) and FIFE and co-workers [MII = Ni2+, Zn2+] (b). 

 

 

Several mononuclear zinc complexes have been investigated with respect to β-lactam 

hydrolysis.[42a,66] One complex, based on the ligand tris(hydroxymethyl)aminomethane 

(Tris), showed hydrolytic activity toward a broad range of β-lactam substrates. The zinc 

ion acts as a template in the intermediate to bring Tris and the substrate together. Due to 

coordination to the zinc atom, the pKa of the hydroxide group of Tris is lowered and thus 

internally attacks the carbonyl carbon atom of the substrate (Scheme 2.25, a).[66c,67] 
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Scheme 2.25: Proposed intermediate of Tris-Zn-substrate template (a), mononuclear zinc complexes by VAHRENKAMP 
and co-workers (b) and substituted 2-azetidinon substrates (c). 

 

Based on a 3,5-substituted tris(pyrazolylborate) ligand system, VAHRENKAMP and co-

workers were able to synthesise suitable mononuclear complexes (Scheme 2.25, b) that 

were active in the cleavage of 2-azetidinons, which were substituted with electron-

withdrawing groups (Scheme 2.25, c). Bearing no substituent at the lactam nitrogen atom, 

the substrate is deprotonated and coordinates to the zinc complex without cleavage of the 

four membered ring. To avoid coordination, the nitrogen atom was modified by 

methylation and phenylation, but this did not improve the hydrolytic cleavage. However, 

substitution with electron-withdrawing groups (e.g., 4-nitrophenolate and 2,4-nitro-

phenolate) at the nitrogen atom weakens the C−N bond of the lactam ring. These 

activated substrates are cleaved and the resulting carboxylate group coordinates semi-

bidentate to the zinc atom of the complex.[68] 

 

 

Mono- and binuclear complexes synthesised by MUGESH and co-workers are based on 

2,6-substituted phenolate ligands (Scheme 2.26, a).[37a] Depending on the zinc salt used 

during synthesis, mononuclear complexes (with ZnCl2) or a binuclear complex (with 

Zn(OAc)2·6H2O) were obtained (Scheme 2.26, b and c).  
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Scheme 2.26: Ligands and complexes by MUGESH and co-workers [R = Me, Br]. 

 

Mononuclear complexes b and the binuclear complex c were investigated in their ability 

to cleave β-lactam substrates. Although the activity of mononuclear complexes were less 

compared to the binuclear complex, they were significantly more active than 

Zn(OAc)2·6H2O. Thus, the second metal ion is not crucial for hydrolytic activity. The 

mononuclear complexes are assumed to be active due to the coordinated water molecule, 

which is strongly hydrogen bound to the uncoordinated tertiary amino groups that serve 

as an internal base to generate a nucleophile and enhance the catalytic rate.[37a] 

 

 

Intensive studies towards β-lactam hydrolysis of binuclear zinc complexes were 

performed by the LIPPARD group.[38c,42a] The ligand systems were based on 2,7-substituted 

1,8-naphthyridine (Scheme 2.27, a) and 2,6-substituted phenolates (Scheme 2.27, b and 

c). 
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Scheme 2.27: Ligands used by LIPPARD and co-workers. 
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Binuclear zinc complexes of these ligands catalysed the hydrolysis of Nitrocefin. Binding 

studies of the substrates Cephalotin, Nitrocefin and Penicillin G (Scheme 2.28) were 

performed by 13C NMR and IR spectroscopy. 
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Scheme 2.28: Substrates used in binding studies by LIPPARD and co-workers. 

 

The results indicated a monodentate coordination of the carboxylate group of the 

substrate to the zinc ion. This binding was found to be fast and irreversible. Removing the 

carboxylate group by methylesterification resulted in a significant decrease of the 

hydrolytic rate. Hence, the carboxylate group plays an important role in substrate 

coordination. 

 

Working on 3,5-substituted pyrazolate ligands, BAUER-SIEBENLIST et al. designed a series 

of binuclear zinc complexes, which can be tuned with respect to metal-metal distances. 

An overview of the complexes is given in Scheme 2.29. Long side chains allow for short 

zinc-zinc distances (a and d), while short side chains force the metal centres to separate 

(b, c and e). In the latter, an additional solvent molecule is required to bridge the zinc 

atoms. Catalytic studies of Penicillin G hydrolysis were undertaken using in situ 

FTIR spectroscopy. The experiments resulted in catalytic activities of e < Zn2+ < d < a. 

Complexes b and c showed almost no efficacy. Cleaving three out of four equivalents of 

Penicillin G within around 20 minutes, a was the most active complex.[55] 
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Scheme 2.29: Complexes by BAUER-SIEBENLIST et al. 

 

 

In addition, binding of the simple β-lactam substrate oxazetidinylacetate (Scheme 2.29, f) 

to the complexes was studied by X-ray diffraction. Complexes b, c and e feature stable 

five-membered chelate rings that prevent dissociation of the ligands side arms. As the 

substrate binds to the zinc centres the nucleophile is replaced resulting in an inactive 

complex (g). The labile six-membered chelate rings in complexes a and d are able to 

dissociate upon substrate coordination generating an accessible coordination site, which 

allows the binding and activation of a water molecule. In the substrate-complex (h), a 

semi-bidentate binding fashion of the carboxylate moieties to the zinc atoms was 

observed displacing two labile coordinated side arms. This explains the higher activity of 

complexes a and d in the hydrolysis of Penicillin G compared to complexes that bear 

short side chains and showed less or no activity in the hydrolytic reactions.[55] 
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2.3.2. β-Lactam Cleavage 
 

In the current work, complexes 4, 8 and 9 were investigated in their hydrolytic activity to 

cleave Penicillin G (PenG) (Scheme 2.30). Experiments were performed in DMSO/H2O 

(9:1, v/v) and were monitored by liquid FTIR spectroscopy. The relevant vibrational 

bands of PenG are shown in Figure 2.15. The strong band at 1772 cm−1 is assigned to the 

vibration of the lactam C=O group (pink), the band at 1676 cm−1 results from the amide 

vibration (blue) and the band at 1615 cm−1 is assigned to the vibration of the carboxylate 

group (yellow). Upon hydrolysis, the C−N bond of the lactam ring is cleaved to give a 

β-amino acid. As a consequence, the intensity of the strong band at 1772 cm−1 decreases, 

whereby a new band appears at ~1645 cm−1 (orange). 
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Scheme 2.30: Cleavage reaction of PenG. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.15: Relevant vibration bands of PenG (left) and PenG after partial hydrolysis (right). 
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Hydrolytic reactions were carried out in a complex/PenG ratio of 1:4 

([complex] = 10.7 mM, [PenG] = 42.8 mM). A pure PenG solution was measured 

initially, before adding the complex solution. The band at 1772 cm−1 was monitored to 

investigate the progress of the reaction. Figure 2.16 illustrates the change of intensity of 

the lactam C=O vibration band versus time.  
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Figure 2.16: Development of lactam C=O vibration band versus time. 

 

Apparently, there is no significant impact of 4 (red) and 8 (black) on the intensity. A 

possible reason might be the stable five-membered chelate rings that fix the zinc ions in a 

tight binding fashion. If the substrate binds to the complex, a vacant position for the 

nucleophile is unavailable and the hydrolysis is inhibited. Control reactions with 

Zn(ClO4)2·6H2O (green) revealed the decreasing trend of the lactam C=O band and thus 

showed activity in PenG cleavage. As shown in previous studies, a higher hydrolytic 

activity was observed for complexes with long side chains. These form six-membered 

chelate rings, which are more labile compared to five-membered rings, and are able to 

dissociate resulting in a vacant position at the zinc ion that allows a nucleophile to 

bind.[55] It is thus surprising that 9, which bears long side chains, did not show any effect 

on the intensity of the C=O lactam vibration band (Figure 2.16, blue). In the hydrolytic 

reactions, the complex was formed in situ before adding PenG. A different structure of 9 

under the used conditions than the proposed one might be a possible reason. 

15                                 30                                45 
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2.3.3. Binding Studies of β-Lactam Substrates 
 

Considering the poor hydrolytic activity of the complexes, substrate binding studies were 

undertaken using different β-lactam substrates (Scheme 2.31).  

These β-lactam antibiotics contain several potential donor groups that are able to 

coordinate to the zinc ions: (i) carboxylate group, (ii ) lactam amide moiety, (iii ) thioether 

group (except Sul), (iv) terminal amide group (except Sul and 6-apa), (v) amine group 

(6-apa, Amp and Mero) and (vi) hydroxide group (Erta and Mero). These multiple 

functional groups complicate the determination of the preferred binding to the complexes. 
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Scheme 2.31: Structures of β-lactam substrates. 
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Several analytical methods have been used: ESI mass spectrometry, IR spectroscopy, 1H 

and 13C NMR spectroscopy, 2D NMR spectroscopy (HSQC, HMBC and DOSY 

spectroscopy) and X-ray diffraction. Substrates 6-apa and Mero were available as acids, 

all other substrates were used as their potassium or sodium salts. 

 

The acetate bridged complexes 5a and 12 were not suitable for substrate binding studies. 

The acetate co-ligand competed with substrate coordination, indicating a high stability 

due to the bidentate binding fashion of the acetate moiety. However, 2 proved to be a well 

suited precursor as this complex bears three positive charges that allow strong interaction 

and coordination of the negatively charged substrate. 

 

ESI-MS was performed to confirm the binding of the substrates to 2. Equimolar amounts 

of 2 and the respective substrate were stirred in acetonitrile and the solution was analysed 

by ESI-MS. Fragments [Zn2H−1L
1(Lac)(ClO4)]

+ and [Zn2H−1L
1(Lac)]2+ were detected in 

all spectra (see Table 2.19) with experimental isotopic distributions that were in 

accordance with those calculated.  

 

Table 2.19: ESI-MS fragments of 2 and β-lactam substrates. 

 PenG Sul 6-apa Amp Ceph Erta Mero 

m/z [Zn2H−1L
1(Lac)]2+ 481 430 422 489 512 552 506 

 

 

In addition, adduct formation was observed in reactions of L1, KOtBu, Zn(ClO4)2·6H2O 

or Zn(SO3CF3)2 and the substrate. The combined compounds were stirred in acetonitrile 

until all components dissolved. ESI-MS analyses from the solutions demonstrated adduct 

formation. High resolution ESI-MS was measured for adducts with PenG, Sul, 6-apa and 

Ceph (see Table 2.20). 

 

 Table 2.20: Calculated and experimental masses of [Zn2H−1L
1(Lac)]2+ 

by HR-MS analysis. 

Lac PenG Sul 6-apa Ceph 

calculated 481.1216 430.5901 422.1007 512.0947 

found 481.1217 430.5903 422.1006 512.0948 
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ESI mass spectrometry showed the formation of complex/substrate adducts, but did not 

give any information about the coordination modes of the substrates to the complex. To 

investigate, which functional groups are involved in the interaction with the complex, 1H 

and 13C NMR spectroscopy were used. NMR spectra were measured for solutions of 2 

and substrates PenG, Sul, 6-apa, Amp and Ceph. Binding studies with the sterically 

demanding substrates Erta and Mero were not investigated due to their insolubility in 

deuterated solvents. 

 

After mixing equimolar amounts of 2 and the respective substrate in d3-MeCN/D2O 

(9:1, v/v), spectra were recorded at room temperature (D2O was necessary for complete 

dissolution of substrates). For comparison, NMR spectra of pure substrates and pure 

complex were measured under same conditions.  

 

 

2.3.3.1. Binding Studies of Penicillin G (PenG) 
 

NNN N

N

N N

N

Zn Zn

3+

N N

NN
MeCN

NCMe

N

S

O

O

H
N

O

O

NN
N N

N

N N

N

Zn Zn

N N

NN

N
S

OO

NH

O

O2                                                    PenG

13

2+

2

3

56

7

8

9

10

11

2 (ClO4
-)

 

Scheme 2.32: Synthesis and proposed structure of 13. 

 

Figure 2.17 shows the 1H NMR spectra of pure PenG potassium salt (bottom row), pure 2 

(top row) and an equivalent mixture of both (middle). The most pronounced shift was 

observed for H-2 changing from 4.07 ppm (pure PenG) to 4.82 ppm (adduct). Protons of 

the two methyl groups (H-9/10) also underwent a downfield shift from 1.46 and 1.52 ppm 
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to 1.68 and 1.80 ppm, respectively, while all other signals showed no significant change. 

In addition, signals did not change in chemical shift and intensity for more than two 

weeks, indicating the formation of a stable product. The results of the 1H NMR analysis 

gave evidence for binding by the carboxylate group. To confirm this hypothesis, 
13C NMR was carried out. All signals were assigned by 2D HSQC and HMBC 

spectroscopy. Comparing the HMBC spectrum of pure PenG with the adduct spectrum, a 

significant shift of the quaternary carbon atom of the carboxylate group (C-8) to lower 

field was observed (from 173.3 to 175.5 ppm). The completeness of the reaction was 

confirmed by DOSY NMR. Combining equimolar amounts of 2 and PenG in an NMR 

tube under the same conditions as mentioned above resulted in a spectrum showing the 

formation of only one species (adduct) without any residual peaks of the starting 

materials. 

 

 
Figure 2.17: 1H NMR spectra of 2, 2+Penicillin G (PenG)  and PenG. 

 

The carboxylate group can coordinate either in a monodentate or bidentate fashion. One 

of the most suitable method to investigate the binding mode is IR spectroscopy. The 

relative positions of the antisymmetric (�asym) and symmetric (�sym) vibration bands are 

characteristic for the different binding fashions. The wavenumbers of the relevant 
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stretching vibrations are listed in Table 2.21. The difference (∆�) of 191 cm−1 is 

characteristic for a bidentate binding mode of the carboxylate moiety as it is demonstrated 

in Scheme 2.32. As seen in Table 2.21, a considerable change was also observed for the 

amide C=O vibration band, which was observed as a broad shoulder in the adduct 

spectrum. As known from the literature, the position of the amide band differs for PenG 

salts depending on the cation type (1669 cm−1 for the potassium salt and 1700 cm−1 for 

the sodium salt). In addition, the amide vibration of penicilloic acid appears at 

1645 cm−1.[69] The change of this band is thus not convincing. Due to the lack of a change 

in chemical shifts in 13C NMR, a complexation of the amide group can be excluded. 

 

 

Table 2.21: Relevant vibration bands of pure and coordinated substrates, � is given in cm−1. 

Compound 
�(CO) 

lactam 

�(CO) 

amide 
�asym(COO) �sym(COO) ∆�(asym − sym) 

[K(PenG)] 1772 1670 1613 1396 217 

[Zn2H−1L
1(PenG)](ClO4)2 1776 1647sh 1612 1421 191 

[Na(Amp)] 1771 1690 1604 1407 197 

[Zn2H−1L
1(Amp)](ClO4)2 1775 1667 1612 1426 186 

6-apa 1773 − 1624 1413 211 

6-apa + KOtBu 1757 − 1613 1409 204 

[Zn2H−1L
1(6-apa)](ClO4)2 1773 − 1616 1425 191 

[Na(Ceph)] 1732 1658 1624 1408 216 

[Zn2H−1L
1(Ceph)](ClO4)2 1740 1677 1608 1425 183 

[Na(Sul)] 1773 − 1604 1399 205 

[Zn2H−1L
1(Sul)](SO3CF3)2 1790 − 1625 1424 201 
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2.3.3.2. Binding Studies of Ampicillin (Amp) 
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Scheme 2.33: Synthesis and proposed structure of 14. 

 

Analogous results were obtained for the related β-lactam antibiotic Ampicillin (Amp), 

which differs from PenG in an additional amine group at the benzylic carbon atom 

(C-12). Comparing 1H NMR spectra of pure and coordinated Amp (Figure 2.18), a 

downfield shift of the proton H-2 (from 4.11 ppm to 4.82 ppm) and of the protons of the 

methyl groups (1.46 and 1.56 ppm to 1.73 and 1.79 ppm) were observed.  

 

In 13C NMR analysis, signals of the quaternary carbon atoms of the lactam (C-7) and the 

amide group (C-11) were observed in the spectra of pure and coordinated Amp. However, 

a signal of the quaternary carbon atom of the carboxylate group (C-8) was missing in the 

complex/substrate spectrum compared to pure substrate. This indicated a considerably 

change in the chemical surrounding of the carboxylate moiety. As a result from NMR 

analysis, coordination by the carboxylate group of Amp to 2 was assumed. This 

hypothesis was confirmed by IR spectroscopy (Table 2.21). The difference between the 

asymmetric and symmetric vibration bands (∆� = 186 cm−1) indicated a bidentate binding 

fashion of the carboxylate group to 2 as it is shown in Scheme 2.33.  
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Figure 2.18: 1H NMR spectra of 2, 2+Ampicillin (Amp) and Amp. 

 

 

2.3.3.3. Binding Studies of 6-Aminopenicillanic Acid (6-Apa) 
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Scheme 2.34: Synthesis and proposed structure of 15. 

 

6-Aminopenicillanic acid (6-apa) was not soluble in deuterated solvents (d3-MeCN and/or 

D2O). However, mixing equimolar amounts of 2 and 6-apa in an NMR tube 

(d3-MeCN/D2O = 9:1, v/v) afforded an appropriate spectrum. Although 6-apa did not 
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dissolve completely, the suspension became clearer within time and the signals, which 

were assigned to the substrate, increased in intensity. Adding one equivalent base for 

deprotonation of the acid resulted in a different 1H NMR spectrum. The signals for 

protons H-2 and H-5 were shifted about 0.16 ppm and 0.36 ppm, respectively, compared 

to the spectrum without base. In addition, the signals of these two protons were separated 

under basic conditions, while a multiplet was observed for both protons in the spectrum 

without base. A possible reason might be the hydrolytic cleavage of the substrate caused 

by the base. However, NMR and IR analysis of 6-apa and KOtBu revealed only 

deprotonated and not hydrolysed substrate.[70] In addition, ESI-MS analysis confirmed the 

formation of 15 under both conditions. Identical IR spectra of the products of both 

reactions were achieved indicating a bidentate fashion of the carboxylate moiety to 2 

(∆� = 191 cm−1). 

 

 

2.3.3.4. Binding Studies of Cephalotin (Ceph) 
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Scheme 2.35: Synthesis and proposed structure of 16. 

 

As depicted in Scheme 2.35, Cephalotin (Ceph) bears multiple functional groups, which 

can be involved in the interaction with the complex (i.e., (i) carboxylate group, (ii ) lactam 

amide moiety, (iii ) thioether group, (iv) terminal amide group, (v) thiophene moiety and 

(vi) acetoxy group). Mixing equimolar amounts of the respective compounds provided a 
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spectrum with sharp signals in NMR analysis, thus indicating fast product formation. As 

shown in Figure 2.19, a considerably change in chemical shift was observed for protons 

H-10a and H-10b (∆δ = 0.50 ppm and 0.17 ppm) compared to the spectrum of pure Ceph. 

In addition, the signal of one proton in the H-4 position of the heterocycle changed about 

0.26 ppm and signals of the protons within the lactam ring (H-6 and H-7) were shifted 

about 0.20 ppm and 0.18 ppm, respectively. Signals of the protons of the methyl and the 

thiophene group did not change significantly, which excluded a binding of the substrate 

via the acetoxy function nor the thiophene group.  

 
Figure 2.19: 1H NMR spectra of 2, 2+Cephalotin (Ceph) and Ceph. 

