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Abstract 

SYNTHESIS, STUDY, AND APPLICATIONS OF HIGHLY FLUORINATED 

COPPER PYRAZOLATE COMPLEXES OF SMALL ALKENE, ALKYNES 

AND CARBON MONOXIDE 

Devaborniny Parasar, PhD 

The University of Texas at Arlington, 2020 

Supervising Professor: H.V. Rasika Dias 

Trinuclear copper pyrazolate complexes (copper trimers) function as 

excellent precursors to synthesize multinuclear complexes of copper. Using highly 

fluorinated pyrazolates as supporting ligands, we have successfully synthesized and 

isolated several unique complexes of copper with alkene (e.g., ethylene), alkynes 

(e.g., 3-hexyne, butyne, acetylene, etc.) and carbon monoxide from the copper 

trimers. Synthetic details, solid-state structures, and physico-chemical properties of 

a series of multinuclear complexes have been studied. 

Chapter 2 of this research work focuses on the olefin/paraffin separation 

technology.  For this we have succesfully synthesized a novel, highly fluorinated 

copper pyrazolate complex, that undergoes remarkable structural rearrangement 

forming a dinuclear species, [(3,4,5-(CF3)3Pz)Cu(H2C=CH2)]2, when exposed to 
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ethylene. We have discussed in detail the benefit of this transformation, and how it 

can be efficiently used for separation of olefins from a mixture of gases. 

Chapter 3 covers the synthesis, study of photophysical properties and 

computational analysis of di- and tetranuclear complexes of copper with internal 

alkynes. This class of molecules show interesting photoluminescence at different 

temperatures, and in different solvents. Copper trimer also acts as a powerful 

catalyst for alkyne transformations as evident from its ability to catalyze the alkyne 

C(sp)–H bond for carboxylation with CO2, azide-alkyne cycloaddition and 

hydrothiolation. The reaction intermediates for these catalytic reactions were 

isolated and investigated in chapter 3. 

Chapter 4 describes the carbonyl chemistry of multinuclear copper 

pyrazolates and the effects of additional donors such as chloride, bromide, and [3,5-

(CF3)2Pz]− ions on the stability of the resulting copper(I) carbonyl adducts. 

Accordingly, {[3,5-(CF3)2Pz]Cu(CO)}2, {[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2, {[3,4,5-

(CF3)3Pz]Cu(CO)}2, [NEt4][{[3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)], [NEt4]{[3,5-

(CF3)2Pz]3Cu2(CO)2}, [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)], [NEt4][{[4-

Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Cl)] and [{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2(μ2-

CH3CN)] were synthesized and characterized. Theoretical calculations were also 

performed to study the bonding energy of the synthesized complexes. 
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Chapter 1 

Introduction 

The choice of a bridging ligand is very important in the formation of a 

coordination complex. Our research work is based on the pyrazole ligand system. 

We are interested in this ligand system in particular because of its versatile and rich 

coordination chemistry, and also due to its ability to provide precise control of the 

environment at the metal centers via changes to the pyrazolyl ring substituents. This 

simple ligand system has been widely used in inorganic, bioinorganic, and 

organometallic chemistry.1,2 In this chapter, we will provide a brief introduction to 

the pyrazole ligand, the chemistry of coinage metal complexes supported by highly 

fluorinated pyrazole ligand, and its applications in various fields. 

1.1 Pyrazole ligand 

Pyrazoles are five-membered heterocyclic rings consisting of three carbon 

and two adjacent nitrogen atoms. These are well-known nitrogen donors and can 

behave as either monodentate or bidentate ligands after deprotonation of the N1-H 

group (Figure 1.1). One of the very attractive features of this ligand system is the 

ease of tunability. It is possible to change the electronic and the steric properties of 

the pyrazole by simply incorporating appropriate substituents in the 3-, 4- or 5- 

positions of the pyrazolyl moiety. The tunable nature at three possible sites is one 

of the major reasons for the widespread use of pyrazole ligand among chemists. 
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Figure 1.1 Pyrazole ligand 

Pyrazoles upon deprotonation become pyrazolate ions, which can then 

coordinate to metal in several different ways including as a bridging ligand using 

both nitrogen donor sites. It has been used as ligand for most metals of the periodic 

table.3 One of the main research focuses in our laboratory is the synthesis and study 

of coinage metal complexes, and pyrazole plays an important role as a ligand in 

coinage metal chemistry. These ligands can strongly bind to coinage metal ions 

which are Cu(I), Ag(I), and Au(I) in neutral monodentate, anionic monodentate or 

exo/endo-bidentate fashion (Figure 1.2).4 Depending upon the reaction conditions 

and nature of substituents on the pyrazole  ring, the complexes adopt various 

conformation ranging from monomers, dimers, trimers, tetramers, hexamers to 

polymers. The degree of aggregation can be controlled by tuning the substituents 

on the 3-, 4- and 5- positions of the pyrazole ring as well as the reaction conditions. 

For example, [Cu(Pz)]n
3,4 is polymeric whereas {[3,5-(CF3)2Pz]Ag}3,

7 {[3,5-(t-

Bu)2Pz]Au}4,
8 {[3,5-(Ph)2Pz]Au}6

9 adopt trimeric, tetrameric and hexameric 

structures respectively.  The bridging mode of pyrazoles provides ligand assistance 
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to the metal center to be in close proximity to each other.10 However, in this study, 

we have focused only on the exo-bidentate mode of coordination as it allows the 

formation of multinuclear coinage metal complexes. 

 

Figure 1.2 Coordination modes of the pyrazole ligand (a) neutral monodentate, (b) 

anionic monodentate, (c) exo-bidentate and (d)endo-bidentate 

Search of the literature shows that most work with pyrazolate ligands has 

been limited to parent ligand, [Pz-], electron-rich alkyl (e.g., [3,5-(CH3)2Pz]-) or 

aryl-substituted (e.g., [3,5(Ph)2Pz]-) pyrazolate ligands, and relatively very little is  

known about those with fluorine-containing substituents.7 It is well known that the 

presence of the C-F bond in an organic framework can significantly modify its 
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physico-chemical profile.11 Thus, introduction of fluorinated substituents on the 

pyrazole ring makes it more electron-deficient, and also imparts interesting 

characteristics to the complexes to which they are attached, such as high oxidative 

resistance, relative inertness, fluorocarbon solubility,10,11 thermal stability, higher 

volatility, longer shelf life compared to their non-fluorinated analogs, and most 

importantly remarkable photophysical properties.14-16 Among the several 

pyrazolates used in our laboratory, [3,5-(CF3)2Pz]- is the most extensively studied. 

For our study we have dealt with many fluorinated pyrazole ligands, with CF3 group 

on the 3- and 5- position and other substituents including H, CF3, Cl and Br on the 

4- position of the pyrazolyl moiety. 

1.2 Copper pyrazolates 

As mentioned earlier, one of the main research areas in our laboratory is 

focused on the synthesis and study of coinage metal (Cu, Ag and Au)  complexes 

of pyrazole ligand.  We are interested in the copper pyrazolates in particular. 

Several copper pyrazolates were reported in the literature, with structures ranging 

from trimers to polymers with exo-bidentate co-ordination of the pyrazole ligand to 

the copper centers.  For instance, several trimeric copper(I) pyrazolates such as 

{[3,5-(Me)2Pz]Cu}3,
17 {[3,5-(Me)2,4-(NO2)Pz]Cu}3,

6 tetrameric  copper(I) 

pyrazolates such as [3-(i-Pr),5-(t-Bu)Pz]Cu}4, {[3,5-(dcsb)2Pz]Cu}4 (dscb = 

dicarbo-sec-butoxy)16,17 and the polymeric [Cu(Pz)]n
3,4. However, in contrast to 
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these non-fluorinated analogs, copper complexes of fluorinated pyrazolates are 

surprisingly rare.3 

In 2000, our group introduced a convenient synthetic route to synthesize a 

copper(I) complex containing a highly fluorinated pyrazolate, {[3,5-

(CF3)2Pz]Cu}3
7

 (Figure 1.3). This complex adopts a triangular conformation, 

containing a planar nine-membered metallo-cycle. Using a similar approach, 

synthetic  routes  for  several   other  fluorinated   trinuclear   copper(I)   pyrazolate  

 

Figure 1.3. Trinuclear copper(I) pyrazolate complex, {[3,5-(CF3)2Pz]Cu}3 

complexes were reported by our group, those are, {[3-(CF3)Pz]Cu}3,
15 {[3-(CF3),5-

(Me)Pz]Cu}3,
15 {[3-(CF3),5-(Ph)Pz]Cu}3,

15 {[4-Br,3,5-(CF3)2Pz]Cu}3
20 and {[4-

Cl,3,5-(CF3)2Pz]Cu}3
20. Photophysical properties,13,19,20 metallophillic bonding 

interactions,15,23,24 π-acceptor/σ-donor interactions23,25,26 and dissociation-

aggregation behavior27,28 of such complexes are of significant interest. 

Previous studies done in our group show that most of these trinuclear 

copper(I) pyrazolates exhibit bright photoluminescence under UV light in the solid 
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state as well as in solution. This photoluminescence can be fine and coarse-tuned 

to multiple bright visible colors by varying the solvent, concentration, temperature, 

and excitation wavelength. For example, solid {[3,5-(CF3)2Pz]Cu}3 exhibits bright 

orange color under UV light at room temperature, which changes to bright red at 

110 K.15 This photoluminescent property makes the monovalent copper complexes 

containing fluorinated ligands potential candidates for emitting materials to be used 

in molecular light-emitting devices (MOLEDs) with predictable emission colors. 

Another interesting factor that governs the trinuclear copper(I) complexes 

is their π-acceptor/σ-donor nature. These electron-deficient complexes have an 

affinity for electron-rich environment. In the presence of a donor ligand (carbon, 

nitrogen, phosphorus or π-base) trimeric complexes readily react them. Thus, {[3,5-

(CF3)2Pz]Cu}3 also functions as excellent precursors to obtain various multinuclear 

complexes e.g., {[3,5-(CF3)2Pz]Cu(PPh3)}2,
29 {[3,5-(CF3)2Pz]Cu(2,4,6-

collidine)}2,
10, {[3,5-(CF3)2Pz]Cu(Me2bipy)}2,

30 {[3,5-(CF3)2Pz]Cu(Me2phen)}2,
30 

{[3,5-(CF3)2Pz]Cu}3(Naphthyridine),30
 {[3,5-(CF3)2Pz]2Cu2(pyridazine)}2,

30 

{[3,5-(CF3)2Pz]Cu}3(benzo(c)cinnoline)30.  Moreover, it is also possible to tailor 

the desired product by simply tweaking the ratio of the  reagents in the reaction 

mixture. For instance, {[3,5-(CF3)2Pz]Cu}3  and bis(diphenylphosphino)methane 

(dppm) in 1:1.5 ratio forms a trinuclear cluster complex, [{3,5-

(CF3)2PzCu}3((PPh2)2CH2] and in 1:3 molar ratio forms a dinuclear complex, [{3,5-

(CF3)2Pz}Cu{(PPh2)2CH2}]2.
31,32 
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Considering all these fascinating properties of trinuclear copper(I) 

pyrazolates, we proposed to synthesize and isolate several unique complexes of 

copper with alkene, alkynes and carbon monoxide from the copper trimers, and 

study their coordination chemistry. The alkene and alkynes we utilized for this 

study are ethylene, 2-butyne, 3-hexyne, acetylene, phenylacetylene, 1,8-

Nonadiyne, 1,7-Octadiyne and 3,9-Dodecadiyne. These ligands coordinate to the 

metal center based on the concept of the Dewar-Chatt-Duncanson Model (Figure 

1.4). 

 

Figure 1.4  Dewar-Chatt-Duncanson (DCD) Model. 

The synthesized complexes are employed for different applications 

including olefin/paraffin separation, small-molecule sensing based on 

photoluminescence and catalytic alkyne transformations. With alkenes, copper 

trimer undergoes very beneficial bonding and structural transformation 

phenomenon. As discussed in chapter 2, detailed study of these properties showed 

that these synthesized copper complexes can be effectively used for efficient 
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olefin/paraffin separation technology. We have also synthesized several 

multinuclear copper-alkyne complexes supported by highly fluorinated pyrazolate 

ligands, using 3-hexyne and 2-butyne. These complexes show fascinating 

photoluminescence property, which is studied in detail in chapter 3. Also described 

in chapter 3 is the synthesis and isolation of another group of copper-alkyne 

complexes. These are the copper pyrazolate complexes with acetylene and terminal 

alkynes. Some of these are utilized as reaction intermediates in catalytic alkyne 

transformation. Chapter 4 covers the synthesis and isolation of several rare 

multinuclear copper-CO complexes.  Chapter 5 is devoted to the experimental 

details (and some additional information) of the complexes synthesized throughout 

the research work, Appendix A-C includes the spectroscopic data i.e. NMR, IR and 

Raman data of chapter 2, 3 and 4 respectively. Further details about the research 

work can be found in the related chapters herein. 
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Chapter 2 

Selective adsorption of ethylene using copper(I) pyrazolate complex   

Naleen B. Jayaratna, Matthew G. Cowan, Devaborniny Parasar, Hans H. Funke, 

Joseph Reibenspies, Pavel K. Mykhailiuk, Oleksii Artamonov, Richard D. Noble, 

H. V. Rasika Dias 

(Part of this work has been published in Angew. Chem. Int. Ed. 2018, 57, 16442 –

16446) 
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2.1 Abstract  

The trinuclear copper(I) pyrazolate complex [Cu3] rearranges to the 

dinuclear analogue [Cu2•(C2H4)2] when exposed to ethylene gas. Remarkably, the 

[Cu3]↔[Cu2•(C2H4)2] rearrangement occurs reversibly in the solid state. 

Furthermore, this transformation emulates solution chemistry. The bond-making 

and breaking processes associated with the rearrangement in the solid-state results 

in an observed heat of adsorption (-13 ± 1 kJ mol-1 per Cu–C2H4 interaction) 

significantly lower than other Cu–C2H4 interactions (≥ -24 kJ mol-1). The low 

overall heat of adsorption, ‘step’ isotherms, high ethylene capacity (2.76 mmol g-1; 

7.6 wt % at 293 K), and high ethylene/ethane selectivity (136:1 at 293 K) make 

[Cu3] an interesting basis for the rational design of materials for low-energy 

ethylene/ethane separations. 

2.2 Introduction 

Ethylene and propylene gases are the most-produced organic chemicals in 

the world, with their purification costs accounting for ca. 0.3% of the world’s total 

energy consumption.34 The high energy costs are driven by the use of cryogenic 

distillation, which could be supplemented or replaced by lower-energy process such 

as membrane separation35-37 or swing adsorption.38-40 In the recent times there has 

been considerable interest  in  developing  materials for both technologies.41-46  
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Adsorbent materials show either kinetic or thermodynamic selectivity for 

adsorbing components of a gas mixture, and are used in pressure (PSA) and 

temperature swing adsorption (TSA) processes to produce high-purity gases. Key 

parameters for adsorbent materials include heat of adsorption, working-capacity, 

selectivity, sorption kinetics, and tolerance to contaminants.47 

Heat of adsorption directly affects the heating and cooling energy required 

to control adsorbent temperature during PSA cycles and control the swing energy 

required for a TSA process. In 2014, a solid to liquid phase change (ΔHmelt < 19.9 

kJ mol-1) was combined with CO2 chemisorption (ca. -52 kJ mol-1) and noted for 

significantly reducing of the overall heat of adsorption.48 A process design taking 

advantage of the lower overall heat of adsorption showed 55% energy savings 

compared to standard monoethanolamine (MEA) scrubbing technology.49 In 2015, 

the idea was applied to the well-known phenomena of ‘gate-opening’ phase 

changes in metal-organic frameworks,50 termed ‘intrinsic heat management’, and 

shown to reduce energy released by methane adsorption by 28% compared to a 

calculated ‘rigid’ analogue.51 

During the investigation of adsorbents for ethylene/ethane separations, we 

discovered that exposing the highly fluorinated copper(I) complex [(3,4,5-

(CF3)3Pz)Cu]3 ([Cu3], 3,4,5-(CF3)3Pz = 3,4,5-tris(trifluoromethyl)pyrazolyl) to 

ethylene gas drives a reversible solid-state transformation to [(3,4,5-

(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]). Herein we discuss the benefits of this 
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transformation on gas uptake properties relevant to swing adsorption processes, and 

suggest that using endothermic structural rearrangements to balance the heat of 

adsorption could produce net adiabatic or endothermic adsorbent materials. 

