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Abstract 

Our study was focused on synthesis and characterization of new family of metal complexes that mimic the 

active site of copper containing enzymes. Our approach focused on preparing a series of metalloligands 

which vary systematically in structure and use them in combination with additional metallic centers to 

synthesize our desired complexes. 

We synthesized a main ligand, which is named as HLQ 2Pz, which contain a quinoline body, one amide 

bond and two pyrazolyl rings. We synthesized a copper complex by deprotonating HLQ 2Pz using KOH. 

The ligand coordinated to the copper( II) center through its quinoline nitrogen, two of the pyrazolyl nitrogen 

and deprotonated amide nitrogen. Acetonitrile, which was used to recrystallize the compound solvent, filled 

the fifth coordination site of the copper. The synthesis of metalloligands were done by replacing the 

acetonitrile with deprotonated acids such as bis(pyrazolyl)acetic acid and l ,3-bis(pyrazolyl)-2-butanoic 

acid which has additional coordination sites. These metalloligands were combined with additional metallic 

centers using metal salts such as Cu(CH3CN)4Pf6 and (Ph3P)2CuN03 as the final step. This gave Cu(II)­

Cu(I) mixed valence complexes like the active sites of multicopper enzymes. All the above-mentioned 

ligands were characterized by 1H-NMR and IR spectroscopies. All the complexes were characterized using 

X-ray crystallography and UV-Vis, IR spectroscopies. 
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I. Introduction 

1.1. Biomimetic chemistry and catalysis 

"Biomimetic synthesis" is a tenn that was first used by Sir Robert Robinson m 1917 to describe 

chemistry thal is inspired by biological processes.1 Biomimetic chemistry covers a wide array of topics that 

include the synthesis and study of artificial enzymes, the self-assembly of small molecules in a manner 

similar to that of biological self-assembly, and the study of biological precedents to direct the total synthesis 

of natural products. In the field of biomimetic chemistry, researchers attempt to utilize the key principles 

and concepts used in biological systems for developing new chemical reactions and processes. 2 

"Biomimetic catalysis" generally refers to chemical catalysis that mimics certain key features of 

enzymatic systems.2 Polymetallic systems were expected to have greater oxidizing and reducing power, the 

neighboring metals were expected to "cooperate" in promoting reactions and electronic interactions 

between metals, which might lead to distinct physical properties. The proper design of polymetallic 

complexes provides a new reactivity pattern and physical properties that could not be achieved with similar 

monometallic complexes.3 

Enzymes are macromolecules, which are known to catalyze more than 5,000 reactions in biological 

systems4. Most enzymes are proteins although few are catalytic RNA molecules known as ribosomes. s 

Although enzymes have large three-dimensional structure only a small portion of enzymes structure is 

directly involved in substrate binding and catalysis which is called the active site. 6 These active sites contain 

several metals such as copper, iron, cobalt etc. which has different oxidation numbers. Depending on the 

number of metals present, the active site of the enzymes classified as monometallic, bimetallic, trimetallic 

or polymetallic. 

A distinctive class of enzymes are those containing copper ions in their structure, see Figure I. I for the 

active sites of such enzymes. There has been an increased interest in the study of these species due to their 

involvement in many biological processes such as electron transfer and oxidation of various organic 



substrates7•8• These proteins are found typically in bacteria, plants, insects and mammals, and they have 

four main functions: (i) metal ion uptake, storage, and transport, (ii) electron transfer, (iii) dioxygen uptake, 

storage and transport, (iv) catalysis.8•9 

His Hfis �u-His 
..... -· ; , 

His .•.. ··• : ' \ •••• ••• : OH Ho-cu::.... 
:; I .. . His ···· · ·······-.. l . ..;�u, H1�ul His 

(1) 

(His) N(heme) n '/N{heme) 
__-:Fe 

H N" 
'.(' , .. ,, '"''' 

C•-·i\ '"'''--<") L... 
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(Gin) rNH2 
0 

Cu 
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Cu Cu N� �NH ,(J, N� �NH 
(His) (His) 

(3) 
(His} 

Figure 1.1: Active sites of ascorbate oxidase (1), cytochrome c oxidase (2), methane monooxigenase (3). 

Most of these enzymes are homonuclear with copper as the only metal and others are heteronuclear with 

different types of metallic centers. These copper containing proteins were classified based upon their 

spectroscopic properties, dividing them into three categories: type-I, type-2, and type-3. However, as more 

structural data became available, these proteins were further divided into seven categories: type-I, type-2, 

type-3, type-4 or multicopper, CuA, Cua, and Cuz clusters.9•10 Some enzymes which contain copper centers 

in their active sites are ascorbate oxidase, nitrite reductase, cytochrome c oxidase, methane rnonooxygenase 

etc. 
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Some of the enzymes and oxygen transporters that contain a dinuclear copper site as active sites are 

nitrite reductase1 1 ,  haemocyanins (Hes), catechol oxidases (COs) and tyrosinases (Tyr). These enzymes 

perform various functions. Hes are the oxygen transporting proteins of molluscs and arthropods, COs 

catalyse the conversion of ortho-diphenols to ortho-quinones ( catecholase activity) and Tys exhibit the same 

activity as COs but have a broader substrate range in the sense that they can also convert monophenols into 

ortho-quinones, presumably through an ortho-diphenol intermediate. 12 

Ascorbate oxidase contains a type 1 active site. These Type-1 copper protein active sites are known for 

their blue color originating from a strong absorption at 600 nm resultant of a Ligand to Metal Charge 

Transfer (LMCT) transition of a cysteine sulfur to the copper(ll) ions. 1 1 Type-I active sites are typically 

involved in electron transfer processes, multicopper oxidases, and redox enzymes. Active site of 

cytochrome c oxidase consists of a CuA type site and heme site which are arranged to efficiently funnel 

electrons to the catalytic heme/CuB center where 02 reduction occurs. 13 

X-Ray crystallography was used to analyze the structure of the active site of nitrite reductase and 

ascorbate oxidase. 14 Nitrite reductase (NTR, see Figure I.2a) is an enzyme which reduces nitrate to nitric 

oxide, nitrous oxide etc. There are two classes ofNIRs. A multi-haem enzyme reduces N02- to a variety of 

products. Copper containing enzymes carry out a single electron transfer to produce nitric oxide. 15 Active 

site of nitrite reductase consists of two copper centers linked by a cysteine-histidine bridge. The distance 

between these two copper centers is about 12.5 A. The active site of ascorbate oxidase (Figure I.2b) consists 

of three copper centers, which are linked by a bridge of branched cysteine, and two histidine rings in each 

protein, the cysteine ligated to the type-1 Cu is adjacent in the amino acid sequence to a histidine that ligates 

the partner Cu ion. This common bridging His-Cys unit is presumed to play an important role in facilitating 

electron transfer, particularly in view of the extensive unpaired electron spin delocalization onto the 

cysteine thiolate in oxidized type-1 centers. 14 
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Figure 1.2: Active site structures emphasizing the His-Cys bridge between two Cu centers of a) nitrite 
reductase (pdb 1AS7), b) ascorbate oxidase (pdb lAOS). Figure from ref. 14. Color code: green= Cu, blue 
= N, red = 0, yellow= S. 

There were several investigations done by targeting to synthesize active sites of these copper containing 

enzymes. There was a research done to model the type-I active site of copper contajning enzymes. In this 

research they synthesized a LCuSCPh3 (L = P-diketiminate shown in Scheme I. J )16 This complex was 

shown to accurately model the trigonal type I biosite structure, includjng the short and covalent Cu(II)-

S(thiolate) bond17 (see Figure 1.3). Another research was done by targeting to synthesize "Cu-His-Cys-

Cu"model complex. This was done by replacing one of the phenyl rings in the P h3CS· ligand with a suitable 

N-donor group that would coordinate to a second metal center.14 

Another attempt found in the literature was aimed to mimic the tricopper site of laccase. 18 In this study, 

Cu complexes of 2,2'-dipicolylamine (DPA) were prepared and tested as electrocatalysts for the oxygen 

reduction reaction (ORR). This was done to study the effect of multinuclearity on the ORR. In this study 

two Cu-DPA units were connected with a flexible linker, and a third metal-binding pocket was installed in 

the ligand framework. The ligands used as linkers in this research are shown in Figure I.4, and Figure 1.5 

show the crystal structures of those two complexes. 
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LCu-SA-0 
,� Ph Ph ...::N, 

Cul 
1 

Scheme 1.1: Synthesis of"Cu-His-Cys-Cu using (THP)SC(H)Ph2; Figure from ref. 14; Reagents: (i) BuLi, 
(ii) 0.5 CICH2PyHCI, (iii) NEt3, HOCH2CH2SH, Bf 3Et20, (iv) MeLi, (v) LCuCI, (vi) LCu(MeCN). 

Figure 1.3: X-ray crystal structure of 1 ;  Figure from ref. 14.  

CC, 
d OPA1 

5 

Figure 1.4: Ligands used in mimicking tricopper active site of laccase; Figure from ref. 18; 2,2'­
dipicolylamine (DPA, 1), N ,N,N',N'-tetra(pyridin-2-ylmethyl)butane-1 ,4-di-amine (2), N,N,N',N'-tetra­
(pyridin-2-ylmethyl)hexane-1 ,6-diamine (3), 2,2 '-([2,2' -bipyridine ]-6,6' -diylbis( oxy))bis(N ,N-bis(pyridin-
2-ylmethyl)ethan-amine) ( 4), and 2,2'-([2,2':6',2" -terpyridine ]-6,6"-diylbis( oxy))bis(N,N-bis-(pyridin-2-
ylmethyl)ethanamine) (5). 
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Figure 1.5: Crystal structure of binuclear copper complex synthesized using linker 3 (see Figure 1.4) before 
(a) and after (b) oxygenation; Figure from ref 18. 