 

Although 13C signals for all quaternary carbon atoms were observed in the spectrum of 

pure Ceph, no signals were detected in the adduct spectrum for the quaternary carbon 

atoms C-2, C-3 and C-9. This indicated a considerably change in the chemical 

surrounding of the carboxylate moiety. IR analysis revealed a bidentate binding fashion 

of the carboxylate group (∆� = 183 cm−1). Although the IR band of the terminal amide 

function was also shifted, coordination by this group could be excluded due to the lack in 

shift in the 13C NMR analysis. The sterically demanding substrate was assumed to bind 

bidentate by the carboxylate function to the zinc centres, as it was demonstrated for the 

less bulky β-lactam substrates. 
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2.3.3.5. Binding Studies of Sulbactam (Sul) 
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Scheme 2.36: Synthesis of 17. 

 

Sulbactam (Sul) also bears the structural motif of a thia-azabicycloheptanone like various 

β-lactam antibiotics, but it has no bactericidal function in medicine. It irreversibly binds 

to the active sites of most lactamase enzymes and thus inhibits their hydrolytic activity to 

cleave the medicinal drugs. Due to its hydrolytic stability towards lactamases, it is a 

suitable substrate for binding studies.  

 

A suspension of L1, KOtBu, Zn(SO3CF3)2 and Sulbactam sodium salt in the presence of 

acetonitrile (Scheme 2.36) was stirred until the solution became clear. Slow diffusion of 

Et2O into the filtered acetonitrile solution afforded single crystals, which were suitable for 

X-ray analysis. As depicted in Figure 2.20, the carboxylate moiety of Sulbactam binds to 

the zinc atoms of the complex in a µ1,3-binding fashion. 17 crystallises in the monoclinic 

space group P21 with two formula units per unit cell. The Zn···Zn separation is 3.901(1) Å 

that lies in between the zinc-zinc separations found for the acetate bridged complexes 5a 

(3.9548(4) Å) and 5b (3.8809(21) Å). The zinc atoms in 17 are located within the 

pyrazolato plane. The carboxylate moiety of Sulbactam is arranged slightly out of this 

plane (d(O1···pz) = 0.17(1) Å, d(O2···pz) = 0.31(1) Å and d(C26···pz) = 0.41(1) Å), but 

shows no twisted arrangement as it was observed for 5a and 5b. This almost planar 

arrangement of the carboxylate moiety in 17 might be due to the sterically demanding 

substrate. The sulfonyl group of the substrate is disordered (not shown in Figure 2.20) and 
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is not involved in the coordination to the zinc atoms. Selected bond lengths and angles of 

17 are listed in Table 2.22. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.20: Molecular structure of 17, hydrogen atoms and counter ions omitted for clarity. 

 

 

 Table 2.22: Selected bond lengths [Å] and angles [°] for 17. 

Atoms Bond length Atoms Angle  Atoms Angle 

Zn1-N1 1.981(3) N1-Zn1-N3 76.24(12)  N2-Zn2-N8 76.26(12) 

Zn1-N3 2.471(3) N1-Zn1-N4 109.70(14)  N2-Zn2-N9 113.17(13) 

Zn1-N4 1.998(4) N1-Zn1-N6 113.72(14)  N2-Zn2-N11 109.93(13) 

Zn1-N6 1.995(3) N3-Zn1-N4 75.58(13)  N8-Zn2-N9 75.35(12) 

Zn1-O1 2.027(3) N3-Zn1-N6 76.16(12)  N8-Zn2-N11 76.40(12) 

Zn2-N2 1.981(3) N4-Zn1-N6 119.50(15)  N9-Zn2-N11 119.81(14) 

Zn2-N8 2.440(3) N1-Zn1-O1 114.13(12)  N2-Zn2-O2 114.60(13) 

Zn2-N9 2.011(4) N3-Zn1-O1 169.55(12)  N8-Zn2-O2 168.95(12) 

Zn2-N11 2.014(3) N4-Zn1-O1 98.77(13)  N9-Zn2-O2 97.55(13) 

Zn2-O2 2.011(3) N6-Zn1-O1 99.69(12)  N11-Zn2-O2 100.59(13) 

Zn1-Zn2 3.901(1) C26-O1-Zn1 140.8(3)  C26-O2-Zn2 139.7(3) 
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Comparing the 1H NMR spectra of pure Sulbactam sodium salt and 17 (Figure 2.21), the 

most pronounced downfield shift was observed for the proton H-2 from 4.00 to 4.73 ppm. 

The signals of the methyl protons (H-9/10) were also shifted to lower field (from 1.37 and 

1.50 ppm to 1.73 and 1.76 ppm) and H-5 changed about 0.19 ppm to lower field. In 

addition, the 13C NMR signal of C-8 was shifted from 172.5 to 175.3 ppm. These changes 

of the chemical shifts were in accordance with the results obtained with the substrates 

discussed above. These findings confirmed the coordination of all β-lactam substrates 

investigated here by the µ1,3-binding fashion of the carboxylate moiety to the zinc atoms 

of the complex, as it was shown by X-ray analysis in the Sulbactam case. In addition, this 

coordination explained the inactivity in the hydrolytic reactions. As the substrate was 

binding to the complex, a vacant position was unavailable for the nucleophile resulting in 

the inhibition of the complex.  

In contrast to the IR spectroscopy results obtained so far for all other substrates, IR 

analysis of 17 gave no exact information about the binding fashion. Although the relevant 

bands were shifted (see Table 2.21), the relative positions of the antisymmetric and 

symmetric vibration bands did not change (205 cm−1 for the Sulbactam sodium salt and 

201 cm−1 for 17). However, the bidentate binding fashion was proven by X-ray analysis. 

 

 

 
Figure 2.21: 1H NMR spectra of 17 and Sulbactam (Sul). 
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Within the MEYER group, sulphate bridging complexes were obtained in reactions of the 

Sulbactam sodium salt with several dizinc complexes. The sulphate can either bridge two 

complexes[71] or it is bidentately coordinated to one complex unit.[54] To investigate the 

ability of the complex to cleave Sulbactam, mixtures of L1, KOtBu, zinc salts 

(Zn(ClO4)2·6H2O or Zn(SO3CF3)2) and Sulbactam sodium salt were stirred under reflux in 

the presence of acetonitrile. Monitoring this process by ESI-MS, did not confirm 

decomposition of the substrate. The sulphate source for the bridged complexes was most 

probably due to impurities in the used reagents. In addition, decomposition of 17 was also 

not observed according to ESI-MS analysis. 

 

 

In conclusion, NMR and IR spectroscopy have been proven to be suitable analytical 

methods to investigate the binding of β-lactam substrates. For each substrate, similar 

changes in chemical shifts were obtained for pure and coordinated antibiotics. In addition, 

IR spectroscopy revealed a bidentate binding fashion of the carboxylate moiety of all 

substrates. Moreover, confirming all analytical results obtained by NMR and IR 

spectroscopy, the µ1,3-binding fashion of the carboxylate group of Sulbactam was proven 

by X-ray analysis. At the present state, 17 is the first complex of a bound β-lactam 

substrate, which was obtained in synthesis and analysed by X-ray diffraction according to 

CSD search.  
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2.4. Phosphate Ester Cleavage 

2.4.1. Introduction 
 

Phosphodiesters DNA and RNA are extremely resistant to hydrolytic cleavage. The 

estimated half-life time of DNA is 10−100 billion years (at 25 °C, pH = 7), while RNA is 

less resistant to hydrolysis with a half-life time of 110 years.[45] This difference in 

hydrolytic rates results from the different structures of DNA and RNA. Although both are 

built up from nucleosides that are connected by phosphate groups in 3' and 5' positions of 

the ribose, RNA contains an additional hydroxyl group at the 2' position of the 

nucleotide.[72] Scheme 2.37 illustrates the two step process in the mechanism of RNA 

cleavage. At first, the 2'-OH acts as an intramolecular nucleophile and attacks the 

phosphorous atom (transesterification, a) resulting in a trigonal bipyramidal phosphorane 

(b). The second step is the cleavage of the P−O bond that leads to the 2',3'-cyclic 

phosphate (c) and the 5'-terminal hydroxyl group (d). The intramolecular attack thus 

accelerates the hydrolysis of RNA compared to DNA, which requires an intermolecular 

nucleophile.[38a,45,73] 
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Scheme 2.37: Mechanism of RNA and HPNP cleavage. 
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Due to the high hydrolytic resistance of DNA and RNA, activated model substrates are 

used in kinetic studies. A suitable substrate that emulates RNA is 2-hydroxypropyl-p-

nitrophenyl phosphate (HPNP in Scheme 2.37). In addition, bis(4-nitrophenyl)phosphate 

(BNPP in Scheme 2.38) is used to mimic natural phosphodiesters (e.g., DNA). In kinetic 

studies of phosphotriester cleavage, p-nitrophenyl diphenylphosphate (PNPDPP) and 

diethyl 4-nitrophenyl phosphate (Paraoxon) are most common. All these substrates 

(Scheme 2.38) are p-nitrophenolate derivatives. Once cleaved, p-nitrophenolate can be 

detected by UV-Vis spectroscopy. A second useful analytic method monitoring the 

cleavage of phosphate esters is 31P NMR spectroscopy. 
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Scheme 2.38: Substrates used within phosphate ester cleavage. 

 

Various mono- and multinuclear complexes have been investigated to improve hydrolytic 

activity. KOMIYAMA  and co-workers developed a ligand system that can be tuned to bind 

up to three metals (Scheme 2.39).[41a,41b] These ligands are based on pyridyl-donor 

moieties. Depending on the number of donor atoms, complexes with one, two or three 

metal ions can be synthesised and compared in their catalytic activities. A significantly 

higher hydrolytic activity of the binuclear complex was detected compared to the 

mononuclear analogue. The trinuclear complex was even more active than the binuclear 

one. These results confirm the promoting effects of two or more metal ions on Lewis 

acidity, nucleophile activation, stabilisation of the intermediate and activation of the 

leaving group.[74] 
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Scheme 2.39: Ligand systems to form mono and multinuclear zinc complexes used by KOMIYAMA  and co-workers. 
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Similar to the ligands developed by KOMIYAMA  and co-workers and based on substituted 

1,3-diamino-2-propanols, KREBS and co-workers investigated the activity of symmetric 

and asymmetric binuclear zinc complexes in HPNP transesterification cleavage (Scheme 

2.40). The authors observed a higher activity of the asymmetric complex compared to the 

symmetric one. This was suggested to be due to the bulky benzimidazole residues of the 

symmetric ligand, which lowered the binding ability of the substrate to the metal 

atoms.[41c] 

 

O

NNN
H

N
H

2 2 O

NNN
H

2 2

N

 
Scheme 2.40: Symmetric and asymmetric ligands used by KREBS and co-workers. 

 

As mentioned in the introduction, binuclear complexes with substituted phenolate ligands 

are very popular. CHEN et al. reported the synthesis of a bimetallic zinc complex with 

hydroxylethyl moieties as chelating side chains (Scheme 2.41, a). The obtained crystal 

structure revealed the formation of an asymmetric zinc complex with one protonated and 

one deprotonated ethoxy group. This complex efficiently catalysed the cleavage of BNPP 

with a 105-fold higher rate compared to the uncatalysed reaction.[39a] In addition, a 

104-fold rate enhancement in the transesterification cleavage of HPNP was observed by 

BELLE and co-workers with a complex based on a pyridyl-substituted phenolate ligand 

(Scheme 2.41, b). This complex undergoes a pH dependent interconversion of 

[Zn2L(OH)]2+ � [Zn2L(H2O)2]
3+. Activity was only observed for complex [Zn2L(OH)]2+ 

bearing a coordinated hydroxide group, which acts as the nucleophile. Complex 

[Zn2L(H2O)2]
3+ was not active, because of the irreversible coordination of the substrate to 

the zinc atoms that was detected by 31P NMR.[38a] Complexes of symmetric and 

asymmetric substituted phenolate ligands with carboxylate moieties as chelating side 

chains were investigated by the NORDLANDER group (Scheme 2.41, c and d).[39b,40] 

Kinetic studies in the transesterification of HPNP revealed a higher activity of the 

asymmetric zinc complex compared to its symmetric analogue. 
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Scheme 2.41: Phenolate based ligands. 

 

A complex based on a 2,7-substituted 1,8-naphthyridine ligand, which was synthesised by 

LIPPARD and co-workers and was active in β-lactam cleavage (Scheme 2.27), was 

additionally tested towards activity in the transesterification cleavage of HPNP. This 

complex showed a 6.4-fold higher activity compared to the mononuclear reference 

compound. The authors suggested a significant decrease of the pKa of the zinc bound 

water in the bimetallic system that allowed the formation of a hydroxide group under 

neutral aqueous conditions. This bridging hydroxide ligand was presumably the reactive 

base in the transesterification cleavage of HPNP.[42b] 

 

In addition, complexes that were studied in β-lactam hydrolysis, were also tested towards 

BNPP cleavage by BAUER-SIEBENLIST et al. (Scheme 2.29).[48] Although complex e was 

initially more active than complex d, the activities of both catalysts were limited by a 

saturation effect upon hydrolysis of BNPP due to the fixation of the hydrolytic product to 

the zinc atoms. 

 

But not all models that mimic metallo-β-lactamases are suitable in the cleavage of 

phosphate esters. Complexes b and c (Scheme 2.26) synthesised by MUGESH and co-

workers showed high activity in β-lactam hydrolysis, but were poor catalysts to hydrolyse 

the phosphortriester PNPDPP (Scheme 2.38).[37b] 

  

Binuclear complexes based on 3,5-substituted pyrazole ligands were tested in HPNP and 

Paraoxon hydrolysis by PENKOVA et al. (Scheme 2.42).[75] Although both complexes were 

active in phosphodiester and phosphotriester cleavage, complex a was more active in 
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Paraoxon hydrolysis compared to complex b, which was more active in HPNP 

transesterification cleavage. 

 

N N NN NH2H2N

N N NN NH2H2N
Zn Zn

N N NN

N N NN
Zn Zn

O

O
H

H

O

O
H

H

2+2+

(a)                                                       (b)  
Scheme 2.42: Complexes synthesised by PENKOVA et al. and active in Paraoxon and HPNP cleavage. 

 

As mentioned in the introduction, bimetallic complexes with macrocyclic ligand scaffolds 

have been reported to be active in the cleavage of phosphate esters. BAZZICALUPI et al. 

discovered the reactivity of zinc complexes on the basis of the macrocyclic ligand 

[30]aneN6O4 (Scheme 2.43, left).[46a] The authors revealed a higher activity of the 

binuclear complex compared to its mononuclear analogue in BNPP hydrolysis. This fact 

was suggested to be due to the interaction of the substrate with two electrophilic centres 

that improved reactivity and enabled the nucleophilic attack of the zinc bound hydroxide 

ligand.  
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Scheme 2.43: Macrocyclic ligands developed by BAZZICALUPI et al. (left) and MARTELL and co-workers (right). 

 

In addition, a ligand system based on two phenolate scaffolds connected with amine atom 

moieties to form a macrocyclic diphenolate ligand was investigated by MARTELL and co-

workers (Scheme 2.43, right).[46b] The binuclear zinc complex was active in TNPP 

(Scheme 2.38) hydrolysis due to the bidentate binding of the substrate that promoted 

hydrolysis as mentioned above. To mimic the protein scaffolds of enzymes, the group of 

REINHOUDT modified a calix[4]arene building block that can either bind one, two or three 
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metal ions dependent on the number of substituents (bimetallic complex in Scheme 

2.44).[47]  
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Scheme 2.44: Bincuclear zinc complex synthesised by REINHOUDT and co-workers [R = CH2CH2OEt]. 

 

The binuclear complex was 50 times more active in HPNP transesterification than the 

corresponding mononuclear model due to synergetic action of the two zinc centres. The 

trinuclear complex was the most active catalyst with 32000-fold rate acceleration 

compared to the uncatalysed reaction. At high HPNP concentrations, however, the 

trinuclear complex underwent saturation effects presumably due to the binding of more 

than one HPNP molecule, which resulted in inhibition and decrease of the catalytic 

activity. The calix[4]arene system is a suitable building block since it bears a hydrophobic 

pocket similar to the polypeptide backbone of enzymes that can be modified with 

multiple catalytic groups to mimic amino acid residues. The flexibility of this system 

during catalysis plays an important role since a lower catalytic rate was observed for the 

rigid analogue.[47c] 

 

 

2.4.2. General Considerations 
 

Selected complexes, which were obtained as part of this work (section 2.2), were 

analysed in their ability to cleave phosphate ester bonds. Substrate HPNP, a 

phosphodiester, was used to investigate the catalytic activity of 4 applying UV-Vis 

spectroscopy for analysis. Complexes 2, 4, 5a and 12 were studied in phosphotriester 

hydrolysis of Paraoxon and the catalytic reactions were followed by 31P NMR 

spectroscopy. Measurements have been performed in buffered solutions, when indicated. 

Sulfonic acid buffers were used as shown in Table 2.23 and pH values were adjusted with 

perchloric acid and sodium hydroxide. 
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Table 2.23: Sulfonic acid buffers and pH ranges. 

Buffer Name pH range 

Mes 2-(N-morpholino)ethanesulfonic acid 5.0 − 6.5 

Mops 3-(N-morpholino)propanesulfonic acid 7.0 − 7.5 

Epps 4-(2-hydroxyethyl)piperazine-1-propanesulfonic acid 8.0 − 8.5 

Ches 2-(cyclohexylamino)-1-ethanesulfonic acid 9.0 − 9.5 

Caps 3-(cyclohexylamino)-1-propanesulfonic acid 10.0 − 10.5 

 

 

 

2.4.3. Cleavage of 2-Hydroxypropyl-p-nitrophenyl Phosphate (HPNP) 
 

As described above, HPNP is an activated substrate model to mimic RNA. During 

transesterification/hydrolysis, p-nitrophenolate is released (Scheme 2.37) and its 

formation was monitored by UV-Vis spectroscopy. The absorbance was measured at 

400 nm (ε = 18500 M−1·cm−1, pKa = 7.15) and 25 °C. The total concentration of 

p-nitrophenolate was calculated according to (ii ) the Beer-Lambert law and (iii ) the 

Henderson-Hasselbalch equation. Initial rates were determined by plotting total 

concentrations versus time. The experiments were performed in buffered H2O/MeCN 

(1:1, v/v) at pH ranges of 5.0 to 10.5. Initial rates were calculated for L1, 

Zn(ClO4)2·6H2O, a control and 4, which was prepared in situ prior to use.  
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As demonstrated in Figure 2.22, 4 promoted the transesterification/hydrolysis reaction of 

HPNP at pH 8.0−8.5 compared to L1, Zn2+ and the uncatalysed reaction (control). With 

respect to the uncatalysed reaction, 4 enhanced the rate by a factor of 21 at pH 8.0 and a 

12-fold acceleration was observed at pH 8.5. From potentiometric titration experiments it 

was known, that the species, which is present at pH 8−8.5, is [Zn4H−5(L
1)2]

3+ (Figure 2.1). 

Since this species was also obtained in synthesis (7), it might be the active species in 
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hydrolysis, although the use of different solvent systems in the potentiometric and kinetic 

studies hampered a direct comparison. The hypothesis that [Zn2H−2L
1]2+ was the active 

complex in this reaction is also reasonable, as this species is also present at pH 8.0 to 8.5 

and has been reported to be the active one in phosphate ester cleavage with similar 

complexes.[48] Since the rate enhancement for HPNP cleavage by 4 was not impressive, it 

was not investigated any further. 
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Figure 2.22: Initial rates in 2-hydroxypropyl-p-nitrophenyl phosphate (HPNP) transesterification/hydrolysis of 4, L1, 
Zn2+ and a control. 

 

 

2.4.4. Cleavage of Paraoxon 
 

Organophosphate triesters are highly toxic compounds, which have been used as 

insecticides and warfare agents. The degradation of these compounds is necessary to 

decrease their toxicity. Paraoxon is a phosphate triester that has been used as insecticide. 

This substrate can be defanged by the cleavage of the P−O bond to form diethyl 

phosphate and p-nitrophenolate (Scheme 2.45). 