2.3 Results 

 

Figure 2.1 Structures of [(3,4,5-(CF3)3Pz)Cu]3, [Cu3] (left) and [(3,4,5-

(CF3)3Pz)Cu(C2H4)]2, [Cu2•(C2H4)2] (right). 

The copper(I) complex [Cu3] (Figure 2.1) is an air stable white solid 

prepared by reacting copper(I) oxide with 3,4,5-(CF3)3PzH52  in a solvent free 

process, followed by extraction with dichloromethane. Copper(I) complexes are 

often sensitive to oxygen and moisture, however the very high fluorine content 

(51% mass content or the 50% atom count) of [Cu3] appears to make the compound 

hydrophobic and resistant to oxidation. [Cu3] was characterized by 19F and 13C 

NMR and Raman spectroscopy, and by single crystal and powder XRD (SCXRD 



13 
 

and PXRD). Crystals suitable for X ray structure determination were obtained via 

evaporation of a CS2 solution. 

               

Figure 2.2 Molecular structures of [(3,4,5-(CF3)3Pz)Cu]3, [Cu3]  (top) and 

illustration showing packing of four molecules of [Cu3] (bottom). 

The molecular structure of [Cu3] is illustrated in Figure 2.2. The [Cu3] core 

consists of three copper atoms bridged by three pyrazolyl groups, forming a planar 

nine membered Cu3N6 ring as observed in copper pyrazolates such as [(3,5-

(CF3)2Pz)Cu]3. However, in contrast to [(3,5-(CF3)2Pz)Cu]3 which forms columnar 

structures of zigzag Cu3N6 rings and somewhat close inter-trimer Cu•••Cu 

contacts,15,23,53 [Cu3] crystallizes as discrete molecules with no inter-trimer Cu 

atoms at a close distance (the closest inter-trimer Cu•••Cu distance is at 5.17 Å, 

which is much longer than the van der Waals separation of copper atoms, 2.80 Å). 

There are however somewhat close inter-molecular Cu•••F contacts (closest at 3.06 
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Å) found in [Cu3] (sum of Bondi’s van der Waals radii of copper and fluorine is 

2.87 Å). 

             

Figure 2.3 Molecular structures of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2, [Cu2•(C2H4)2]; a 

view showing boat shaped Cu2N4 core of [Cu2•(C2H4)2]. 

[Cu3] upon reaction with ethylene gives [Cu2•(C2H4)2] (Figure 2.1). 

Crystals of the dinuclear copper(I)-ethylene complex [Cu2•(C2H4)2] were prepared 

by treating a dichloromethane solution of [Cu3] with ethylene gas, and SCXRD 

revealed the structural transformation and coordination of ethylene (Figure 2.3). 

[Cu2•(C2H4)2] molecules are dinuclear species with a boat shaped Cu2N4 

metallacycles. The X-ray crystal structures of [Cu3] and [Cu2•(C2H4)2] show that 

they are dense solids with no internal pore volume. Copper atoms adopt trigonal 

planar geometry, and ethylene moieties coordinate to the copper ion in a typical η2 

fashion. The coordination of ethylene was also directly observed by Raman 
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spectroscopy (Figures 2.4). Signals corresponding to coordinated ethylene are 

prominently observed at 1544, 1280 and 960 cm-1 (spectrum in blue color).54 Fine 

structure between 1100-1200 cm-1 also changes considerably from [Cu3] (red) to 

[Cu2•(C2H4)2] (blue) upon ethylene coordination.  

 

Figure 2.4 Raman data for [Cu3] (red) and [Cu2•(C2H4)2] (blue) generated from 

exposure to ethylene in solution. 

1H and 19F NMR spectra of [Cu2•(C2H4)2] in CDCl3 at room temperature 

indicate that in addition to [Cu2•(C2H4)2], free ethylene and [Cu3] are also present 



16 
 

in solution, suggesting partial dissociation of the copper-ethylene adduct forming 

its precursors. Proton signals due to free and copper bound ethylene appear as 

separate but broad signals indicating an exchange process on the NMR time scale. 

A variable temperature NMR study was performed to determine the equilibrium 

energy involved in ethylene binding in solution. This study was based on relative 

concentrations of C2H4, [Cu2•(C2H4)2], and [Cu3] in CDCl3 solution at 

temperatures between 35 and  -30 °C. The concentrations of each species were 

related through 1H and 19F NMR (Figure 2.7 and 2.8), i.e. 1H quantifies the ratio of 

[Cu2•(C2H4)2] and free C2H4, and 19F NMR quantifies the ratio of [Cu2•(C2H4)2] 

and [Cu3], as given in Table 2.1. Peak integrals were combined with the equilibrium 

expression (Equation 1 and Figure 2.5). The heat of reaction was estimated using 

Van’t Hoff analysis (Equation 2 and Figure 2.6) which gave an  Cu–C2H4 binding  

energy  of -28.5 kJ∙mol-1 (Table 2.2), a significantly smaller value than the -41 

kJ∙mol-1 reported for ligand exchange in a CuI di-imine complex.55 We attribute the 

difference in ethylene coordination energies to energies associated with 

accompanying transformation of trinuclear [Cu3] to dinuclear [Cu2•(C2H4)2] 

species. Likewise, the entropy change is ca. half (-96 J mol-1 K-1 vs. -200 J mol-1 K-

1). It makes sense to correlate these observations to the structure rearrangement of 

[Cu3] to [Cu2•(C2H4)2]. 
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Figure 2.5 Structural representation of equilibrium equation of ethylene binding. 

2[Cu3] + 6[C2H4] ⇌ 3[Cu2•(C2H4)2] 

𝐾 =  
[𝑪𝒖𝟐∙(𝐶2𝐻4)2]3

[𝑪𝒖𝟑]2[𝐶2𝐻4]6
                                 eq. 1 

Equation 1 

Equilibrium equation used for binding of ethylene in CDCl3 solution.  

                  ln(𝐾) =  
−𝛥𝐻

𝑅𝑇
+ 

𝛥𝑆

𝑅
                             eq. 2 

Equation. 2 

Equation used for the Van’t Hoff analysis where K = the equilibrium constant for 

the reversible reaction shown above; ΔH = change in enthalpy (J mol-1); ΔS = 

change in entropy (J mol-1 K-1); R = the gas constant (J mol-1 K-1); T = temperature 

(K). 
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Table 2.1 1H and 19F NMR data for [Cu3] binding of ethylene in CDCl3 solution. 

Temperature 

(K) 

1H NMR Integrals 19F NMR Intergrals 
K ln(K) 1/T 

Ethylene [Cu2•(C2H4)2] [Cu2•(C2H4)2] [Cu3] 

243 0.12 1 1 0.64 817622 13.6 0.00411 

263 0.19 1 1 0.82 31612 10.4 0.00380 

283 0.4 1 1 1.26 154 5.04 0.00353 

294 0.9 1 1 1.33 1.07 0.0618 0.00340 

308 1.5 1 1 2.37 0.0156 -4.16 0.00325 
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Figure 2.6 Van’t Hoff plot for [Cu3] binding of ethylene in CDCl3 solution.  

Table 2.2 Heat of equilibrium for [Cu3] binding of ethylene in CDCl3 solution. 

 ΔH (kJ mol-1) ΔS (J mol-1 K-1) 

Overall equilibrium -171±45 -578±1 

Per [Cu3] unit -86±24 -289±1 

Per Cu–C2H4 interaction -28±8 -96±1 
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Figure 2.7 1H NMR spectra of [Cu2•(C2H4)2] at various temperatures.  This 

spectrum also shows presence of free ethylene resulting from the disproportionation 

of [Cu2•(C2H4)2] to [Cu3] and free ethylene.  Peak at 4.51 ppm (-30 °C) is the signal 

corresponding to coordinated ethylene while 4.89 ppm peak is the signal of free 

ethylene in equilibrium with [Cu2•(C2H4)2] and [Cu3]. 
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Figure 2.8 19F NMR spectra of [Cu2•(C2H4)2] at various temperatures. This 

spectrum also shows presence of [Cu3] (labelled as Cu trimer) resulting from the 

disproportionation of [Cu2•(C2H4)2] to [Cu3] and free ethylene. Peaks at -54.87 and 

-59.31 ppm (-30 °C) are the signals corresponding to [Cu2•(C2H4)2] while peaks at 

-55.11 and -60.17 ppm correspond to [Cu3]. 

Remarkably, the dinuclear [Cu2•(C2H4)2] complex could also be prepared 

in the solid-state by treating solid [Cu3] with ethylene gas (discussed in details later, 

shown in Figure 2.15). Furthermore, it is possible to remove ethylene from solid 
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[Cu2•(C2H4)2] to re-generate [Cu3] using temperature, as demonstrated by thermal 

gravimetric analysis (TGA, Figure 2.9) and differential scanning calorimetry 

(DSC). The TGA results show that [Cu2•(C2H4)2] starts losing ethylene molecule 

(loses 2 moles of ethylene) beginning at approximately 50°C, and rate of ethylene 

lose increases with the increase in temperature finally leaving only [Cu3].  

 

Figure 2.9 TGA data for [Cu2•(C2H4)2] (blue) and [Cu3] (red) using the mass at 125 

°C as the reference for the relative mass calculation. 

 DSC was used to investigate the energies involved in the ethylene 

desorption process and its associated phase change. The melt and solidification 

energy of [Cu3] is 23.8-24.3 kJ mol-1 (Figure 2.10). The DSC scan of [Cu2•(C2H4)2] 
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reveals that several endothermic processes takes place at 100-130 °C (Figure 2.11) 

with total energy of 60.9 kJ mol-1 ((20.4+28.3+10.4+1.8 = 60.9 kJ mol-1; associated 

with the combination of melting and ethylene desorption). Subtracting the average 

[Cu3] melt energy of 24.5 kJ  mol-1 (24.3, 23.8, 26.0, 23.9 kJ mol-1; average melt 

24.5 kJ mol-1), Figure 2.10, 2.11 and 2.12, from the desorption process gives an 

ethylene desorption energy of 36.4 kJ mol-1 per [Cu3] unit (i.e., approximately 

equal to the -38 kJ mol-1 heat of adsorption determined from the ethylene adsorption 

isotherms), which is equivalent to a heat of adsorption of -13.1 kJ mol-1 per Cu–

C2H4 interaction (considering that [Cu3] absorbs 2.76 moles of ethylene in the solid 

state). The lowest measured Cu–C2H4 interactions we have identified from the 

literature is  -24 kJ mol-1.56 The second DSC cycle of the same sample shows no 

further gas desorption, indicating complete conversion of [Cu2•(C2H4)2] to [Cu3] 

(i.e. release of all adsorbed ethylene). This overcomes the slow desorption kinetics 

observed for pressure swing and positions [Cu3] as a potential adsorbent for a TSA 

process. 
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Figure 2.10 DSC cooling data for [Cu3]. Note: mol-1 refers to mole of [Cu3]. 
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Figure 2.11 DSC heating data for [Cu2•(C2H4)2], which converts to [Cu3] during 

the first cycle. Note: mol-1 refers to mole of [Cu3] equivalents. 
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Figure 2.12 DSC heating data for [Cu3], note: the first cycle includes energy from 

unifying distinct crystal populations within the sample.57 Note: mol-1 refers to mole 

of [Cu3]. 

It is also possible to remove ethylene from solid [Cu2•(C2H4)2] to re-

generate [Cu3] using vacuum as demonstrated through Raman spectroscopy 

(Figure 2.13) and repeated gas adsorption isotherms (Figure 2.16, discussed in 

details later). As discussed earlier, signals corresponding to coordinated ethylene 

are observed at 1544, 1280, 960 cm-1, and in between 1100-1200 cm-1(depicted in 

blue in Figure 2.13). Upon exposure to vacuum at 60 °C these peaks disappear, and 

the sample returns to the previous state, [Cu3] (depicted in green in Figure 2.13). 
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These results demonstrate the reversible transitions between [Cu3] and 

[Cu2•(C2H4)2]. 

 

Figure 2.13 Raman data for [Cu3] (red), [Cu2•(C2H4)]  (blue) generated from 

exposure to ethylene in solution, and [Cu3] (green) produced by placing 

[Cu2•(C2H4)] under vacuum at 60 °C. 

This unprecedented, fully reversible and major solid-state structural 

rearrangement of [Cu3]↔[Cu2•(C2H4)2] was confirmed through comparison of 

experimental and simulated PXRD (Figure 2.14 and 2.15, discussed in detail in 
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Section 5.2.2 of chapter 5). These “Teflon lined” adducts contain heavily 

fluorinated peripheries and weakly coordinating pyrazolates.58 Materials containing 

C-F bonds are known to have low intermolecular dispersion interactions59,60 and 

produce porous materials that undergo small structural changes in response to 

increasing pressure.61,62 It is possible that the high degree of fluorination of [Cu3] 

provides a local “fluorocarbon” medium and weak Cu-N interactions to facilitate 

this interesting solid-state transformation. 

 

Figure 2.14 Comparison of experimental PXRD patterns of [Cu3] prepared from 

solution (blue) and [Cu3] prepared by placing solid [Cu2•(C2H4)2] under vacuum at 

60 °C for 6 hours (olive green). 
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Figure 2.15 Comparison of experimental PXRD patterns of [Cu3] (red), 

[Cu2•(C2H4)2] produced via the solution method (olive green), and [Cu2•(C2H4)2] 

produced by treating [Cu3] with ethylene gas in the solid state (blue). In the latter 

case, less than 1% of [Cu3] remains. 

The ethylene and ethane adsorption properties of [Cu3] were measured 

using variable temperature (20, 50 and 70 ℃) single-gas adsorption isotherm 

(Figure 2.16). The isotherm show that most loading occurs at a step pressure that 

increases with increasing temperature.63 This shape of adsorption of isotherm has 

significant potential for use in pressure or temperature swing process, because the 

pressure or temperature would only need to be changed by a small amount to 

bind/release almost the full capacity of the adsorbent.64,65 Similar adsorption 
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isotherms have been observed for phase change sorption processes in porous   

solids,66-68  H2 and N2  clathrate  formation,69,70  cooperative  insertion  of  CO2,
65 

and the chemisorption of ethylene in small molecule adsorbents.71 For [Cu3], the 

step appears correlated to the phase change associated with the rearrangement from 

[Cu3] to [Cu2•(C2H4)2]. 

 

Figure 2.16 Left: Ethylene adsorption (solid symbols) and desorption (hollow 

symbols) isotherms of [Cu3] at 20, 50 and 70 °C.  
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Table 2.3 Ethylene loading of [Cu3] with pressure.  

Temperature  

(K) 

Ethylene loading at 100 

kPa (mmol g-1) 

‘Step’ pressure 

(kPa) 

‘Step Loading’ 

(mmol g-1) 

293 2.76 6.0 2.11 

323 2.70 8.0 2.50 

343 2.63 25.3 2.55 

 

Claussius-Clapeyron analysis of isotherms and models: The Claussius-Clapeyron 

equation was used to estimate the adsorption energy associated at the ‘step’ using 

variable pressure and variable temperature data. Results show that the ‘step’ has an 

enthalpy of -38 kJ mol-1 per [Cu3] and -13 ± 1 kJ mol-1 per Cu ion. This adsorption 

‘step’ appears to occur at the same pressure for all copper binding sites in the 

sample, resulting in occupancy of all available copper binding sites to ethylene gas. 