1.2. Ligands and metalloligands 

A ligand is an ion or a molecule that binds to a metal atom through a functional group to form 

a coordination complex. The bonding with the metal generally involves formal donation of one or more of 

the ligand's electron pairs. The nature of metal-ligand bonding can range from covalent to ionic. Ligands 

can be classified in many ways such as based on denticity, field strength, or the number of metal atoms 

bound by one ligand. 19 

The coordination mode of the ligand is also important. Generally, the chelating mode of a ligand can be 

used to synthesize a simple complex and the bridging mode of a ligand can be used to synthesize a 

metalloligand.2°Figure 1.6 emphasize the difference between the chelating mode and the bridging mode of 

a ligand. For example, in Figure 1.6 two ligands are depicted, 2,2'-bipyridine - which can be used to 

synthesize simple monometallic coordination complexes and 4,4'-bipyridine - which can be used to 

construct polymetallic complexes or extended architectures like metal-organic-frameworks (MOFs). 

However, chelating ligands with appended functional groups can also be used to synthesize metalloligands. 

A metalloligand consists of a metal coordinated by a ligand system composed of two (or more) donor 

sets; one set is coordinated to the metallic center, which in turn directs the secondary donor site (or sites) 

to be suitably oriented for coordination to a second metal center (or centers). A metalloligand is also defined 

as the smallest building block that allows the construction of a more complex architecture, often a 

superstructure or the so-called supramolecular structure. From an application point of view, these 
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superstructures display new structural, chemical and properties that are unique and often depend on the 

resulting architecture, as pictured in Figure 1.7. 

\r 

........... 
Figure 1.6: Illustration of the Difference between the Chelating or Bridging Mode of a Ligand; Figure from 
ref. 20. 

•• 
s-.s.., 
.......... 

SlrnpleCompla t.Me•a ... ,.wfth��Gl'oupt 
Figure 1.7: Schematic representations of assorted ligands, metal ions, guest, complex, and metalloligands; 
Figure from ref. 2 1 .  

Since the "metalloligand" also contains a metal atom surrounded by some ligands as i n  a "simple 

coordination complex", it is essential to identify the difference between the two. In a simple complex, the 

metal ion is surrounded by ligands which are not offering appended functional groups. Even though a 

metalloligand also contains a metal atom surrounded by ligands, among those ligands, at least one contains 

an appended functional group which can be coordinated to a second metal atom. In other words, a 
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metalloligand is a species generated by a ligand having at least two donor sites. One of those sites binds to 

a primary metal ion and the other site coordinates with additional metal center(s). 

Figure 1.8 depicts a cartoon representation of a metalloligand. The dark blue rectangular site of this 

ligand is the primary binding site. The primary metal ion (the purple square) binds with this site. The light 

blue arrows depict the secondary coordination site, which can be used to coordinate to other metal ions. 

The example shown here has two secondary coordination sites. Depending on the orientation of the 

functional groups present in a metalloligand, the resulting architecture could be comprised of either discrete 

compounds or polymetallic species, either a 1-D chain, a 2-D sheet or 3-D structure. 

Figure 1.8: Two metalloligands with appended functional groups pointed into two different directions 

In the resulting architecture, the metal ion plays two essential functions: a structural task (direct and 

support the solid-state architecture), and a functional role (brings desired properties into the final complex). 

The propagation of a metalloligand into a higher-ordered structure can take place using metal-ligand 

covalent interactions or non-covalent interactions such as hydrogen bonds, n-n stacking and CH-n 

interactions between discrete species, as depicted in Figure 1.9. This figure shows the self-assembly of some 

metalloligands into higher-ordered structures after coordination to a second metallic center. The 

metalloligand in Figure I.9a has a C3 symmetry with three appended functional groups. As in the drawing, 

the geometrical orientation of these three appended functional groups will allow these metaUoligands to 

coordinate with three different secondary metal atoms resulting a 2-D layer. Figure l.9b represents a similar 

coordination network with four appended functional groups, which can coordinate to four different metal 

atoms. The drawing in Figure I.9c represents a coordination network of a metalloligand having assorted 

functional groups with different chemical functionalities. These functional groups will show a preference 
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for certain types of secondary metal ions as described by the hard-soft acid-base theory. The drawing in 

Figure I.9d shows the interaction of a metalloligand with a guest molecule, which can be another metal 

complex, anion or a solvent molecule, while the drawing in Figure I.9e shows the self-assembly of 

metalloligand due to weak interactions such as hydrogen bonds. Hydrogen bond sensitive functional groups 

like carboxylic acids, phenols, amines, amides and halogens lead to these type of interactions as illustrated. 

The self-assembly due to the hydrogen bonding interaction follow a pattern similar to coordination bond 

driven self-assembly where the best hydrogen bond donor pairs with the best hydrogen bond acceptors and 

second best donor with the second best acceptor and so on. 

Several donor groups can be used to build a metalloligand. Table I.1 lists various metalloligands, such 

as �-diketonate based metalloligands, acetylacetonate based metalloligands dipyrrin based metalloligands, 

mixed acetylacetonate-salen-dipyrrin based metalloligands, porphyrin based metalloligands, Schiff-base 

based metalloligands, pyridine/pyrazine-2-carboxylate based metalloligands, oxamide- and oxamate-based 

metalloligands, tris(triazolyl)borate based metalloligands, pyridine-amide based metalloligands, and 

dipyridyl-based metalloligands etc21. 

Figure 1.9: Schematic representations showing interactions of metalloligands with secondary metal ions, 
other metalloligands, and guest; Figure from ref. 21. 
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Table 1.1: Examples of some ligands which can be used to synthesize metalloligands (Redrawn from 

reference 19). 

HO 
\ 
1l 0 

Structure of the Ligand 

NH 

NH 

Name of the Ligand 

1,3- Bis(4-pyridyl)propane-l,3- dionato 

1,3 - B is(3-pyridyl)propane- l ,3- dionato 

3-( 4-pyridyl)-2,4-pentanedionato 

3-( 4-cyano )-2,4-pentanedionato 

5-( 4' -pyridyl)dipyrromethene 

5-( 4' -carboxyphenyl)dipyrromethene 
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1.3. Applications of metalloligands 

One of the major challenges faced by the scientific community is to find ways to predict and, if possible, 

control the resultant architecture of a complex or a coordination network. Using metalloligands to construct 

designed materials gives several advantages over conventional method of mixing the appropriate ligand 

and the metal. The metalloligand approach is important to construct designed architectures, since it uses a 

well-defined coordination complex as the building block. Due to the precise control over the placement of 

appended functional groups within a metalloligand, highly ordered architectures can be obtained. A 

metalloligand is more rigid compared to a traditional organic ligand. Therefore, a metalloligand gives 

structural rigidity to the resultant network and affords firm and stable networks with permanent pores. At 

the same time, a metalloligand facilitates placing two or more ions in close proximity by offering binding 

sites to coordinate to a secondary metal ion which is advantageous especially in mimicking the active sites 

of various enzymes. The metalloligand approach is also very useful when designing porous materials, since 

it allows dual chemical functionalization of the resultant architecture by incorporating either metal or ligand 

based functional groups within the network.2 1 

In the field of metalloligands and their use in the construction of complexes with specific functions, two 

strategies can be identified: the ligand centered approach and the metal centered approach. 

1.3.1. The ligand-centered approach 

Figure 1.8 represents two metalloligands which have secondary coordination sites pointing to two 

different directions, therefore producing two different architectures. One could extend the structure of these 

metalloligands by connecting four metal ions to these secondary coordination sites. These two 

metalloligands generate two types of structures depending on the direction of the orientation of subsequent 

coordination sites, see Figure 1.10. 
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Figure 1.10: a) 4-pyridyl acetylacetonate ligands; b) 3-pyridyl acetylacetonate ligands 

The ligands in Figure 1.1 Oa and I . l  Ob differ only by the position of the N atoms of the pyridine group 

attached to the acetonate ligand. In Figure lOa the N atom is on the 4th position of the ring while in Figure 

I. I Ob N atom is on the 3ro position of the ring. The acetyl acetonate group of these ligands acts as the primary 

binding site and the pyridyl rings act as the secondary binding site. Since we have two acetyl acetonate 

groups for each metalloligand, a four coordinate metal ions can bind with the primary binding site with the 

formation of a metalloligand. These and other metalloligands (for example those pictured in Figure l.11) 

have the N atoms oriented toward two different directions, so different structures are expected from these 

species. 

The downfall of this ligand centered approach is that if we want to change the direction of an appended 

coordination site of a ligand, we have to synthesize the ligand from the beginning. Figure I.11 shows three 

Schiff base ligands which differ only by the position of the N atom within one pyridine ring. The 

coordination number of the resulting Cu complexes and the number of additional coordination sites has 

changed due to the change of the position of the nitrogen atom within the pyridyl ring, as pictured in Figure 

l. 11. 

Another example of metalloligands with their secondary coordination sites pointing toward different 

directions is shown in Figure 1.12, and consist of Ru complexes of 4,4'-dicarboxy-2,2'-bipyridine and 3,3'-

dicarboxy-2,2'-bipyridine. The reaction of these metalloligands with metal ions (Mg2 ... and Sr2 ... ) produced 
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different architectures from each reaction, due to the difference in the direction of the coordination vector 

of the two carboxylate groups, see Figures 1.13 and 1.14. 22 

JILi llLl llU 

ML1 ML2 ML3 
Figure 1.1 1 :  Series of Isomeric Schiff Base Ligands and Copper(ll) Schiff Base Metalloligands (MLs); 
Figure from ref. 20. 