 

The activity of 2, 4, 5a and 12 to cleave Paraoxon was investigated applying 31P NMR 

spectroscopy. The experiments were performed under different conditions as summarised 

in Table 2.24.  
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Scheme 2.45: Degradation reaction of Paraoxon resulting in diethyl phosphate and p-nitrophenolate. 

 

 Table 2.24: Overview of complexes and conditions during Paraoxon cleavage. 

Complex  pH independent pH dependent Equivalents Paraoxon 

2 � � 1.0, 2.0 

4 − � 1.0 

5a � � 1.0 

12 � − 1.0 

  

 

Hydrolytic experiments of 2, 5a and 12 were performed in d3-MeCN/D2O (9:1, v/v).  

Equimolar amounts of each complex and Paraoxon were combined in a NMR tube and 

measured initially. The reaction was followed in time intervals of one hour. A signal at 

7.29 ppm was observed in all spectra, which did not change in chemical shift for more 

than 31 hours. As a control, pure substrate was analysed under the same conditions 

revealing a signal at 7.29 ppm. These results ended up in the conclusion that the substrate 

was not hydrolysed under these conditions. A reason might be the acetate co-ligands in 5a 

and 12, which are tightly bound to the zinc atoms and do not allow coordination of the 

substrate. 2 does not bear any co-ligand, but also lacks a nucleophile that is required to 

mediate substrate cleavage.  

 

In addition to pH independent experiments, compounds 2, 4 and 5a were studied towards 

hydrolytic activity within a pH range of 5 to 11 (buffers are listed in Table 2.23). NMR 

measurements were carried out in buffered H2O/d6-DMSO (8:2, v/v) to maintain a stable 

pH and good solubility of the complexes. Spectra were recorded initially after mixing 

equimolar amounts of complex and Paraoxon and followed at hourly intervals for eight 

hours, later in 12 hour intervals for three to five days. Between the measurements, the 

NMR tubes were stored at 40 °C (water bath) to promote the catalytic reaction. The signal 
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of pure Paraoxon was obtained at 6.85 ppm and did not change within the mentioned pH 

range. However, after three days of incubation, an additional signal appeared at 0.34 ppm 

at pH 10 and 11 probably due to background hydrolysis caused by the strongly basic 

conditions. 

 

The experiments with 2 and 4 have been monitored for five days. It was surprising that 

addition of 2 and 4 did not influence the chemical shift at 6.85 ppm, which was the only 

signal obtained in the spectra. After three days, the signal at 0.34 ppm was also observed 

at high pH values in both experiments, which resulted from the background hydrolysis. 

The formed diethyl phosphate did probably not coordinate to the complexes. If so, a 

chemical shift from 0.34 ppm would be reasonably expected. Using an excessive amount 

of substrate (ratio 1:2) did not reveal other signals than 6.85 ppm and 0.34 ppm. 

A possible reason might be the coordination of the sulfonic acid buffers to the complexes 

that can inhibit the binding of the phosphate group. In addition, 5a did also not show 

activity in the hydrolysis of Paraoxon at different pH. This might be due to the bridging 

acetate group that inhibits the reaction, as discussed above. 

 

To investigate the influence of the used buffer system, an additional experiment was 

performed in H2O/d6-DMSO (8:2, v/v). Equimolar amounts of 2, KOtBu and Paraoxon 

were mixed and the spectra were recorded in regular intervals (12 hours). In addition to 

the resonance at 6.85 ppm (not hydrolysed substrate) a new signal was observed at 

0.82 ppm after three days of incubation at 40 °C. This signal presumably resulted from 

the hydrolysed substrate (diethyl phosphate), which coordinates to the complex. 

 

 

In addition to hydrolytic experiments, a suspension containing L1, KOtBu, Zn(SO3CF3)2 

and Paraoxon was stirred in the presence of acetonitrile (Scheme 2.46) until the solution 

became clear. ESI-MS analysis of the reaction solution showed fragments that matched 

the calculated masses of  [Zn2H−1L
1(OP(O)(OEt)2)(SO3CF3)]

+ at m/z = 931 and 

[Zn2H−1L
1(OP(O)(OEt)2)]

2+ at m/z = 391. Signals in d3-MeCN were observed at 0.87 ppm 

(product) and 7.34 ppm (Paraoxon) in 31P NMR. 
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Scheme 2.46: Synthesis of 18. 

 

Few single crystals, which were suitable for X-ray analysis, were obtained by slow 

diffusion of Et2O into the filtered acetonitrile solution. 18 crystallises in the monoclinic 

space group P21/n with four molecules per unit cell. As shown in Figure 2.23, each zinc 

atom is found in trigonal bipyramidal environment (Zn1: τ5 = 0.91 and Zn2: τ5 = 0.88)[53] 

by four N-donor moieties of the ligand and one oxygen atom of the phosphate group. The 

zinc atoms and P1 are located within the pyrazolato plane. The oxygen atoms O1 and O2 

are arranged above this plane (d(O1···pz) = 0.34(1) Å) and below (d(O2···pz) = 

0.44(6) Å). The zinc atoms are separated by 4.1086(9) Å, which is comparable to 2 

(d(Zn1···Zn2) = 4.1028(5) Å) and might explain the twisted arrangement of the 

phosphate. Selected bond lengths and angles for 18 are listed in Table 2.25.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23: Molecular structure of 18, hydrogen atoms and counter ions omitted for clarity. 
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 Table 2.25: Selected bond lengths [Å] and angles [°] of 18. 

Atoms Bond length Atoms Angle  Atoms Angle 

Zn1-N1 2.021(5) N1-Zn1-N3 76.1(2)  N2-Zn2-N8 76.5(2) 

Zn1-N3 2.378(5) N1-Zn1-N4 113.8(2)  N2-Zn2-N9 118.9(2) 

Zn1-N4 2.041(6) N1-Zn1-N6 119.2(2)  N2-Zn2-N11 112.5(2) 

Zn1-N6 2.026(6) N1-Zn1-O1 106.9(2)  N2-Zn2-O2 106.9(2) 

Zn1-O1 1.991(5) N3-Zn1-N4 75.6(2)  N8-Zn2-N9 75.8(2) 

Zn2-N2 2.005(5) N3-Zn1-N6 76.6(2)  N8-Zn2-N11 75.9(2) 

Zn2-N8 2.429(5) N3-Zn1-O1 173.9(2)  N8-Zn2-O2 171.7(2) 

Zn2-N9 2.023(6) N4-Zn1-N6 110.2(2)  N9-Zn2-N11 111.8(2) 

Zn2-N11 2.031(6) N4-Zn1-O1 107.4(3)  N9-Zn2-O2 96.0(2) 

Zn2-O2 1.983(5) N6-Zn1-O1 97.4(2)  N11-Zn2-O2 108.9(3) 

Zn1···Zn2 4.1086(9)      

 

 
31P NMR analysis of 18 in d3-MeCN solution revealed one signal at 0.87 ppm. This 

confirmed the hypothesis that the signal at 0.82 ppm, which was observed in hydrolytic 

reactions without buffer, was the hydrolysed substrate (diethyl phosphate) that 

coordinated to the complex. In addition, it could be demonstrated that the used buffer 

inhibits the binding of the hydrolysed substrate to the complex as only the free (and not 

coordinated) diethyl phosphate and Paraoxon were present in the experiments in buffered 

solutions. Performing the hydrolytic experiments in other buffer systems, which do not 

interact with the complex, might increase the activity to cleave the P−O bond of 

Paraoxon. 
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2.5. CO2 Activation 
 

Carbon dioxide is abundant, nontoxic and a bio renewable C1 feedstock. However, it is 

thermodynamically stable and needs highly reactive reagents to overcome kinetic barriers 

to generate useful chemicals. Its activation is of academic and industrial interest and was 

investigated extensively within the last decades. Utilisation of CO2 as a basic material is 

often considered as green chemistry. However, the quantity that is used within these 

processes is rather small compared to the worldwide production of CO2.
[76]  

 

 

2.5.1. CO2 Copolymerisation 

2.5.1.1. Introduction 
 

One way to leverage the high potential of this resource is the copolymerisation of CO2 

and epoxides, mostly propylene oxide (Scheme 2.47) and cyclohexene oxide. The formed 

polycarbonates are of great industrial interest due to their outstanding properties (e.g., 

durability, lightness, heat resistance, good electrical insulation).[76]  
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Scheme 2.47: Copolymerisation of propylene oxide and CO2 to form poly- and cyclic propoylene carbonates. 

 

A second product obtained in this synthetic process is a cyclic alkyl carbonate (e.g., 

propylene carbonate from propylene oxide, Scheme 2.47). This thermodynamically 

favoured product is preferably formed at high temperatures, while copolymerisation is 

dominant at low temperatures.[77] Cyclic carbonates are commercially important and are 

used as electrolytes in lithium batteries and as aprotic polar solvents due to their high 

boiling points and low toxicity.[76b,78] Since both products have important industrial 

applications, the challenge is to preferably form only one product in the reaction by 

variation of catalysts, CO2 pressure, temperature and epoxide concentration.[76a] 



Results and Discussion 

88 

Initial experiments in the copolymerisation reaction of propylene oxide and CO2 were 

performed by INOUE et al. in 1969.[79] The active species was found to be a Et2Zn-water 

(1:1) catalyst forming poly(propylene carbonate). Based on the investigations of INOUE et 

al., many further developments in the area of copolymerisation were achieved. Air stable 

metal acetates Cr(OAc)3, Co(OAc)2, Zn(OAc)2 and Ni(OAc)2 were studied by SOGA et al. 

in the copolymerisation of propylene oxide and CO2.
[80] Catalytic activity was also 

observed for complexes (2,6-diphenylphenoxide)2Zn(X)2 (X = THF, Et2O) by 

DARENSBOURG and HOLTCAMP (Scheme 2.48, a).[81] COATES and co-workers developed 

zinc complexes containing bulky β-diketiminato ligands (BDI) that are highly active in 

the copolymerisation of cyclohexene oxide and CO2 (Scheme 2.48, b).[82]  
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Scheme 2.48: Zinc complexes synthesised by DARENSBOURG and HOLTCAMP (a) and COATES and co-workers (b). 

 

The mechanisms of these processes are not fully understood so far. CO2 insertion is 

proposed to be the first step followed by the coordination of the epoxide and ring 

opening.[82] Using sterically demanding ligands (e.g., substituted phenoxides), the initial 

step is assumed to be the coordination of the epoxide to the electrophilic zinc atom 

followed by ring opening and insertion of CO2.
[83] Theoretical calculations of the zinc 

complex (BDI)ZnOCH3 with a bulky β-diketiminato ligand revealed an alternating 

repetition of CO2 insertion into the Zn-alkoxyl bond (Scheme 2.49) and the epoxide 

insertion into the Zn-carbonate bond being favoured. The rate-determining step is the ring 

opening of the epoxide during insertion.[84]  
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Scheme 2.49: Proposed mechanism resulting from theoretical calculations. 

 

One of the first investigations utilising binuclear zinc complexes in the copolymerisation 

process were performed by DARENSBOURG et al.[85] Ligand systems based on phenolates, 

which are substituted in 2 and 6 positions with less bulky and electron-withdrawing 

fluoride ligands, afforded complexes (Scheme 2.50, a) that are effective catalysts for the 

copolymerisation of cyclohexene oxide and CO2. The first example for asymmetric 

copolymerisation of meso-epoxides and CO2 was reported by NOZAKI  and co-workers 

using an equimolar mixture of Et2Zn and a chiral amino alcohol ((S)-diphenyl(pyrrolidin-

2-yl)methanol) as chiral catalyst.[86] Later, the active species could be isolated and 

characterised, showing a binuclear structure formed from Et2Zn and the chiral amino 

alcohol (Scheme 2.50, b).[87]  
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Scheme 2.50: Binuclear zinc catalysts used in the copolymerisation reaction with CO2 by DARENSBOURG et al. (a), 
NOZAKI and co-workers (b), XIAO et al. (c) and KEMBER et al. (d, X = OAc). 

 

Due to a higher catalytic activity under milder conditions, binuclear zinc complexes have 

been intensively studied. XIAO et al. carried out experiments using a zinc complex based 

on a phenolate ligand, which is substituted with diphenyl-2-pyrrolidinemethanol side 

chains (Scheme 2.50, c).[88] Based on a macrocyclic ligand system (Scheme 2.50, d), 

KEMBER et al. were able to design a bimetallic zinc complex that showed high activity in 

CO2 copolymerisation, was air stable and even active under aerobic conditions.[89] 
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The optimisation of zinc catalysts, which require low CO2 pressure, gains a significant 

contribution with respect to the economical and environmental factors of the 

copolymerisation process. 

 

2.5.1.2. Activity of 2 in CO2 Copolymerisation 
 

Inspired by the high activity of binuclear complexes under mild conditions, 2 was studied 

towards its activity in CO2 copolymerisation of cyclohexene oxide. Stoichiometric 

amounts of 2 and KOtBu were dissolved in cyclohexene oxide under inert conditions 

(0.04 mol% of 2). The mixture was heated to 80 °C and predried CO2 (1 atm) was gently 

bubbled through the mixture (16 hours), whereby most of the epoxide evaporated. The 

residue was dried in vacuum and the resulting colourless solid was suspended in 

dichloromethane. After filtration, the polymer precipitated by adding methanol to the 

solution. The colourless product was collected by filtration and dried in vacuum.  
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Scheme 2.51: Polymerisation reaction with 2 as catalyst. 

 

The polymerisation product was analysed by 1H NMR spectroscopy. The spectrum 

showed a broad signal at a chemical shift of 3.40 ppm indicating the formation of the 

polyether (Scheme 2.51, a). A signal at 4.63 ppm would confirm the formation of the 

copolymer product (Scheme 2.51, b).[88] This was not observed. Increasing the catalyst 

concentration (0.1 mol%) also revealed the formation of the homopolymer as it was 

observed with less amount of catalyst. Possible reasons might be the used conditions 

during the copolymerisation reaction. Since the reaction was performed under 1 atm CO2 

pressure, investigations at high CO2 pressure would be of interest. In addition, higher 

amounts of catalysts might also improve the formation of the copolymer product.  
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2.5.2. Cyclic Carbonates 

2.5.2.1. Introduction 
 

As mentioned above, cyclic carbonates are of great industrial interest. The technical 

synthetic process is the reaction of epoxides and carbon dioxide (Scheme 2.52, a).[90] 

During the copolymerisation reaction, they are formed by the back-biting of a metal 

alkoxide into an adjacent carbonate linkage.[76a,77b] A useful application of cyclic 

carbonates (e.g., ethylene carbonate and propylene carbonate) is the transesterification 

with methanol to form dimethyl carbonate (DMC) and corresponding glycols.[78,91] DMC 

is a non-toxic liquid and can be used as methylating or methoxycarbonylating reagent 

making it attractive to replace toxic compounds like dimethyl sulfoxide or phosgene.[92] It 

is no longer produced by the formerly established method, which required phosgene. 

DMC formation by catalytic oxidative carbonylation of methanol and oxygen can either 

be catalysed by copper chloride and carbon monoxide or by a palladium catalyst and 

methyl nitrite.[91-92] A new and convenient catalytic route would be achieved, if cyclic 

carbonates can be synthesised by the reaction of CO2 and glycols (Scheme 2.52, c). CO2 

as a bio renewable source and glycols, which are formed during the transesterification of 

methanol and DMC (Scheme 2.52, b), make the formation of cyclic carbonates from 

environmental friendly starting materials highly attractive.  
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Scheme 2.52: Common syntheses of cyclic carbonates (a) and dimethyl carbonate (DMC, b), worthwhile catalysis to 
form cyclic carbonates (c). 

 

Only few examples of reactions of CO2 with glycols are known in literature. The first 

synthesis of a cyclic carbonate from a ketal and catalysed by transition metals was 

reported by ARESTA et al. in 2003.[93] They investigated the activity of several metal 

oxides, metal halides and copper or iron complexes based on a perfluorinated diketone 
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ligand system. Since no product formation was observed in organic solvents, reactions 

were performed in supercritical CO2 (SC-CO2), which was suitable as reagent and 

solvent, yielding cyclic carbonates. Experiments with a hetergeneous CeO2-ZrO2 catalyst 

by TOMISHIGE and co-workers and catalysts Bu2SnO, Bu2Sn(OMe)2 and Ti(OPr)4 used by 

DUE et al. revealed activity in the formation of cyclic carbonates with high selectivity, but 

low yield (~2−4 %).[91,94] The reason was suggested to be a reaction equilibrium (Scheme 

2.52, c). If the formed water is not removed, the reaction is limited. Starting materials 

were thus dehydrated, which resulted in higher yields.[94b] In 2007 HUANG et al. were able 

to catalyse the cyclisation of propylene glycol and CO2 under high pressure using ZnO 

modified with KI as catalyst.[78] Under optimised conditions, yields up to 26 % were 

achieved. The reaction was performed in the presence of acetonitrile, which served as the 

dehydrating agent. ZHAO and co-workers studied the activity of a series of metal acetate 

salts in the reaction of propylene glycol and CO2. The most active catalyst was found to 

be zinc acetate.[95] Under optimised conditions, selectivity and yield were tuned to 12.3 % 

and 64.1 %, respectively. 

 

 

2.5.2.2. Activity of 2 to Form Cyclic Carbonates 
 

As shown above, zinc compounds have a great potential in the catalytic synthesis of 

cyclic carbonates compared to other transition metals. The optimisation of catalysts 

supports economical and environmental factors in the synthetic process of cyclic 

carbonates, which have a wide variety in industrial applications. In this respect, 2 was 

investigated to catalyse the reaction of 1,2-propylene glycol and CO2 to form propylene 

carbonate (Scheme 2.53).  
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Scheme 2.53: Reaction of 1,2-propylene glycol and CO2 with 2 as catalyst. 

 

2 (1 mol%) and 1,2-propylene glycol were stirred in acetonitrile under inert conditions 

and molecular sieve (3 Å) was added as dehydrating agent. The mixture was heated to 
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reflux and CO2 was gently bubbled into the solution. Samples for GC-MS analysis were 

taken every hour to monitor propylene carbonate formation, but this was not observed 

under the used conditions. A second reaction was performed at room temperature due to a 

higher saturation concentration of carbon dioxide compared to high temperature. Since 

most acetonitrile evaporated during the first reaction, 1,2-propylene glycol was used as 

reagent and solvent. 2 and an equimolar amount of KOtBu were dried in a Schlenk flask, 

followed by addition of 1,2-propylene glycol. The mixture was stirred for 3 hours before 

adding molecular sieve to remove water. CO2 was bubbled through the reaction mixture 

for 3 days (9 hours each). GC-MS analysis did not confirm the formation of propylene 

carbonate. Although the experiments gave no indication for any conversion of propylene 

glycol (the only peak in GC-MS), the reason must not be the inactivity of the complex, 

but may rather be found in the used conditions. Since the experiments were performed 

under low CO2 pressure (1 atm) working under high CO2 pressure would be of interest.  

 

 

2.5.3. Reaction with CO2 
 

In addition to the catalytic reactions to activate CO2, a carbonate bridged tetranuclear 

complex was obtained in synthesis by diffusion of atmospheric CO2 into the complex 

solution. 
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Scheme 2.54: Synthesis of complex 19. 
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This reaction was performed by treating L1 with KOtBu and Zn(ClO4)2·6H2O in methanol 

(Scheme 2.54). During crystallisation, atmospheric carbon dioxide was able to diffuse 

into the methanol solution resulting in few single crystals, which were suitable for X-ray 

analysis. The complex crystallises in the monoclinic space group C2/c with four formula 

units per unit cell. This tetranuclear complex (Figure 2.24) consists of two dizinc 

complexes that are bridged by a carbonate anion, which is disordered and binds in a 

µ4−η2:η1:η1 fashion. The bond lengths of the zinc atoms to the oxygen atoms of the 

carbonate group differ in lengths: 2.025(9) Å and 2.213(9) Å to the η2−O3 atom of the 

carbonate group and 2.059(8) Å for Zn1−O1 and 1.976(8) Å for Zn2−O2. The latter is the 

shortest Zn−O bond length found in the complex. This binding mode is unusual for zinc 

complexes and was recently reported for the first time.[96] The distance of Zn1···Zn2 is 

3.6595(15) Å. An overview of selected bond lengths and angles is given in Table 2.26. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.24: Molecular structure of 19, hydrogen atoms and counter ions omitted for clarity. Symmetry operation used 
to generate equivalent atoms: (') –x+1, y, -z+1/2. 
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Table 2.26: Selected bond lenghts [Å] and angles [°] for 19. 