𝑃𝑠𝑡𝑒𝑝(𝑇) = 𝑃𝑠𝑡𝑒𝑝,𝑇0
 (

𝛥𝐻

𝑅
) (

1

𝑇0
−  

1

𝑇
) 

                                       ln (
𝑃𝑠𝑡𝑒𝑝

𝑃𝑠𝑡𝑒𝑝,𝑇0

) =  (
−𝛥𝐻

𝑅
) (

1

𝑇0
− 

1

𝑇
)                     eq. 3 

 

Equation 3 

Equation used for the Claussius-Clapeyron analysis where Pstep = the ethylene 

partial pressure at the step; Pstep,To = the ethylene partial pressure at the step at 293 

K; ΔH = change in enthalpy (J·mol-1); R = 8.314 (J·mol-1·K-1) the gas constant; T0 

= 293 K; T = temperature (K). 
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Table 2.4 Isotherm data for the phase change of [Cu3] to [Cu2•(C2H4)2] under 

increasing ethylene pressure. 

Temperature 

 (K) 

1/T0 – 1/T ‘Step’ pressure 

(kPa) 

P/P0 ln(P/P0) 

293 0 2.44 1 0 

323 3.17 x 10-4 8.02 3.3 1.19 

323 3.17 x 10-4 8.85 3.6 1.23 

343 4.98 x 10-4 20.6 8.4 2.13 

343 4.98 x 10-4 53.5 9.6 2.27 

343 4.98 x 10-4 25.3 10.3 2.34 

 

Figure 2.17 The Claussius-Clapeyron plot derived from the pressure where the step 

isobserved in adsorption isotherms measured at 20, 50 and 70 °C. 
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Table 2.5 Data from fitting the Claussius-Clapeyron equation to the phase change 

of [Cu3] to [Cu2•(C2H4)2] under increasing ethylene pressure. 

Data Source Slope R2 ΔHethylene/[Cu3] (kJ 

mol-1) 

ΔHethylene/Cu (kJ 

mol-1) 

Step pressures 4588 0.9817 -38 -13± 1 

 

Van’t Hoff analysis and Langmuir modelling of ethylene adsorption after ‘step’: 

Above the ‘step’, Van’t Hoff analysis of the isotherms gives a chemisorption energy 

of only -3 kJ mol-1 per Cu ion, reflective of either only surface adsorption, or a 

balance between endothermic phase change and exothermic chemisorption 

processes. 

The steepness of the ‘step’ increases with temperature, making the 

Langmuir behaviour difficult to capture. Applying the Langmuir isotherm model to 

data around the ‘step’ pressure produced effective results for the data collected at 

25 and 50 °C when isotherms with a resolution of 2 kPa were collected. However, 

the data at 70 °C did not follow the same trend and the model clearly does not 

capture the underlying physical phenomena. Van’t Hoff analysis of the Langmuir 

model for the 25 and 50 °C isotherms produces a heat of adsorption of -32 kJ mol-

1. However, due to the lack of accuracy we believe that Claussius-Clapeyron 

analysis of the step pressure (which has shown to correlate directly to heat of 

adsorption in small molecule adsorbents with step isotherms)71 is a more accurate 

reflection of the heat of adsorption. 
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2[Cu3] + 6[C2H4] ⇌ 3[Cu2•(C2H4)2] 

                     𝐾 =  
[𝑪𝒖𝟐∙(𝐶2𝐻4)2]3

[𝑪𝒖𝟑]2[𝐶2𝐻4]6
                             eq. 1                                                   

Equation 1 

Equilibrium equation used for binding of ethylene in CDCl3 solution.  

ln(𝐾) =  
−𝛥𝐻

𝑅𝑇
+ 

𝛥𝑆

𝑅
                          eq. 2 

Equation 2 

Equation used for the Van’t Hoff analysis where K = the equilibrium constant for 

the reversible reaction shown above; ΔH = change in enthalpy (J mol-1); ΔS = 

change in entropy (J mol-1); R = the gas constant (J mol-1 K-1); T = temperature (K). 

Table 2.6 Isotherm data for [Cu3] binding of ethylene in the solid-state under 100.7 

kPa of ethylene 

Temperature 

(K) 
[Ethylene]6 [Cu2·(C2H4)2]3/[Cu2·(C2H4)2]2 K ln(K) 1/T 

294 0.966 432 448 6.10 0.00340 

232 0.966 264 273 5.61 0.00310 

343 0.966 149 153 5.03 0.00291 
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Figure 2.18 Ethylene adsorption isotherms of [Cu3] at 20, 50 and 70 °C past the 

‘step’ associated with phase change and chemisorption. 

Table 2.7 Heat of equilibrium for [Cu3] binding of ethylene in the solid-state under 

100.7 kPa of ethylene. 

 ΔH (kJ mol-1) ΔS (J mol-1 K-1) 

Overall equilibrium -17.8±1 -8±1 

Per [Cu3] unit -8.9±1 -4±1 

Per Cu – C2H4 interaction -3.0±1 -2±1 

                      𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑜𝑓 𝑒𝑡ℎ𝑦𝑙𝑒𝑛𝑒 =  
𝛼∙𝑃∙𝑁

𝛼∙𝑃+1
                     eq. 4 
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Equation 4 

Equation used for the Langmuir modelling where α = the equilibrium constant for 

the adsorption site; P = pressure of ethylene (kPa); N = number of adsorption sites 

present. 

Table 2.8 Model parameters for [Cu3] binding of ethylene in the solid-state under 

generated from isotherm data above an ethylene pressure of 60 kPa. 

Temperature 

(K) 

‘α' from 

model 
‘N’ from model K ln(α) 1/T 

294 19.4 2.76 448 2.96 0.00340 

232 31.8 2.69 273 3.46 0.00310 

343 44.7 2.64 153 3.80 0.00291 

 

The aggregated data for the overall energy of ethylene chemisorption during 

the [Cu3] to [Cu2•(C2H4)2] transformation are internally consistent at ca.  -13 ± 1 

kJ mol-1 per copper(I) ion (Table 2.9). This value is significantly lower than 

ethylene adsorption/chemisorption measured for other copper(I) complexes, which 

ranges from -24 kJ mol-1 to  -55 kJ mol-1 (Median -36 kJ mol-1; Section 5.2.7, Table 

5.1 of chapter 5). The difference can be attributed to the phase change energy 

associated with the physical constraints of the solid-state [Cu3] to [Cu2•(C2H4)2] 

transformation. Indeed, the solution-state binding energy of  -28 ± 8 kJ mol-1 per 

copper-ethylene interaction captures the same bond-making and bond-breaking 

processes of the [Cu3] to [Cu2•(C2H4)2] transformation, suggesting that 
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overcoming the intermolecular crystal lattice interactions (e.g., C-F•••F-C, Cu•••F 

contacts) pose a further endothermic barrier to the structural rearrangement. 

Table 2.9 Aggregated ethylene chemisorption/desorption energies of the reversible 

[Cu3] to [Cu2•(C2H4)2] transformation, as determined by various experimental 

techniques. 

Energies associated with ethylene chemisorption (kJ mol-1) 

DSC 

Overall per [Cu3] unit 60.9 

Average [Cu3] melt energy 24.5 

Per Cu–C2H4 interaction 13.1 

Adsorption Isotherms 

Ethylene adsorption ‘step’ per [Cu3] unit -38 ± 2 

‘Step’ energy per Cu∙∙∙C2H4 interaction -13 ± 1 

After ‘step’ adsorption per [Cu3] unit -8.9 

After ‘step’ adsorption per Cu∙∙∙C2H4 interaction -3 

Solution State (NMR) 

Overall equilibrium -171 ± 45 

Per [Cu3] unit -86 ± 24 

Per Cu–C2H4 interaction -28 ± 8 
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The rate of ethylene chemisorption by [Cu3] was measured using a dead-end 

adsorption apparatus (discussed in detail in Section 5.2.4 of Chapter 5). The initial 

chemisorption (1 min) is rapid at 0.22-0.27 molethylenemolcomplex
-1 min-1 but 

decreases significantly to 8 x 10-3 molethylene molcomplex
-1

 min-1 for approximately 40 

minutes and continues to decline over time (Figure 2.19). These results are similar 

to those observed for ethylene chemisorption on small molecule silver(I) 

complexes, where the majority of chemisorption occurs within the first minute.71 

The decrease in uptake rate over time is potentially linked to the low surface area 

of the [Cu3] complex (0.66 m2g-1) and could be explained by transport of ethylene 

through the interior of the [Cu3] particles being further hindered by the kinetics of 

the solid-state structural transition of [Cu3] to [Cu2•(C2H4)2]. The ethylene capacity 

of [Cu3]  after 120 minutes is 31%, similar to the results obtained for [AgI(6,6’-

dimethyl-2,2’-bipyridine)][BF4] (34%), which had close contacts between silver(I) 

ions, and much lower than [AgI(6,6’-dimethyl-2,2’-bipyridine)][OTf] (84%), 

which did not have close contacts between silver(I) ions.71 It is inferred from 

breakthrough curve measurements that the adsorption rate of ethylene in porous 

solids (surface areas >100 m2 g-1) is much faster than in these discrete molecules 

(<10 m2 g-1). 
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Figure 2.19 The ethene uptake of [Cu3] over five sorption/desorption cycles. The 

time axis has been truncated at 120 min for consistency 

Acetylene adsorption is a known issue for the industrial processing of raw 

olefin mixtures.72 Therefore to probe the effects of acetylene on [Cu3], seven 

alternate 120 minute acetylene/ethylene adsorption cycles were measured using a 

dead-end adsorption apparatus (discussed in detail in Section 5.2.5 of chapter 5). 

The acetylene capacity remained consistent (0.37 mmol g-1) over the cycles, but the 

ethylene capacity decreased significantly from (0.44 to 0.13 mmol g-1). PXRD data 

(Figure 5.9 in Chapter 5) showed a significant loss of order and patterns unrelated 

to either [Cu3] or [Cu2•(C2H4)2], leading to the inference that the structure of the 
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complex was permanently degraded by exposure to acetylene. Note however that 

industrially, adsorbents or membrane systems employed to remove acetylene from 

ethylene/ethane feed sent to cryogenic distillation. Therefore scope exists for the 

use of [Cu3] in a hybrid process. 

Ideal ethylene/ethane selectivity determined from the equilibrium loadings 

at 1 atm was 131:1 (70 °C) and 136:1 (20 °C). These selectivities are higher than 

observed for chemisorption on porous solids (3.6 to 27 ethylene/ethane) (Section 

5.2.7, Table 5.2 of chapter 5), which suffer from high non-specific surface areas, 

but are lower than for other silver(I)-based small-molecule systems (390:1).71 

Because ethane cannot chemisorb to the copper(I) ion like ethylene can, mixed gas 

studies would likely be reflective of the ideal selectivity. 

2.4 Summary 

In summary, the trinuclear copper(I) complex [Cu3] undergoes a 

remarkable structural rearrangement to the dinuclear analogue [Cu2•(C2H4)2] upon 

exposure to ethylene in the solid-state, which emulates chemistry observed in 

solution. A combination of adsorption isotherms, SCXRD, PXRD, variable 

temperature 1H and 19F NMR, DSC, Raman and infrared spectroscopy, and TGA 

have been used to demonstrate that the solid-state transformation is reversible and 

effectively reduces the heat of adsorption to only -13 ± 1 kJ mol-1 per Cu–C2H4 

interaction, 42% lower than values reported for other copper(I) ethylene 
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interactions (≥ -24 kJmol-1). Ethylene chemisorption occurred in step-shaped 

isotherms, as has been observed for other small molecule chemisorbents, with high 

ideal selectivity of 136:1 ethylene:ethane. These properties highlight the value of 

combining a structural rearrangement phase change with gas sorption to achieve 

low net heats of adsorption while retaining high selectivity. 

 

 

 

 

 

 

 

 

 

 

 

 



42 
 

Chapter 3 

Chemistry and applications of Copper-alkyne complexes 

Part 3.1 Copper(I)-alkyne complexes of fluorinated pyrazolate:  Synthesis, 

photophysical properties, and computational analysis  

Devaborniny Parasar, Ruaa M. Almotawa, Naleen B. Jayaratna, Yavuz S. Ceylan, 

Thomas R. Cundari, Mohammad A. Omary, and H. V. Rasika Dias  

(Part of this work has been published in Organometallics 2018, 37, 4105−4118) 

 

 

 

 

 

 

 

 

Reproduced from references73 with permission from the © 2018 American 
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3.1.1 Abstract  

This work describes the reaction of a cyclic trinuclear complex {[3,5-

(CF3)2Pz]Cu}3 with internal alkynes to construct di- and tetra-nuclear copper(I) 

complexes with short cuprophilic contacts, and the study of their intriguing bonding 

and photophysical properties, both experimentally and theoretically. For 

comparison, we have also investigated the related copper(I) trifluoroacetate              

3-hexyne complexes so as to deduce and isolate the role played by the supporting 

pyrazolate ligand on the luminescence of these and related complexes. Some 

adducts reported herein feature bridging (i.e., −22-) alkyne coordination 

modes, which is rare for copper(I)-alkyne complexes documented in the literature. 

Raman data show red shifts in the average ῡC≡C stretching frequency from            

2260 cm-1 in free 3-hexyne to 2050 cm-1 in the terminal 2-/2e-donor alkyne adduct 

Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1) and, more drastically, to 1874 cm-1 in the 

bridged −2-/4e-donor adduct Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2).  The 

tetra-nuclear 2-butyne adduct Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 (3) also 

shows a large reduction in ῡCC relative to that of free 2-butyne.  The effects of 

strengthened copper-alkyne interactions in the bridging relative to terminal alkynes 

are also reflected in the C-CC bending back angles. Photophysical studies in the 

solid state revealed the significance of the pyrazolate supporting ligand to bestow 

bright photoluminescence, which was found only for the pyrazolate-supported 
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compounds 1-3 but not the trifluoroacetate copper alkyne complexes Cu2(-

CF3CO2)2(EtCCEt)2 (4) and Cu4(-CF3CO2)4(-EtCCEt)2 (5). The orange 

phosphorescence with ~50 μs lifetime at room temperature in 1-3 

thermochromically changes to generate additional green/yellow bands at cryogenic 

temperatures due to suppression of internal conversion from the respective T2→T1 

states in each solid, whereas solvent effects lead to additional blue-shifted bands in 

glassy solvent media. Computational analysis explains the bonding and spectral 

results and suggests that the major excited-state distortion is due to significant ( 

20) rotation of the alkyne ligands on Cu(I) in the di- or tetra-nuclear adducts, as 

opposed to excimeric contraction of cuprophilic Cu(I)•••Cu(I) distances.  X-ray 

crystallographic data of 1-3 and 5 are also presented. 

3.1.2 Introduction 

Homoleptic pyrazolates of copper(I) have attracted significant interest due 

to their diverse structures, chemistry and fascinating photophysical properties.3, 

15,74-79 Among the several structural types, trinuclear adducts are the most common. 