"OOC coo· 

N II 
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(4Ru]4- [5Ru]4-
Figure 1.12: Structure Representations oflsomeric Rutheniurn(II) Metalloligands [4Ru] and [5Ru); Figure 
from ref. 22. 
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(b) 

Figure 1.13: a) Coordination structures of Mg2[5Ru]' 1 9H20 which is resulted from the reaction between 
Mg2+ and 5Ru; b) 20 layer structure ofM82[5Ru]' 19H20 viewed along a axis. Brown, light-blue, and red 
ellipsoids represent C, N, and 0 atoms, respectively. Non-coordinated water molecules and H atoms are 
omitted for clarity. Figure from ref. 22. 

(•) 

{ • 

• 

Figure 1.14: a) Coordination structures of M82[4Rul 19H20 which is resulted from the reaction between 
Mg2+ and 4Ru; b) 20 layer structure of {[Mg(H20)3](4Ru]} Brown, light blue, and red ellipsoids represent 
C, N, and 0 atoms, respectively. Non-coordinated water molecules and H atoms are omitted for clarity; 
Figure from ref. 22. 
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1.3.2. Our strategy: the metal-centered approach 

The metal-centered approach is illustrated in Scheme 1.2. The metal ion is surrounded by a main ligand 

(blue half-square in Scheme 1.2) and a labile ligand (the green half-square). One could replace this labile 

group by adding a suitable ditopic or tritopic ligand. 

Pro-metallollgand Metallollgand Final complex 
Scheme 1.2: Cartoon representation of the metalloligand synthesis used in our research. 

The number of additional coordination sites available to coordinate to other metal ions would depend 

on the ligand which we add to replace the labile group. Therefore, we can systematically change the 

architecture of the extended complex by changing the second ligand, which we add to replace the labile 

group (see Scheme 1.2). Finally, the metalloligand can coordinate to a second metallic center, as pictured 

in Scheme l.2. 

To implement this approach, we followed the strategy depicted in Scheme 1.3. We have prepared a new 

ligand consisting of a 8-aminoquinoline core to which a bis(pyrazolyl)methane donor set was attached via 

an amide linkage. Upon deprotonation of this ligand with KOH and its subsequent reaction with a Cu(II) 

salt, the pro-metalloligand was obtained, consisting of a monoanionic, pentacoordinated copper(II) 

complex, surrounded by the four nitrogen atoms of the Ligand, and a labile group filling the remaning 

coordination site (see the left side of Scheme 1.3). Then, several different metalloligands (see the right side 

of Scheme 13) can be prepared by replacing the labile group with various monoanionic di topic ligands (L). 

Finally, the reaction of these metalloligands with other metallic salts should afford our desired dinuclear 

and trinuclear complexes. 
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Scheme 1.3: Schematic representation of our research approach for the metalloligand synthesis. 

As it can be seen in Scheme 1.3, we have used an amide linkage between the two coordinating sites of 

the ligand, and we choose this group for several reasons. We can see the amide group throughout nature, 

like in the primary structure of proteins. The amide group is rigid (it has a double bond), so it brings a high 

degree of structural predictability to the resulting metal complexes. Since amide bond is also short (there 

are only three bonds between the substituents of the amide group), it brings the quinoline and 

bis(pyrazolyl)methane groups into close proximity, so they can coordinate to the same eu2+ ion easily. 
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II. Experimental 

11.1. General Considerations 

Unless otherwise noted, all operations were carried out in ambient atmosphere. Operations requiring 

inert (nitrogen) atmosphere were carried out using standard Schlenk techniques or using an MBraun drybox. 

Solvents were dried by conventional methods and distilled under a dry N1 atmosphere immediately prior to 

use. NMR spectra were recorded using a 400 MHz Bruker Avance FT-NMR Spectrometer. Infrared 

spectroscopy was performed on a Nicolet iS l O  FT-IR in a KBr matrix, and UV-Vis spectroscopic 

investigations were done on a Cary 100 Agilent Spectrophotometer. All other reagents used in the syntheses 

described below are commercially available (Sigma-Aldrich, Acros) and used without further purification. 

Caution! Although we encountered no problems during our experimental procedures, transition metal 

perchlorate complexes are potentially explosive and must be handled with care. 

11.2. Syntheses 

The synthesis ofbis(pyrazolyl)acetic acid HOOC-CH(pz)2 followed the steps described in the literature. 1 

l ,3-Bis(pyrazolyl)-2-butanoic acid was prepared by adapting a literature method. 2 For the sake of clarity, 

we describe here these steps. 

11.2.1. Synthesis of HOOC-CH(pz)2 

() 
HN-N 

1. KOH, K2C03, TBACI, THF, 24 hrs. 
2. HCI, pH= 2 

() 
0 N-N H 

HO N-N v 
Into a three-necked, two-liter flask, equipped with an overhead mechanical stirrer and a reflux 

condenser, pyrazole (48.0 g, 0)05 mo!), KOH (52.0 g, 0.927 mo!), KiC03 (125 g, 0.904 mo!), 

benzyltriethylammonium chloride (6.0 g, 0.026 mol), and 1 .3 L of THF were added. To this suspension, 

dichloroacetic acid (30.0 g, 0.233 mo!) was carefully added, and the third neck was stoppered. The system 

was heated at gentle reflux with vigorous stirring overnight and then allowed to cool to room temperature. 
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The THF was removed in vacuo, and the remaining solid dried in vacuo overnight. One liter of water was 

added to give a slightly cloudy, pale yellow solution. The solution was acidified to pH 7 by careful addition 

of concentration HCJ and then washed with diethyl ether (3 x 200 mL) to remove unreacted pyrazole. The 

aqueous phase was then further acidified to pH= 2. Upon brief agitation of this solution, 20.3 g of the pure 

desired product precipitated over approximately 30 min. and was collected by suction filtration as a white 

crystalline solid. The remaining aqueous filtrate was extracted with a 2.5: 1 diethyl ether:THF mixture (6 x 

350 mL). The combined organic extracts were dried over MgS04, and the solvent removed by rotary 

evaporation to yield a further 14.9 g of the crude product. Recrystallization of the crude material from a 

minimum amount of boiling acetone afforded a total of 30.7 g (69 %) of pure product. 1H-NMR (400 MHz, 

Acetone-d6): 8 7.99 (dd, J = 2.48 Hz, 2H, 5-pz), 7.57 (d, J = 1.48 Hz, 2H, 3-pz), 7.48 (s, lH,  -CH(pz)2), 

6.35 (t, J = 2.28 Hz, 2H, 4-pz). 

11.2.2. Synthesis of HOOC-CH(CH2-Pz)2 

0�er 
HO�Br 

() 
HN-N 

1 .  KOH, K2C03, TBACI, THF, 24 hrs. 
2. HCI, pH = 2 

3-Bromo-2(bromomethyl)-propanoic acid (4.92 g, 20.0 mmol), pyrazole (3.41 g, 50.0 mmol), KOH 

(5.94 g, 90.0 mmol), K2C03 ( 1 2.4 g, 90.0 mmol) and benzyltriethylammonium chloride ( 1 .00 g) were 

dissolved in 100 ml of tetrahydrofuran. The reaction mixture was heated under reflux for 6 h and then the 

solvent was removed in vacuo. The solid residue was dissolved in 100 ml of water and the pH was adjusted 

to 7 with HCI. The aqueous phase was extracted with diethylether (2 x 150 ml) to remove the unreacted 

pyrazole. The water phase was further acidified to pH = 2. Upon brief agitation of this solution, 3.32 g of 

the pure desired product precipitated over approximately 30 min. and was collected by suction filtration as 

a white crystalline solid. Yield: 3.32 g, 75%. 1H-NMR (CDCh, 400 MHz): 8 1 1 .67 (s, 1 H, -COOH), 7.67 

(d, J = 2.08 Hz, 2H, 3H-pz), 7.47 (d, J = 1 .32 Hz, 2H, 5H-pz), 6.24 (t, J = 2.04 Hz, 2H, 4H-pz), 4.43 (d, J = 

1 .52 Hz, CH2), 4.42 (d, J = 1 .32 Hz, 2H, CH2), 3.62 (q, J = 6.16 Hz, l H, CH). 
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11.2.3. Synthesis of HL Q2Pz 

() 
0 N-N H 

HO N--N v 
THF 

DCC 

A 250 mL flask was charged with a stirring bar, 2,2'-bis(pyrazolyl)acetic acid ( 1 .922 g, 10 rnmol) and 

40 mL tetrahydrofuran. To this solution, 8-aminoquinoline ( 1 .442 g, l 0 rnmol) was added as a solid and 

kept under stirring until complete dissolution. Then, dicyclohexylcarbodiimide (DCC, 2.063 g, 1 0  mmol) 

was added as a solid. The resulting solution became cloudy and kept under stirring overnight. The formed 

urea was removed by filtration and volatiles removed under vacuum. The residue was taken in ethyl acetate 

and the organic layer was washed with brine (2 x 150 mL) and then distilled water (2 x 150 mL). The 

organic phase was dried over anhydrous sodium sulfate and the solvent removed under vacuum. The solid 

was purified by stirring the crude product in a mixture of ethyl acetate and petroleum ether ( 1  :3 v/v) to 

afford the desired product as a white solid ( 1 .97 g, 6 1 .9 %). 1H-NMR (CDCh, 400 MHz): o 10.78 (s, br, 

lH, HN-C(O)), 8.79-8.77 (m, lH, quinoline), 8.74-8.72 (m, l H, quinoline), 8.15-8.12 (m, lH, quinoline), 

7.86-7.85 (m, 2H, pz), 7.74-7.73 (m, 2H, pz), 7.57-7.54 (m, 2H, quinoline), 7.52-7.41 (m, lH,  quinoline), 

7.28 (s, lH, CH(pz)i), 6.43-6.42 (m, 2H, pz). 