Atoms Bond length  Atoms Angle  Atoms Angle 

Zn1-N1 1.978(5) N1-Zn1-O1 111.0(3)  N2-Zn2-O2 113.4(3) 

Zn1-N3 2.493(5) N3-Zn1-O1 168.8(3)  N8-Zn2-O2 166.6(3) 

Zn1-N4 1.995(6) N4-Zn1-O1 107.1(3)  N9-Zn2-O2 90.4(3) 

Zn1-N6 1.993(6) N6-Zn1-O1 91.7(3)  N11-Zn2-O2 110.5(3) 

Zn1-O1 2.059(8) N1-Zn1-N3 73.2(2)  N2-Zn2-N8 73.4(2) 

Zn2-N2 1.964(5) N1-Zn1-N4 118.1(2)  N2-Zn2-N9 113.1(2) 

Zn2-N8 2.469(5) N1-Zn1-N6 121.4(2)  N2-Zn2-N11 112.3(2) 

Zn2-N9 2.003(7) N3-Zn1-N4 78.61(19)  N8-Zn2-N9 76.2(2) 

Zn2-N11 2.024(6) N3-Zn1-N6 77.5(2)  N8-Zn2-N11 75.5(2) 

Zn2-O2 1.976(8) N4-Zn1-N6 103.9(2)  N9-Zn2-N11 115.4(2) 

Zn1-O3' 2.025(9) N1-Zn1-O3' 86.2(3)  N2-Zn2-O3' 83.0(3) 

Zn2-O3' 2.213(9) N3-Zn1-O3' 158.4(3)  N8-Zn2-O3' 152.8(3) 

Zn1···Zn2 3.6595(15)  N4-Zn1-O3' 106.2(3)  N9-Zn2-O3' 126.8(3) 

  N6-Zn1-O3' 120.3(4)  N11-Zn2-O3' 102.0(3) 

  C26-O1-Zn1 123.6(6)  C26-O2-Zn2 119.8(5) 

  C26-O3'-Zn1 131.7(7)  C26-O3'-Zn2 108.3(7) 

 

NMR and ESI-MS analyses of the crystalline material did not confirm the formation of 

19. The signal for the carbonate group, which would be expected around 170 ppm,[97] was 

not observed. In addition, 19 was not stable under electrospray conditions. Fragments at 

m/z = 681, 359 and 337, which showed isotopic distributions for two Zn2+, could not be 

assigned to fragments of 19 indicating the decomposition of the complex under ESI-MS 

conditions. However, formation of 19 could be confirmed by IR analysis. Two peaks at 

1493 and 1393 cm−1 were observed that are characteristic for coordinated carbonate.[97] 

 

In order to investigate the formation of complexes being directly exposed to CO2, carbon 

dioxide was bubbled into a methanol solution containing L1, KOtBu and Zn(SO3CF3)2. 

Although no differences in the species formation was determined by ESI-MS before and 

after CO2 exposure (due to the instability of complex), Et2O diffusion into the complex 

solution afforded crystals, which were suitable for X-ray diffraction. Crystallographic 

analysis confirmed the same binding fashion of a disordered carbonate moiety bridging 

two complexes as discussed above. The complex was present in a different modification 

due to the different counter ions compared to 19.  
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2.6. Conclusion and Outlook 
 

This work was based on the synthesis of new binuclear zinc complexes that mimic the 

active centres of zinc containing enzymes. In addition to the imidazole containing and 

literature known ligand L1,[43d] three novel ligands were designed, which bear biomimetic 

functional groups, like benzimidazole, imidazole and carboxylate (L2−L4). In addition, 

the length of the side chains of the ligands containing benzimidazole moieties was 

modified (L2 and L3) to obtain zinc complexes, which vary in their zinc-zinc separations 

(8 and 9). 

Two complexes (4a and 4b) were obtained that differ considerably in their Zn···Zn 

distances, although based on the same ligand (L1). This is due to the different 

nucleophiles that bridge the zinc atoms: a methanol-methanolate moiety in case of 4a and 

a methanol group in 4b. In addition, a µ−OH bridged complex (8) was obtained in solid 

state with the benzimidazole containing ligand L2. ESI-MS analysis of 8 revealed the 

formation of a (H3O2)-bridged complex, which was the only species in solution. These 

results indicated the flexibility of the pyrazole ligand scaffold, which is substituted in 3 

and 5 positions with aromatic N-donor moieties. In addition, complex 4b is most likely 

active towards the cleavage of acetonitrile, as [Zn2H−1L
1(CN)](ClO4)2 was the only 

species found in ESI-MS. 

In accordance with potentiometric investigations, various complexes were obtained in the 

synthesis and characterised: [ZnH2L
1]4+ (1), [Zn2H−1L

1]3+ (2, 3), [Zn2H−2L
1]2+ (4a, 4b and 

5a) and [Zn4H−5(L
1)2]

3+ (7). The Zn···Zn separations for these complexes differ between 

3.38(1) Å (4b) and 4.25(1) Å (3).  

In addition to the binuclear complexes (2−5), a tetranuclear complex (19) was obtained by 

diffusion of atmospheric CO2 into the complex solution. The resulting carbonate moiety 

bridges two binuclear subunits in a µ4−η2:η1:η1 binding fashion. The same binding motif 

was observed when the complex solution was exposed directly to CO2. A second 

tetranuclear complex (7) was obtained that represented species [Zn4H−5(L
1)2]

3+. This 

complex bears a µ-oxo-µ-hydroxo bridge, which is uncommon for zinc and has not been 

reported so far for zinc containing complexes. 

 



Conclusion and Outlook 

97 

The synthesised complexes were furthermore investigated in catalytic reactions to 

activate CO2 or to cleave chemical bonds (i.e., P−O bond of phosphate diesters and 

phosphate triesters and the C−N bond of β-lactam antibiotic drugs).  

 

Activation of CO2 was studied in the copolymerisation reaction with cyclohexene oxide 

and in the formation of propylene oxide with 1,2-propylene glycol. In these reactions 2 

was used as catalyst. Since this complex bears no nucleophile, an additional equivalent of 

base was added to ensure nucleophilicity that is necessary for activity. Although 2 did not 

catalyse both reactions, the reason might be not due to the inactivity of the complex rather 

than the used conditions. Since both experiments were performed at 1 atm CO2 pressure, 

additional experiments under high CO2 pressure might increase the efficacy of 2 to 

activate CO2. In addition, increasing the catalyst concentration might also provide a 

higher activity. 

 

The activity of the complexes to cleave chemical bonds was investigated by means of 

phosphate esters. 4 was found to be slightly active in the hydrolysis/transesterification 

reaction of 2-hydroxypropyl-p-nitrophenyl phosphate (HPNP). Compared to the 

uncatalysed reaction, a 21-fold rate enhancement was observed at pH 8.0 and a 12-fold 

acceleration at pH 8.5. In addition to this, complexes 2, 4, 5a and 12 were explored in 

hydrolytic experiments to cleave Paraoxon, a phosphate triester. Due to the co-ligand 

acetate, which strongly binds to the zinc atoms and does not allow coordination of the 

substrate, 5a and 12 were not active to hydrolyse Paraoxon. The hydrolytic activity of 2 

and 4 was examined in buffered solutions. As demonstrated by 31P NMR spectroscopy, 

the substrate was cleaved after several days (probably due to background hydrolysis) and 

the free diethyl phosphate was present in solution. Different results were obtained in 

unbuffered solutions. In these reactions, the hydrolysed diethyl phosphate coordinated to 

the zinc atoms of the complexes as it was demonstrated by 31P NMR and X-ray analysis. 

It could thus be proven that the used sulfonic acid buffers inhibit the complexes in the 

coordination of the substrate. Further experiments in other buffer systems, which do not 

interact with the complexes, would be of interest to explore the activity of the complexes 

to cleave the P−O bond of Paraoxon. 
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In addition to P−O bond cleavage, complexes 4, 8 and 9 were investigated to cleave the 

C−N bond of the β-lactam antibiotic Penicillin G. As 9 bears long side chains, this 

complex was expected to be the most active. It was thus surprising that none of these 

complexes showed any activity to cleave the β-lactam ring of Penicillin G. The reason for 

this was investigated by binding studies of the β-lactam substrates Penicillin G, 

Ampicillin, 6-aminopenicillanic acid, Cephalotin and Sulbactam to 2. It was 

demonstrated by ESI-MS, NMR and IR spectroscopy that all substrates coordinated to the 

zinc atoms of the complex in a µ1,3-binding fashion of the carboxylate group that is 

present in all substrates. In addition, X-ray analysis confirmed these studies as suitable 

single crystals were obtained in a reaction with the substrate Sulbactam (17). This 

complex is the first example of a β-lactam antibiotic drug, which coordinates to a 

complex, and is analysed by X-ray diffraction. The µ1,3-binding fashion of the 

carboxylate groups of the substrates thus explains the inactivity of the complexes to 

cleave Penicillin G. 

To design complexes that might be active, the Zn···Zn separations can be increased, so 

that the zinc atoms cannot be bridged by the carboxylate moiety. This might result in a 

vacant position for the nucleophile and thus in the activity to cleave the substrates. 

Another possibility is to design ligands, which bear less donor functions. This would 

result in a complex that can even be active if the substrate coordinates to the zinc atoms 

as it was demonstrated. A further vacant position for the nucleophile would thus be 

available and might increase the activity of the complexes. 

 
 
 
 
 
 
 
 
 
 
 
 
 



 

99 

3. Experimental Part 

3.1. General Considerations 
 

All manipulations have been carried out in air using p. A. quality solvents, if not other-

wise noted. Moisture and air sensitive reactions have been performed under an anaerobic 

atmosphere of argon using standard Schlenk techniques. Et2O was dried over sodium and 

MeCN over calcium hydride. 
1H NMR, 13C NMR and 31P NMR spectra have been recorded on a Bruker Avance 

200 MHz, 300 MHz or 500 MHz spectrometer. 1H, 13C and 31P chemical shifts are 

reported in ppm relative to residual solvent signals of CDCl3 (7.26 ppm and 77.2 ppm), 

d3-MeCN (1.94 ppm and 118.3 ppm), D2O (4.79 ppm), d4-MeOD (3.31 ppm and 

49.0 ppm) or d6-DMSO (2.50 ppm and 39.5 ppm). ESI-MS spectra were recorded on a 

Bruker HCT Ultra spectrometer. High resolution ESI-MS spectra and GC-MS analyses 

were performed by the service department 'Zentrale Analytik – Massenspektrometrie des 

Instituts für Organische und Biomolekulare Chemie der Universität Göttingen'. Melting 

points were determined using a SRS OptiMelt apparatus. Microanalysis were performed 

by the 'Analytisches Labor des Instituts für Anorganische Chemie der Universität 

Göttingen'. Infrared spectra (KBr pellet) were recorded on a Digilab Excalibur 

spectrometer; in solution a FTIR Mettler-Toledo ReactIR iC10 spectrometer was used. 

UV-Vis spectra were determined using a Cary 300 Bio spectrometer equipped with a 12 

position thermostated cell changer. Buffers were adjusted by a calibrated Metrohm 780 

pH meter. 

 

Compounds 3,5-bis(chloromethyl)-1H-pyrazole (I),[49] bis-((1-methyl-1H-imidazol-2-yl)-

methyl)amine (II),[50] 3,5-bis[bis-((1-methyl-1H-imidazol-2-yl)-methyl)amine]-1H-

pyrazole (L1)[43d] and [Zn2H−1L
1(OAc)](ClO4)2 (5b)[57] were synthesised according to 

published procedures. The syntheses of bis-((1-methyl-1H-benzimidazol-2-yl)-

methyl)amine (V)[51] and bis((1-methyl-1H-benzimidazol-2-yl)ethyl)amine (VII)[52] were 

performed as described in literature and the workup has been optimised to obtain higher 

yields. All other chemicals were used as purchased. 
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3.2. Synthesis of Ligand Precursors and Ligands 
 

Bis-((1-methyl-1H-benzimidazol-2-yl)methyl)amine (V) 

A suspension of iminodiacetic acid (IV) (1.90 g, 14.3 mmol) and N-methyl-o-

phenylenediamine dihydrochloride (III) (5.64 g, 28.9 mmol) in aqueous HCl (6 M, 

15 ml) was heated to reflux for 4 d. After cooling, pure hydrochloric salt of V 

precipitated. This was collected by filtration. Acetone was added to the filtrate solution 

yielding more precipitate of the crude product.[51] The combined solids have either been 

re-crystallised from MeOH yielding pure hydrochloric salt of V or the solids were solved 

in a minimum amount of warm water. Addition of aqueous ammonia solution afforded 

precipitation of the free base of V, which was filtrated and dried in vacuum (1.88 g, 

6.2 mmol, 43 %). 
1H NMR (300 MHz, d4-MeOD): δ = 3.82 (s, 6H, NMe), 4.16 (s, 4H, CH2), 7.20−7.30 (m, 

4H, CHBenzImid), 7.42−7.45 (m, 2H, CHBenzImid), 7.57−7.60 (m, 2H, CHBenzImid). 
13C NMR (75 MHz, d4-MeOD): δ = 30.3 (NMe), 45.8 (CH2), 110.9 (CHBenzImid), 119.3 

(CHBenzImid), 123.4 (CHBenzImid), 124.0 (CHBenzImid), 137.2 (Cq
BenzImid), 142.4 (Cq

BenzImid), 

154.0 (Cq
BenzImid). 

MS (ESI+): m/z = 306 [M+H]+, 328 [M+Na]+. 

 

 

Bis((1-methyl-1H-benzimidazol-2-yl)ethyl)amine (VII) 

A suspension of 3,3'-iminodipropionitrile (VI) (3.06 g. 24.9 mmol) and N-methyl-o-

phenylenediamine dihydrochloride (III) (9.70 g, 49.7 mmol) in aqueous HCl (3 M, 

130 ml) was heated to reflux for 5 d. After cooling to 0 °C, the formed precipitate was 

collected by filtration yielding pure hydrochloric salt of VII (2.71 g, 6.1 mmol, 25 %). To 

obtain higher yields, ammonia solution was added to the filtrate, whereby the free base of 

VII precipitated.[52] After filtration, acetone was added to the filtrated solution yielding 

additional crude product. The combined solids were re-crystallised in EtOH/H2O 

(1:1, v/v) to obtain VII as colourless solid (2.69 g, 8.1 mmol, 33 %). Overall yield of the 

reaction resulting from the hydrochloric salt and the free base of VIII was 58 %. 
1H NMR (300 MHz, D2O): δ = 3.81 (s, 8H, CH2), 4.07 (s, 6H, NMe), 7.61−7.70 (m, 4H, 

CHBenzImid), 7.76−7.85 (m, 4H, CHBenzImid). 
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13C NMR (75 MHz, D2O): δ = 22.4 (CH2), 31.2 (NMe), 44.0 (CH2), 112.5 (CHBenzImid), 

113.9 (CHBenzImid), 126.4 (CHBenzImid), 126.9 (CHBenzImid), 129.8 (Cq
BenzImid), 132.5 

(Cq
BenzImid), 147.7 (Cq

BenzImid). 

MS (ESI+): m/z = 334 [M+H]+, 356 [M+Na]+. 

 

 

Ethyl 2-(((1-methyl-1H-imidazol-2-yl)methyl)amino)acetate (X) 

N-methylimidazole (VIII) (7.25 g, 88.2 mmol) was dissolved in 80 ml THF under inert 

conditions and cooled to −50 °C (EtOH/dry ice). n-BuLi (35.3 ml, 2.5 M solution in 

n-hexane, 88.2 mmol) was added dropwise and the resulting pale yellow solution was 

stirred for 1 h. Then, DMF (6.85 ml, 89.0 mmol) was added and the resulting colourless 

suspension was stirred for 16 h while warming to rt. The mixture was quenched by 

addition of water (15 ml), the phases were separated and the aqueous phase was extracted 

with CHCl3 (6 x 20 ml). The organic layers were combined and dried over Na2SO4. After 

evaporation of the solvent the raw material of 1-methyl-1H-imidazole-2-carbaldehyde 

(IX) was obtained as a sticky and oily residue (7.30 g, 66.3 mmol, 75 %) and used 

without further purification in the next step.  

Under inert atmosphere, (IX) (0.50 g, 4.5 mmol) and glycine ethyl ester hydrochloride 

(0.64 g, 4.5 mmol) were suspended in 1,2-dichloroethane (15 ml) and stirred for 3 h at rt. 

Then, NaBH(OAc)3 (1.35 g, 6.4 mmol) was added in small portions and the mixture was 

stirred for 16 h at rt. After adding saturated Na2CO3 solution (20 ml), the phases were 

separated and the aqueous layer was extracted 7 times with methylenchloride (10 ml 

each). The combined organic phases were dried over Na2SO4 and the solvent was 

evaporated. HCl in ethanol (6.4 M, 7 ml) was added to the oily residue and stirred until a 

colourless precipitate was formed. The mixture was put into the fridge for complete 

precipitation of the raw material. The solid was filtered and re-crystallised in ethanol to 

afford colourless solid (0.62 g, 2.6 mmol, 58 %). 

mp (uncorrected) 198 °C. 
1H NMR (300 MHz, d6-DMSO): δ = 1.23 (t, 3H, 3JH,H = 7.2 Hz, Me), 3.96 (s, 3H, NMe), 

4.13 (s, 2H, CH2), 4.19 (q, 2H, 3JH,H = 7.2 Hz, CH2CH3), 4.60 (s, 2H, CH2), 7.74 (d, 1H, 
3JH,H = 1.8 Hz, CHImid), 7.79 (d, 1H, 3JH,H = 1.8 Hz, CHImid). 
13C NMR (75 MHz, d6-DMSO): δ = 13.9 (Me), 35.0 (NMe), 38.0 (CH2), 46.8 (CH2), 61.7 

(CH2CH3), 119.6 (CHImid), 124.6 (CHImid), 138.1 (Cq
Imid), 166.5 (COO). 
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MS (ESI+): m/z = 198 [M+H]+, 220 [M+Na]+. 

IR (KBr): � (cm−1) = 3146 (s), 2974 (s), 2701 (s), 2587 (s), 2390 (s), 1738 (vs), 1600 (m), 

1528 (m), 1460 (m), 1427 (s), 1409 (s), 1337 (s), 1240 (vs), 1107 (w), 1087 (w), 

1068 (m), 1020 (m), 877 (w), 860 (w), 774 (m), 762 (m), 718 (w), 676 (w), 497 (w). 

Elemental analysis: Calcd. (%) for C9H17Cl2N3O2 (C9H15N3O2·2HCl): C 40.01, H 6.34, 

N 15.55. Found: C 39.12, H 6.41, N 15.68. 