The copper(I) adduct {[3,5-(CF3)2Pz]Cu}3 represents the most celebrated example 

reported by members of this team a few years ago.7,15,23,53,80,81 It exhibits bright 

phosphorescent emissions both in the solid state and in solution under UV 

excitation that can be easily fine- and coarse-tuned to multiple visible colors by 

varying the solvent, copper adduct concentration, temperature, excitation 
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wavelength, and/or medium rigidity.15,23,53 Detailed studies on solid {[3,5-

(CF3)2Pz]Cu}3 samples suggest that these emissions originate from an excited state 

that modifies the inter-trimer closed-shell cuprophilic interactions in the ground 

state to become covalent in the phosphorescent Cu-Cu centered excimer.23,80-83  The 

mixed Cu-Au metal systems derived from {[3,5-(CF3)2Pz]Cu}3 and trinuclear 

gold(I) imidazolate complexes show near-unity photoluminescence quantum 

yields.84 Various other trinuclear copper pyrazolate adducts are also known for their 

interesting chemistry and remarkable photophysical features, including some 

showing luminescence responses due to mechanical action and pressure changes, 

acid-base chemistry, and volatile organic chemical detection. 20,26,74,75,81,85-102  

Trinuclear copper(I) pyrazolates also serve as good precursors to obtain 

various mixed ligand complexes of copper with different nuclearities.  For example, 

solid samples of dinuclear Cu2(µ-[3,5-(CF3)2Pz])2(2,4,6-collidine)2 obtained from 

{[3,5-(CF3)2Pz]Cu}3 and 2,4,6-collidine show ligand based blue emissions that are 

different from the orange emissions of the precursor {[3,5-(CF3)2Pz]Cu}3.
10 The 

copper(I) adduct reacts with pyridazine, affording a tetranuclear species with a cage 

type skeleton.30 The trinuclear {[3,5-(CF3)2Pz]Cu}3 also reacts with 

Me3SiCCSiMe3, affording dinuclear Cu2(µ-[3,5-(CF3)2Pz])2(Me3SiCCSiMe3)2, 

an excellent volatile chemical vapor deposition (CVD) precursor for copper.95 

Herein we describe the reaction of trinuclear {[3,5-(CF3)2Pz]Cu}3 with 

internal alkynes to construct di- and tetra-nuclear copper(I) complexes with short 
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cuprophilic contacts, and a detailed photophysical and computational study of the 

resulting molecules. We have also included the related copper(I) trifluoroacetate 3-

hexyne complexes103 for comparison to probe the effect of pyrazole ligand support 

on luminescence.  Some of the copper(I) adducts reported here feature bridging 

alkyne ligands (i.e., −22-alkynes). Although copper complexes of alkynes are 

of significant interest as models for reaction intermediates due to their relevance in 

catalysis (e.g., click chemistry, cyclopropenation),104-110 and as precursors in CVD 

applications,111,112 the vast majority of the well-characterized copper-alkynes in the 

literature have only 2e-donor, 2-alkynes moieties.109,112-116 Examples of copper(I) 

complexes of bridging alkynes are limited117 and reports involving internal alkyne 

ligands include Cu2(tropocoronand)(-RCCR) (R = MeCO2, EtCO2, Ph),118,119 

Cu4(-CF3CO2)4(-EtCCEt)2
103,120 [Cu2Cl{bis[1-bis(2-pyridylmethyl),1-

(pyridyl)]butyne}][CuCl2],
121 Cu4(-2-XC6H4CO2)4(-RCCR)2 (X = Cl, Br; 

121R=EtCO2),
122 Cu4(-MeCO2)4(-3,3,6,6-Me4-1-thia-4-cycloheptyne)2,

123  

Bis[(-RCCR)copper(I)]oxalate (R = Et, Me3Si, Me3Si/nBu)124   and 

Cu2[HC{MeCN(CH2Ph)}2]2(-PhCCPh).125  
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Figure 3.1  Diagram showing the structures of Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 

(1), Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2), Cu4(-[3,5-(CF3)2Pz])4(-

MeCCMe)2 (3), Cu2(-CF3CO2)2(EtCCEt)2  (4), Cu4(-CF3CO2)4(-EtCCEt)2  

(5). 
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3.1.3 Results and Discussion 

Synthesis and structures :  

The highly fluorinated {[3,5-(CF3)2Pz]Cu}3 reacts readily with 3-hexyne in 

a 1:3 molar ratio, affording Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1) in ~95% yield 

(Figure 3.2).  The synthesis of Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 using a mixture 

of 3,5-(CF3)2PzH, Cu2O and 3-hexyne has been noted in a patent on CVD 

precursors of copper, but only thermal analysis data were presented.95   The Raman 

spectrum of solid 1 shows that the ῡCC vibrations of the copper-bound 3-hexynes 

are shifted by about ~210 cm-1 to lower energy compared to the free 3-hexyne 

(average ῡCC stretching frequency values of 1 and free EtCCEt are 2050 and 2260 

cm-1, respectively). 124,126,127 Such a shift is typical for 2-bound Cu(I)-alkynes. For 

example, [N{(C3F7)C(Dipp)N}2]Cu(EtCCEt) and Cu2(-O4C2)(EtCCEt)2 

involving Cu(I)-3-hexyne moieties are known, and they display a reduction of 

similar magnitude in the ῡCC value upon coordination to copper(I). 124,126 The room 

temperature 1H and 13C NMR data of 1 in CDCl3, however, show only a small shift 

of ethyl proton and acetylenic carbon resonances relative to the corresponding 

resonances of the free 3-hexyne, suggesting the presence of weak copper-alkyne 

interaction in solution (e.g., acetylenic resonances of 1 and free 3-hexyne are 

observed at  82.5 and 81.0 ppm, respectively). For comparison, the corresponding 

carbon resonances of [N{(C3F7)C(Dipp)N}2]Cu(EtCCEt) and Cu2(-
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O4C2)(EtCCEt)2 have been observed at more downfield regions, i.e.,  98.2 and 

87.6 ppm, respectively. 124,126  

2/3 {[3,5-(CF3)2Pz]Cu}3  +  2 EtCCEt →  Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1)      eq. 1 

4/3 {[3,5-(CF3)2Pz]Cu}3  +  2 EtCCEt →  Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2)   eq. 2 

Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1) + 2/3 {[3,5-(CF3)2Pz]Cu}3 

          →  Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2)    eq. 3 

4/3 {[3,5-(CF3)2Pz]Cu}3  +  2 MeCCMe  

          →  Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 (3) eq. 4 

Figure 3.2  Synthetic routes to di- and tetra-nuclear complexes complexes Cu2(-

[3,5-(CF3)2Pz])2(EtCCEt)2 (1), Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2), and 

Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 (3) from tri-nuclear {[3,5-(CF3)2Pz]Cu}3. 

Interestingly, the reaction of {[3,5-(CF3)2Pz]Cu}3 with 3-hexyne in a 2:3 

molar ratio affords a different product in 84% yield, which was identified by several 

methods as Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2) (Figure 3.2).  It is a copper(I) 

pyrazolate with a bridging alkyne moiety.  The ῡCC band of solid 2 in the Raman 

spectrum was observed at 1874 cm-1, representing a significant red shift relative to 

the corresponding stretching frequency of the free 3-hexyne, and also relative to 

that of 1. Such a large red shift in ῡCC is consistent with the µ−η2η2- alkyne 

bonding   mode, where the  alkyne interacts with two copper sites.  The  acetylenic  
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 carbon NMR resonance shows a downfield shift from that of 1 and was observed 

at  84.8 ppm as a broad resonance. It is possible to convert tetranuclear 2 to 

dinuclear 1 by treating it with 3-hexyne in a 1:2 molar ratio. In a similar fashion, 2 

can be generated from 1 by reacting it with the appropriate molar quantity of {[3,5-

(CF3)2Pz]Cu}3. These transformations can be verified using NMR and Raman 

spectroscopy. 

The copper-alkyne adducts Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1) and 

Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2) have been characterized by X-ray 

crystallography.  Figure 3.3 shows the molecular structure of 1.  Selected bond 

distances and angles are given in Tables 3.1 and 3.2.  Compound 1 is a dinuclear 

copper complex with trigonal planar copper(I) sites. The Cu2N4 core adopts a boat 

conformation. The EtCCEt coordinates to Cu(I) centers in a typical 2-fashion.  

The alkyne CC bond distance in 1 shows marginal elongation relative to typical 

alkyne CC bond lengths 1.202(5) Å (e.g., 1.2022(15) Å in tBuCCtBu).128 The C-

CC bond angle (av. 161.2°) however exhibits notable deviation from linearity.  

Compound 1 also shows a close intramolecular Cu•••Cu contact at 3.0514(3) Å but 

it is longer than the sum of van der Waals radii of two copper atoms based on Bondi 

(2.80 Å).129  Recent work by Alvarez,130,131 Batsanov, and others,132 however, point 

to the presence of van der Waals interactions at even longer distances than those 

suggested by Bondi’s radii (e.g., van der Waals radii sum proposed by Alvarez for 
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Cu-Cu = 4.76 Å). It is also interesting to note that the related Cu2(-[3,5-

(CF3)2Pz])2(2,4,6-collidine)2
 has a planar Cu2N4 core (in contrast to the boat 

conformation in 1) and a much larger intramolecular Cu•••Cu separation of 

3.3940(9) Å.10 These results also point to the flexibility of Cu2N4 core resulting in 

different degrees of Cu•••Cu interactions. 

 

Figure 3.3  Molecular structure of Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1). 

The X-ray crystal structure of Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2) is 

illustrated in Figure 3.4.  It is a tetranuclear copper(I) complex with trigonal planar 

copper sites.  The Cu4N8 core sits on a 2-fold rotation axis. The EtCCEt groups 

act as bridging ligands to Cu(I) in a −22-alkyne bonding mode.  The alkyne 

CC bond distances of 2 (both at 1.265(2) Å) demonstrate significant elongation 
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relative to the corresponding bond lengths in 1, which has a non-bridging alkyne. 

The average C-CC bend back angle of 2 also displays an additional 6° increase.  

These metrical parameters of the alkyne moieties point to significant weakening of 

the CC bond and are consistent with the aforementioned Raman and 13C NMR 

spectroscopic data.  Compound 2 also exhibits several close intramolecular 

Cu•••Cu contact with the shortest separation at 2.6463(2) Å, which is well within 

even the most conservative Bondi van der Waals separation of 2.80 Å.129 Indeed, 

this lies in the vicinity of bond distances recently scrutinized by Otten et al. to be 

covalent as opposed to cuprophilic.133 However, we suspect the situation herein to 

be more similar to the “control” cases in that work whereby the short Cu(I)-Cu(I) 

distances are brought about by the ligand bite size as opposed to covalency, akin to 

Cotton’s classic work on bis(formamidinate) dinuclear adducts,134 as the situation 

does not warrant inter-shell mixing of 4s0/4p0 orbitals with 3d10 orbitals that is 

required for covalency. 
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Figure 3.4 Molecular structure of Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2) and 

additional two view showing the Cu4N8 core . 
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Table 3.1 Selected bond distances (Å) for Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1), 

Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2), Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 

(3), and Cu4(-CF3CO2)4(-EtCCEt)2 (5). 

Parameter\Complex 
1 2 3 5 

Cu-C 1.9844(18) 2.0264(13) 2.0242(11) 1.973(2) 

 1.9766(17) 2.0049(13) 2.0132(11) 2.002(2) 

 1.9741(18) 2.0078(14) 2.0164(11) 1.979(2) 

 1.9758(16) 2.0246(14) 2.0186(11) 2.009(2) 

  2.0264(13) 2.0242(11) 1.985(2) 

  2.0049(13) 2.0132(11) 2.003(2) 

  2.0078(14) 2.0164(11) 2.001(2) 

  2.0246(14) 2.0186(11) 2.005(2) 

av. Cu-C 1.978 2.016 2.018 1.995 

CC 1.225(3) 1.265(2) 1.275(2) 1.279(3) 

 1.228(3) 1.265(2) 1.275(2) 1.272(3) 

av. CC 1.227 1.265 1.275 1.276 

Shortest Cu•••Cu 3.0514(3) 2.6463(2) 2.6642(3) 2.8382(4) 

Cu-X* 1.9750(14) 1.9774(11) 1.9751(10) 1.9602(17) 

 1.9921(14) 1.9813(12) 1.9743(10) 1.9530(17) 

 1.9873(14) 1.9717(13) 1.9707(11) 1.9806(17) 

 1.9850(14) 1.9815(11) 1.9724(10) 1.9539(16) 

  1.9774(11) 1.9751(10) 1.9592(16) 

  1.9813(12) 1.9743(10) 1.9570(17) 

  1.9717(13) 1.9707(11) 1.9557(17) 

  1.9815(11) 1.9724(10) 1.9712(17) 
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*: X = N or O 

Table 3.2  Selected bond angles (°) for Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1), 

Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2), Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 

(3), and Cu4(-CF3CO2)4(-EtCCEt)2 (5) 

Parameter\Complex 
1 2 3 5 

C-Cu-C 36.03(8) 36.57(6) 36.81(6) 37.59(9) 

 36.22(7) 36.56(6) 36.83(6) 37.26(10) 

  36.57(6) 36.81(6) 37.41(9) 

  36.56(6) 36.83(6) 37.09(10) 

C-CC 161.5(2) 154.43(14) 158.23(7) 155.1(2) 

 161.72(18) 155.97(13) 158.51(7) 154.0(2) 

 161.19(19) 154.43(14) 158.23(7) 156.2(2) 

 160.30(18) 155.97(13) 158.51(7) 153.7(2) 

Av. C-CC 161.2 155.2 158.4 154.7 

X-Cu-X* 96.62(6) 108.93(5) 110.53(4) 94.29(8) 

 98.35(6) 109.04(5) 110.32(5) 92.81(7) 

  108.93(5) 110.53(4) 97.32(8) 

  109.04(5) 110.32(5) 97.09(7) 

 

*: X = N or O 

The reaction between {[3,5-(CF3)2Pz]Cu}3 and  2-butyne leads to the 

formation of tetranuclear Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 (3) (Figure 3.2). 

Unlike 1 and 2, changes in the stoichiometric ratio of the precursors have no effect 
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upon the product formation of 3.  We could not isolate the dinuclear copper species 

even in the presence of excess 2-butyne, indicating that there is a significant driving 

force for the formation of tetranuclear 3 in solution at room temperature.  The less 

crowded alkyne moiety perhaps facilitates cluster formation.  The ῡCC band in the 

Raman spectrum was observed at 1886 cm-1, which represents a 348 cm-1 red shift 

vs the corresponding signal reported for the free 2-butyne (2234 cm-1).135  This 

indicates significant weakening of the CC bond, as a result of simultaneous 

coordination to two copper(I) sites. 

 The X-ray crystal structure of 3 is illustrated in Figure 3.5.   This molecule 

also sits on a 2-fold rotation axis.  It features a Cu4N8 core and −22- bonded 

alkyne groups. The alkyne CC bond distances of 3 (both at 1.275(2) Å) show 

significant elongation relative to the corresponding bond lengths in 1, but similar 

to that observed in 2. The alkyne moieties of 3 also exhibit substantial deviation of 

linearity (bending backwards) as evident from the average C-CC angle of 158.4°. 

These parameters are consistent with the Raman spectroscopic data and indicate a 

significant effect on the CC bond order, as a result of each alkyne acting as a 

formal 4e- donor to two copper(I) sites.   The Cu-C bond distances of 1 (av. 1.978 

Å) also differ from the corresponding distances in 2 and 3 (av. 2.016 and 2.018 Å, 

respectively).  The Cu-C bond distances in the bridging alkyne species 2 and 3 are 

shorter than the Cu-C distance in 1, perhaps as a result of increased coordination 
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number at carbon sites. The Cu-N distances, in contrast, are not significantly 

different in 1−3. As in 2, compound 3 also shows several close intramolecular 

Cu•••Cu contacts with the shortest separation at 2.6642(2) Å, akin to the situation 

discussed above for 2 in relation to the literature cuprophilic vs covalent bonding.  

 

Figure 3.5  Molecular structure of Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 (3). 

We have also synthesized di- and tetra-nuclear copper 3-hexyne complexes 

Cu2(-CF3CO2)2(EtCCEt)2 (4) and Cu4(-CF3CO2)4(-EtCCEt)2 (5) involving 

trifluoroacetate ligand support (instead of pyrazolate) for comparison.103,120 These 

complexes also offer a platform to investigate the effects of pyrazolyl groups and 

Cu•••Cu contacts on the corresponding photophysical properties.  These molecules 

were reported by Reger et al. but their photophysical properties have not been 
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probed.  The X-ray structure of 5 has been reported and showed close Cu•••Cu 

contacts.120  During our studies on this tetranuclear copper complex, we also found 

a different polymorph (Figure 3.6). It shows a closest intra-molecular Cu•••Cu 

contact at 2.8382(4) Å, which is longer than those found in 2 and 3 (Table 3.1), but 

similar to those in the previous report (2.820 and 2.799 Å).120  We also managed to 

crystallize Cu2(-CF3CO2)2(EtCCEt)2 (4) and obtain X-ray structural data (Figure 

3.7).  Although dinuclear nature (with a   Cu•••Cu  contact   at 2.97 Å) and atom  

connectivity  are clear  from the  

 

Figure 3.6  Molecular structure of Cu4(-CF3CO2)4(-EtCCEt)2 (5)  

structure, it is unfortunately not suitable for detailed analysis of metrical parameters 

due to weakly diffracting nature of crystals and poor data quality.  Overall, the 
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structural data of these pyrazolate and acetate supported copper-alkyne complexes 

show that copper atoms exhibit strong cuprophilic interactions in the ground state, 

which are conducive to be strengthened in the excited state if the transition were 

metal-centered to form a phosphorescent excimer,81 which computational analyses 

(vide infra) disprove.  