11.2.4. Synthesis of [(LQ2pz)Cu(BF4)] 

MeOH 

KOH, Cu(BF4)2 6H20 

• KBF4 

45min 

HL 02pz (0.160 g, 0.5 mmol) was dissolved in MeOH (40 mL) in a 100 mL round bottom flask, equipped 

with a stir bar. KOH (0.850 mL, 0.51 mmol) was added and the mixture allowed to stir for 10 minutes. 
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Cu(Bf4)2 · 6 H20 (0.173 g, 0.5 mmol) was dissolved in MeOH (6 mL) and added to the flask dropwise. 

The solution was stirred for 45 min. The solvent was removed using rotary evaporation and the resulting 

powder was dried under vacuum, to afford 0. 171  g (73.13 %) of the title compound as a green powder. 

11.2.5. Synthesis of [(LQ2Pz)Cu(NCCH3))CI04 

MeOH 
KOH, Cu(CI04)2 • 6 H20 

45min 

• KCI04 
recryst. MeCN 

j 1+ CIOi 

HL02Pz (0.31 8  g, LO mmol) was dissolved in MeOH (30 mL) in a 100 mL flask equipped with a stir 

bar. KOH ( 1 .664 mL, 1 .0 mmol) was added and the mixture was stirred for 1 0  minutes. Cu(C}Q4)2 · 6 H20 

(0.371 g, 1 .0 mmol) was dissolved in MeOH (20 mL) and then added to the flask. The solution turned from 

light yellow to green. The solution was stirred for 45 min. The methanol was removed using rotary 

evaporation and the resulting powder was dried under vacuum for one hour. The resulting solid was 

redissolved in dry acetonitrile. The undissolved KC104 was removed by filtration, and the title compound 

was obtained as a green powder after removing the solvent in 93.6 % yield (0.488 g). 

11.2.6. Synthesis of [(LQ2pz)Cu(02C-Cff3] 

[(L02Pz)Cu(NCCH3)]CIQ4 (0.130 g, 0.25 mmol) and CH3COONa (0.021 g, 0.25 mmol) was dissolved 

in MeOH (20 mL) in 100 mL round bottom flask equipped with a stir bar. The solution was stirred for 45 

minutes. The solvent was evaporated using rotary evaporation and the resulting powder was kept under 
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vacuum for one hour. The solid was taken in dichloromethane and filtered (to remove the formed NaCl04) 

into a clean 100 mL flask. Removal of the solvent afforded the title compound (0.082 g, 75.2 %) as a green 

powder. 

11.2.7. Synthesis of [(LQ2Pz)Cu(02C-CH2-Py)] 

HO 
+ 

MeOH, KOH 
· KCJ04 

45min 

[(L02Pz)Cu(NCCH3)]CJ04 (0.198 g, 0.38 rnrnol) was dissolved in MeOH (30 mL) in a 100 mL flask 

equipped with a stir bar. 4-Pyridyl acetic acid (0.052g, 0.38 mmol) was added into the flask while stirring. 

KOH (0.632 mL, 0.38 mmol) was added to the flask and the mixture was stirred for 45 minutes. The solvent 

was removed using rotary evaporation and the solids were kept under vacuum for one hour. The product 

was dissolved in dichloromethane, and the mixture was filtered to remove the formed KCJ04. Removal of 

the solvent afforded 0. 1 2 1  g (61.59 %) of the title compound as a green powder. 

11.2.8. Synthesis of [(LQ2pz)Cu(02C-CH-pz2)] 

MeOH, KOH 
- KCI04 

45min 

[(L02Pz)Cu(NCCH3)]Cl04 (0.130 g, 0.25 mmol) and 2,2'-bis(pyrazolyl)acetic acid (0.048 g, 0.25 

mmol) were dissolved in MeOH (20 mL) in a 100 mL round bottom flask equipped with a stir bar. KOH 

(0.41 6  mL of a 0.6 M solution, 0.25 mmol) was added to a round bottom flask while stirring. The solution 
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was stirred for 45 minutes. The solvent was removed under vacuum. The product was dissolved in 

dichloromethane, and the mixture was filtered to remove the formed KClQ4. Removal of the solvent 

afforded 0.087 g (60.83 %) of the title compound as a green powder. 

11.2.8. Synthesis of [(LQ2pz)Cu(02C-CH(CH2pz)2)] 

MeOH, KOH 
• KCIO• 
45mln 

((L02Pz)Cu(NCCH3)]Cl04 (0.130 g, 0.25 mmol) and 2-methylpyrazolyl-3-pyrazolyl propanoic acid (0.055 

g, 0.25 mmol) was dissolved in MeOH (20 mL) in 100 rnL RBF equipped with a stir bar. KOH (0.41 6  mL 

of a 0.6 M solution, 0.25 mrnol) was added to a round bottom flask while stirring. The solution was stirred 

for 45 minutes. The solvent was removed under vacuum. The product was dissolved in dichloromethane, 

and the mixture was filtered to remove the formed KClQ4. Removal of the solvent afforded 0.098 g (65.32 

%) of the title compound as a green powder. 

11.2.9. Synthesis of [(LQ2pz)Cu(02C-CH(CH2-pz)2)]zCu(PF6) 

(Cu(CH,CN).JPF, 
DCM, 1h 

In a drybox, [(L02pz)Cu(02C-CH(CH2pz)2)] (0.050 g, 0.08 mmol) and Cu(CH3CN)4Pf6 (0.016 g, 0.04 

mmol) were dissolved in dichloromethane (20 mL) and added to a 100 mL RBF equipped with a stir bar. 
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The solution was stirred for 1 hr. Removal of the solvent afforded 0.047 g (83.9 %) of the title compound 

as a green powder. 

DCM, 1h 

[(L 02pz)Cu(02C-CH(CH2pz)2)] (0.060 g, 0.1 mmol), (Ph3P)2CuN03 (0.065 g, 0.1 mmol) were dissolved in 

dichloromethane (50 mL) and added to a 100 mL RBF equipped with a stir bar. The solution was stirred 

for l hr. Removal of the solvent afforded 0. 1 02 g (81.6 %) of the title compound as a green powder. 

II.3. X-ray Crystallography 

The X-ray data were collected at 100 K on a Bruker SMART APEXII CCD diffractomer equipped with 

Cu-Ka radiation. Intensities were collected using phi and omega scans and were corrected for Lorentz 

polarizatrion and absorption effects. TheX-SEED software platform3 equipped with SHELXS and SHELXL 

modules on a PC computer,4 was used for all structure solution and refinement calculations and molecular 

graphics. The structure was solved by direct methods, and refined by anisotropic full-matrix least-squares 

for all non-hydrogen atoms. All hydrogen atoms were placed in calculated positions and refined using a 

riding model with fixed thermal parameters. 
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III. Results and Discussion 

111.1. Ligand Design, Synthesis, and Characterization 

In the design of our new ligand, we chose the quinoline to be the main "body" of the ligand, since this 

group is known to coordinate to the metallic center.1 We used the bis(pyrazolyl)methane group as the donor 

set (-C(pz)2, pz = pyrazolyl ring), since this group is known for its coordination abilities, 2•3 and an amide 

moiety as a linker between the -C(pz)2 region and the body of the ligand. Our choice for the amide group 

stems from several reasons. First, the -NHC(O)- linkage is rigid and robust, as demonstrated by the protein 

architectures capable of performing complex tasks in biological systems.4 Second, the amide group can 

bind to metallic centers via the oxygen atom in the case of neutral amides, or via the nitrogen atom in the 

case of deprotonated amides. 5'6 The synthesis of the ligands is described in Scheme III. I .  and we will refer 

to it as L Q2Pz. The L Q2Pz ligand was prepared by the dicyclohexylcarbodiimide (DCC) assisted reaction 

between the bis(pyrazolyl)methane acetic acid and 8-aminoquinoline. The ligand was isolated as a white 

powder in good to very good yields. 

+ 

() 0 N-N 

H 
HO N-N v 

THF 

DCC 

Scheme 111.1. The synthetic pathway toward the HLQ2Pz ligand. 

The 1H-NMR spectrum of the HL Q2Pz ligand is presented in Figure III . 1 ., and it shows the expected 

proton resonances for the structure of the ligand. The IR spectrum of the ligand is also in agreement with 
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the structure of the ligand. In this work, two stretching vibrations of the ligand are of interest: the VNH and 

vco stretching vibrations, which appear at 3298.68 cm·• and 1 715.28 cm·•, respectively, see Figure ill.2. 

J ' • I I • 
.. • • 

Figure lll.1. The 1H-NMR spectrum of the HLQ2Pz ligand. 

I 
g 

Figure JII.2. The IR spectrum of the HLQ2Pz ligand. 
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m.2. Pro-metalloligands: Design, Syntheses, and Characterization 

In order to prepare a pro-metalloligand, we needed a copper(Il) starting material with a non-coordinating 

anion. The concept is depicted in Scheme III.2.: upon the deprotonation of the amide region of the ligand, 

the copper(II) center would be coordinated by the quinoline N atom, the amide N atom, and the 

bis(pyrazolyl)methane donor set of the ligand. The remaining coordination site of the eu2+ ion would be 

occupied by a labile group (e.g. a solvent molecule with coordinating properties Like acetonitrile), which 

can be easily replaced by a secondary di- or tritopic ligand, as pictured on the right side of Scheme ill.2 . 

j 1+ A· • :t 
• 

- ] 

I 
- ] 

Scheme m.2. The concept of a pro-metalloligand and the resulting metalloligands. 

10.2.1. (LQ2Pz)CuBF4 

Our first attempt to synthesize a pro-metalloligand involved the reaction between our quinoline ligand 

and copper(II) tetratluoroborate, Cu(Bf 4)2 · 6 H10. Usually, the Bf 4 - anion has weak donor capabilities, 

and is rarely coordinated to the metal center. To prepare the copper complex, the following strategy was 

applied: the ligand was dissolved in methanol and deprotonated by the addition of one equivalent of base, 

followed by the addition of one equivalent of Cu(BF4)2 · 6 HiO. The IR spectrum of the product (see Figure 

III.3.) showed that indeed the deprotonation of the ligand was successful (the peak at 3298 cm·1 

disappeared) and the coordination of the amide group to the copper center took place (the v0=0 stretching 

vibration shifted from 1715 cm·1 to 1607 cm·1) 
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-

Figure ID.3. IR spectrum of HLQ2Pz (red) and (LQ2Pz)Cu(Bf4) (blue) highlighting the differences 

between the free ligand and its copper complex. 