 

 

3,5-Bis[bis-((1-methyl-1H-benzimidazol-2-yl)methyl)amine]-1H-pyrazole (L2) 

A suspension of V (2.07 g, 5.0 mmol), I (0.50 g, 2.5 mmol) and dried Na2CO3 (2.70 g, 

24.8 mmol) was stirred in CHCl3 (50 ml) for 3 d and the reaction was followed by 
1H NMR spectroscopy. After filtration, the solvent was evaporated to dryness to afford 

crude product. The beige solid was suspended in methanol and filtrated to obtain 

colourless solid (0.79 g, 1.1 mmol, 45 %). 

mp (uncorrected) 215 °C. 
1H NMR (300 MHz, CDCl3): δ = 3.68 (s, 12H, NMe), 3.85 (s, 4H, CH2), 4.06 (s, 8H, 

CH2), 6.31 (s, 1H, CHPz), 7.21−7.30 (m, 12H, CHBenzImid), 7.74−7.75 (m, 4H, CHBenzImid). 
13C NMR (75 MHz, CDCl3): δ = 30.1 (NMe), 50.5 (CH2), 107.0 (CHPz), 109.5 

(CHBenzImid), 119.2 (CHBenzImid), 122.6 (CHBenzImid), 123.2 (CHBenzImid), 135.8 (Cq
BenzImid), 

141.1 (Cq
Pz), 151.2 (Cq

BenzImid–CH2). 

MS (ESI+): m/z = 703 [M+H]+. 

IR (KBr): � (cm−1) = 3054 (w), 2928 (w), 1615 (w), 1512 (m), 1473 (vs), 1443 (s), 

1403 (s), 1332 (s), 1284 (m), 1240 (m), 1104 (s), 995 (m), 854 (m), 745 (vs). 

Elemental analysis: Calcd. (%) for C41H43ClN12 (C41H42N12·HCl): C 66.61, H 5.86, 

N 22.73. Found: C 66.16, H 6.08, N 22.75. 

 

 

3,5-Bis[bis((1-methyl-1H-benzimidazol-2-yl)ethyl)amine]-1H-pyrazole (L3) 

A suspension of VII (1.85 g, 7.9 mmol), I (0.80 g, 4.0 mmol) and dried Na2CO3 (2.30 g, 

21.7 mmol) was stirred in CHCl3 (50 ml) and the reaction monitored by 1H NMR 

spectroscopy. After 7 days the mixture was filtrated and the solvent was evaporated. The 

fluffy residue was redissolved in CHCl3. Adding Et2O and leaving the mixture in the 

fridge over night afforded L3 as beige solid (0.63 g, 0.8 mmol, 21 %). 
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1H NMR (300 MHz, d3-MeCN): δ = 2.82−2.86 (m, 8H, CH2), 3.01−3.06 (m, 8H, CH2), 

3.28 (s, 12H, NMe), 3.84 (s, 4H, CH2), 5.96 (s, 1H, CHPz), 6.82 (d, 4H, 3JH,H = 8.1 Hz, 

CHBenzImid), 7.01−7.18 (m, 8H, CHBenzImid), 7.65 (d, 4H, 3JH,H = 8.1 Hz, CHBenzImid). 
13C NMR (75 MHz, d3-MeCN): δ = 26.4 (CH2), 30.2 (NMe), 52.6 (CH2), 110.4 

(CHBenzImid), 119.0 (CHBenzImid), 122.2 (CHBenzImid), 122.5 (CHBenzImid). 

MS (ESI+): m/z = 760 [M+H]+, 781 [M+Na]+. 

IR (KBr): � (cm−1) = 2929 (s), 2845 (s), 1617 (m), 1508 (s), 1466 (vs), 1443 (vs), 

1401 (s), 1327 (m), 1281 (m), 1238 (m), 1123 (m), 1008 (m), 744 (vs), 572 (w). 

 

 

3,5-Bis[N-((ethoxycarbonyl)methyl)-N-((1-methyl-1H-imidazol-2-yl)methyl)amino-

methyl]-1H-pyrazole (precursor-L4) 

A colourless suspension of X (0.67 g, 2.9 mmol), I (0.25 g, 1.2 mmol) and dried Na2CO3 

(1.40 g, 12.5 mmol) in ethyl acetate (40 ml) was stirred for 6 d (monitored by 1H NMR 

spectroscopy). The mixture was filtrated over celite and the filter cake washed intensively 

with ethyl acetate. The filtrate was dried over Na2SO4 and the solvent evaporated. 

Precursor-L4 was obtained as colourless and sticky oil and used without further 

purification (0.45 g, 0.9 mmol, 74 %). 
1H NMR (300 MHz, d6-DMSO): δ = 1.17 (t, 6H, 3JH,H = 7.2 Hz, Me), 3.23 (s, 4H, CH2), 

3.61 (s, 6H, NMe), 3.70 (s, 4H, CH2), 3.76 (s, 4H, CH2), 4.05 (q, 4H, 3JH,H = 7.2 Hz, 

CH2CH3), 6.09 (s, 1H, CHPz), 6.76 (s, 2H, CHImid), 7.08 (s, 2H, CHImid). 
13C NMR (75 MHz, d6-DMSO): δ = 14.0 (Me), 32.3 (NMe), 49.1 (CH2), 53.0 (CH2), 59.8 

(CH2CH3), 104.9 (CHPz), 122.1 (CHImid), 126.2 (CHImid), 144.4 (Cq
Imid), 170.3 (COO). 

MS (ESI+): m/z = 487 [M+H]+, 509 [M+Na]+. 

MS (ESI-): m/z = 485 [M−H]−. 

IR (KBr): � (cm−1) = 3191 (s), 3124 (s), 2982 (s), 2931 (s), 2855 (s), 1737 (vs), 1656 (w), 

1501 (m), 1453 (m), 1416 (m), 1373 (m), 1283 (m), 1194 (vs), 1154 (s), 1115 (m), 

1026 (m), 970 (w), 848 (w), 804 (w), 749 (w), 705 (w), 666 (w). 
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3.3. Synthesis of Complexes 
 

Synthesis of [ZnH2L
1](ClO4)4 (1) 

L1 (502 mg, 1.00 mmol) was suspended in MeOH (50 ml) at 33 °C and LiOH (24 mg, 

1.00 mmol) was added. After 30 minutes, Zn(ClO4)2·6H2O (750 mg, 2.01 mmol) in 

MeOH (40 ml) was added dropwise, whereby a colourless precipitate was formed. The 

suspension was filtrated and the solution was evaporated to dryness. The colourless 

residue was redissolved in MeCN (30 ml). After filtration, slow diffusion of Et2O into the 

complex solution did not result in crystals. Thus, the solvent was evaporated and the 

colourless solid (177 mg, 0.17 mmol) was suspended with KOAc (17 mg, 0.17 mmol) in 

MeCN (10 ml) and stirred for 4 h. The suspension was filtrated and Et2O diffusion into 

the solution afforded colourless single crystals (26 mg, 25 µmol, 3 %).  
1H NMR (500 MHz, d3-MeCN, 273 K): δ = 3.60 (s, 6H, NMe), 3.73 (s, 6H, NMe),  4.01 

(s, 2H, CH2), 4.10 (s, 2H, CH2), 4.11−4.13 (m, 8H, CH2), 6.47 (s, 1H, CHPz), 7.14 (bs, 

2H, CHImid), 7.20 (s, 2H, CHImid), 7.24−7.25 (m, 2H, CHImid), 7.27 (bs, 2H, CHImid), 11.8 

(bs, 2H, NHImid), 12.0 (bs, 1H, NHPz). 
1H NMR (500 MHz, d3-MeCN, 233 K): δ = 3.55 (s, 6H, NMe), 3.66 (s, 6H, NMe), 3.94 

(bs, 2H, CH2), 4.01 (bs, 4H, CH2), 4.06 (bs, 2H, CH2), 4.07 (bs, 2H, CH2), 4.08 (bs, 2H, 

CH2), 6.44 (bs, 1H, CHPz), 7.13 (d, 2H, 3JH,H = 1.5 Hz, CHImid), 7.20 (d, 2H, 3JH,H = 

1.5 Hz, CHImid), 7.22−7.23 (m, 2H, CHImid), 7.27−7.28 (m, 2H, CHImid), 12.0 (bs, 2H, 

NHImid), 12.1 (bs, 1H, NHPz). 
13C NMR (75 MHz, d3-MeCN, 273 K): δ = 33.7 (NMe), 35.5 (NMe), 49.3 (CH2), 50.0 

(CH2), 51.9 (CH2), 53.4 (CH2), 106.5 (CHPz), 119.8 (CHImid), 125.3 (CHImid), 144.2 

(Cq
Imid), 148.4 (Cq

Imid), 152.9 (Cq
Pz). 

MS (ESI+): m/z = 665 [ZnL1(ClO4)]
+, 601 [ZnL1(H3O2)]

+ , 283 [ZnL1]2+. 

IR (KBr): � (cm−1) = 3362 (m), 3163 (m), 2307 (w), 2280 (w), 2019 (w), 1608 (m), 

1538 (m), 1510 (m), 1450 (m), 1364 (m), 1285 (m), 1095 (vs), 957 (m), 930 (m), 880 (w), 

833 (w), 757 (s), 676 (w), 657 (w), 624 (vs). 
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Synthesis of [Zn2H−−−−1L
1(MeCN)2](ClO4)3 (2) 

To a suspension of L1 (200 mg, 0.40 mmol) in MeOH (20 ml) was added LiOH (10 mg, 

0.42 mmol) and the mixture was stirred at 33 °C until the solution became clear (~2 h). 

Zn(ClO4)2·6H2O (298 mg, 0.80 mmol) was dissolved in MeOH (20 ml) and added 

dropwise to the ligand solution via a filter-pipette, whereby a colourless precipitate was 

formed. The mixture was stirred for 2 h. After filtration, the solvent was evaporated and 

the residue dissolved in MeCN (8 ml). Slow diffusion of Et2O into the complex solution 

at rt afforded colourless crystals suitable for X-ray analysis (274 mg, 0.27 mmol, 68 %). 

mp (uncorrected) 240 °C (decomposition). 
1H NMR (400 MHz, d3-MeCN): δ = 1.95 (s, 6H, MeCN), 3.59 (s, 12H, NMe), 4.05 (s, 

8H, CH2), 4.06 (s, 4H, CH2), 6.06 (s, 1H, CHPz), 7.10 (d, 4H, 3JH,H = 1.6 Hz, CHImid), 7.18 

(d, 4H,  3JH,H = 1.6 Hz, CHImid). 
13C NMR (100 MHz, d3-MeCN): δ = 33.7 (NMe), 51.0 (CH2), 53.2 (CH2), 100.9 (CHPz), 

125.3 (CHImid), 148.6 (Cq
Imid), 154.1 (Cq

Pz). 

MS (ESI+): m/z = 827 [Zn2H−1L
1(ClO4)2]

+, 763 [Zn2H−1L
1(H3O2)(ClO4)]

+, 364 

[Zn2H−1L
1(ClO4)]

2+, 332 [Zn2H−1L
1(H3O2)]

2+. 

IR (KBr): � (cm−1) = 3144 (w), 2915 (w), 2020 (w), 1635 (m), 1546 (m), 1509 (s), 

1447 (m), 1362 (m), 1281 (m), 1108 (vs), 960 (m), 876 (m), 751 (m), 656 (w), 626 (s). 

Elemental analysis: Due to co-crystallisation of KClO4 values are given for 

C29H39Cl3N14O12Zn2·KClO4. Calcd. (%) for C29H39Cl4KN14O16Zn2: C 30.25, H 3.41, 

N 17.03. Found: C 30.70, H 3.52, N 17.19. 

 

 

Synthesis of [Zn2H−−−−1L
1](SO3CF3)3 (3) 

To a solution of L1 (300 mg, 0.60 mmol) in MeCN (25 ml) was added KOtBu (67 mg, 

0.60 mmol) and the mixture was stirred for 1 h. Subsequently, Zn(SO3CF3)2 (434 mg, 

1.2 mmol) dissolved in MeCN (10 ml) was added dropwise to the ligand solution. After 

stirring for 2 h, the solvent was evaporated to dryness. The colourless residue was 

redissolved in MeCN (12 ml). Slow diffusion of Et2O into the filtrated complex solution 

afforded colourless single crystals that were suitable for X-ray analysis (445 mg, 

0.44 mmol, 64 %).  
1H NMR (300 MHz, d3-MeCN): δ = 3.57 (s, 12H, NMe), 4.07−4.11 (m, 12H, CH2), 6.17 

(s, 1H, CHPz), 7.05 (bs, 4H, CHImid), 7.16 (bs, 4H, CHImid). 



Experimental Part 

106 

13C NMR (75 MHz, d3-MeCN): δ = 33.6 (NMe), 51.6 (CH2), 53.8 (CH2), 102.4 (CHPz), 

125.2 (CHImid), 125.4 (CHImid), 148.6 (Cq
Imid), 153.6 (Cq

Pz). 

MS (ESI+, MeCN): m/z = 927 [Zn2H−1L
1(SO3CF3)2]

+, 813 [Zn2H−1L
1(H3O2)(SO3CF3)]

+, 

389 [Zn2H−1L
1(SO3CF3)]

2+, 332 [Zn2H−1L
1(H3O2)]

2+. 

MS (ESI+, H2O): m/z = 927 [Zn2H−1L
1(SO3CF3)2]

+, 795 [Zn2H−1L
1(OH)(SO3CF3)]

+, 389 

[Zn2H−1L
1(SO3CF3)]

2+, 323  [Zn2H−1L
1(OH)]2+. 

MS (ESI+, H2O/MeOH (1:1 / v,v)): m/z = 927 [Zn2H−1L
1(SO3CF3)2]

+, 813 

[Zn2H−1L
1(H3O2)(SO3CF3)]

+, 389 [Zn2H−1L
1(SO3CF3)]

2+, 332 [Zn2H−1L
1(H3O2)]

2+. 

MS (ESI+, MeOH): m/z = 927 [Zn2H−1L
1(SO3CF3)2]

+, 809 [Zn2H−1L
1(OMe)(SO3CF3)]

+, 

795 [Zn2H−1L
1(OH)(SO3CF3)]

+, 389 [Zn2H−1L
1(SO3CF3)]

2+, 330 [Zn2H−1L
1(OMe)]2+, 323  

[Zn2H−1L
1(OH)]2+. 

IR (KBr): � (cm−1) = 3476 (m), 3141 (w), 2951 (w), 1628 (w), 1550 (m), 1511 (s), 

1452 (m), 1362 (m), 1266 (vs), 1225 (vs), 1163 (vs), 1092 (w), 1031 (vs), 983 (m), 

961 (s), 879 (m), 818 (m), 770 (s), 753 (s), 639 (vs), 574 (s), 517 (s), 453 (m). 

 

 

Synthesis of [Zn2H−−−−1L
1(Me2O2H)](ClO4)2

 (4a) 

L1 (100 mg, 0.20 mmol) and LiOH (12 mg, 0.50 mmol) were dissolved in MeOH/THF-

mixture (20 ml, 3:1 v/v) and heated to reflux. Zn(ClO4)2·6H2O (156 mg, 0.42 mmol) in 

MeOH (2 ml) were added dropwise to the colourless solution. After 1.5 h, heating was 

removed and the mixture was allowed to cool down slowly in the oil bath. Very few 

single crystals were formed by cooling to rt that were suitable for X-ray analysis. 

Attempts to reproduce complex 4a resulted in 4b. For this reason, no other analytical 

methods than X-ray analysis were performed for 4a. 

 

 

Synthesis of [Zn2H−−−−1L
1(OMe)](ClO4)2

 (4b) 

L1 (100 mg, 0.20 mmol) and LiOH (12 mg, 0.50 mmol) were stirred at 35 °C in 

MeOH/THF-mixture (20 ml, 3:1 v/v) until the solution became clear. Then, 

Zn(ClO4)2·6H2O (156 mg, 0.42 mmol) dissolved in MeOH (3 ml) was added dropwise. 

The resulting suspension was stirred for 30 min and filtrated. Colourless crystals suitable 
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for X-ray analysis were obtained by slow Et2O diffusion into the complex solution 

(28 mg, 33 µmol, 16 %).  

Since NMR data indicate formation of three different complexes due to signals at 6.10, 

6.12 and 6.16 ppm for CHPz, chemical shifts and relative intensities are listed for all of 

them. 
1H NMR (300 MHz, d3-MeCN): δ = 3.50−3.66 (m, 27H), 3.71−3.84 (m, 6H), 4.08−4.36 

(m, 20H), 6.10 (s, 0.6H, CHPz), 6.12 (s, 1H, CHPz), 6.16 (bs, 1.7H, CHPz), 6.64−6.65 (bs, 

3.6H, CHImid), 6.79−6.80 (m, 2.5H, CHImid), 6.89−6.90 (m, 4.3H, CHImid), 7.08−7.14 (m, 

3.4H, CHImid). 

MS (ESI+): m/z = 754 [Zn2H−1L
1(CN)(ClO4)]

+, 328 [Zn2H−1L
1(CN)]2+. 

IR (KBr): � (cm−1) = 3153 (w), 3132 (w), 2916 (w), 2854 (w), 1628 (m), 1545 (w), 

1508 (s), 1447 (w), 1363 (w), 1286 (m), 1096 (vs), 961 (m), 872 (w), 764 (m), 676 (w), 

652 (w), 623 (s), 444 (w). 

 

 

Synthesis of [Zn2H−−−−1L
1(OAc)](SO3CF3)2

 (5a) 

L1 (200 mg, 0.40 mmol), KOtBu (45 mg, 0.40 mmol), Zn(SO3CF3)2 (289 mg, 0.80 mmol) 

and NaOAc (33 mg, 0.40 mmol) were dried in vacuum. Dry MeCN (12 ml) was added 

and the suspension was stirred until the solution became clear. After filtration, colourless 

crystals were obtained by slow diffusion of Et2O into the complex solution (264 mg, 

27 µmol, 67 %). 
1H NMR (300 MHz, d3-MeCN): δ = 2.42 (s, 3H, Me), 3.55 (s, 12H, NMe), 4.02 (s, 4H, 

CH2), 4.06−4.07 (m, 8H, CH2), 6.10 (s, 1H, CHPz), 6.99 (bs, 4H, CHImid), 7.11 (bs, 4H, 

CHImid). 
13C NMR (75 MHz, d3-MeCN): δ = 24.3 (Me), 33.5 (NMe), 51.8 (CH2), 53.9 (CH2), 

101.8 (CHPz), 124.9 (CHImid), 125.2 (CHImid), 148.7 (Cq
Imid), 152.4 (COO). 

MS (ESI+): m/z = 837 [Zn2H−1L
1(OAc)(SO3CF3)]

+, 344 [Zn2H−1L
1(OAc)]2+. 

IR (KBr): � (cm−1) = 3131 (w), 2917 (w), 1582 (s), 1510 (s), 1442 (s), 1358 (m), 

1265 (vs), 1224 (m), 1162 (vs), 1090 (w), 1030 (vs), 979 (m), 959 (m), 872 (w), 815 (w), 

790 (w), 757 (s), 638 (vs), 573 (w), 518(m), 448 (w). 
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Elemental analysis: Due to co-crystallisation of KSO3CF3 values are given for 

C29H36F6N12O8S2Zn2·CH3CN·KSO3CF3. Calcd. (%) for C32H39F9KN13O11S3Zn2: C 31.53, 

H 3.23, N 14.94, S 7.89. Found: C 31.51, H 3.17, N 14.75, S 8.04. 