 

Figure 3.7  Molecular structure of Cu2(-CF3CO2)2(EtCCEt)2 (4) 
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Computational analysis of structure and bonding: 

We have performed a detailed computational study of Cu2(-[3,5-

(CF3)2Pz])2(EtCCEt)2 (1), Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2), and Cu4(-

[3,5-(CF3)2Pz])4(-MeCCMe)2 (3) to investigate the effect of copper on the 

alkynes and to understand the bonding and photoluminescence of these adducts. 

The computational level of theory (BP86/6-311+G(d)) reproduced experimental 

structural and spectroscopic trends for the Cu2 complex 1 relative to the Cu4 

complex 2, and the 2-butyne ligated Cu4 complex 3. Experimental Cu•••Cu 

distances of the complexes are reported as 3.05, 2.65, and 2.66 Å for complex 1, 2, 

and 3, respectively. Similarly, DFT calculations predicted Cu•••Cu distances of 

these same complexes are 3.16, 2.67, and 2.67 Å, respectively. The rest of the  

computationally-predicted bonding parameters and structures are reported in Figure 

3.8. Note that the structures of Cu2(-CF3CO2)2(EtCCEt)2 (4) and Cu4(-

CF3CO2)4(-EtCCEt)2 (5) are not discussed here because of their non-

photoluminescent behavior (vide infra). According to the Dewar-Chatt-Duncanson 

(DCD) model,136-138 σ-donation from πCC of an alkyne ligand to a Cu orbital and π-

backbonding from a Cu-based orbital to the π*CC orbital of alkyne would each cause 

the CC bond to be elongated versus the free alkyne, as well as bend the C-CC 

angle away from linearity. 
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(a)                                           (b)   

                              

                                  (c) 

 

 

      (d)      

                                                                                                                                        

                             

                 

 

                  

      (e) 

 

 

 

 

  

   

Figure 3.8 Calculated geometries of (a) free 3-hexyne, (b) free 2-butyne, (c) Cu2(-

[3,5-(CF3)2Pz])2(EtCCEt)2  (1), (d) Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2) and 

(e) Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 (3). Bond lengths in Å, and angles in 
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degrees. Note that both alkyne ligands within a particular complex are nearly 

identical in c, d and e. 

DFT predicted the average CC distance of 3-hexyne in Cu2(-[3,5-

(CF3)2Pz])2(EtCCEt)2 (1) and Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2) as 1.26 

and 1.29 Å, respectively (representing 0.03 Å elongation as a result of the 

coordination of two Cu atoms rather than one to the alkyne).  Calculations also 

predicted an average CC distance of 1.28 Å for Cu4(-[3,5-(CF3)2Pz])4(-

MeCCMe)2 (3).  These results show that compared to the DFT-predicted free 3-

hexyne and 2-butyne CC distances of 1.22 Å the corresponding alkyne distances 

in 1, 2, and 3 were elongated by 0.04, 0.07, and 0.06 Å, respectively. Computational 

results thus mirror experiment (Table 3.1) in terms of the elongation of 3-hexyne 

CC bonds upon going from the dinuclear adduct with 2-alkyne to the tetranuclear 

species with −22-alkyne, and for both alkynes in terms of CC triple bond 

elongation upon coordination to copper(I).  

The optimized C-CC bond angles of 3-hexyne in 2 and 1 are 154.7 ± 0.2 

and 160.4 ± 0.1, respectively (Figure 3.8, which agree well with the experimental 

values of 155.2 and 161.2, respectively (Table 3.2)). Thus, on the basis of the 

DCD model, one may propose that the CC triple bond of the alkyne moiety in 2 

either (i) donates more electrons to copper(I) relative to 1, (ii) participates more 

significantly in −backbonding, or (iii) both of these effects are operative. For the 



63 
 

tetranuclear 3, the optimized C-CC bond angle of 2-butyne is 155.7 ± 0.1. We 

suggest from the calculated data that the CC triple bond of the alkyne moiety in 2 

and 3 are similar with respect to the Dewar-Chatt-Duncanson bonding model. 

Another indicator of the Cu/alkyne interaction is the stretching frequency, 

ῡCC. The Raman bands corresponding to ῡCC of 1 have been observed at 2033 and 

2066 cm-1 (average 2050 cm-1), while the corresponding bands for 2 and 3 appear 

at 1874 and 1886 cm-1, respectively. Similarly, the BP86/6-311+G(d) treatment 

predicted that ῡCC values in 1, 2 and 3 are 2058, 1889, and 1914 cm-1, respectively.  

As with the bond length/angle differences discussed above, this difference is 

consistent with either less electron donation from CC to the Cu metal and/or less 

-backbonding from Cu to CC for 1 relative to 2. Moreover, the DFT-predicted 

Raman bands ῡCC of sample 1, 2, 3, and free alkynes correspond reasonably well 

with experimental Raman bands, Table 3.3. Computational and experimental 

Raman spectra of the complexes and free alkynes are reported in Appendix A 

Table 3.3 Raman bands ῡCC of sample 1, 2, 3, and free alkynes  

 

Complex DFT ῡCC (cm-1) Experimental ῡCC (cm-1) 

1  2066  2033 and 2066  

2  1891  1874  

3  1913  1886  

Free 3-Hexyne 2270  2232, 2247 and 2299  

Free 2-Butyne 2285  2234  
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The NBO method was used to analyze the bond order of the CC bond in the 

two copper(I) adducts of 3-hexyne, Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1) and 

Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2). According to NBO, one σ and two π 

bonds define the CC bond of the alkyne; given in Table 3.4. However, different 

natural bond occupancies exist for 1 versus 2. The sum of the NBO electron 

occupancies for the CC bonding orbitals of 1 and 2 are thus 5.751e- and 5.671e-, 

respectively. Electron occupancies of the Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1) 

and Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2) for the corresponding anti-bonding 

NBOs are 0.365e- and 0.553e-, for 1 and 2, respectively. Therefore, based on the 

DCD model, it is suggested that both increased σ-donation from 3-hexyne and 

increased π-backbonding to the π*CC of 3-hexyne in 2 versus 1 leads to greater 

elongation of CC bonds in the alkyne adduct for the Cu4(-[3,5-(CF3)2Pz])4(-

EtCCEt)2 (2), the more bent the C-CC bond angle, and the more red-shifted the 

CC stretching frequency. Furthermore, the NBO analysis suggests that the -

backbonding effects are more substantial than those for -donation in 

discriminating between the Cu2 and Cu4 complexes. NBO analysis was also carried 

out to investigate the bonding character between Cu•••Cu bonds for all complexes 

studied. The NBO method did not find any covalent bonding interactions, thus we 

conclude that these interactions are very weak or dispersion (cuprophilic) in nature.  
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Table 3.4 NBO orbital descriptions for the CC of the adducts, Cu2(-[3,5-

(CF3)2Pz])2(EtCCEt)2 (1) and Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2).  

Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1) 

 

Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2)  

Description Occp. % C % C % orbitals 

C-C σ bond 1.964 50 50 39%s +61% p 

C-C π1 bond 1.934 50 50 100% p 

C-C π2 bond 1.773 50 50 11% s +89% p 

C-C σ* bond 0.034 50 50 39% s +61% p 

C-C π1* bond 0.199 50 50 100% p 

C-C π2* bond 0.320 50 50 11% s +89% p 

∑ e- occp. 5.671    

∑ e- occp.* 0.553    

 * = Antibonding                                                                                                                                      

Description Occp. % C % C % orbitals 

C-C σ bond 1.976 50 50 44% s +56%p 

C-C π1 bond 1.946 50 50 100% p 

C-C π2 bond 1.829 50 50 7% s +93%  p 

C-C σ* bond 0.029 50 50 44% s +56% 

C-C π1* bond 0.080 50 50 100% p 

C-C π2* bond 0.256 50 50 7% s +93% p 

∑ e- occp. 5.751    

∑ e- occp.* 0.365    
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Photophysical studies: 

We have investigated the photophysical properties of these di- and tetra-

nuclear copper(I) alkyne complexes 1-5 and found that the pyrazolate-supported 

compounds 1-3 are brightly luminescent molecules under UV light at ambient 

temperature. The trifluoroacetate copper alkyne complexes 4 and 5, however, do 

not exhibit detectable luminescence at such temperatures. Details are summarized 

in Table 3.5. Figures 3.9, 3.10 and 3.11 illustrates the electronic absorption and 

photoluminescence spectra.  This points to the importance of pyrazolyl moieties for 

the luminescence in these copper-alkyne complexes. 

Table 3.5 Summary of photophysical parameters for all five complexes in this study 

for the solid state: Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1), Cu4(-[3,5-

(CF3)2Pz])4(-EtCCEt)2 (2), Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 (3), Cu2(-

CF3CO2)2(EtCCEt)2 (4) and Cu4(-CF3CO2)4(-EtCCEt)2 (5).  

 

Complex 

/Temp 

ɛ (M-1 cm-1) λexc (max) (nm) λem (max) (nm) τ (µs) 

298 K 298 K 77 K 298 K 77 K 298 K 77 K 

1 1.3 x 104 280 270, 305 650 575, 675 38.11 60.38 

2 1.0 x 105 280 270, 300 650 575, 675 40.97 59.94 

3 1.1 x 105 280 270, 300 650 580, 665 44.05 56.98 

4 8.1 x 103 N/A N/A N/A N/A N/A N/A 

5 1.8 x 104 N/A N/A N/A N/A N/A N/A 
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ɛ = extinction coefficient at 298 nm for dilute (ca. 1x10-5 M) solutions. τ = 

photoluminescence lifetime at the characteristic λmax. Some entries are designated 

with “N/A” for “not applicable” because no emission was detectable. 

The spectral profiles show overall similar results for solid powder samples 

of 1, 2 and 3 at room temperature and at 77 K. At 298 K, complexes 1-3 show a 

single emission in the orange region with a peak maximum at 650 nm as a broad, 

unstructured band, and a single excitation feature centered at 280 nm. The emission 

peaks are assigned to (T1→S0) phosphorescence, evidenced by phosphorescence 

decay lifetimes of 40-44 μs. The spin-forbidden excitation, (S0→T1), is similar to 

the weak lowest-energy solution absorption maxima at λmax ≤ 300 nm (Table 3.5, 

Figure 3.9, 3.10 and 3.11). This assignment affords a huge Stokes’ shift of 20,300 

cm−1, suggesting very large excited state distortion. The photoluminescence spectra 

at 77 K of the three complexes show multiple emission bands depending on the 

temperature and excitation wavelengths. The difference between the excitations 

band intensities at λexc ∼ 320 nm vs. 270 nm points at the contribution of spin-

forbidden (S0→T1) and spin-allowed (S0→S1) transitions, respectively. The 298 K 

lower-energy emission (λmax = 650 nm, T1→S0) displays thermal broadening at 77 

K and another higher-energy band appears at λmax = 580 nm, assignable to T2→S0 

phosphorescence given its lifetime is also in the μs regime. No T2 band at room 

temperature appears, as can be attributed to the presence of an internal conversion 
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process to the T1 state.23 However, additional observations for frozen solutions, data 

in Table 3.6, Figures 3.12, 3.13 and 3.14, show solvent-dependent emission and 

display a blue shift with (λmax/em = 470 nm and λmax/exc ∼ 265, 300 nm for 1; λmax/em 

= 560 nm and λmax/exc ∼ 280 nm for both 2 and 3 in benzene (conc. 1x10-3 M)). The 

lower-energy electronic transition in the more polar solvent suggests a more polar 

excited state vs the ground state. This is consistent with the LMCT/LMMCT 

assignments to the initial excited state in Cu(I) pyrazolate clusters.23,80-83 

Modification of the excited state assignment by intermolecular interactions in such 

literature precedents is, however, unlikely because of the absence of long-range 

cuprophilic interactions or other interaction types known to significantly affect 

photophysical transition energies - based on the crystallographic data above that do 

not show such interactions in 1-3. Finally, we wish to comment that one cannot 

completely rule out delayed fluorescence from a higher-lying singlet (e.g., S2) but 

the scan calculations we have performed for the T1→ S0 transition (vide infra) have 

been sufficient in describing the excited state structure consistent with the 

experimental photophysics data in this section. Nevertheless, the presence or 

absence of thermally-activated delayed fluorescence (TADF) akin to that invoked 

in some literature precedents for this phenomenon in other molecular systems,139-

141 including Cu(I) complexes,140,141 warrants additional 

experimental/computational investigations that can distinguish TADF from the 

present phosphorescence assignment from partially-distorted T1 and T2 states. 
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Figure 3.9 Photoluminescence spectra for a solid powder sample of Cu2(-[3,5-

(CF3)2Pz])2(EtCCEt)2 (1), at 298 K (top) and 77 K (bottom). Lifetimes are noted 

and have errors of < 5%. Excitation and emission wavelengths used in the emission 

and excitation spectra, respectively, are labeled. A photograph is shown as an inset 

for colorless crystals packed in Suprasil quartz tubes while being exposed to UV 

light at room temperature. 
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Figure 3.10 Photoluminescence spectra for a solid powder sample of Cu4(-[3,5-

(CF3)2Pz])4(-EtCCEt)2 (2), at 298 K (top) and 77 K (bottom). Excitation and 

emission wavelengths used in the emission and excitation spectra, respectively, are 

labeled. A photograph is shown as an inset for colorless crystals packed in Suprasil 

quartz tubes while being exposed to UV light at room temperature. 
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Figure 3.11 Photoluminescence spectra for a solid powder sample of Cu4(-[3,5-

(CF3)2Pz])4(-MetCCMe)2 (3), at 298 K (top) and 77 K (bottom). Excitation and 

emission wavelengths used in the emission and excitation spectra, respectively, are 

labeled. A photograph is shown as an inset for colorless crystals packed in Suprasil 

quartz tubes while being exposed to UV light at room temperature. 
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Figure 3.12  Photoluminescence spectra for frozen solution of Cu2(-[3,5-

(CF3)2Pz])2(EtCCEt)2  (1) in benzene (conc. = 1x10-3 M). Lifetimes are noted and 

have errors of < 5%. Excitation and emission wavelengths used in the emission and 

excitation spectra, respectively, are labeled. Photograph is shown as inset for frozen 

solution in Suprasil quartz tube while being exposed to UV light at a liquid-nitrogen 

bath (77 K). 



73 
 

 

Figure 3.13  Photoluminescence spectra for frozen solution of Cu4(-[3,5-

(CF3)2Pz])4(-EtCCEt)2 (2) in benzene (conc. = 1x10-3 M). Lifetime is noted and 

have error of < 5%. Excitation and emission wavelengths used in the emission and 

excitation spectra, respectively, are labeled. Photograph is shown as inset for frozen 

solution in Suprasil quartz tube while being exposed to UV light at a liquid-nitrogen 

bath (77 K).  
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Figure 3.14  Photoluminescence spectra for frozen solution of Cu4(-[3,5-

(CF3)2Pz])4(-MeCCMe)2 (3) in benzene (conc. = 1x10-3 M). Lifetime is noted 

and have error of < 5%. Excitation and emission wavelengths used in the emission 

and excitation spectra, respectively, are labeled. Photograph is shown as inset for 

frozen solution in Suprasil quartz tube while being exposed to UV light at a liquid-

nitrogen bath (77 K).  

 

 

 

 = 75.23 µs 
(µs) 
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Table 3.6 Summary of photophysical parameters for complexes 1- 3 in frozen 

solutions (glassy benzene matrix) at 77 K 

Complex λexc (max) (nm) λem (max) (nm) τ (µs) 

1 265, 300 470 23.43 

2 280 560 87.04 

3 280 560 75.23 

 

Computational analysis of photophysics: 

To gain further insights on the excited state structure and photophysical 

transition band assignment, we have carried out pertinent DFT/TD-DFT 

simulations for the model complexes Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1), 

Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2) and Cu4(-[3,5-(CF3)2Pz])4(-

MeCCMe)2 (3). These models represent individual molecules for the solid-state 

structures of crystalline 1-3, respectively, without explicitly accounting for 

intermolecular interactions. Moreover, experimental absorption spectra of 

complexes 1-3 were compared with TD-DFT simulations. The four sub-sections  

described below summarize the simulation results. 
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Figure 3.15 Isodensity surface plots (isodensity value = 0.043) of the frontier 

orbitals that contribute to the most intense TDDFT peaks of (a) Cu2(-[3,5-

(CF3)2Pz])2(EtCCEt)2  (1), (b) Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2), and (c) 

Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 (3). 
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Figure 3.16 Energy levels (eV) of the dinuclear and tetranuclear complexes 1-3. 