The UV-Vis spectrum of the complex (Figure III.4.) also indicated the formation of the desired complex: 

the d-d transition, observed at 670 nm, suggests the formation of a pentacoordinated copper(II) center in a 

square pyramidal geometry. 

0.8 

259 nm 
0.6 

.a < 0.4 

0.2 

300 

1.0] u 

J u  c 

u 

41.2 

--..-
200 JOO 400 IOO 

Wawlenglll (nm) 

400 600 600 
Wavelength (nm) 

Figure ID.4. UV-Vis spectrum of (LQ2Pz)Cu(BF4). 
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To confirm the structure of the complex, single crystals were grown and subjected to X-ray diffraction 

experiments. The structure of the complex is depicted in Figure ill.S. While the structural characterization 

confirmed the pentacoordination of the copper center, unfortunately the BF 4 - anion was found to be 

coordinated to the copper ion. Selected bond lengths and angles are given in Table III.1 .  The crystal 

structure reveals that there is one independent molecule per asymmetric unit. In this complex, each copper 

ion is five coordinated, and bound to one deprotonated nitrogen atom from the amide group, one fluorine 

atom from the tetrafluoroborate anion, two nitrogen atoms from the two pyrazolyl rings and one nitrogen 

atom from the quinoline. 

Figure m.s. Molecular structure of (L Q2Pz)Cu(BF 4). 

Table ID.l. Selected bond lengths (A) and angles (0) for (LQ2Pz)Cu(Bf4). 

Atoms Bond lengths Atoms Bond Angles 

Cu l-Fl l .97S F l -Cul-Nl 176.93 
Cul-NI 1 .986 F l -Cul -N3 94.40 
Cul-N3 2. 1 94 F l -Cul-NS 93.16 
Cul-NS 2.070 F l -Cul -N6 94.7 1 

Cul-N6 2.003 Nl-Cul -N3 86.67 
N l -Cu l -N5 89.76 
N l -Cu l -N6 82.33 
N5-Cul -N3 86.81 
N6-Cu l -N3 12S.10 
N6-Cu l -N5 146.25 
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The geometry around copper is in between trigonal bipyramidal and square pyramidal, as it can be seen 

in Figure IIl.6. In the case of five-coorrunated complexes, which can have either a trigonal bipyramidal or 

a square pyramidal geometry, the degree of distortion from the ideal geometry is described by the angular 

parameter 'ts. 7 This parameter is calculated by ruvirung the difference between the two largest angles by 60; 

a trigonal bipyramidal structure would produce a value of I,  while a square pyramidal structure would 

produce a value of 0. For this complex, the 'ts value is 0.S l ,  clearly indicating a distortion from the ideal 

geometries. All of complexes described here have similar environments (vide infra), between a trigonal 

bipyramid (TBP) and square pyramid (SP); however, in order to simplify the discussion, we will treat all 

complexes as having a trigonal bipyramidal geometry. In the case of L02PzCu(BF4), the equatorial 

coordination sites are occupied by N3, NS and N6 atoms, while the axial coordination sites are occupied by 

N l  and F l .The distances between Cul-NI, Cul-Fl are 1 .986 A and l .97S A. The corresponding Nl-Cul­

Fl bond angle is 176.93°. The distances between Cul-N3, Cul-NS and Cul-N6 are 2.194 A, 2.070 A and 

2.003A, respectively. The bond angles ofN3-Cul-N6 and NS-Cul -N6 are 12S.1°and 146.2S0 respectively. 

The small bite angle (86.81° for N3-Cul -NS) of the chelating bis(pyrazolyl)methane group is the main 

factor accounting for this rustortion from ideal trigonal bipyramidal geometry. 

Figure m.6. Two views of the environment around Cu(Il) centers in (L02pz)Cu(BF4), emphasizing the 

TBP (left) and SP (right) geometries. 

Figure lll.7. depicts the intermolecular 1r-rc stacking interactions in a dimer of [(L 02pz)Cu(Bf 4))2, and 

shows three such dimers built by relatively strong 7t-7t stacking interactions (the quinoline centroid-centroid 
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distance is 3.694 A, while the perpendicular inter-plane separation is 3.455 A) and held together by slightly 

weaker interactions (the corresponding centroid-centroid distance is 3.842 A, and the perpendicular inter­

plane separation is 3.690 A) between two dimers. The quinoline rings of both molecules of the dimer act 

as hydrogen donors in C-H- · ·1t interactions between the quinoline rings and the pyrazolyl rings (C­

R · ·  centroid angle of 137 .92° and a H-centroid distance of 2.998 A). The overall crystal structure of the 

complex is depicted in Figure ill.8. 

Figure ID.7. a) Intermolecular 1t-1t stacking interactions in (LQ2pz)Cu(Bf4)] forming [LQ2PzCu(Bf4)]i 

dimers; b) chain formation via successive 1t-1t stacking I C-H·· · 1t  interactions between [LQ2PzCu(Bf4)h 

dimers. 

Figure III.8. View of the crystal packing of (L 02pz)Cu(BF 4) along a axis. 
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m.2.2. (LQ2Pz)Cu(NCCH3))CI04 

Since we have found the tetrafluoroborate anion coordinated to the Cu(II) center, we turned our attention 

to another non-coordinating species, the perchlorate anion. The reaction between the ligand and Cu(CIQ4)2 

· 6 HiO in the same conditions and above, yielded a green compound having similar IR and UV-Vis spectra 

(see Figures lll.9. and lll. 10, respectively). As before, the IR spectrum clearly suggests the coordination of 

the amide group to the copper center, while the UV-Vis spectrum indicates the formation of a square 

pyramidal geometry around the copper(II) ion. 

- -

Figure IIl.9. IR spectrum of HLQ2Pz (red) and [(L02Pz)Cu(NCCH3))CI04 (blue) highlighting the 

differences between the free ligand and its copper complex. 
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Figure III.10. UV-Vis spectrum of [(L 02Pz)Cu(NCCH3)]CIQ4. 
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X-Ray diffraction experiments revealed that indeed the perchlorate anion is not coordinated to the 

copper(II) ion. The structure of [(LQ2Pz)Cu(NCCH3)]ClQ4 is shown in Figure ill. 1 1  and selected bond 

lengths and angles given in Table Ill.2. The crystallographic analysis revealed that there is one independent 

complex per asymmetric unit. The CIQ4 - ion acts as a counter-ion and resides close to the ligating 

acetonitrile and above one of the pyrazolyl rings. In this complex, the copper(II) ion is five coordinated and 

bound to one deprotonated nitrogen atom from the amide group, one nitrogen atom from the acetonitrile, 

two nitrogen atoms from two pyrazolyl rings and one nitrogen atom from the quinoline moiety. 

The geometry around copper is again between trigonal bipyramidal and square planar, with the r5 

parameter having the value of 0.46. Considering the trigonal bipyramidal geometry, the equatorial sites of 

Cul are occupied by the NI atom from the quinoline group and the N4 and N6 atoms from pyrazolyl rings, 

while axial sites are occupied by N2 atom from the amide and the N7 atom from the acetonitrile molecule. 

The distances between Cul-Nl, Cul-N4 and Cul-N6 are 2.0033 A, 2.1963 A and 2.0880 A, respectively. 

The distances between Cul-N2 and Cul-N7 are similar, around 1.96 A. The equatorial bond angles Nl-

Cul-N4, N4-Cul-N6, and Nl-Cul-N6 are 123.77°, 85.1 1° and 149.30°, respectively, while the axial bond 

angle N2-Cul-N7 is 177.18°. 

Table ID.2. Selected bond lengths (A) and angles (0) for [(LQ2Pz)Cu(NCCH3)]ClQ4. 

Atoms Bond lengths Atoms Bond Angles 
Cul-Nl 2.0033 N l -Cul-N4 123.77 
Cul-N2 1 .9607 N l -Cul-N6 149.30 
Cul-N4 2.1963 N2-Cul-Nl 82.40 
Cul-N6 2.0880 N2-Cul-N4 87.15 
Cul -N7 1.9613 N2-Cul -N6 89.66 

N2-Cul-N7 177.18 
N6-Cul-N4 85. 1 1  
N7-Cul-Nl 95.01 
N7-Cul-N4 95.23 
N7-Cul-N6 92.04 
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Figure DI.11. Structural details of[(LQ2Pz)Cu(NCCH3))CI04. 

Figure lll. 1 2  shows three dimers with relatively strong 7Mt stacking interactions (centroid . .  ·centroid 

distance is 3.460 A, and the perpendicular inter-plane separation is 3.353 A) between the quinoline rings of 

the dimer. In the same time, the quinoline rings act as a hydrogen donor to one of the pyrazolyl rings of the 

other molecule of the dimer, forming C-H"'1t interactions (the C-H . . ·centroid angle is 147.02° and the H­

centroid distance is 3.203 A) between the two molecules of the dimer. Another interaction involves the 

bis(pyrazolyl)methane groups, also involved in similar 1t-1t and C-H · · · n  interactions, as described above 

and pictured at the right of Figure ID. 12. Two pyrazolyl rings are involved in n-n stacking interactions, and 

also act as hydrogen donors in a C-H . . '1t interactions (with a C-H . .  ·centroid angle of 104.10° and a 

R · ·centroid distance of 3.387 A). 