 

 

Synthesis of [(ZnH−−−−1L
1)2](ClO4)2

 (6) 

L1 (107 mg, 0.21 mmol) and Zn(ClO4)2·6H2O (80 mg, 0.21 mmol) were suspended in 

MeOH (30 ml). An aqueous solution of KOH (12 mg, 0.21 mmol in 140 µl water) was 

added. The solution became clear and was further stirred for 16 h at rt, whereby a fine 

precipitate was formed. The suspension was filtrated and slow Et2O diffusion into the 

complex solution afforded colourless crystals, which were suitable for X-ray analysis 

(79 mg, 60 µmol, 28 %). 
1H NMR (500 MHz, d3-MeCN, 273K): δ = 3.48 (s, 24H, NMe), 3.82 (s, 24H, CH2), 6.24 

(s, 2H, CHPz), 6.57 (s, 8H, CHImid), 6.91 (s, 8H, CHImid). 
1H NMR (500 MHz, d3-MeCN, 233K): δ = 3.33 (s, 12H, NMe), 3.50 (s, 8H, CH2), 3.53 

(s, 12H, NMe), 3.57 (s, 4H, CH2), 3.90 (s, 4H, CH2), 4.02 (s, 8H, CH2), 6.27 (s, 2H, 

CHPz), 6.41 (s, 4H, CHImid), 6.61 (s, 4H, CHImid), 6.88 (s, 4H, CHImid), 6.98 (s, 4H, 

CHImid). 
13C NMR (75 MHz, d3-MeCN, 273K): δ = 33.3 (NMe), 50.7 (CH2), 52.9 (CH2), 103.4 

(CHPz), 123.5 (CHImid), 126.6 (CHImid). 

MS (ESI+): m/z = 1229 [(ZnH−1L
1)2(ClO4)]

+, 565 [(ZnH−1L
1)2]

2+.  

IR (KBr): � (cm−1) = 3127 (w), 2933 (w), 2912 (w), 1654 (w), 1546 (w), 1504 (s), 

1452 (m), 1358 (m), 1285 (m), 1247 (w), 1137 (s), 1096 (vs), 990 (m), 959 (m), 876 (w), 

782 (m), 753 (s), 697 (w), 675 (w), 625 (s), 523 (w). 

 

 

Synthesis of [(Zn2H−−−−1L
1)2(µµµµ−−−−O)(µµµµ−−−−OH)](ClO4)3

 (7) 

To a solution of 2 (47 mg, 0.05 mmol) in MeOH (12 ml) was added dropwise NaOMe 

(3 mg, 0.05 mmol) dissolved in MeOH (2 ml). After 2 d, the colourless suspension was 

filtrated and the solid was dried in vacuum. The solid was dissolved in MeCN (8 ml). 

Colourless crystals, which were suitable for X-ray analysis, were obtained by slow 

diffusion of Et2O into the filtrated complex solution (7 mg, 3.83 mmol, 8 %). As 

indicated by 1H NMR and ESI-MS analysis a mixture of 5b and 7 has been formed. To 



Synthesis of Complexes 

109 

distinguish the signals of both complexes, the signals and intensities of 7 are written in 

italics. 
1H NMR (300 MHz, d3-MeCN): δ = 2.42 (s, 3H, OAc), 3.55 (s, 12H+6H, NMe), 4.02 (s, 

4H, CH2), 4.03 (s, 2H, CH2) 4.05−4.07 (m, 8H+4H, CH2), 6.09 (s, 1H, CHPz), 6.12 (s, 

0.5H, CHPz), 6.98−6.99 (m, 4H+2H, CHImid), 7.11 (bs, 4H+2H, CHImid), 8.88 (s, 0.5H, 

µ−OH). 

MS (ESI+): m/z = 787 [Zn2H−1L
1(OAc)(ClO4)]

+, 754 [Zn2H−1L
1(CN)(ClO4)]

+, 344 

[Zn2H−1L
1(OAc)]2+, 328 [Zn2H−1L

1(CN)]2+. 

 

 

Synthesis of [Zn2H−−−−1L
2(OH)](ClO4)2 (8) 

To a stirred suspension of L2 (100 mg, 14.2 mmol) and LiOH (7 mg, 29.2 mmol) in 

MeOH (10 ml) was added Zn(ClO)4·6H2O (106 mg, 28.4 mmol) and stirred for 16 h. The 

suspension was filtrated and the colourless solid dissolved in MeCN. Diffusion of Et2O 

into the solution afforded colourless crystals suitable for X-ray analysis. 
1H NMR (300 MHz, d3-MeCN): δ = 3.71 (s, 12H, Me), 4.22 (s, 4H, CH2), 4.40−4.55 (m, 

8H, CH2), 5.98 (s, 1H, CHPz), 7.36−7.50 (m, 8H, CHBenzImid), 7.53−7.57 (m, 4H,  

CHBenzImid), 8.28−8.29 (m, 2H, CHBenzImid), 8.31−8.32 (m, 2H, CHBenzImid). 
1H NMR (500 MHz, d6-DMSO): δ = 3.75 (s, 12H, NMe), 4.25 (s, 4H, CH2), 4.55 (d, 4H, 
2JH,H = 18 Hz, CH2), 4.70 (d, 4H, 2JH,H = 18 Hz, CH2), 5.16 (s, 1H, µ−OH), 5.98 (s, 1H, 

CHPz), 7.40 (t, 4H, 3JH,H = 7.5 Hz, CHBenzImid), 7.48 (t, 4H, 3JH,H = 8 Hz, CHBenzImid), 7.69 

(d, 4H, 3JH,H = 8 Hz, CHBenzImid), 8.45 (d, 4H, 3JH,H = 8.5 Hz, CHBenzImid). 
13C NMR (75 MHz, d3-MeCN): δ = 31.0 (NMe), 54.3 (CH2), 56.6 (CH2), 112.1 

(CHBenzImid), 124.8 (CHBenzImid), 125.2 (CHBenzImid), 136.6 (Cq), 139.1 (Cq), 150.7 (Cq), 

156.5 (Cq). 

MS (ESI+): m/z = 963 [Zn2H−1L
2(H3O2)(ClO4)]

+, 432 [Zn2H−1L
2(H3O2)]

2+. 

 

 

Synthesis of [Zn2H−−−−1L
3(X)](SO3CF3)2 (9) (X = nucleophile) 

To a stirred suspension of L3 (100 mg, 0.13 mmol) and KOtBu (30 mg, 0.27 mmol) in 

MeCN (10 ml), was added Zn(SO3CF3)2 (96 mg, 0.26 mmol). This mixture was further 

stirred for 12 h resulting in a clear solution that was filtrated. Slow diffusion of Et2O into 

the complex solution afforded colourless crystals. Due to the low quality of the crystals, 
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no crystallographic data was obtained. In addition, 1H NMR revealed the formation of 

two complexes due to two signals for CHPz at 5.97 and 6.15 ppm. Although DOSY NMR 

was applied, it was not possible to assign the signals to the respective complexes. For this 

reason, NMR data is listed for the mixture of both. 
1H NMR (300 MHz, d3-MeCN): δ = 2.75−2.79 (m, 8H, CH2), 2.86−2.92 (m, 8H, CH2), 

2.96−3.05 (m, 8H, CH2), 3.10−3.14 (m, 8H, CH2), 3.76 (s, 12H, NMe), 3.78 (s, 12H, 

NMe), 3.93 (s, 4H, CH2), 4.01 (s, 4H, CH2), 5.97 (s, 1H, CHPz), 6.15 (s, 1H, CHPz), 

6.78−6.84 (m, 4H, CHBenzImid), 6.93−6.98 (m, 4H, CHBenzImid), 7.31−7.38 (m, 8H, 

CHBenzImid), 7.56−7.60 (m, 8H, CHBenzImid), 7.85 (d, 4H, 3JH,H = 8.4 Hz, CHBenzImid), 8.11 

(d, 4H, 3JH,H = 8.1 Hz, CHBenzImid). 

MS (ESI+): m/z = 1069 [Zn2H−1L
3(H3O2)(SO3CF3)]

+, 955 [Zn2H−1L
3(OH)2(H2O)2]

+, 460 

[Zn2H−1L
3(H3O2)]

2+. 

 

 

Synthesis of [Zn2H−−−−1L
3(OAc)](SO3CF3)2

 (10) 

A mixture of L3 (100 mg, 0.13 mmol), KOtBu (15 mg, 0.13 mmol), Zn(SO3CF3)2 (96 mg, 

0.26 mmol) and KOAc (13 mg, 0.13 mmol) was suspended in MeCN (10 ml) and stirred 

for 12 h. The resulting clear solution was filtrated. Colourless crystals were obtained by 

slow diffusion of Et2O into the complex solution. These crystals had low quality and were 

not suitable for X-ray analysis (36 mg, 29 µmol, 22 %) 
1H NMR (300 MHz, d3-MeCN): δ = 1.75 (s, 3H, OAc), 2.63−2.72 (m, 4H, CH2), 

2.76−2.86 (m, 4H, CH2), 2.96−3.00 (m, 8H, CH2), 3.71 (s, 12H, NMe), 3.76 (s, 4H, CH2), 

6.09 (s, 1H, CHPz), 6.89−6.94 (m, 4H, CHBenzImid), 7.32−7.38 (m, 4H, CHBenzImid), 7.57 (d, 

4H, 3JH,H = 8.4 Hz, CHBenzImid), 7.77 (d, 4H, 3JH,H = 8.4 Hz, CHBenzImid). 

MS (ESI+): m/z = 1093 [Zn2H−1L
3(OAc)(SO3CF3)]

+, 1069 [Zn2H−1L
3(H3O2)(SO3CF3)]

+, 

472 [Zn2H−1L
3(OAc)]2+, 460 [Zn2H−1L

3(H3O2)]
2+. 

 

Synthesis of [(ZnH−−−−3(Me)2L
4) 2](ClO4)2 (11) 

Precursor-L4 (112 mg, 0.23 mmol) was dissolved in MeOH (7 ml), LiOH (22 mg, 

0.92 mmol) was added and the suspension was stirred for 3 hours. Zn(ClO4)2·6H2O 

(173 mg, 0.46 mmol) in MeOH (6 ml) was added dropwise, whereby a precipitate was 

formed, which dissolved again by stirring. Slow diffusion of Et2O into the filtrated 
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complex solution afforded some colourless crystals, which were suitable for X-ray 

analysis (6 mg, 5 µmol, 2 %). 

11 was only characterised by X-ray analysis. 

 

 

Synthesis of [Zn2H−−−−3L
4(OAc)] (12) 

Precursor-L4 (175 mg, 0.36 mmol) was dissolved in water (10 ml). KOH (81 mg, 

1.44 mmol) was added and the colourless solution was stirred for 2 h at rt. 

Zn(ClO4)2·6H2O (268 mg, 0.72 mmol) was dissolved in water (10 ml) and added 

dropwise to the aqueous ligand solution. After addition of KOAc (35 mg, 0.36 mmol) and 

stirring for 2 h, the suspension was filtrated from KClO4 salt. Water was evaporated and 

the residue dried in vacuum. The colourless solid was suspended in MeOH. After 

filtration and slow diffusion of Et2O into the complex solution, an amorphous solid was 

obtained after several days. This was collected by filtration and dried in vacuum. The 

solid was dissolved in MeCN (6 ml). Colourless crystals were obtained by slow diffusion 

of Et2O into the complex solution (5 mg, 8 µmol, 3 %). 
1H NMR (300 MHz, d3-MeCN): δ = 2.52 (s, 3H, OAc), 3.20−3.24 (m, 4H, CH2), 

3.52−3.54 (m, 6H, NMe), 3.81−4.00 (m, 8H, CH2), 5.98 (s, 1H, CHPz), 6.96−7.02 (m, 2H, 

CHImid), 7.09−7.11 (m, 2H, CHImid). 
13C NMR (75 MHz, d3-MeCN): δ = 33.3 (NMe), 52.0 (CH2), 54.3 (CH2), 60.9 (CH2), 

124.7 (CHImid). 

MS (ESI+): m/z = 1169 [(Zn2H−3L
4)2(OAc)]+, 673 [ZnH−3L

4(MeCN)2(H2O)2]
+, 637 

[ZnH−3L
4(MeCN)2]

+, 615 [Zn2H−2L
4(OAc)]+, 555 [Zn2H−3L

4]+, 

IR (KBr): � (cm−1) = 2924 (w), 2218 (w), 1614 (vs), 1580 (vs), 1510 (m), 1424 (m), 

1389 (s), 1281 (m), 1164 (m), 1119 (s), 1042 (m), 964 (m), 923 (m), 889 (w), 758 (m), 

737 (m), 655 (m), 544 (w). 
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3.4. Binding Studies of β-Lactam Substrates 
 

Compound 2 was used in the binding studies of the β-lactam substrates. Depending on the 

NMR experiment and on the substrate, amounts of 10.0 mg (9.9 µmol) to 24.6 mg 

(24.3 µmol) of 2 were used. NMR experiments were undertaken in d3-MeCN/D2O 

(9:1, v/v) at rt. Equimolar amounts of 2 and substrates Penicillin potassium salt (PenG), 

Ampicillin sodium salt (amp), 6-aminopenicillanic acid (6-apa), Cephalotin sodium salt 

(Ceph) and Sulbactam sodium salt (Sul) were mixed in a total volume of 600 µl. In 

addition, 1 equivalent KOtBu was added in experiments of 6-apa. 

 

ESI-MS and IR analyses were performed from reaction solutions containing L1 (100 mg, 

0.20 mmol), 1 equivalent of the corresponding base KOtBu (22 mg, 0.20 mmol) or LiOH 

(5 mg, 0.20 mmol) and 2 equivalents of Zn(ClO4)2·6H2O (149 mg, 0.40 mmol) or 

Zn(SO3CF3)2 (146 mg, 0.40 mmol). The solvents used were acetone, methanol or 

acetonitrile. PenG was used as potassium or as sodium salt. Substrates Amp, Ceph, Sul 

and Erta were purchased as sodium salts and 6-apa and Mero were available in their acid 

forms. 

 

ESI-MS analysis of [Zn2H−−−−1L
1(Mero)](SO3CF3)2 

MS (ESI+): m/z = 1160 [Zn2H−1L
1(Mero)(SO3CF3)]

+, 506 [Zn2H−1L
1(Mero)]2+. 

 

ESI-MS analysis of [Zn2H−−−−1L
1(Erta)](ClO4)2 

MS (ESI+): m/z = 1202 [Zn2H−1L
1(Erta)(ClO4)]

+, 552 [Zn2H−1L
1(Erta)]2+. 

 

 

Characterisation of [Zn2H−−−−1L
1(PenG)](ClO4)2 (13) 

1H NMR (300 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 1.68 (s, 3H, MePenG), 1.80 (s, 3H, 

MePenG), 3.54 (s, 12H, NMe), 3.59 (d, 2H, 4JH,H = 2.1 Hz, CH2
PenG), 4.00−4.07 (m, 12H, 

CH2), 4.82 (s, 1H, CH−COOPenG), 5.51 (dd, 2H, 3JH,H = 15.3 Hz, 4JH,H = 4.2 Hz, 

NH−CH−CH−SPenG), 6.12 (s, 1H, CHPz), 6.94 (bs, 2H, CHImid), 7.08 (s, 2H, CHImid), 7.12 

(s, 4H, CHImid), 7.30 (m, 5H, CHarom,PenG). 
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13C NMR (75 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 27.4 (MePenG), 33.0 (MePenG), 33.1 

(NMe), 42.6 (CH2
PenG), 51.1 (CH2), 53.3 (CH2), 59.9 (NH−CH−CH−SPenG), 64.8 

(S−Cq
PenG), 68.6 (NH−CH−CH−SPenG), 73.7 (CH−COOPenG), 101.8 (CHPz), 124.7 

(CHImid), 124.8 (CHImid), 125.1 (CHImid), 127.6 (CHarom,PenG), 129.2 (CHarom,PenG), 129.9 

(CHarom,PenG), 135.8 (Cq
arom,PenG), 148.2 (Cq

Imid), 148.3 (Cq
Imid), 152.4 (Cq

Pz), 172.0 

(CH2−CO−NHPenG), 174.0 (COLactam,PenG), 175.5 (COOPenG). 

MS (ESI+): m/z = 1061 [Zn2H−1L
1(PenG)(ClO4)]

+, 481 [Zn2H−1L
1(PenG)]2+. 

HR-MS (ESI+): Calcd. (m/z) for [C41H50ClN14O8SZn2]
+: 1061.1923. Found: 1061.1923. 

Calcd. (m/z) for [C41H50N14O4SZn2]
2+: 481.1216. Found: 481.1217. 

IR (KBr): � (cm−1) = 3437 (s), 3131 (w), 2959 (w), 2926 (w), 1776 (m), 1647 (sh), 

1612 (m), 1547 (w), 1509 (m), 1441 (sh), 1421 (m), 1361 (w), 1287 (w), 1266 (w), 

1091 (vs), 982 (w), 960 (m), 872 (w), 756 (m), 654 (w), 624 (s). 

 

For comparison: chemical shifts of PenG potassium salt under same conditions 
1H NMR (300 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 1.46 (s, 3H, Me), 1.52 (s, 3H, Me), 

3.51−3.61 (m, 2H, CH2), 4.07 (s, 1H, CH−COO), 5.42−5.46 (m, 2H, NH−CH−CH−S), 

7.23−7.36 (m, 5H, CHarom). 
13C NMR (75 MHz, d3-MeCN): δ = 27.4 (Me), 32.1 (Me), 42.7 (CH2), 58.7 

(NH−CH−CH−S), 65.1 (S−Cq), 67.7 (NH−CH−CH−S), 74.1 (CH−COO), 127.6 

(CHarom), 129.3 (CHarom), 130.0 (CHarom), 136.0 (Cq
arom), 172.2 (CH2−CO−NH), 173.3 

(COO), 174.6 (COLactam). 

 

 

Characterisation of [Zn2H−−−−1L
1(Amp)](ClO4)2

 (14) 
1H NMR (300 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 1.73 (s, 3H, MeAmp), 1.79 (s, 3H, 

MeAmp), 3.54 (s, 12H, NMe), 4.00−4.08 (m, 12H, CH2), 4.53 (s, 1H, NH2−CHAmp), 4.82 

(bs, 1H, CH−COOAmp), 5.53−5.58 (m, 2H, NH−CH−CH−SAmp), 6.12 (s, 1H, CHPz), 6.93 

(bs, 2H, CHImid), 7.08 (bs, 2H, CHImid), 7.12 (bs, 4H, CHImid), 7.28−7.40 (m, 5H, 

CHarom,Amp). 
13C NMR (75 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 27.3 (MeAmp), 32.8 (MeAmp), 33.1 

(NMe), 51.2 (CH2), 53.4 (CH2), 59.2 (NH−CH−CH−SAmp), 59.5 (NH2−CHAmp), 64.8 

(S−Cq
Amp), 68.4 (NH−CH−CH−SAmp), 73.7 (CH−COOAmp), 101.8 (CHPz), 124.7 (CHImid), 
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124.8 (CHImid), 125.0 (CHImid), 127.6 (CHarom,Amp), 128.5 (CHarom,Amp), 129.2 

(CHarom,Amp), 141.5 (Cq
arom,Amp), 148.2 (Cq

Imid), 148.3 (Cq
Imid), 152.3 (Cq

Pz), 174.2 

(CH−CO−NHAmp), 174.4 (COLactam,Amp). 

MS (ESI+): m/z = 1076 [Zn2H−1L
1(Amp)(ClO4)]

+, 489 [Zn2H−1L
1(Amp)]2+. 

MS (ESI−): m/z = 1274 [Zn2H−1L
1(Amp)(ClO4)3]

−. 

IR (KBr): � (cm−1) = 3434 (br), 3131(m), 2962 (w), 2926 (w), 2020 (w), 1775 (s), 

1667 (s), 1612 (vs), 1547 (m), 1509 (vs), 1444 (m), 1426 (m), 1359 (w), 1321 (w), 

1287 (m), 1089 (vs), 982 (w), 960 (m), 876 (m), 758 (m), 702 (w), 655 (w), 625 (s), 

532 (w), 453 (w). 