Orbitals that did not significantly contribute to UV-vis band are not shown. 

(a) UV/Vis spectra for 1: Based on the calculations, for the dinuclear complex of 1, 

the three most intense spin-allowed (S0→Sn) transitions computed have oscillator 

strength (f) magnitudes of 0.050, 0.038, and 0.028 for the bands with λmax/abs = 263, 

280 and 272 nm, respectively. Specifically, the most intense transition for 1 at 263 

nm (f = 0.050) has a metal-ligand to ligand charge transfer (ML→LCT) character 

that mainly originates from a 3d(Cu)-hexyne HOMO-3(161) to the *Pz-*hexyne 

LUMO+1(166), as given in Figure 3.15, 3.16 and Table 3.7. This was followed by 

quasi-degenerate M&L-LCT transitions of similar intensity (f = 0.038 and 0.028) 

found at 280 and 272 nm whose final states are a *Pz orbital LUMO(165), 

delocalized over the pyrazolate (Pz) ligands, with larger contributions arising from 
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the 3d(Cu)-hexyne-Pz HOMO(164) and 3d(Cu)-hexyne HOMO-3(161). The 

experimental excitation maximum is 280 nm, which is closer to the computed 

second most intense excitation value (280 nm).  

Table 3.7 Computed excitation energies (eV) and oscillator strengths (f) for the 

optical transitions with f > 0.025 of the dinuclear complex Cu2(-[3,5-

(CF3)2Pz])2(EtCCEt)2  (1) in the gas phase in terms of molecular orbitals involved 

in the excitations with percentages larger than 12%.  

 

(b) UV/Vis spectra for 2:  According to TD-DFT, for the 3-hexyne ligated 

tetranuclear complex model of 2 in the gas phase, the three most intense transitions 

are in the 314 –305 nm range with f > 0.01. In particular, the most intense transition 

for the complex was at 305 nm (f = 0.018). This transition has an ML→MLCT 

character, whereby metal-ligand mixing takes place in both the filled source and 

virtual destination orbitals. Specifically, the transition originates from the 3d(Cu)-

hexyne HOMO-1(281) → 3d(Cu)-hexyne LUMO+2(285) with a substantial 

contribution from the Pz−hexyne HOMO-4 (278) → hexyne LUMO+1(284) (12 %) 
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transitions, Figure 3.15, 3.16 and Table 3.8. This most intense calculated transition 

agrees well with the experimental excitation value of 280 nm. The second most 

intense transition has an LLCT assignment, being of hexyne-Pz HOMO-4(278) 

→ hexyne LUMO(283) character. The third most intense transition has an 

ML→LCT assignment, attributed to a 3d(Cu)-hexyne-Pz HOMO-3(279) → *hexyne 

LUMO+1(284) transition, with considerable contribution from 3d(Cu)-hexyne 

HOMO-2(280) → hexyne LUMO+1(284). 

Table 3.8 Computed excitation energies (eV) and oscillator strengths (f) for the 

optical transitions with f  > 0.01 of the 3-hexyne ligated tetranuclear complex 

Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (2) in the gas phase in terms of molecular 

orbitals involved in the excitations with percentages larger than 12%. 

 

(c) UV/Vis spectra of 1-3 in dichloromethane solvent: Based on the TD-DFT 

calculations, for the complexes of 1-3, the average of three most intense spin-

allowed (S0→Sn) transitions computed as 276, 308, and 302 nm, respectively, 

according to the SMD continuum solvation model for CH2Cl2; SMD = solvent 

model based on density.  The experimental absorption spectra of the complexes of 
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1-3 in dichloromethane solution were reported to be close to 240 nm. Thus, 

perturbations of the TD-DFT spectra due to solvent are ≈ 5435, 9199 and 8554    

cm-1, for the complexes 1, 2, and 3, respectively. Detailed TD-DFT results are given 

in Figure 3.17. 

(a) 
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(c)  

 

(d) 

 

Figure 3.17. (a) Experimental absorption spectra of dichloromethane solution of 1 

– 5. Calculated electronic spectrum with spin-allowed (singlet-to-singlet, S0 → Sn) 

excitation energies (vertical lines) and oscillator strengths for the complex 1, 2, and 

3 in dichloromethane solvent, are depicted in (b), (c), and (d), respectively. 
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(d) Emissive states: Phosphorescence energies for the Cu2 adduct 1 and Cu4 adducts 

2 and 3 are calculated from the vertical T1→S0 transitions; such notation stands for 

the T1 (excited state) and ST (ground-state singlet spin multiplicity at the excited-

state triplet geometry). These are expected in the vicinity of the yellow-orange 

region of the spectrum based on the experimental values in Table 3.5. Singlet (S0) 

and triplet (T1) optimized geometries are depicted in Figure 3.18. Excited state 

distortion in T1 was computed to involve mild changes in the Cu-Cu distance(s) 

contrasted with a significant change of the dihedral angle formed by the two CC 

bonds, , which afforded 83, 34 and 28 for 1, 2 and 3, respectively (Table 3.9). 

For the model of 1, for example, S0 (179) → T1 (96) and  = 83 dihedral angles 

are obtained.  
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Figure 3.18 Singlet (S0) and triplet (T1) optimized geometries. Singlet and triplet 

CC…CC dihedral angles of samples. First row: singlet of 1; triplet of 1. Second 

row: singlet of 2; triplet of 2. Third row: singlet of 3; triplet of 3. 
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Prior to single-point scan calculations of the CC…CC dihedral angles, the 

DFT-computed emission wavelengths for 1-3 models were computed to be in the 

near-IR region with too large Stokes’ shifts that did not correlate with experimental 

values even qualitatively. The gas phase models allow for drastic excited-state 

distortions that are not feasible in the confined crystalline topology of packed 

molecules, necessitating the pertinent scan calculations we have performed to attain 

more realistic excited-state structures. The computed phosphorescence transition 

energies agreed well with experimental trends upon varying the dihedral angle for 

the T1 geometries (relaxed scan calculations) of 1, 2 and 3 by ~20 versus the 

corresponding S0 ground state  value, as given in Tables 3.9 and 3.10. 

Table 3.9 DFT-computed Cu-Cu distances, alkyne dihedral angles  (CC…CC), 

and phosphorescence wavelengths (em) for models of 1-3a. 

Model 

S0 

Opt. 

dCu-Cu 

(Å) 

T1 

Opt. 

dCu-Cu 

(Å) 

S0 

Opt. 

 () 

T1 

Opt. 

 () 

 () 

 Scanned 

 

 () 

Calc. 

λem 

(nm) 

Expt. 

λem 

(nm) 

1 3.16 3.19 179 96 83 160 640 650 

2 2.67 2.61 98 64 34 80 679 650 

3 2.67 2.61 96 68 28 80 685 650 

aBesides fully-optimized  values in gas phase models, analogous values are given 

from scan calculations (10 increments) that most-closely approach experimental 
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solid-state phosphorescence maxima. em values are calculated for the T1→S0 

vertical transitions.  = difference in  between fully optimized S0 and T1 states. 

Table 3.10 DFT-computed excitation and emission wavelengths for complexes 1 - 

3 upon varying the dihedral angles in the S0 ground and T1 excited states and their 

correlation with experimental photophysical data.   

1 

 

Scan  a 180 170 160 * 150 140 

Experimental 

λmax (nm) 

λexc (nm) 289  292  292 * 321  346  280  

λem (nm) 546  619  640 *  670  712  650  

2 

 

Scan  a 85 80 * 75 70 --- --- 

λexc (nm)  335  338 *  344  355  --- 280 

λem (nm) 710  679 * 567  560  --- 650  

 Scan  a 85 80 * 75 --- --- --- 

3 λexc (nm)  332   336 *  343  --- --- 280 

 λem (nm) 580  685 * 732  --- --- 650 

aRelaxed scans of the CC…CC dihedral angle () are performed for the ground 

singlet and excited triplet state. The asterisks (*) denote the  for which the 

computed emission wavelength (in nm) most closely approximates experiment (last 

column). 
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The calculations thus suggest that the major excited-state rearrangement 

(∆q), which involves twists in the alkyne ligands, is less severe in the solid state 

than in the gas-phase simulations, as manifest by T1 dihedral angle change vs the 

S0 ground state of ∆q ~20 in the solid state for all three complexes vs larger ∆q 

values of 83, 34 and 28 for gas phase models of 1, 2 and 3, respectively. Such a 

milder change in the solid state is a reasonable contention and not without precedent 

in d10 photophysics.142  

3.1.4 Summary  

Overall, we report convenient routes to the syntheses of di- and tetra-nuclear 

copper(I) complexes, Cu2(-[3,5-(CF3)2Pz])2(EtCCEt)2 (1), Cu4(-[3,5-

(CF3)2Pz])4(-EtCCEt)2 (2), Cu4(-[3,5-(CF3)2Pz])4(-MeCCMe)2 (3) with 

short cuprophilic contacts using readily available {[3,5-(CF3)2Pz]Cu}3 and the 

corresponding internal alkynes.  Control of reaction stoichiometry also allows for 

conversion of adducts 1 and 2 to/from one another. X-ray crystallographic data 

confirm the dinuclear nature of 1 and the tetra-nuclear structure of 2 and 3.  

Structurally characterized adducts like 2 and 3 with bridging (i.e., −22-) alkyne 

ligands are rare in copper chemistry.  Raman data show a reduction in ῡCC 

stretching frequency from 2260 cm-1 in free 3-hexyne to 2050 cm-1 in the terminal 

2-/2e-donor alkyne adduct 1 and, more drastically, to 1874 cm-1 in the bridged 
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−22-/4e-donor adduct 2, akin to IR ῡCO shifts in terminal and bridging metal 

carbonyls.  The complex 3 also shows a similar trend. 

The chosen level of theory (BP86/6-311+G(d)) reproduced experimental 

trends with respect to the alkyne bond lengths and the geometry for the Cu2 

complex 1 relative to Cu4 complex 2, and 2-butyne ligated Cu4 complex 3. The CC 

bond of 1-3 were predicted to be lengthened versus the relative free alkynes, as well 

as bending of the C-CC angle away from linear. Moreover, predicted CC 

stretching frequencies of the samples were well correlated with experimental data 

and bonding parameters.  Natural bond orbital analysis method was used to analyze 

the bond order of the CC bond of 3-hexyne adducts 1 and 2. The analysis indicated 

that CC bonding orbitals of 2 has 0.080e- less as compared to the dinuclear species 

1. Moreover, there are 0.188 more electrons in CC antibonding orbitals for 2 

versus 1. Therefore, based on the DCD model, it is suggested that both increased 

σ-donation from 3-hexyne to copper and increased π-backbonding from copper to 

the π*CC of 3-hexyne in 2 versus 1.  This also explains the greater elongation of 

CC bonds, the more bent the C-CC bond angle, and the more red-shifted the CC 

stretching frequency in 2.  

We have also investigated the related copper(I) trifluoroacetate 3-hexyne 

complexes 4 and 5 to deduce, and isolate the role played by the supporting 

pyrazolate ligand on the luminescence of complexes like 1-3.  Solid samples of 
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pyrazolate-supported compounds 1-3 show bright photoluminescence, whereas 

trifluoroacetate copper alkyne complexes 4 and 5 do not show any luminescence 

upon UV excitation.  Computational analysis of 1-3 suggest that the photo-

excitation consists of mixed metal-ligand to ligand and mixed metal-ligand to 

metal-ligand charge transfer process involving pyrazolate ligands.  

Furthermore, the orange phosphorescence with ~50 μs lifetime at room 

temperature in 1-3 thermochromically changes to generate additional green/yellow 

bands at cryogenic temperatures due to suppression of internal conversion from the 

respective T2→T1 states in each solid, whereas solvent effects lead to additional 

blue-shifted bands in glassy solvent media. Computational analysis suggests that 

the major excited-state distortion is due to significant ( 20) rotation in the 

alkyne’s dihedral angle upon coordination to Cu(I) in the di- or tetra-nuclear 

adducts, as opposed to excimeric contraction of cuprophilic Cu(I)•••Cu(I) 

distances. 
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3.2.1 Abstract 

Trinuclear {-[3,5-(CF3)2Pz]Cu}3 reacts with acetylene to produce the 2:1 

copper(I) acetylene complex, Cu4(-[3,5-(CF3)2Pz])4(-HCCH)2.  Related Cu4(-

[4-Br-3,5-(CF3)2Pz])4(-HCCH)2 and Cu4(-[4-Cl-3,5-(CF3)2Pz])4(-HCCH)2 

have also been isolated using the corresponding copper(I) pyrazolate and acetylene.  

The 1:1 adducts Cu2(-[3,5-(CF3)2Pz])2(HCCH)2 and Cu2(-[4-Br-3,5-

(CF3)2Pz])2(HCCH)2 are significantly less stable to the acetylene loss and can be 

observed in solution at low temperatures under excess acetylene.  The X-ray crystal 

structures of 2:1 and 1:1 complexes, Cu4(-[3,5-(CF3)2Pz])4(-HCCH)2 and 

Cu2(-[4-Br-3,5-(CF3)2Pz])2(HCCH)2 are reported.  Raman data show a reduction 

in ῡCC stretching frequency by about ~340 and ~163 cm-1 in the 2:1 and 1:1 

Cu(I)/acetylene complexes, respectively, from that of the free acetylene.  Copper(I) 

pyrazolate complexes of the terminal alkynes, phenylacetylene, 1,8-nonadiyne, and 

1,7-octadiyne are also reported.  They form adducts involving one copper atom on 

each alkyne moiety.  The {-[3,5-(CF3)2Pz]Cu}3 is also a very versatile and 

competent catalyst for alkyne transformations as evident from its ability to catalyze 

the alkyne C(sp)-H bond carboxylation chemistry with CO2, azide-alkyne 

cycloadditions leading to 1,2,3-triazoles including the use of acetylene itself as a 

substrate, and thiol addition to phenylacetylene affording vinyl sulfides.  
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3.2.2 Introduction 

Trinuclear copper pyrazolates are of significant interest due to their 

fascinating photophysical properties and tendency to self-assemble via Cu•••Cu 

contacts.15,21,53,74,75,79,85,88,91,97,99,144-148 For example, the copper complex {-[3,5-

(CF3)2Pz]Cu}3 (1) exhibits bright orange luminescence, which can be fine- and 

coarse-turned to multiple bright visible colors by varying solvents, concentration, 

temperatures, and excitation wavelength.15,53  Dendritic, trinuclear Cu(I) pyrazolate 

complexes carrying long alkyl chains have been utilized in the fabrication of 

rewritable phosphorescent paper.75  Trinuclear copper pyrazolates also serve as 

good precursors to produce various mixed ligand complexes or hybrid materials 

with different nuclearities and/or supramolecular structures. 6,30,33,85,87,94,96,144,149 For 

example, dinuclear Cu2(-[3,5-(CF3)2Pz])2(2,4,6-collidine)2 obtained from {-

[3,5-(CF3)2Pz]Cu}3 and 2,4,6-collidine show ligand based blue emissions that are 

different from the orange emissions of the precursor {-[3,5-(CF3)2Pz]Cu}3.
10 

Some of these copper complexes such as {-[3,5-(CF3)2Pz]Cu}3 with electron-

withdrawing fluoroalkyl groups on the ligand backbones act as π-acidic units, and 

are known to associate with electron rich arenes (e.g., benzene, mesitylene) and C60 

leading to 2D- or 3D-stacks.87,93,100 In addition, copper pyrazolates also show 

promise in catalysis,19,89,98,150-154 and adsorption and/or separation of small 

molecules, 33,145,155,156 but these applications have received relatively less scrutiny. 
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Copper mediates many important transformations involving alkynes such 

as hetero atom-hydrogen bond additions, cycloaddition chemistry, 

cyclopropenation, Csp-H bond functionalizations, and alkyne coupling processes. 