Figure 01.12. Non-covalent forces in [(LQ2Pz)Cu(NCCH3))CIQ4: a) n-n stacking interactions between 

two {[(LQ2Pz)Cu(NCCH3)t}2 dimers and b) the pyrazolyl embrace between two [(LQ2Pz)Cu(NCCH3)t 

moieties (acetonitrile molecules were removed for clarity purposes). 

35 



These interactions build up the extended structure of [LQ2PzCu(NCCH3)](Cl04], consisting of 

polymeric chains which propagate along the b axis (see the top of Figure IIl.13.). The perchlorate counter­

ions reside between these chains, but for clarity purposes are not shown in the Figure. The bottom part of 

Figure III.13. shows the crystal packing of four such chains, building up the crystal packing of 

[L Q2PzCu(NCCH3) ](Cl Q4]. 

Figure 01.13. Crystal packing of [(LQ2Pz)Cu(NCCH3)]Cl04: a) view of the supramolecular polymeric 

chain of [(LQ2Pz)Cu(NCCH3)t cations which propagate along b axis; b) four such chains, building up the 

crystal packing of [(L Q2Pz)Cu(NCCH3)]ClQ4; (ClQ4 - ions were removed for clarity purposes). 

DI.2.3. (LQ2Pz)Cu(OAc) 

Once the pro-metalloligand was successfully prepared, we tested its behavior to act as a starting material 

in the synthesis of various metalloligands, without using expensive starting materials. Therefore, we have 

studied the reaction between [(L Q2Pz)Cu(NCCH3)]ClQ4 and sodium acetate, to form the model complex 

(LQ2Pz)Cu(0Ac). After removal of the formed sodium perchlorate, a green compound was isolated. The 

IR spectrum of the complex (Figure ill. 14.) clearly proves that amide group is still coordinated to the copper 

center, while the UV-Vis spectrum (Figure lll.15.) indicates that the square pyramidal geometry around the 

copper(Il) ion is maintained in this complex. 
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Figure ID.14. IR spectrum of HL02Pz (red) and (L02Pz)Cu(0Ac) (blue) highlighting the differences 

between the free ligand and its copper complex. 
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Figure W.15. UV-Vis spectrum of (L02Pz)Cu(0Ac). 

X-Ray diffraction experiments revealed that there are two independent molecules per asymmetric unit. 

The molecular structure of one (L02pz)Cu(0Ac) molecule is shown in Figure ill.16. and selected bond 

lengths and angles are given in Table 111.3. Each copper ion is five-coordinated and bound by one 
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deprotonated nitrogen atom from the amide group, one oxygen atom from the acetate ligand, two nitrogen 

atoms from the two pyrazolyl rings and one nitrogen atom from the quinoline moiety. The bond distances 

and angles of the two independent molecules (A and B) show no significant differences between the two 

species. 

The geometry around the copper ion in complex A and B is in between trigonal bipyramidal and square 

planar, with the r5 parameters having the values of 0.36 and 0.49. Considering the trigonal bipyramidal 

geometry, in complex A the equatorial sites of CulA are occupied by the NIA atom from the quinoline 

moiety and the N3A and N5A atoms from the pyrazolyl rings, while the axial sites are occupied by N2A 

atom from the amide group and the 02A atom from the acetate ligand. The distance between CulA-NlA, 

Cu1A-N3A and Cu1A-N5A are 1.999 A, 2.032 A and 2.329 A, respectively. The distance between CulA­

N2A and CulA-02A are 1.968 A and 1 .942 A, �espectively. The equatorial bond angles between NlA­

CulA-N3A, N3A-CulA-N5A, N l A-Cul A-N5A are 155.30°, 84.95° and 1 1 7.22°, respectively, while the 

axial bond angle ofN2A-CulA-02A is 177.07°. 

The equatorial sites of CulB in complex B are occupied by the N3B and N5B atoms from the pyrazolyl 

rings and the NIA atom from the quinoline moiety, while axial sites are occupied by the N2B and 02B 

atoms. The distance between CulB-NlB, Cu1B-N3B and Cu1B-N5B are 2.006 A, 2.089 A, and 2.236 A, 

respectively. The distance between CulB-N2B and Cu1B-02B are 1 .974 A and 1.928 A. The equatorial 

bond angles of NJ B-CulB-N3B, N3B-CulB-N5B, N lB-CulB-N5B are 144.92°, 84.8 l 0 and 127.71°, 

respectively, while the axial bond angle ofN2A-Cul A-02A is 174.10°. 

Figure III . 1 6. also depicts the intermolecular H-bonding interactions between four molecules of 

(L02pz)Cu(OAc) forming a tetramer. There are six H-bonding interactions per each tetramer. Two water 

molecules participate in four of H-bonding interactions. The distances between H-bonding interactions of 

03A- · · H2, 02B· · · H l ,  03B· · · H J  1 A are 2.202 A, l.838 A, and 2.184 A, respectively. The angles between 

0 1 -H l -02B, C l  lA-Hl l A-038, and O l -H2-03A are 1 55.49°, 156.95° and 1 70.27°, respectively. 
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Table ID.3. Selected bond lengths (A) and angles (0) for (LQ2pz)Cu(0Ac). 

Atoms Bond Atoms Bond 
lengths Angles 

CulA-NlA 1.999 NlA-CulA-N3A 155.30 
CulA-N2A 1.968 NlA-Cul A-N5A 1 17.22 
CulA-N3A 2.032 N2A-CulA-N l A  82.22 
Cu l A-NSA 2.329 N2A-CulA-N3A 89.52 
CulA-02A 1 .942 N2A-CulA-N5A 85.05 

N3A-Cu1A-N5A 84.95 
02A-Cu lA-NlA 95.06 
02A-Cu1A-N2A 177.06 
02A-Cu1 A-N3A 93.41 
02A-Cu l A-N5A 95.28 

CulB-NlB 2.006 N l B-Cul BpN3B 144.92 
Cu1 B-N2B 1.974 N lB-CulB-N5B 127.71 
Cu1B-N3B 2.089 N2B-Cul B-Nl B 8 1 .94 
Cu1B-N5B 2.236 N2B-Cu1 B-N3B 86.65 
CulB-028 1.928 N2B-Cu1B-N5B 88.76 

N3B-Cu1B-N5B 84.81 
02B-CulB-NlB 94.86 
02B-Cu 1 B-N2B 174.10 
02B-Cul B-N3B 98.73 
02B-Cu l B-N5B 89.32 

Figure ID.16. a) Molecular structure of (LQ2Pz)Cu(02CCH3) (only one independent molecule is 

shown); b) the intermolecular H-bonding interactions between four (L Q2Pz)Cu(02CCH3) units and two H20 

molecules, forming a [(LQ2Pz)Cu(02CCH3))4 tetramer. 
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Figure ill.17. shows the crystal packing of (L Q2pz)Cu(OAc ), which propagates due to 1t-7t stacking 

interactions between the quinoline rings (with a centroid· · ·centroid distance of3.584 A, and a perpendicular 

inter-plane separation of 3.438 A) , and C-H-1t interactions between the quinoline and the pyrazolyl rings 

of the tetramers (C(3A)-H(3A)· · ·centroid angle of 165.3° and a CH-··centroid distance of 3.377 A). 

Figure ID.17. Crystal packing of (LQ2Pz)Cu(02CCH3). 

ill.3. Metalloligands: Design, Syntheses, and Characterization 

Having successfully prepared the [(LQ2Pz)Cu(NCCH3)]Cl04 pro-metalloligand, we turned our attention 

to the synthesis of our desired metalloligands. To achieve our task, instead of sodium acetate we used 

carboxylic acids having additional coordination sites within their structure. 

ill.3.1. (L Q2Pz)Cu[02CCH(pz)2)] 

The reaction between [(LQ2Pz)Cu(NCCH3)]ClQ4 and bis(pyrazolyl)acetic acid in the presence of one 

equivalent of potassium hydroxide (to deprotonate the acid) produced, after removal of the KClQ4 

byproduct, the desired (LQ2Pz)Cu[02CCH(pz)2)] complex as a green powder. The IR spectrum of the 

complex (Figure ill.18.) clearly proves that amide group maintained its coordination to the copper center, 
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while the UV-Vis spectrum (Figure ill. 19.) indicates that the square pyramidal geometry around the 

copper(II) ion is maintained in this complex. 

-

Figure IU.18. IR spectrum of HLQ2Pz (red) and (LQ2Pz)Cu[02CCH(pz)2)] (blue) highlighting the 

differences between the free ligand and its copper complex. 

Figure 10.19. UV-Visible spectrum of (L Q2Pz)Cu[02CCH(pz)2)] 
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The molecular structure of (L Q2Pz)Cu[02CCH(pz)2)] is shown at the left of Figure lli.20. and selected 

bond lengths and angles given in Table ill.4. X-Ray diffraction experiments revealed that there is one 

independent molecule per asymmetric unit. In this complex, the copper ion is five-coordinate and bound by 

one deprotonated nitrogen atom from the amide group, one oxygen atom from the bis(pyrazolyl)acetate 

ligand, two nitrogen atoms from the two pyrazolyl rings and one nitrogen atom from the quinoline moiety. 

Figure ID.20. Structural characteristics of (L02Pz)Cu[02CCH(pz)2)]: a) molecular structure and b) 

crystal packing of the complex. 

Table IIl.4. Selected bond lengths (A) and angles (0) for (L02Pz)Cu[02CCH(pz)2)]. 