 

For comparison: chemical shifts of Amp sodium salt under same conditions 
1H NMR (300 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 1.46 (s, 3H, Me), 1.56 (s, 3H, Me), 

4.11 (s, 1H, CH−COO), 4.50 (s, 1H, NH2−CH), 5.47 (s, 2H, NH−CH−CH−S), 7.25−7.39 

(m, 5H, CHarom). 
13C NMR (75 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 27.3 (Me), 31.9 (Me), 58.1 

(NH−CH−CH−S), 59.4 (NH2−CH), 65.1 (S−Cq), 67.5 (NH−CH−CH−S), 74.0 

(CH−COO), 127.6 (CHarom), 128.4 (CHarom), 129.3 (CHarom), 141.6 (Cq
arom), 173.5 

(COO), 174.5 (CH−CO−NH), 174.9 (COLactam). 

 

 

Characterisation of [Zn2H−−−−1L
1(6-apa)](ClO4)2

 (15) 

Chemical shifts for equivalent amounts of 2 and 6-apa: 
1H NMR (200 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 1.76 (s, 3H, Me6-apa), 1.84 (s, 3H, 

Me6-apa), 3.54 (s, 12H, NMe), 3.94−4.07 (m, 12H, CH2), 4.87−4.89 (m, 2H, 

NH2−CH−CH−S6-apa, CH−COO6-apa), 5.59 (d, 1H, 4JH,H = 4.2 Hz, NH2−CH−CH−S6-apa), 

6.13 (s, 1H, CHPz), 6.92 (s, 2H, CHImid), 7.07 (s, 2H, CHImid), 7.12 (s, 4H, CHImid). 
13C NMR (75 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 27.5 (Me6-apa), 32.6 (Me6-apa), 33.1 

(NMe), 51.1 (CH2), 53.3 (CH2), 59.1 (NH2−CH−CH−S6-apa), 65.7 (S−Cq
6-apa), 66.2 

(NH2−CH−CH−S6-apa), 73.5 (CH−COO6-apa), 101.9 (CHPz), 124.7 (CHImid), 124.8 

(CHImid), 125.0 (CHImid), 148.2 (Cq
Imid), 148.2 (Cq

Imid), 152.3 (Cq
Pz), 170.2 (COLactam,6-apa). 
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Chemical shifts for equivalent amounts of 2, 6-apa and KOtBu: 
1H NMR (300 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 1.15 (s, 9H, tBu), 1.71 (s, 3H, 

Me6-apa), 1.80 (s, 3H, Me6-apa), 3.54 (s, 12H, NMe), 4.00−4.07 (m, 12H, CH2), 4.53 (d, 1H, 
4JH,H = 4.2 Hz, NH2−CH−CH−S6-apa), 4.72 (bs, 1H, CH−COO6-apa), 5.50 (d, 1H, 4JH,H = 

4.2 Hz, NH2−CH−CH−S6-apa), 6.11 (s, 1H, CHPz), 6.93 (s, 2H, CHImid), 7.09 (s, 2H, 

CHImid), 7.11 (s, 4H, CHImid). 
13C NMR (75 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 27.5 (Me6-apa), 30.7 (CH3

tBu), 32.5 

(Me6-apa), 33.1 (NMe), 51.2 (CH2), 53.4 (CH2), 63.0 (NH2−CH−CH−S6-apa), 64.0 

(S−Cq
6-apa), 68.7 (Cq

tBu), 70.8 (NH2−CH−CH−S6-apa), 73.4 (CH−COO6-apa), 101.8 (CHPz), 

124.7 (CHImid), 124.8 (CHImid), 125.1 (CHImid), 148.2 (Cq
Imid), 148.3 (Cq

Imid), 152.3 (Cq
Pz), 

175.9 (COO6-apa), 179.1 (COLactam,6-apa). 

 

Product formation was observed under basic conditions (KOtBu), without base and also 

independent from the counter ions (ClO4
− or CF3SO3

−). 

MS (ESI+): m/z = 993 [Zn2H−1L
1(6-apa)(SO3CF3)]

+, 422 [Zn2H−1L
1(6-apa)]2+. 

MS (ESI+): m/z = 943 [Zn2H−1L
1(6-apa)(ClO4)]

+, 422 [Zn2H−1L
1(6-apa)]2+. 

MS (ESI−): m/z = 1141 [Zn2H−1L
1(6-apa)(ClO4)3]

−. 

HR-MS (ESI+): Calcd. (m/z) for [C33H44ClN14O7SZn2]
+: 943.1504. Found: 943.1496. 

Calcd. (m/z) for [C33H44N14O3SZn2]
2+: 422.1007. Found: 422.1006. 

IR (KBr): � (cm−1) = 3442 (br), 3132 (m), 2963 (w), 1773 (m), 1616 (s), 1549 (w), 

1509 (s), 1445 (m), 1425 (w), 1362 (w), 1287 (m), 1091 (vs), 983 (w), 960 (m), 876 (m), 

759 (s), 676 (w), 655 (m), 625 (s). 

 

 

Characterisation of [Zn2H−−−−1L
1(Ceph)](ClO4)2

 (16) 
1H NMR (300 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 2.00 (s, 3H, MeCeph), 3.54 (s, 12H, 

NMe), 3.47−3.69 (m, 2H, S−CH2
Ceph), 3.81 (d, 2H, 4JH,H = 2.4 Hz, CH2−COCeph), 

3.91−4.21 (m, 12H, CH2), 4.88 (d, 1H, 2JH,H = 12.6 Hz, CH2−OCeph), 5.16 (d, 1H, 3JH,H = 

4.8 Hz, NH−CH−CH−SCeph), 5.37 (d, 1H, 2JH,H = 12.9 Hz, CH2−OCeph), 5.76 (d, 1H, 
3JH,H = 4.8 Hz, NH−CH−CH−SCeph), 6.11 (s, 1H, CHPz), 6.94−6.98 (m, 6H, CHImid, 

CHarom,Ceph), 7.10 (s, 4H, CHImid), 7.27−7.29 (m, 1H, CHarom,Ceph). 
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13C NMR (75 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 20.7 (MeCeph), 26.6 (S−CH2
Ceph), 33.1 

(NMe), 36.7 (CH2−COCeph), 51.1 (CH2), 51.4 (CH2), 53.5 (CH2), 58.3 

(NH−CH−CH−SCeph), 60.0 (NH−CH−CH−SCeph), 64.3 (CH2−OCeph), 101.6 (CHPz), 124.6 

(CHImid), 125.1 (CHImid), 125.8 (CHarom,Ceph), 127.6 (CHarom,Ceph), 136.9 (Cq
Ceph,Thiophene), 

148.2 (Cq
Imid), 152.3 (Cq

Pz), 165.7 (COLactam,Ceph), 171.6 (CH2−COCeph), 172.0 

(CO−CH3
Ceph). 

MS (ESI+): m/z = 1123 [Zn2H−1L
1(Ceph)(ClO4)2]

+, 512 [Zn2H−1L
1(Ceph)]2+. 

MS (ESI+): m/z = 1173 [Zn2H−1L
1(Ceph)(SO3CF3)2]

+, 512 [Zn2H−1L
1(Ceph)]2+. 

MS (ESI−): m/z = 1321 [Zn2H−1L
1(Ceph)(ClO4)3]

−. 

HR-MS (ESI+): Calcd. (m/z) for [C41H48ClN14O10S2Zn2]
+: 1123.1385. Found: 1123.1386. 

Calcd. (m/z) for [C41H48N14O6S2Zn2]
2+: 512.0947. Found: 512.0948. 

IR (KBr): � (cm−1) = 3133 (w), 2960 (w), 1775 (m), 1740 (w), 1677 (w), 1608 (s), 

1547 (w), 1520 (s), 1425 (m), 1336 (w), 1256 (vs), 1168 (vs), 1036 (vs), 982 (w), 

961 (w), 877 (w), 794 (w), 762 (m), 707 (w), 642 (vs), 578 (m), 520 (m). 

 

For comparison: chemical shifts of Ceph sodium salt under same conditions 
1H NMR (300 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 2.00 (s, 3H, Me), 3.24 (d, 1H, 2JH,H = 

17.7 Hz, S−CH2), 3.51 (d, 1H, 2JH,H = 17.4 Hz, S−CH2), 3.71−3.82 (m, 2H, CH2−CO), 

4.72 (d, 1H, 2JH,H = 12.3 Hz, CH2−O), 4.88 (d, 1H, 2JH,H = 12.6 Hz, CH2−O), 4.97 (d, 1H, 
3JH,H = 4.8 Hz, NH−CH−CH−S), 5.57 (d, 1H, 3JH,H = 4.8 Hz, NH−CH−CH−S), 6.95 (d, 

2H, 3JH,H = 3.9 Hz, CHarom), 7.26−7.28 (m, 1H, CHarom). 
13C NMR (75 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 20.6 (Me), 25.8 (S−CH2), 36.5 

(CH2−CO), 57.7 (NH−CH−CH−S), 59.4 (NH−CH−CH−S), 64.6 (CH2−O), 115.8 

(CH2−Cq−CH2), 125.6 (CHarom), 127.4 (CHarom), 133.0 (Cq−COO), 136.8 (Cq
Thiophene), 

164.6 (COLactam), 167.3 (COO), 172.0 (CO−NH), 172.6 (CO−CH3). 
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Synthesis of [Zn2H−−−−1L
1(Sul)](SO3CF3)2

 (17) 

L1 (100 mg, 0.20 mmol), KOtBu (22 mg, 0.20 mmol), Zn(SO3CF3)2 (145 mg, 0.40 mmol) 

and Sulbactam sodium salt (51 mg, 0.20 mmol) were dried in vacuum. Dry MeCN (8 ml) 

was added and the suspension was stirred for 3 d resulting in an almost clear solution. 

Filtration via cannula and slow diffusion of Et2O into the MeCN solution afforded 

colourless crystals, which were suitable for X-ray analysis (36 mg, 31 µmol, 15 %). 
1H NMR (300 MHz, d3-MeCN): δ = 1.73 (s, 3H, MeSul), 1.76 (s, 3H, MeSul), 3.34−3.61 

(m, 14H, NMe, CH2
Sul), 3.99−4.15 (m, 12H, CH2), 4.73 (s, 1H, CH−COOSul), 4.94−4.96 

(m, 1H, CH−CH2
Sul), 6.14 (s, 1H, CHPz), 6.99 (dd, 4H, 3JH,H = 5.4 Hz, 4JH,H = 1.5 Hz, 

CHImid), 7.12 (bs, 4H, CHImid). 
13C NMR (75 MHz, d3-MeCN): δ = 18.9 (MeSul), 21.2 (MeSul), 33.6 (NMe), 38.5 (CH2

Sul), 

51.6 (CH2), 53.8 (CH2), 62.2 (CH−CH2
Sul), 64.0 (S−Cq

Sul), 66.5 (CH−COOSul), 102.3 

(CHPz), 125.0 (CHImid), 125.1 (CHImid), 125.4 (CHImid), 125.5 (CHImid), 148.7 (Cq
Imid), 

152.7 (Cq
Pz), 173.6 (COLactam,Sul), 175.3 (COOSul). 

MS (ESI+): m/z = 1010 [Zn2H−1L
1(Sul)(SO3CF3)]

+, 430 [Zn2H−1L
1(Sul)]2+. 

HR-MS (ESI+): Calcd. (m/z) for [C34H43F3N13O8S2Zn2]
+: 1010.1329. Found: 1010.1335. 

Calcd. (m/z) for [C33H43N13O5SZn2]
2+: 430.5901. Found: 430.5903. 

IR (KBr): � (cm−1) = 3130 (w), 2923 (w), 2863 (w), 1790 (s), 1625 (vs), 1548 (w), 

1510 (s), 1424 (s), 1359 (m), 1320 (m), 1264 (vs), 1225 (m), 1160 (s), 1118 (m), 

1031 (vs), 983 (m), 959 (m), 875 (m), 791 (m), 756 (m), 710 (w), 676 (w), 639 (s), 

571 (m), 518 (m). 

 

For comparison: chemical shifts of Sul sodium salt 
1H NMR (300 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 1.37 (s, 3H, Me), 1.50 (s, 3H, Me), 

3.18 (dd, 1H, 2JH,H = 16.2 Hz, 3JH,H = 1.5 Hz, CH2), 3.49 (dd, 1H, 2JH,H = 16.2 Hz, 3JH,H = 

4.5 Hz, CH2), 4.0 (CH−COO), 4.75−4.77 (m, 1H, CH2−CH). 
13C NMR (75 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 18.7 (Me), 20.3 (Me), 37.5 (CH2), 

61.5 (CH2−CH), 63.7 (S−Cq), 66.1 (CH−COO), 172.5 (COO), 174.0 (COLactam). 
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3.5. Hydrolytic Activity in Penicillin G Cleavage 
 

Experiments of the hydrolysis of Penicillin G (PenG) were performed in DMSO/H2O 

(9:1, v/v) in a total volume of 500 µl. PenG (c = 42.8 mM) was used in 4-fold excess with 

respect to the complex (c = 10.7 mM). Complex and substrate were dissolved separately 

and a spectrum of pure PenG was recorded before adding the complex solution. After 

mixing, the course of the intensity of the band at 1772 cm−1 was monitored at rt and 

plotted versus time. 

In case of 9, L3 (4.1 mg, 5.4 µmol), KOtBu (1.2 mg, 10.7 µmol) and Zn(ClO4)2·6H2O 

(4.0 mg, 10.7 µmol) were dissolved in 250 µl DMSO/H2O (9:1, v/v) and stirred until the 

solution became clear. To this complex solution PenG (8.0 mg, 21.4 µmol) dissolved in 

250 µl DMSO/H2O (9:1, v/v) was added and the measurements were started initially. The 

reaction was followed at the band at 1772 cm−1 in intervals of 1 minute for the first 

30 min, later in 4 min intervals. 

 

 

3.6. Phosphate Ester Cleavage 

3.6.1. 2-Hydroxypropyl-p-nitrophenyl Phosphate (HPNP) 
 

In order to investigate the hydrolytic activity towards 2-hydroxypropyl-p-nitrophenyl 

phosphate (HPNP) transesterification/hydrolysis, the absorbance of p-nitrophenolate was 

followed by UV-Vis spectroscopy at 400 nm. The concentrations used were 0.82 mM 

HPNP and 0.25 mM complex, in a total volume of 2 ml buffered H2O/MeCN (1:1, v/v). 

Ionic strength was maintained at 0.1 M with NaClO4 and buffers (c = 0.01 M) were used 

as follows: Mes (pH 5.0−6.5), Mops (pH 7.0−7.5), Epps (pH 8.0−8.5), Ches (pH 9.0−9.5) 

and Caps (pH 10.0−10.5). Perchloric acid and sodium hydroxide were used to adjust pH 

values. The temperature was kept at 25 °C during measurements by thermostated cell 

changer. Before adding HPNP, all reagents were mixed in a cuvette due to zero 

absorbance measurement. The substrate was then added and the measurements were 

started initially in time intervals of 1 min for 4 h. The total concentration of 

p-nitrophenolate (ε = 18500 M−1·cm−1, pKa = 7.15) was calculated utilising the Beer-

Lambert law (ii ) and the Henderson-Hasselbalch equation (iii ) (section 2.4.3.). Initial 
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rates, resulting from the slope of the fitted line, were determined by plotting total 

concentrations versus time. 

 

3.6.2. Paraoxon 
 

The cleavage of Paraoxon was followed applying 31P NMR spectroscopy. A stock 

solution of Paraoxon (100 mg in 1000 µl MeCN) was used for all experiments. 

 

The pH independent experiments were performed in d3-MeCN/D2O (9:1, v/v): 

Paraoxon (6.60 µl stock solution, 2.4 µmol) was added to an equimolar amount of the 

respective complex (2 (2.43 mg, 2.4 µmol), 5a (2.38 mg, 2.4 µmol), 12 (1.48 mg, 

2.4 µmol)) in 534 µl d3-MeCN. Furthermore, 60 µl D2O was added and the measurements 

were started immediately after mixing. Spectra were continuously recorded, in the 

beginning every 15−30 minutes, later every hour. 
31P NMR (121 MHz, d3-MeCN/D2O = 9:1, v/v): δ = 7.29 (Paraoxon). 

 

The pH dependent experiments were performed in buffered H2O/d6-DMSO (8:2, v/v): 

Paraoxon (6.88 µl stock solution, 2.5 µmol) was added to 480 µl buffer solution. 

Furthermore, 1 equivalent of the respective complex (2 (2.53 mg, 2.5 µmol), 4 (2.32 mg, 

2.5 µmol) or 6 (2.48 mg, 2.5 µmol)) dissolved in 120 µl d6-DMSO was added and the 

measurements recorded initially after mixing. Between the measurements, the NMR tubes 

were stored at 40 °C (water bath) to promote the catalytic reaction. 
31P NMR (121 MHz, buffered H2O/d6-DMSO = 8:2, v/v): δ = 6.85 (Paraoxon), 0.34 (free 

OP(O)(OEt)2). 

 

In the experiment to investigate the influence of the sulfonic buffer, Paraoxon (6.88 µl 

stock solution, 2.5 µmol), 2 (2.53 mg, 2.5 µmol) and KOtBu (0.28 mg, 2.5 µmol) were 

mixed in 600 µl H2O/d6-DMSO (8:2, v/v). Measurements were recorded in regular 

intervals (12 hours) and the NMR tube was stored at 40 °C (water bath) between 

measurements. 
31P NMR (121 MHz, H2O/d6-DMSO = 8:2, v/v): δ = 6.85 (Paraoxon), 0.82 (coordinated 

OP(O)(OEt)2). 
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3.6.3. Synthesis of [Zn2H−−−−1L
1(OP(O)(OEt)2)](SO3CF3)2

 (18) 
 

Under an inert atmosphere, L1 (20 mg, 0.04 mmol), KOtBu (5 mg, 0.04 mmol) and 

Zn(SO3CF3)2 (29 mg, 0.08 mmol) were combined in a flask, before adding MeCN (8 ml). 

The mixture was stirred until the suspension became clear. Addition of Paraoxon (11 mg, 

0.04 mmol) in MeCN (110 µl) was followed by stirring for 16 h. After filtration and 

diffusion of Et2O into the complex solution, colourless crystals were obtained and 

analysed by X-ray diffraction (2 mg, 2 µmol, 5 %) 
1H NMR (300 MHz, d3-MeCN): δ = 1.44 (t, 6H, 3JHH = 7.2 Hz, CH2−CH3), 3.54 (s, 12H, 

NMe), 3.98−4.04 (m, 12H, CH2), 4.20−4.25 (m, 4H, CH2−CH3), 6.09 (s, 1H, CHPz), 6.98 

(d, 2H, 3JH,H = 1.5 Hz, CHImid), 7.08 (d, 2H, 3JH,H = 1.5 Hz, CHImid), 7.11 (bs, 4H, CHImid). 
31P NMR (121 MHz, d3-MeCN): δ = 0.87 (OP(O)(OEt)2). 

MS (ESI+): m/z = 931 [Zn2H−1L
1(OP(O)(OEt)2)(SO3CF3)]

+, 391 

[Zn2H−1L
1(OP(O)(OEt)2)]

2+. 

HR-MS (ESI+): Calcd. (m/z) for [C30H43F3N12O7PSZn2]
+: 931.1366. Found: 931.1364. 

Calcd. (m/z) for [C29H43N12O4PZn2]
2+: 391.0920. Found: 391.0919. 

IR (KBr): � (cm−1) = 3435 (vs), 2926 (w), 1632 (m), 1508 (m), 1442 (w), 1262 (vs), 

1157 (m), 1031 (s), 964 (w), 752 (w), 639 (m), 574 (w), 518 (w). 

 

 

3.7. Activation of CO2 

3.7.1. Reaction of Cyclohexene Oxide and CO2 
 

2 (20.6 mg, 20.3 µmol) and KOtBu (2.3 mg, 20.5 µmol) were dissolved in cyclohexene 

oxide (5.0 ml, 49.5 mmol) under inert conditions. The mixture was heated to 80 °C and 

CO2 (1 atm) was gently bubbled into the mixture (16 h). The residue was dried in vacuum 

and the colourless solid was suspended in DCM (10 ml). After filtration, MeOH was 

added to the solution, whereby the product precipitated. This was collected by filtration 

and the colourless polymeric product was dried in vacuum. 