79,104,105,114,157-169 Copper alkyne or alkynide complexes are believed to be key 

intermediates in most of these reactions. Copper alkynes are also used as precursors 

for the copper deposition. 124,170 Despite the importance of copper in alkyne 

chemistry and the availability of a large number and a diverse group of binary 

copper(I) pyrazolates, coordination chemistry of copper pyrazolates with alkynes, 

or the use of copper-pyrazolates as catalysts in alkyne transformations remain 

virtually unexplored.  There was an isolated report in 2002 relevant to this topic 

concerning the synthesis Cu2(-[3,5-(CF3)2Pz])2(Me3SiCCSiMe3)2, as a chemical 

vapor deposition (CVD) precursor for copper.95  As a first part of a detailed 

investigation into this area, we reported the isolation of di- and tetra-nuclear copper 

complexes such as 2 and 3 (Figure 3.19) resulting from the reaction between tri-

nuclear {-[3,5-(CF3)2Pz]Cu}3 (1) and internal-alkynes, together with their 

structures (including molecules featuring bridged, −2-/4e-alkyne donors) and 

photophysical properties.73  Herein we describe the coordination chemistry of 

copper(I) pyrazolates with acetylene and terminal-alkynes, as well as the use of {-

[3,5-(CF3)2Pz]Cu}3 as a catalyst in the carboxylation, azide-cycloaddition and 

hydrothiolation of alkynes.  Recently, a communication appeared on the use of {-

[3,5-(CF3)2Pz]Cu}3 in click-chemistry, and the isolation of two mixed-valent 
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copper alkyne complexes (resulting from the partial oxidation of Cu(I) in the 

precursor).171 Their report complement the azide-alkyne cycloaddition results 

described herein. 

 

Figure 3.19  Diagram showing the structures of {-[3,5-(CF3)2Pz]Cu}3 (1), Cu2(-

[3,5-(CF3)2Pz])2(EtCCEt)2 (2), and Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (3) 
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3.2.3 Results and Discussion 

Coordination chemistry of copper pyrazolates with acetylene: 

4/3{-[3,5-(CF3)2Pz]Cu}3  + 2HCCH         

→  Cu4(-[3,5-(CF3)2Pz])4(-HCCH)2 (4)  eq. 1 

2/3{-[3,5-(CF3)2Pz]Cu}3 + 2HCCH   

                                     →  Cu2(-[3,5-(CF3)2Pz])2(HCCH)2 (5) eq. 2 

Figure 3.20  Synthetic routes to di- and tetra-nuclear complexes complexes Cu2(-

[3,5-(CF3)2Pz])2(HCCH)2 (5) and Cu4(-[3,5-(CF3)2Pz])4(-HCCH)2 (4) from 

trinuclear {-[3,5-(CF3)2Pz]Cu}3 

The highly fluorinated {-[3,5-(CF3)2Pz]Cu}3 (1) reacts with purified 

acetylene (~1 atm)169,172 in CH2Cl2, affording Cu4(-[3,5-(CF3)2Pz])4(-HCCH)2 

(4) as a white, crystalline solid in >90% yield (Figure 3.20, eq. 1 and Figure 3.21).  

The room temperature 1H NMR data of 4 in CDCl3 displayed the presence of a 2:1 

Cu:acetylene complex, and a large, down-field shift of acetylenic proton resonances 

(observed at  6.16 ppm) relative to the corresponding signal of the free acetylene 

( 2.05 ppm).  The ῡCC band of solid 4 in the Raman spectrum was observed at 

1638 cm-1, representing a significant (336 cm-1) red shift relative to the 



95 
 

corresponding stretching frequency of the free acetylene (1974 cm-1).173

 

Figure 3.21  Structures and synthetic routes to tetra-nuclear complexes Cu4(μ-[3,5-

(CF3)2Pz])4(μ-HC≡CH)2 (4), Cu4(μ-[4-Br-3,5-(CF3)2Pz])4 (μ-HC≡CH)2 (6), Cu4(μ-

[4-Cl-3,5-(CF3)2Pz])4(μ-HC≡CH)2 (7) and di-nuclear complexes and Cu2(μ-[3,5-

(CF3)2Pz])2(HC≡CH)2 (5) and Cu2(μ-[4-Br-3,5-(CF3)2Pz])2(HC≡CH)2 (8) from 

trinuclear copper(I) pyrazolates and acetylene. 
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Although there is a long history of copper(I)-acetylene chemistry,174,175 

copper(I) acetylene complexes with detailed structural and spectroscopic data are 

surprisingly scarce.  This is perhaps due to challenges such as facile loss of 

coordinated acetylene, copper acetylide formation, and the potential explosion 

hazard associated with this work. 168,175,176  Search of Cambridge Structural 

Database117 revealed eight structurally characterized copper-acetylene complexes.  

These include, [Cu{NH(Py)2}(HCCH)]BF4 and [Cu(phen)(HCCH)]ClO4 

complexes with Cu(2-HCCH) moieties,176-178 and polymeric or octanuclear, 

chloride bridged copper(I) adducts containing −2-(HCCH) moieties.179-181 

Among these, compound [Cu{NH(Py)2}(HCCH)]BF4 has 1H NMR and IR data 

available for comparison, and displays its acetylenic proton resonance and ῡCC 

band at  5.59 ppm and 1795 cm-1, respectively.177  The CC stretch of 

[Cu(phen)(HCCH)]ClO4 has been reported at 1800 cm-1.178  These two copper 

adducts featuring 2-acetylene moieties show only about 174-179 cm-1 lowering of 

their acetylene CC stretching frequency upon coordination to Cu(I).  Both the 

NMR shifts and ῡCC data of the acetylene ligands of Cu4(-[3,5-(CF3)2Pz])4(-

HCCH)2 (4) are however, significantly different from these adducts, and suggest 

the presence of a −-acetylene group rather than the 2-acetylene moiety.  

Note that even larger down field shifts of acetylenic proton resonance182 and more 

significant reductions in CC stretching frequency have been reported for 
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coordinated acetylene (e.g., ῡCC band of Co2(CO)6(-HCCH) in IR was observed 

at 1402 cm-1, which is about 570 cm-1 lower than that of free acetylene),183 but they 

involve earlier transition metal ions instead of Cu(I).  

 

Figure 3.22  Molecular structure of Cu4(-[3,5-(CF3)2Pz])4(-HCCH)2 (4); 

ORTEP view with 50% probability ellipsoids are shown.  Disordered atoms of the 

minor occupancy (12%) component have been removed for clarity. 

The X-ray crystal structure of Cu4(-[3,5-(CF3)2Pz])4(-HCCH)2 (4) is 

illustrated in Figure 3.22.  It is a tetranuclear copper(I) complex with trigonal planar 

copper sites and sits on an inversion center. Unfortunately, this molecule shows 

positional disorder over two orientations (at 88%:12% occupancy), which was 

rather challenging initially to recognize, but was resolved satisfactorily.  Although 

metrical parameters (Table 3.11) are not ideal for a detailed analysis due to the 
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disorder, the basic structural features and atom connectivities are clear and indicate 

the presence of −-(HCCH) moieties, consistent with the spectroscopic 

data.  There are close intramolecular Cu•••Cu contacts that are within the van der 

Waals separation of two copper atoms.130  It is also interesting to note that during 

the formation of 4, copper pyrazolate moieties of {-[3,5-(CF3)2Pz]Cu}3  rearrange 

to form two separate six-membered, Cu2N4 fragments, whereas in Cu4(-[3,5-

(CF3)2Pz])4(-EtCCEt)2 (3), they form a large 12-membered Cu4N8 metallacycle 

(Figures 3.19 and 3.21).73 

We could not isolate the 1:1 complex, Cu2(-[3,5-(CF3)2Pz])2(HCCH)2 

(5), involving non-bridging acetylene, from solutions containing even large excess 

of acetylene with {-[3,5-(CF3)2Pz]Cu}3  (Figure 3.20, eq. 2 and Figure 3.21).  This 

is however, not surprising based on the similar findings reported by us and others 

involving alkynes like 2-butyne with {-[3,5-(CF3)2Pz]Cu}3 or MeCCCO2Me 

with copper(I) trifluoroacetate.73,103 Only the tetranuclear copper complexes 

featuring bridging alkynes have been obtained from these reactions, despite the 

presence of excess of alkyne.  The VT-NMR data of {-[3,5-(CF3)2Pz]Cu}3 in the 

presence of excess acetylene in CD2Cl2 indicated the likely presence of Cu2(-[3,5-

(CF3)2Pz])2(HCCH)2 (5) in solution, as evident from the appearance of a broad 

signal at  4.86 ppm corresponding to bound acetylene, starting at about -35 ºC 

during the cooling process (Figure 3.23).  It is still broad even at -70 ºC indicating 
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the presence of extremely labile copper-bound acetylene group in 5 that rapidly 

exchanges with free acetylene on the NMR time scale.  

 

Figure 3.23 1H NMR spectra of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CH)2 (5) (in CD2Cl2) 

in the presence of excess acetylene at various temperatures. Peak at 4.86 ppm (-70 

°C) is the signal corresponding to coordinated acetylene. 

The work involving CO and fluorinated copper(I) pyrazolates indicates that 

more weakly coordinating pyrazolates such as [3,4,5-(CF3)3Pz]− offer greater 
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stability to, and allow relatively easier isolation of the dinuclear Cu-CO adducts 

such as Cu2(-[3,4,5-(CF3)3Pz])2(CO)2 relative to that of Cu2(-[3,5-

(CF3)2Pz])2(CO)2.
149  Accordingly, we also investigated the chemistry of {-[4-Br-

3,5-(CF3)2Pz]Cu}3,
20 and {-[4-Cl-3,5-(CF3)2Pz]Cu}3

20 with acetylene.  The 

treatment of {-[4-Br-3,5-(CF3)2Pz]Cu}3 and {-[4-Cl-3,5-(CF3)2Pz]Cu}3 with 

acetylene in CH2Cl2 followed by the cooling at -20°C afforded white crystalline 

solids.  The 1H NMR and Raman spectroscopic data of these samples however, 

indicated the formation of Cu4(-[4-Br-3,5-(CF3)2Pz])4(-HCCH)2 (6) and Cu4(-

[4-Cl-3,5-(CF3)2Pz])4(-HCCH)2 (7) featuring bridging acetylenes, respectively, 

rather than molecules with 2e-donor, 2-(HCCH) ligands. 176-178,184 For example, 

copper-bound acetylene proton signal of 6 and 7 was observed at  6.03 and 6.04 

ppm, respectively, whereas their CC stretch in Raman spectra was detected at 

1631 and 1632 cm-1, respectively.  These values are similar to those observed for 

the tetranuclear Cu4(-[3,5-(CF3)2Pz])4(-HCCH)2 (4).  The solubility of 6 and 7 

in less polar solvents like hexanes are rather limited once the solid is formed. 

Unfortunately, many attempts to grow acceptable crystals of 6 and 7 for X-ray 

crystallography failed. Twinning and the formation of badly inter-twined crystals 

are common. Interestingly, solids obtained from certain batches of Cu4(-[4-Br-

3,5-(CF3)2Pz])4(-HCCH)2 (6) in CH2Cl2 solutions at -20 ºC indicated the 

presence of two types of crystals and new band at 1810 and 1811     cm-1 in the IR  
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and Raman spectra, respectively (in addition to the ῡCC band due to 6).   These new 

peaks with relatively small changes in CC frequency are indicative of a copper-

bound, non-bridging acetylene moiety. Indeed, a careful analysis of a needle-

shaped crystal fragment (found as a minor product amongst diamond shaped, and 

often badly twinned crystals) revealed the presence of 1:1 adduct, Cu2(-[4-Br-3,5-

(CF3)2Pz])2(HCCH)2 (8).  It was later obtained as the major product (and as much 

better-quality single crystals) using toluene as the solvent of crystallization.  X-ray 

crystal structure of this molecule is illustrated in Figure 3.24.  

 

Figure 3.24  Molecular structure of Cu2(-[4-Br-3,5-(CF3)2Pz])2(HCCH)2 (8); 

ORTEP view with 50% probability ellipsoids are shown.  

It crystallizes with molecules of toluene in the crystal lattice, and sits on a mirror 

plane.  The copper sites adopt trigonal planar geometry and acetylenes bind to 
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copper atoms in an 2-fashion.  The average CC bond distance of 8 (1.227 Å) is 

slightly longer than the corresponding distance of free acetylene (1.2033(2) Å).173 

 

Figure 3.25 Raman spectra showing the conversion of Cu2(μ-[4-Br-3,5-

(CF3)2Pz])2(HC≡CH)2 (8) to Cu4(μ-[4-Br-3,5-(CF3)2Pz])4(μ-HC≡CH)2 (6) with 

time at room temperature, in open air. The peaks at 1811 cm-1 and 1636 cm-1 

correspond to complexes 8 and 6,  respectively. (Note: Oil coated Cu2(μ-[4-Br-3,5-

(CF3)2Pz])2(HC≡CH)2•C7H8 crystals were used in this study). 
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The Raman spectrum of solid samples of 8 displays a strong band at 1811 

cm-1, corresponding to the ῡCC (Figure 3.25).  This represent a 163 cm-1 reduction 

in stretching frequency as a result of copper-coordination, relative to that of the free 

acetylene.173  Solid samples of 8 (even with a thin, hydrocarbon oil coating) lose 

acetylene upon standing at room temperature in air, as evident from the gradual 

intensity loss of 1811 cm-1 band over several hours, and a complete disappearance 

within a day.  This process accompanies the gradual growth of the 1636 cm-1 band, 

pointing to the formation of a bridged-acetylene species 6, which is relatively more 

stable to the loss of acetylene.  Notably, we could not observe the NMR signal of 

the coordinated acetylene in 8 in CD2Cl2 at room temperature, as it rapidly loses 

some of the acetylene during the dissolution (can even observe the release of 

bubbles when the NMR solvent is added to dissolve the crystals), and establishes a 

fast equilibrium with the free acetylene on the NMR time scale.  We can however 

observe this resonance at low temperatures in the presence of excess acetylene.  The 

copper bound acetylenic proton signal of 8 was observed as a broad peak at  4.75 

ppm in CD2Cl2 (Figure 3.26).   We have not probed the acetylene chemistry of 4-

chloro analog {-[4-Cl-3,5-(CF3)2Pz]Cu}3 in greater detail apart from the isolation 

of 7, although it could also show similar chemistry as the 4-bromo analog, {-[4-

Br-3,5-(CF3)2Pz]Cu}3.  
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Figure 3.26 1H NMR spectra of Cu2(μ-[4-Br-3,5-(CF3)2Pz])2(HC≡CH)2 (8) (in 

CD2Cl2) in presence of excess acetylene at various temperatures. Peak at 4.75 ppm 

(-70 °C) is the signal corresponding to coordinated acetylene. 

The solutions of 4 (in CH2Cl2) is notably sensitive and change color to 

brown on exposure to air or upon removal of solvent under reduced pressure or if 

purged with nitrogen. It however, remains stable for a few days under acetylene 

atmosphere both in solution (in -20 °C freezer) and in solid state but slowly 

decomposes over time. In contrast, solutions of compounds 6 and 7 are 
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comparatively stable, and do not show noticeable color changes upon exposure to 

air or if purged with nitrogen briefly. Both these complexes remain stable for days 

in solution (in a freezer) and in solid state under an acetylene atmosphere.  In the 

presence of excess acetylene at room temperature, solutions of tetranuclear 4, 6 and 

7 lose the bound acetylene signal in 1H NMR spectrum indicating fast exchange 

with free acetylene, and perhaps the formation of 1:1 Cu:alkyne adducts.  

Table 3.11 Selected bond distances (Å) and angles (º) for Cu2(-[3,5-

(CF3)2Pz])2(EtCCEt)2 (2), Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (3), Cu4(-[3,5-

(CF3)2Pz])4(-HCCH)2 (4), Cu2(-[4-Br-3,5-(CF3)2Pz])2(HCCH)2 (8), Cu2(-

[3,5-(CF3)2Pz])2(HCCPh)2 (9), Cu2(-[3,5-(CF3)2Pz])2(HCC(CH2)5CCH) (10), 

Cu4(-[3,5-(CF3)2Pz])4(HCC(CH2)4CCH)2 (11), and Cu4(-[3,5-

(CF3)2Pz])4(C2H5CC(CH2)4CCC2H5)2 (12).   