Atoms Bond lengths Atoms Bond 
Angles 

Cul -02 l .944 N l -Cul -N4 134.60 
Cul -N2 1.974 N l -Cul-N6 138.12 
Cul-NI l .994 N2-Cul -N l  82.44 
Cul-N6 2.126 N2-Cul -N4 88.07 
Cul-N4 2. 1 5 1  N2-Cul-N6 87.82 

N6-Cul -N4 85.26 
02-Cu l-Nl 97.21 
02-Cul-N2 175.19 
02-Cu l -N4 95.52 
02-Cul -N6 89.29 
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The geometry around the copper(II) center is between trigonal bipyramidal and square pyramidal, with 

the rs parameter having the value of 0.60. Considering the distorted trigonal bipyramidal geometry, the 

equatorial plane is formed by the N l ,  N4 and N6 atoms, while the axial positions are occupied by the N2 

and 02 atoms. The distance between Cul-N2, Cul-02 are 1 .974 A and 1.944 A, respectively. The 

corresponding N2-Cul-02 bond angle is 175.19°. The distance between Cul-Nl, Cul-N4 and Cul-N6 are 

1.995 A, 2. 151  A, and 2.126 A, respectively. The bond angles ofN1-Cul-N4, Nl -Cul-N6 are 134.60° and 

138.12°, respectively. The small bite angle (85.26° for N4-Cul-N6) of the chelating bis(pyrazolyl)methane 

group is the main factor accounting for this distortion from the ideal trigonal bipyramidal geometry. 

The extended structure of (L02Pz)Cu[02CCH(pz)2)] (see Figure IIl.20.-right) is formed by 

intermolecular C-H- · ·n interactions (C-H . .  ·centroid angle of 108.89° and a C-R · ·centroid distance of 

3.296 A) involving the quinoline ring (as a H-donor) of one molecule and a pyrazolyl ring (from the 

bis(pyrazolyl)acetate moiety) of an adjacent molecule. These interactions organize the molecules into a 

supramolecular polymeric chain which propagate along the a axis of the unit cell. In a separate interaction, 

the pyrazolyl ring of the ligand of one molecule forms a C-H·· ·n interaction (C-H·· ·centroid angle of 

169.08° and a C-H- · · centroid distance of 3.050 A) with the pyrazolyl ring of the ligand of the other 

molecule, while the pyrazolyl ring (from the bis(pyrazolyl)acetate moiety) forms a weak C-R · ·n  

interaction (C-H- · · centroid angle of  140.43° and a C-R ··centroid distance of 3.798 A) with the quinoline 

ring from other molecule. 

The most important structural information gathered from this structure is the fact that the 

bis(pyrazolyl)acetic acid is coordinated to the copper(II) center via the acetate group, leaving the two 

pyrazolyl rings free for further coordination to a different metallic center. 

111.3.2. (L Q2Pz)Cu[02CCH(CH2pz)l)] 

The reaction between ((L 02Pz)Cu(NCCH3))Cl04 and l ,3-bis(pyrazolyl)-2-butanoic acid in the presence 

of one equivalent of potassium hydroxide (to deprotonate the acid) produced, after removal of the KCI 04 

byproduct, the desired (L02Pz)Cu[02CCH(CH2pz)i)] complex as a green powder. The IR spectrum of the 
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complex (Figure IIl.21 . )  clearly proves that amide group maintained its coordination to the copper center, 

while the UV-Vis spectrum (Figure ill.22.) indicates that the square pyramidal geometry around the 

copper(II) ion is maintained in this complex. 

-

Figure ill.21. IR spectrum of HL02Pz (red) and (L02Pz)Cu[02CCH(CH2pz)2] (blue), highlighting the 

differences between the free ligand and its copper complex. 
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Figure ffi.22. UV-Visible spectrum of (L 02Pz)Cu[02CCH(CH2pz)2]. 
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X-Ray diffraction experiments were performed on single crystals of this complex; unfortunately, only 

general features of the structure of this compound can be presented at this time, due to the complexity of 

the structure of this compound. Figure IIl.23. shows a representation of the (L Q2Pz)Cu[02CCH(CH2pz)2] 

complex. While detailed structural information cannot be presented at this time, we can say that the 

copper(II) center is coordinated by a N atom from the quinoline group, a deprotonated amide N atom, two 

pyrazolyl rings and one oxygen atom from a 02CCH(CH2pz)2 moiety. The environment around the eu2+ 

ion is again between a trigonal bipyramid and a square pyramid; however, information on the 'ts angle 

cannot be presented at this time. The same is valid for bond lengths and angles. Regardless of this lack of 

information on the structural characteristics of this complex, it can be clearly seen that the additional acid 

is coordinated to the copper(II) center via the acetate group, leaving the two pyrazolyl rings free for further 

coordination to a different metallic center. 

Figure ID.23. Partially resolved structure of (L Q2Pz)Cu[02CCH(CH2pz)2]; not yet fully refined, only 

general structural features are shown. 

ill.4. Copper(Il) - Copper(I) mixed valence complexes 

After successfully preparing the desired metalloligands, we have attempted the synthesis of our desired 

bimetallic derivatives, by reacting the above metalloligands with additional copper centers. The reactions 

were performed in dichloromethane, by mixing the metalloligands with appropriate metal containing 

starting materials. 
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The reaction of two equivalents of (LQ2Pz)Cu[02CCH(CH2pz)2] with one equivalent of 

[Cu(NCCH3)4]PF6 under oxygen free conditions produced a green compound. The IR spectrum of the 

complex (Figure JII.24.) shows that amide group maintained its coordination to the copper(II) center, while 

the UV-Vis spectrum (Figure III.25.) indicates that the square pyramidal geometry around the same eu2+ 

ion is maintained in this complex. 
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highlighting the differences between the free ligand and its copper complex. 
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X-Ray diffraction experiments were also performed on single crystals of this complex; unfortunately, 

only the general features of the structure of this compound could be identified, due to the complexity of the 

structure of this compound. Figure lll.26. presents the general structural features of this complex. The 

copper(Il) center is coordinated by a N atom from the quinoline group, a deprotonated amide N atom, two 

pyrazolyl rings and one oxygen atom from a 02CCH(CH2pz)2 moiety. The environment around the Cu2+ 

ion is again between a trigonal bipyrarnid and a square pyramid; however, information on the 'ts angle 

cannot be presented at this time. The same is valid for bond lengths and angles. The l ,3-bis(pyrazolyl)-2-

butanoic acid is coordinated to the Cu(Il) center via its -Coo- moiety and to the Cu(I) center via its 

pyrazolyl rings, thus acting as a bridge between the two metals. The Cu(I) ion is in a distorted tetrahedral 

geometry; unfortunately, details about bond lengths and angles cannot be presented at this time. 

Figure III.26. Partially resolved structure of {(L02Pz)Cu11[02CCH(CH2pz)2]}2Cu1(PF6); not yet fully 

refined, only general structural features are shown. 

ill.4.2. {(LQ2Pz)Cu11[02CCH(CH2pz)2Cu1(PPh3)2)}N03 

The reaction of one equivalent of (L02Pz)Cu[02CCH(CH2pz)2] with one equivalent of (Ph3P)2CuN03 

produced a green compound in good yields. The IR spectrum of the complex (Figure III.27.) shows that 

amide group maintained its coordination to the copper(Il) center, while the UV-Vis spectrum (Figure 

ID.25.) indicates that the square pyramidal geometry around the same Cu2+ ion is maintained in this 

complex. 
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(blue), highlighting the differences between the free ligand and its copper complex. 
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The crystal structure of {(LQ2Pz)Cu[02CCH(CH2pz)2Cu(PPh3)2]}N03 is shown in Figure ID.29 and 

selected bond lengths and angles are given in Table ID.5. The structure consists of one Cu(II) center 

originating from the (L Q2Pz)Cu[02CCH(CH2pz)2 metalloligand and one Cu(I) center added additionally. 

The deprotonated l,3-bis(pyrazolyl)-2-butanoic acid acts as a bridging ligand between the two copper ions. 

In this complex, the copper(II) ion (Cul in Figure Ill.29.) is five coordinated and the copper(I) ion (Cu2 in 

Figure ill.29) is four coordinated. The pentacoordinate copper(II) center is coordinated by one deprotonated 
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nitrogen atom from the amide group, one oxygen atom from the acetate ligand, two nitrogen atoms from 

the two separate pyrazolyl rings and one nitrogen atom from the quinoline moiety. The tetracoordinated 

Cu(I) center is bound by two nitrogen atoms from the two pyrazolyl rings of the acetate ligand and two 

phosphorous atoms from the two triphenylphosphine groups. 

The geometry around Cu 1 is in between trigonal bi pyramidal and square pyramidal, with the r5 

parameter having the value of 0.47. Considering the distorted square pyramidal geometry, the square plane 

is defined by the N l ,  N2, N4 and 02 atoms, with the N6 atom occupying the apical position. The distance 

between Cul-NI, Cu 1 -N2, Cu l-N4 and Cul-02 are 2.020 A, l .988 A, 2.133 A and l.937 A, respectively. 

The distance between Cul-N6 is 2.172 A. The bond angles of N J -Cul-N2, N2-Cul-N4, N4-Cu l -02 and 

N J -Cu 1 -02 are 8 1 .93°, 89.30°, 89.75° and 93. 17°, respectively. The geometry around Cu2 is best described 

as distorted tetrahedral, which is due to the presence of the bulky triphenylphosphine groups (the P l -Cu2-

P2 bond angle is 122.25°), and the bite angle of the two pyrazolyl rings of the bridging ligand. The distance 

between Cu2-N8, Cu2-Nl 0, Cu2-P 1 and Cu2-P2 are 2.094 A, 2.083 A, 2.3186 A and 2.3035 A, 

respectively. The distance between the two copper centers is 7 .452 A. 

Table 111.5. Selected bond lengths (A) and angles (0) for {(L02Pz)Cu11[02CCH(CH2pz)2Cu1(PPh3)2) }N03. 