The same experiment was performed with 2 (49.0 mg, 48.4 µmol) and KOtBu (5.4 mg, 

48.3 µmol) in cyclohexene oxide (5.0 ml, 49.5 mmol). 
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1H NMR (200 MHz, CDCl3): δ = 1.05−1.46 (bs, 4H), 1.46−1.73 (bs, 2H), 1.73−2.09 (bs, 

2H), 3.19−3.60 (bs, 2H). 

 

 

3.7.2. Reaction of 1,2-Propylene Glycol and CO2 

 

2 (100.0 mg, 0.1 mmol) and KOtBu (11.1 mg, 0.1 mmol) were dried in vacuum. MeCN 

(20 ml) was added and the suspension was stirred for 30 min. 1,2-Propylene glycol 

(0.73 ml, 10.0 mmol) and molecular sieve (3 Å) was added and the suspension was stirred 

for 2 h. The mixture was heated to reflux and CO2 (1 atm) was bubbled gently into the 

mixture (18 h). In hourly intervals samples were taken for GC-MS analysis. 

The same procedure was carried out for 2 (86.0 mg, 85 µmol), KOtBu (9.5 mg, 85 µmol) 

and 1,2-Propylene glycol (30 ml, 0.4 mol) at rt. 

GC-MS: tR = 3.45 min (1,2-propylene glycol). 

 

 

3.7.3. Synthesis of [(Zn2H−−−−1L
1)2(CO3)](ClO4)4 (19) 

 

L1 (100 mg, 0.20 mmol) was dissolved in MeOH (9 mL). To this colourless solution, 

KOtBu (45 mg, 0.40 mmol) was added and stirred for 30 min. Subsequently, 

Zn(ClO4)2·6H2O (150 mg, 0.40 mmol) was added. After stirring for 12 h, the suspension 

was filtrated. Diffusion of Et2O into the complex solution afforded colourless crystals 

after several weeks. (6 mg, 3 µmol, 2 %). 
1H NMR (300 MHz, d3-MeCN): δ = 3.56 (s, 24H, NMe), 4.07−4.23 (m, 24H, CH2), 6.10 

(s, 2H, CHPz), 6.80 (bs, 8H, CHImid), 6.90 (bs, 8H, CHImid). 
13C NMR (75 MHz, d3-MeCN): δ = 33.6 (NMe), 52.0 (CH2), 54.4 (CH2), 100.8 (CHPz), 

124.8 (CHImid), 125.4 (CHImid), 149.1 (Cq
Imid), 151.8 (Cq

Pz). 

IR (KBr): � (cm−1) = 2922 (w), 2855 (w), 1660 (s), 1625 (sh), 1546 (w), 1505 (m), 

1493 (sh), 1443 (w), 1393 (w), 1286 (m), 1165 (m), 1096 (vs), 981 (w), 960 (m), 872 (w), 

759 (m), 621 (s), 562 (w), 454 (w). 
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Appendix 
 

Crystallography 
 

X-ray data were recorded at 133 K on a STOE IPDS II diffractometer with graphite 

monochromated Mo-Kα radiation (λ = 0.71073 Å). X-ray crystallographic data of 11 

were measured on a Bruker three circle diffractometer equipped with a SMART 6000 

CCD detector using monochromated Cu-Kα radiation (λ = 1.54178 Å) at 100 K. In 

addition to corrections in terms of Lorentz and polarisations effects,[98] absorption 

corrections of the crystallographic data were performed.[99] The crystal structures were 

solved and refined using the programs SHELXS-97 and SHELXL-97.[100] 
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Table A.1: Crystal data and refinement details for 1, 2 and 3. 

 1 2 3 

empirical formula C27H39Cl4N13O16Zn C33H45Cl3N16O12Zn2 C28H33F9N12O9S3Zn2 

formula weight 1008.88 1094.94 1079.58 

crystal size [mm³] 0.32 × 0.09 × 0.05 0.5 × 0.25 × 0.17 0.17 × 0.11 × 0.06 

crystal system Monoclinic Triclinic Triclinic 

space group P21/c P1� P1� 

a [Å]  13.8475(7) 12.8010(7) 12.2505(6) 

b [Å]  12.5262(4) 12.9777(7) 13.1090(7) 

c [Å]  23.7268(10) 14.8777(7) 16.6079(9) 

α [°] 90.00 85.234(4) 85.563(4) 

β [°] 94.212(4) 76.122(4) 86.136(4) 

γ [°] 90.00 84.947(4) 65.344(4) 

V [Å³]  4104.5(3) 2385.2(2) 2414.9(2) 

Z 4 2 2 

ρ [g/cm³] 1.633 1.525 1.485 

F(000) 2072 1124 1092 

µ [mm−1] 0.944 1.246 1.213 

Tmin/ Tmax 0.2934 / 0.6868 0.5267 / 0.8066 0.6452 / 0.9527 

θ range [°] 1.47 − 26.82 1.64 − 27.04 1.71 − 27.01 

hkl range ±17, ±15, -30 − 29 ±16, -15 − 16, -19 − 18 ±15, ±16, ±21 

measured refl. 39029 21171 22761 

unique refl. [Rint] 8739 [0.1336] 10284 [0.0580] 10436 [0.0664] 

observed refl. (I > 2σ(I)) 5628 7865 6635 

data / restraints / param. 8739 / 0 / 555 10284 / 32 / 642 10436 / 0 / 568 

goodness-of-fit (F²) 1.077 0.939 1.032 

R1, wR2 (I > 2σ(I)) 0.0729, 0.1209 0.0448, 0.1193 0.0511, 0.0712 

R1, wR2 (all data) 0.1250, 0.1367 0.0641, 0.1280 0.0962, 0.0775 

resid. el. dens. [e/Å³] -0.467 / 0.438 -0.696 / 1.073 -0.528 / 0.489 
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Table A.2: Crystal data and refinement details for 4a, 4b and 5a. 

 4a 4b 5a 

empirical formula C28H44Cl2N12O11Zn2 C28H44Cl2N12O11Zn2 C29H36F6N12O8S2Zn2 

formula weight 926.39 926.39 989.56 

crystal size [mm³] 0.50 × 0.24 × 0.15 0.25 × 0.22 × 0.22 0.34 × 0.25 × 0.24 

crystal system Monoclinic Monoclinic Triclinic 

space group Cc P21/c P1� 

a [Å]  18.8465(6) 17.436(4) 11.7590(6) 

b [Å]  16.7309(7) 13.988(3) 13.4783(6) 

c [Å]  13.1306(5) 16.176(3) 15.0186(7) 

α [°] 90.00 90.00 63.680(3) 

β [°] 113.515(2) 104.56(3) 75.883(4) 

γ [°] 90.00 90.00 66.229(3) 

V [Å³]  3796.5(2) 3818.6(13) 1946.38(16) 

Z 4 4 2 

ρ [g/cm³] 1.621 1.611 1.688 

F(000) 1912 1912 1008 

µ [mm−1] 1.477 1.468 1.433 

Tmin/ Tmax 0.6878 / 0.4245 0.6211 / 0.7698 0.5983 / 0.7747 

θ range [°] 1.69 − 26.96 1.89 − 26.83 1.52 − 26.75 

hkl range ±23, ±21, ±16 ±22, ±17, -16 − 20 -12 − 14, ±17, -19 − 18 

measured refl. 16814 34391 18205 

unique refl. [Rint] 7555 [0.0396] 7938 [0.0649] 8194 [0.0341] 

observed refl. (I > 2σ(I)) 7006 5753 6435 

data / restraints / param. 7555 / 2 / 508 7938 / 0 / 500 8194 / 0 / 532 

goodness-of-fit (F²) 1.010 1.052 0.927 

R1, wR2 (I > 2σ(I)) 0.0291, 0.0668 0.0634, 0.1402 0.0285, 0.0611 

R1, wR2 (all data) 0.0326, 0.0677 0.0966, 0.1528 0.0433, 0.0640 

resid. el. dens. [e/Å³] -0.377 / 0.441  -0.657 / 0.947 -0.587 / 0.337 
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Table A.3: Crystal data and refinement details for 5b, 6 and 7. 

 5b 6 7 

empirical formula C31H42Cl2N14O10Zn2 C52H76Cl2N24O11Zn2 C52H70Cl3N25O14Zn4 

formula weight 972.43 1415.01 1637.16 

crystal size [mm³] 0.24 × 0.18 × 0.14 0.5 × 0.35 × 0.27 0.5 × 0.1 × 0.09 

crystal system Monoclinic Monoclinic Triclinic 

space group C2/c C2/c P1� 

a [Å]  26.763(5) 23.7716(12) 13.0416(8) 

b [Å]  11.028(2) 13.7956(4) 15.4255(9) 

c [Å]  17.519(4) 19.3180(10) 23.1438(14) 

α [°] 90.00 90.00 90.586(5) 

β [°] 127.76(3) 101.937(4) 93.478(5) 

γ [°] 90.00 90.00 93.129(5) 

V [Å³]  4087.7(14) 6198.2(5) 4640.0(5) 

Z 4 4 2 

ρ [g/cm³] 1.580 1.516 1.172 

F(000) 2000 2952 1680 

µ [mm−1] 1.376 0.939 1.166 

Tmin/ Tmax 0.5763 / 0.8380 0.6504 / 0.7902 − 

θ range [°] 1.93 − 26.74 1.72 − 25.67 1.32 − 25.71 

hkl range ±33, ±13, ±22 ±28, -15 − 16, ±23 -15 − 13, ±18, ±28 

measured refl. 17467 24344 39157 

unique refl. [Rint] 4324 [0.0330] 5857 [0.0439] 17435 [0.0966] 

observed refl. (I > 2σ(I)) 3752 4421 6764 

data / restraints / param. 4324 / 0 / 269 5857 / 2 / 418 17435 / 59 / 873 

goodness-of-fit (F²) 1.044 0.935 0.772 

R1, wR2 (I > 2σ(I)) 0.0381, 0.0996 0.0352, 0.0815 0.0689, 0.1573 

R1, wR2 (all data) 0.0451, 0.1032 0.0543, 0.0857 0.1456, 0.1822 

resid. el. dens. [e/Å³] -0.642 / 0.745 -0.541 / 0.789 -0.811 / 0.967 
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Table A.4: Crystal data and refinement details for 8, 11 and 12. 

 8 11 12 

empirical formula C88H93Cl4N27O18Zn4 C42H58Cl2N16O16Zn2 C21H26N8O6Zn2 

formula weight 2220.17 1244.68 617.24 

crystal size [mm³] 0.29 × 0.14 × 0.08 0.05 × 0.05 × 0.03 0.25 × 0.1 × 0.06 

crystal system Triclinic Monoclinic Monoclinic 

space group P1� P21/c P21/m 

a [Å]  14.4687(5) 10.1050(10) 6.5307(4) 

b [Å]  16.1003(6) 16.793(2) 23.6427(10) 

c [Å]  20.8574(8) 15.332(2) 9.0163(5) 

α [°] 90.420(3) 90.00 90.00 

β [°] 93.688(3) 100.989(10) 109.478(4) 

γ [°] 103.994(3) 90.00 90.00 

V [Å³]  4703.5(3) 2554.0(5) 1312.47(12) 

Z 2 2 2 

ρ [g/cm³] 1.568 1.619 1.562 

F(000) 2284 1288 632 

µ [mm−1] 1.205 2.859 1.879 

Tmin/ Tmax 0.6941 / 0.8943 0.9320 / 0.8703 0.6981 / 0.9403 

θ range [°] 1.45 − 26.76 3.94 − 65.38 1.72 − 26.78 

hkl range ±18, ±20, -26 − 26 ±11, ±19, -17 − 18 -8 − 7, ±29, ±11 

measured refl. 42364 35045 11626 

unique refl. [Rint] 19885 [0.0745] 4332 [0.0571] 2849 [0.0469] 

observed refl. (I > 2σ(I)) 12932 3527 2370 

data / restraints / param. 19885 / 2 / 1279 4332 / 162 / 402 2849 / 0 / 172 

goodness-of-fit (F²) 1.122 1.020 0.996 

R1, wR2 (I > 2σ(I)) 0.0788, 0.1738 0.0348, 0.0862 0.0306, 0.0683 

R1, wR2 (all data) 0.1249, 0.1878 0.0482, 0.0941 0.0439, 0.0728 

resid. el. dens. [e/Å³] -0.703 / 1.090 -0.391 / 0.470 -0.422 / 0.332 
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Table A.5: Crystal data and refinement details for 17, 18 and 19. 

 17 18 19 

empirical formula C39H49F6N15O11S3Zn2 C31H43F6N12O10PS2Zn2 C51H66Cl4N24O19Zn4 

formula weight 1244.85 1083.60 1722.56 

crystal size [mm³] 0.5 × 0.5 × 0.28 0.24 × 0.15 × 0.13 0.5 × 0.48 × 0.28 

crystal system Monoclinic Monoclinic Monoclinic 

space group P21 P21/n C2/c 

a [Å]  8.9165(3) 8.8487(3) 26.047(5) 

b [Å]  27.6888(6) 21.3414(10) 21.052(4) 

c [Å]  10.4972(3) 22.6647(8) 16.787(3) 

α [°] 90.00 90.00 90.00 

β [°] 96.022(2) 99.448(3) 121.14(3) 

γ [°] 90.00 90.00 90.00 

V [Å³]  2577.32(13) 4222.0(3) 7879(3) 

Z 2 4 4 

ρ [g/cm³] 1.604 1.705 1.452 

F(000) 1276 2216 3520 

µ [mm−1] 1.145 1.369 1.415 

Tmin/ Tmax 0.5243 / 0.8057 0.6726 / 0.8560 − 

θ range [°] 1.47 − 25.62 1.32 − 26.80 1.33 − 25.72 

hkl range ±10, -32 − 33, ±12 -11 − 9, -26 − 25, ±28 ±31, -25 − 23, ±20 

measured refl. 32325 37276 31058 

unique refl. [Rint] 9536 [0.0574] 8967 [0.0893] 7459 [0.0628] 

observed refl. (I > 2σ(I)) 9331 4998 5046 

data / restraints / param. 9536 / 3 / 695 8967 / 15 / 574 7459 / 116 / 461 

goodness-of-fit (F²) 1.033 0.982 1.034 

R1, wR2 (I > 2σ(I)) 0.0421, 0.1119 0.0761, 0.1820 0.0763, 0.1948 

R1, wR2 (all data) 0.0429, 0.1126 0.1414, 0.2127 0.1087, 0.2078 

resid. el. dens. [e/Å³] -0.655 / 1.291 -1.059 / 0.761 -0.803 / 1.052 
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NHNN N

N

N
N
H

HN

Zn

N N

N
N

NCMe

1

4 (ClO4
-)

NNN N

N

N N

N

Zn Zn

3+

N N

NN
MeCN

NCMe

3 (ClO4
-)

NNN N

N

N N

N

Zn Zn

2+

N N

NN

F
F

S O
O

O

F

2 (CF3SO3
-)

4+

2 3

NNN N

N

N N

N

Zn Zn

O
Me

2+

N N

NN

NNN N

N

N N

N

Zn Zn

O OMe

2+

N N

NN Me
H

H
OMe

4a                                                              4b

NN
N N

N

N N

N

Zn Zn

2+

N N

NN
OO

2 (X-)

5a (X = CF3SO3)
5b (X = ClO4)

2 (ClO4
-)

2 (ClO4
-)

 

 

NNN

N

N

2+

N

N

N

NN

N

N

N N
N

N

N

N

N

N

N N

N

N

Zn Zn

6

2 (ClO4)-

N

N

N

N

N N

NN

Zn

Zn

3+

N

NN

N

N

N

N

N

NN

N N

Zn

Zn

N

N N

N

O

O
H

7

3 (ClO4
-)



Structures of Complexes 

137 

 

NN
N N

N

N N

N

Zn Zn

O
H

2+

N N

NN

8

2 (ClO4
-)

NN

ZnZn

X

2+

NN

N

N

N

N

N

N

N

N

9

X = nucleophile
2 (CF3SO3

-)

NN

ZnZn

2+

NN

N

N

N

N

N

N

N

N

OO

10

2 (CF3SO3
-)

 

 

2+

11                                                                         12

Zn Zn

N N N

N

N

N

N

N

N N N

N

N

N

N

N

O

O

O

O

O

O

O

O

2 (ClO4
-)

NN
N N

N

O O

N

Zn Zn

O O

NN

O O

NN
N N

N

N N

N

Zn Zn

N N

NN

N
S

OO

NH

O

O

13

2+

NN
N N

N

N N

N

Zn Zn

N N

NN

N
S

OO

NH

O

O

14

2+

NH2

2 (ClO4
-) 2 (ClO4

-)

 

 

 



Appendix  

138 

 

NN
N N

N

N N

N

Zn Zn

N N

NN

N
S

OO

H2N

O

15

2+

2 (ClO4
-)

NN
N N

N

N N

N

Zn Zn

N N

NN

16

2+

S

HN

N

S

O

OO

O

O

O

2 (ClO4
-)

NN
N N

N

N N

N

Zn Zn

N N

NN

N
S

OO

O

17

2+

O
O

2 (CF3SO3
-)

NNN N

N

N N

N

Zn Zn

N N

NN

18

2 (SO3CF3
-)

P

OO

O O

2+

 

NN
N N

N

N N

N

Zn Zn

4+

N N

NN

NN
N N

N

N N

N

Zn Zn

N N

NN

OO

O

19

4 (ClO4
-)



List of Abbreviations 

139 

List of Abbreviations 
 

6-apa  6-aminopenicillanic acid 

Å  Angström 

Amp  Ampicillin 

arom  aromatic 

Asn  asparagine 

Asp  aspartate 

asym  asymmetric 

BenzImid  benzmimidazole 

bs   broad singulet 

Caps  3-(cyclohexylamino)-1-propanesulfonic acid 

Ches  2-(cyclohexylamino)-1-ethanesulfonic acid 

Ceph  Cephalotin 

Cq  quaternary Carbon (NMR) 

δ  chemical shift 

d  distance 

d  doublet 

DMF  N,N-dimethylformamide 

DMSO  dimethyl sulfoxide 

DOSY  diffusion-ordered spectroscopy 

Epps  4-(2-hydroxyethyl)piperazine-1-propanesulfonic acid 

Erta  Ertapenem 

ESI  electron spray ionisation 

Et  ethyl 

FTIR  fourier transform infrared spectroscopy 

GC  gas chromatography 

Glu  glutamate 

His  histidine 

HMBC  heteronuclear multiple bond correlation 

HR-MS  high resolution mass spectrometry 

HSQC  heteronuclear single quantum coherence 

Imid  imidazole 

IR  infra red 

J  NMR coupling constant 

KCX  carboxylated lysine 
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L  ligand 

Lac  β-lactam substrate 

Lys  lysine 

m  multiplet (NMR), medium (IR) 

Me  methyl 

Mero  Meropenem 

Mes  2-(N-morpholino)ethanesulfonic acid 

Mops  3-(N-morpholino)propanesulfonic acid 

mp  melting point 

MS  mass spectrometry 

NMR  nuclear magnetic resonance 

OAc  acetate 

PenG  Penicillin G 

Pz  pyrazole 

rt  room temperature 

s  singlet (NMR), strong (IR) 

sh  shoulder 

Sul  Sulbactam 

sym  symmetric 

t  triplet 

tR  retention time 
tBu  tert-butyl 

THF  tetrahydrofurane 

Trp  tryptophan 

Tyr  tyrosine 

�  wavenumber 

vs  very strong 

w  weak 
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