Atoms Bond Atoms Bond 
lengths Angles 

Cul-NI 2.020 N l -Cul-N4 142.49 
Cu l-N2 1.988 N l -Cu l-N6 130.75 
Cul -N4 2.133 N2-Cu l -N l  8 1 .93 
Cu l-N6 2. 1 72 N2-Cul -N4 89.30 
Cul-02 1.937 N2-Cul -N6 86.15 

N4-Cu l -N6 84.46 
02-Cu l -N l  93.17 
02-Cu l -N2 170.57 
02-Cul -N4 89.75 
02-Cu l-N6 103. 10  

Cu2-N8 2.094 N8-Cu2-Pl 107.05 
Cu2-N 1 0  2.083 N8-Cu2-P2 105.39 
Cu2-PI 2.3186 N IO-Cu2-N8 1 10.39 
Cu2-P2 2.3035 Nl0-Cu2-Pl 102.88 

N l 0-Cu2-P2 108.68 
P2-Cu2-Pl 122.25 
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Figure ID.29. Molecular structure of the {(L02Pz)Cu11[02CCH(CH2pz)2Cu1(PPh3)2]V cation. 
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IV. Conclusions and Future Work 

The research discussed in this study focused on the design, synthesis, and characterization of new 

complexes that have the potential to mimic the structure and function of various active centers found in 

several enzymes. In the work presented here, a multi-step synthetic process was used to create a new 

ligand that consists of a quinoline body, an amido group linkage, and a bis(pyrazolyl)methane donor set. 

This ligand was then coordinated to a copper(II) center, to form a pro-metalloligand, consisting in the 

deprotonated ligand surrounding a Cu(II) ion; in addition, the metallic center was fitted with a labile 

group (i.e. acetonitrile), easily replaced by other organic moieties with donor properties. Specifically, two 

carboxylic acids (i.e. bis(pyrazolyl)acetic acid and l ,3-bis(pyrazolyl)-2-butanoic acid) were used to 

prepare the desired metalloligands by replacing the labile group, through a charge assisted metathesis 

process. 

These metalloligands were then used to prepare mixed valence Cu(II)/Cu(I) metal complexes; all these 

compounds were studied and characterized by IR and UV-Vis spectroscopies, and X-ray crystallography. 

IR spectroscopy showed that the ligand coordinated to the copper(II) center via its deprotonated amido 

group. UV-Vis spectroscopy demonstrated that the copper(II) center is found in a square pyramidal 

geometry in all cases, regardless of the fifth ligand attached to the metallic center. This means that, in 

addition to the deprotonated amido group, the copper center is surrounded by the remaining nitrogen 

atoms of the ligand, as well as an additional solvent molecule. 

X-Ray crystallographic investigations confirmed the above structure of all prepared complexes. In all 

compounds, the environment around each of the copper(II) ions consists in a geometry between a square 

pyramid and a trigonal bipyramid, as shown by the copper ion's •s value, around 0.5. 

The reaction of Cu(I) ions with the prepared metalloligands afforded Cu(II) I Cu(I) mixed valence 

complexes, which were also characterized by IR and UV-Vis spectroscopies, and X-ray crystallography. 

These complexes maintain the original coordination around the copper(II) center, the structural 

differences being practically negligible. In contrast to the Cu(II) ions, the Cu(I) species are found in a 
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distorted tetrahedral environment, as expected, and surrounded by the second donor site of the preformed 

metalloligands. 

Future work would include the investigation the catalytic properties of these complexes in oxidation 

reactions. Of interest would be the oxidation of catechols to their corresponding quinones, or of ortho­

aminophenols to phenoxazinones. If the Cu(II) complex would have a nitrite group as the secondary 

ligand, other studies could be focused on the nitrite reductase properties of these compounds. 

In addition, the bis(pyrazolyl)acetic acid could be replaced by other acids having attached a second 

donor set, to study the influence of a different coordination group on the properties of the resulting 

complexes. This would give more insight if the bridge between the two copper centers is an important 

factor in catalytic activity. If the activity increases, it would indicate that a certain type and/or size of a 

bridge would be needed in order to observe the desired catalytic activities. 
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Table Sl. Crystal data and structure refinement details for (L02Pz)Cu(Bf 4). 

Chemical formula C11HnBCuF4N60 

Mr 467.68 

Crystal system, space group Monoclinic, P21/n 

Temperature (K) 100 

a, b, c (A) 9 . 1 850 (4), 17.3019 (6), 1 2 . 1 405 (4) 

p (0) 90.977 (2) 

V(A3) 1929.06 ( 1 2) 

z 4 

Radiation type Cu Ka 

µ (mm-1) 2 . 15  

Crystal size (mm) 0. 1 7  x 0.1 6  x 0.08 

Absorption correction Multi-scan, SADABS201417, Bruker AXS 

Tmin, T max 0.671, 0.753 

No. of measured, independent and 28188, 3488, 2940 
observed f I> 2cr(J) l reflections 

Rini 0.052 

(sin 8/A.)rnax cA- 1 ) 0.602 

R[F2 > 2cr(F2)], wR(F2), S 0.045, 0 . 167' 1.06 

No. of reflections 3488 

No. of parameters 271 

H-atom treatment H-atom parameters constrained 

�Pmax, �Pmin ( e A-3) 0.96, - 0.81 
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Table 82. Crystal data and structure refinement details for [(LQ2Pz)Cu(NCCH3)]Cl04. 

Chemical formula C19H16CuN10· Cl04 

Mr 521.38 

Crystal system, space group Monoclinic, C2/c 

Temperature (K) 100 

a, b, c (A) 29.990 (3), 8. 1 2 1 5  (8), 17.9630 ( 16) 

p (0) 104.213 (4) 

V(A3) 4241.2 (7) 

z 8 

Radiation type Cu Ka 

µ (mm-1) 3.05 

Crystal size (mm) 0.28 x 0. 1 7  x 0. 1 3  

Absorption correction Multi-scan, SADABS201417, Bruker AXS 

Tmin, T max 0.591 ,  0.753 

No. of measured, independent and 45384, 3891, 3683 
observed [I> 2cr(l)] reflections 

R;n1 0.051 

(sin e/J .. )max (A-1) 0.602 

R[F1 > 2cr(F1)], wR(F1), S 0.033, 0.085, 1.06 

No. of reflections 3891 

No. of parameters 309 

No. of restraints 36 

H-atom treatment H-atom parameters constrained 

�Pmax, �Pmin (e A-3) 0.66, -0.53 

55 



Table 83. Crystal data and structure refinement details for (LQ2Pz)Cu(OAc). 

Chemical formula C3sH32.ssCu2N 1206.29 

Mr 885.06 

Crystal system, space group Triclinic, P 

Temperature (K) 100 

a, b, c (A) 9.6542 (6), 1 3.8554 (8), 1 6.0283 (9) 

a, p, Y (o) 1 14 . 194 (3), 93.294 (3), 103. 1 83 (3) 

V (A3) 1 876.4 (2) 

z 2 

Radiation type Cu Ka 

µ (mm-1) 1.96 

Crystal size (mm) 0.29 x 0. 1 2  x 0. 1 1  

Absorption correction Multi-scan, SADABS201417, Bruker A.XS 

T min, T max 0.615, 0.753 

No. of measured, independent and 42487, 6729, 6034 
observed U > 2a(l)] reflections 

R;n1 0.04 

(sin 90 .. )max (A-1) 0.602 

R[F2 > 2a(F2)], wR(F2), S 0.04 1,  0 . 121 ,  1 .08 

No. of reflections 6729 

No. of parameters 538 

No. of restraints 6 

6pmax, 6pmin ( e A- 3) 0.85, -0.47 
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Table 84. Crystal data and structure refinement details for (L02Pz)Cu[02CCH(pz)2)]. 

Chemical formula C2sH20CuN 1003 

Mr 572.05 

Crystal system, space group Monoclinic, P21 

Temperature (K) 100 

a, b, c (A) 8.8848 (3), 15.2219 (5), 9.6991 (4) 

p (0) 1 12.056 (2) 

V(A3) 1 2 1 5.74 (8) 

z 2 

Radiation type Cu Ka 

µ (mm- 1 ) 1 .7 1  

Crystal size (mm) 0.43 x 0.41 x 0.07 

Absorption correction Multi-scan, SADABS201417, Bruker AXS 

T.nin, T max 0.591, 0.753 

No. of measured, independent and 14078, 4255, 4 1 97 
observed r1> 2cr(J)] reflections 

Rint 0.034 

(sin 8/A)max (A-1) 0.602 

R[P > 2cr(P)], wR(P), S 0.027, 0.069, 1 .05 

No. of reflections 4255 

No. of parameters 352 

No. of restraints I 

�Pmax, �Pmin (e A-3) 0.39, -0.20 
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Table SS. Crystal data and structure refinement details for { (L 02Pz)Cu11[02CCH(CH2pz)2Cu1(PPh3)2]} N03• 

Chemical formula C61Hs4Cu2N1 106P2· 3(CH2Cli) 

Mr 152 1 .03 

Crystal system, space group Triclinic, P 

Temperature (K) 100 

a, b, c (A) 1 3.4052 (7), 14.3404 (7), 19.2792 (9) 

a, �' Y (o) 77.040 (3), 70.484 (3), 8 1 .5 14  (3) 

V (A3) 3393.6 (3) 

z 2 

Radiation type Cu Ka 

µ (mm-I) 2.4 

Crystal size (mm) 0.49 x 0.20 x 0. 1 1  

Absorption correction Multi_scan, SADABS201417, Bruker A.XS 

T rrun, T max 0.499, 0.753 

No. of measured, independent and 7403 1 ,  12 100, 10 174 
observed fl > 2o(l)] reflections 

Rini 0.056 

(sin 011 .. )max (A- 1) 0.602 

R[F2 > 2o(F2)], wR(F2), S 0.045, 0. 1 72, 1 . 14 

No. of reflections 12 100 

No. of parameters 794 

6pni.1x, 6pmin (e A-3) 1 . 10, -0.58 
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Figure S2. NMR spectrum of the bis(pyrazolyl)methane acetic acid. 
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Figure S3. NMR spectrum of the 2-methylpyrazolyl-3-pyrazolyl propanoic acid. 
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