Parameter\ 

Complex 

3 4*
 2 8 9 10 11 12 

av. Cu-

C(H)C 

- 1.987 - 1.970 1.943 1.955 1.958 - 

av. Cu-

C(C)C 

2.016 - 1.978 - 1.996 2.008 1.992 1.981 

av. CC 1.265 1.269 1.227 1.227 1.226 1.229 1.220 1.234 

av. Cu-N 1.978 1.961 1.985 1.972 1.971 1.978 1.975 1.982 

Shortest 

Cu•••Cu 

2.646 2.647 3.051 3.200 3.161 3.136 3.128 3.074 
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av. C-Cu-C 36.57 37.24 36.13 36.28 36.23 36.10 35.97 36.29 

av. C-CC 155.2 - 161.2 - 161.4 161.1 163.7 162.4 

av. N-Cu-N 108.99 103.04 97.49 98.95 100.05 98.13 100.04 97.85 

-CC- 

bonding 

mode 

−− −− − − − − − − 

ref 73 This work 73 This 

work 

This 

work 

This 

work 

This 

work 

This 

work 

*Metrical parameters of 4 should be used with due caution considering the disorder. 

Only the bond distance/angle values for major occupancy component are provided 

for compound 4. 
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Coordination chemistry of copper pyrazolates with terminal-alkynes: 

  We have also explored the chemistry of phenylacetylene and 1,8-nonadiyne 

with {-[3,5-(CF3)2Pz]Cu}3.  The treatment of the copper pyrazolate with slight 

excess of these terminal alkynes in CH2Cl2 led to Cu2(-[3,5-

(CF3)2Pz])2(HCCPh)2 (9) and Cu2(-[3,5-(CF3)2Pz])2(HCC(CH2)5CCH) (10) 

in high yield (Figure 3.27).  They show their CC stretch in Raman at 1932 (average 

of three bands observed at 1918, 1928, 1950 cm-1) and 1946 cm-1, respectively, 

indicating the presence of typical, non-bridging, 2e donor, 2-alkynes on copper.  

They represent a ~179 and 169 cm-1 reduction in stretching frequency upon Cu(I) 

coordination (free phenylacetylene and 1,8-nonadiyne display their CC stretch in 

Raman at 2011 and 2015 cm-1, respectively).  For comparison, the 

bis(pyrazolyl)borate complex [H2B(3,5-(CF3)2Pz)2]Cu(HCCPh) exhibits its CC 

band at 1927 cm-1,185 while the mixed-valent Cu{(-[3,5-

(CF3)2Pz])2Cu(HCCPh)}2 and Cu{(-[3,5-(CF3)2Pz])2Cu(HCCC6H13)}2 show 

their CC bands at 1910 and 1945 cm-1,171 respectively, in their IR spectra.  Copper 

complexes featuring 2- and -22-bound, internal alkyne 3-hexyne, Cu2(-[3,5-

(CF3)2Pz])2(EtCCEt)2 (2) and Cu4(-[3,5-(CF3)2Pz])4(-EtCCEt)2 (3), show 

their ῡCC bands in Raman at 2050 and 1874 cm-1, respectively, and about 210 and 

386 cm-1 red shifts relative to the corresponding stretching frequency of the free 

EtCCEt.73  In additional to these, the search of Cambridge Structural Database 
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revealed a few more structurally characterized copper-terminal alkyne complexes. 

These includes- tris(pyrazolyl)borate complexes [HB(3-(Mes)Pz)3]Cu(HCCPh) 

(ῡCC = 1923 cm-1),  [HB(3-(Mes)Pz)3]Cu(HCC5H9) (ῡCC = 1957 cm-1),  [HB(3-

(Mes)Pz)3]Cu(HCCCOOEt) (ῡCC = 1901 cm-1)  and  [CuCl(Me2C(OH)CCH)]4 

(ῡCC = 1940 cm-1).153,154   

 

 

 

 

 

 

 

Figure 3.27 Synthetic routes to di-nuclear complexes Cu2(μ-[3,5- 

(CF3)2Pz])2(HC≡CPh)2 (9) and Cu2(μ-[3,5-(CF3)2Pz])2(HC≡C(CH2)5C≡CH) (10) 

from tri-nuclear {[3,5-(CF3)2Pz]Cu}3 and the corresponding alkyne. 
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Figure 3.28  Molecular structure of Cu2(-[3,5-(CF3)2Pz])2(HCCPh)2 (9); ORTEP 

view with 50% probability ellipsoids are shown.  

X-ray crystal structures of 9 and 10 confirm the formation of dinuclear 

species containing alkyne ligands bonded to copper in an 2-fashion.  Compound 

Cu2(-[3,5-(CF3)2Pz])2(HCCPh)2 (9) crystallized in the P-1 space group with two 

chemically similar but crystallographically different molecules in the asymmetric 

unit. One of these molecules are depicted in Figure 3.28. In these molecules, 

phenylacetylene ligands orient in a similar fashion with phenyl moieties pointing 

in the same direction. The Cu2N4 metallacycle adopts the familiar boat shape. 
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Figure 3.29.  Molecular structure of Cu2(-[3,5-(CF3)2Pz])2(HCC(CH2)5CCH) 

(10); ORTEP view with 50% probability ellipsoids are shown.  

The X-ray structure of Cu2(-[3,5-(CF3)2Pz])2(HCC(CH2)5CCH) (10) is 

shown in Figure 3.29.  The 1,8-nonadiyne serves as an intramolecular bridge for 

two copper sites of the dinuclear “Cu2(-[3,5-(CF3)2Pz])2” fragment, and the alkyne 

groups coordinate to copper atoms in an 2-fashion. 1H NMR resonances 

corresponding to H-C protons of 9 and 10 in CDCl3 at room temperature appear 

as broad singlets at  3.17 and 4.33 ppm, respectively. The 13C NMR peaks 

assignable to the CC carbons are also broad suggesting that the alkyne groups in 

these complexes are rather labile in solution at ambient temperatures.   
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Figure 3.30  Synthetic routes to Cu4(μ-[3,5-(CF3)2Pz])4(HC≡C(CH2)4C≡CH)2 (11) 

and Cu4(μ-[3,5-(CF3)2Pz])4(C2H5C≡C(CH2)4C≡CC2H5)2 (12) from tri-nuclear 

{[3,5-(CF3)2Pz]Cu}3 and the corresponding alkyne. 
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 Figure 3.31 Molecular structures of Cu4(-[3,5-(CF3)2Pz])4(HCC(CH2)4CCH)2 

(11) (top) and Cu4(-[3,5-(CF3)2Pz])4(C2H5CC(CH2)4CCC2H5)2 (12) (bottom); 

ORTEP views with 50% probability ellipsoids are shown. 
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We have investigated the effect of alkyne moiety linker length on copper-

alkyne adduct formation by using a terminal bis-alkyne 1,7-octadiyne, as well as 

an internal bis-alkyne 3,9-dodecadiyne ligands with {-[3,5-(CF3)2Pz]Cu}3 (Figure 

3.30). The X-ray crystal structures of the resulting molecules Cu4(-[3,5-

(CF3)2Pz])4(HCC(CH2)4CCH)2 (11) and Cu4(-[3,5-

(CF3)2Pz])4(C2H5CC(CH2)4CCC2H5)2 (12) are illustrated in Figure 3.31.   In 11 

and 12, the two alkyne moieties are linked by a four-carbon, –(CH2)2– linker, and 

they serve as a bridge to two-separate dinuclear “Cu2(-[3,5-(CF3)2Pz])2” 

fragments.  In contrast, the di-alkyne HCC(CH2)5CCH with a five-carbon linker 

in 10 acts as an intramolecular bridge to a single “Cu2(-[3,5-(CF3)2Pz])2” moiety.  

Thus, it appears that anything shorter than the five-carbon –(CH2)5– linker in these 

aliphatic bis-alkyne molecules is not long enough to bridge Cu atoms of dinuclear 

“Cu2(-[3,5-(CF3)2Pz])2” fragments in an intra-dimer fashion. 

A comparison of metrical parameters of 3 and 4 containing 4e-donor, 

−22-alkynes to 2, 8-12 featuring 2e-donor, 2-alkyne ligands (Table 3.11) 

show that the former group of molecules have longer CC bonds, which is expected 

and consistent with the vibration spectroscopic data.188  Also, compound 3 shows a 

greater alkyne bending-back angle (deviation from linearity of the alkyne C-CC 

bond angle) as a result of the coordination of two copper atoms compared to those 

of the 2 and 9-12 that have only one copper atom on each alkyne.  The structural 



114 
 

data from 9-11 with terminal alkynes indicate that the Cu-C(H)C bond is 

significantly shorter than the Cu-C(C)C bond length, which is probably a result of 

steric effects.  The coordinated alkyne groups of 4 and 8-12 are co-planar with 

respect to the trigonal plane of copper (i.e., N2CuC2 atoms are in the same plane). 

These molecules represent a rare group of structurally characterized, terminal 

alkyne complexes of copper, derived from binary copper(I) pyrazolates. The mix-

valent, Cu{(-[3,5-(CF3)2Pz])2Cu(HCCPh)}2 and Cu{(-[3,5-

(CF3)2Pz])2Cu(HCCC6H13)}2  featuring Cu(I) and Cu(II) sites are the only copper-

alkyne-pyrazolates that are somewhat related to 8-11 in the literature.171 

Copper(I) pyrazolates in alkyne transformations: 

Despite the importance of copper in alkyne chemistry, 79,104,105,114,157-169 and 

the ease of synthesis and availability of many copper(I) pyrazolates,  they have not 

been used widely as catalysts in alkyne transformations.  We have been working on 

the chemistry of highly fluorinated copper pyrazolates,7,53 and copper-alkyne 

complexes for a number of years. 126,185,189,190 Fluorinated copper pyrazolates serve 

as excellent Lewis acids and bind to molecules with lone pairs (e.g., CO, pyridines) 

or -electrons (e.g., alkene, alkynes).10,30,73,93,100,144,145 During this work, we noticed 

that they are also competent catalysts for several processes that transform alkynes.  

Here we report the use of fluorinated copper pyraolates as a catalyst in the 

carboxylation, azide-cycloaddition and hydrothiolation of alkynes. 
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Carboxylation of terminal alkynes: 

Incorporation of carbon dioxide into molecules is a significant current 

interest.161,163 One way to achieve this is via the insertion of CO2 into C(sp)-H bonds 

of terminal alkynes leading to carboxylic acids.  Copper is turning out to be an 

important catalyst in this regard.161,163 For example, CuCl with various ligands (e.g., 

TMEDA) in the presence of K2CO3 have been reported to mediate CO2 insertion to 

phenylacetylene.163  We found that {-[3,5-(CF3)2Pz]Cu}3 is also effective in this 

process.  It does not require an external base and the reactions proceed at 1 atm of 

CO2 at the room temperature (Figure 3.32, Table 3.12).  For example, {-[3,5-

(CF3)2Pz]Cu}3 at 2 mol% level, catalyzes the reaction between phenylacetylene and 

CO2 at room temperature and produces PhC2CO2H in 72% isolated yield (entry 1).  

In these reactions, molecules resulting from an alkyne coupling were also observed 

as a minor product. 
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Figure 3.32 The {-[3,5-(CF3)2Pz]Cu}3 catalyzed carboxylation of terminal 

alkynes 

Table 3.12 Carboxylation of terminal alkynes using {-[3,5-(CF3)2Pz]Cu}3 (2 

mol%) as the catalyst. 

Entry R Time 

(h) 

% Yield 

(Product A) 

% Yield 

(Product B) 

1 H 12 72 10 

2 CH3 12 80 2 

3 Cl 12 64 5 
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Azide-alkyne cycloaddition:  

Copper catalyzed synthesis of 1,2,3-triazoles via the cycloaddition of azides 

to triple bonds of alkynes is perhaps the most well-known process involving copper 

and alkynes.105,114,191-193  The standard catalytic system uses copper(II) salts such as 

copper sulfate pentahydrate in the presence of a reducing agent, such as sodium 

ascorbate.192 During our work involving copper(I) pyrazolates and alkynes, we 

discovered that {-[3,5-(CF3)2Pz]Cu}3 is an excellent catalyst for the cycloaddition 

of azides to terminal alkynes.  Furthermore, it also mediates similar chemistry with 

acetylene,194 which is rare (Figure 3.33).  It is important to note that a report 

appeared recently on the use of {-[3,5-(CF3)2Pz]Cu}3 in click chemistry with 1-

octyne and phenylacetylene with ortho-fluorobenzyl azide.171 That work 

complements the findings reported below involving terminal alkynes. 

Specifically, the trinuclear copper(I) pyrazolate {-[3,5-(CF3)2Pz]Cu}3 (1 

mol%) catalyzes the cycloaddition of p-tolylazide and acetylene (1 atm) to form the 

desired 1-substituted-1,2,3-triazole in quantitative yield based on the NMR 

spectroscopic analysis of the product mixture (Figuure 3.33).  Reaction proceeds in 

CH2Cl2 under mild conditions and no heating or base is required.  The reactions 

ensue equally well with phenylacetylene or 1-octyne as the alkyne source affording 

the corresponding 1,4-disubstituted 1,2,3-triazole.195  Mild reaction conditions of 

the copper pyrazolate catalyzed process and the high yields are noteworthy, as also 

highlighted by Titov and co-workers.171 
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Figure 3.33  The {-[3,5-(CF3)2Pz]Cu}3 catalyzed alkyne-azide cycloaddition 

involving acetylene or various terminal alkynes as the alkyne source and p-

tolylazide 

We have also successfully converted 1,8-nonadiyne to the corresponding 

1,4-disubstituted 1,2,3-triazole using p-tolylazide (Figure 3.33).  Although it 

produces the bis-triazole product in quantitative yield, this reaction required the use 
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of slightly elevated temperature (80 °C) and benzene as the solvent.  The control 

reaction at this temperature (with no copper catalyst) produces the product in 19% 

yield.  The {-[3,5-(CF3)2Pz]Cu}3 catalyzed process at room temperature also gives 

the product, but in low yield (13%).  Overall, this work indicates that the trinuclear 

copper(I) pyrazolate {-[3,5-(CF3)2Pz]Cu}3 can be used as an efficient catalyst to 

prepare 1-substituted-1,2,3-triazoles and 1,4-disubstituted 1,2,3-triazoles using just 

the organo azide and an alkyne source. Some of the isolable copper-alkyne 

complexes described earlier (e.g., Figure 3.21, 3.27, Table 3.11), resulting from the 

same alkynes and {-[3,5-(CF3)2Pz]Cu}3 combination may exist as intermediates 

in these processes. 

Hydrothiolation of alkynes: 

Copper also plays an important role as a catalyst in the alkyne 

hydrothiolation chemistry which leads to an important class of compound, vinyl 

sulfides.157,196-201 We found that {-[3,5-(CF3)2Pz]Cu}3 is an effective catalyst in 

this process involving phenylacetylene and thiophenol (Figure 3.34, Table 3.13).  

For example, it catalyzes (1 mol%) the addition of thiol group of PhSH to the alkyne 

moiety of PhCCH at room temperature under CO2 producing PhCHCHSPh in 70% 

isolated yield (entry 1).  Note that both the E- and Z-isomers are obtained, which is 

not unusual for a copper catalyzed process.197  Interestingly, the control reaction 
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without the catalyst also produces the product,200 albeit in lower yield (e.g., 42% 

yield (with almost opposite E:Z of 30:70) at room temperature after 3 h under CO2).  

The E/Z stereoselectivity of {-[3,5-(CF3)2Pz]Cu}3 catalyzed reaction is 

somewhat complicated, and dependent on reaction time, reaction temperature and 

the atmosphere. For example, at 0 ℃ and after 3 h of reaction time (entry 2), we 

have observed different stereoselectivities for reactions carried out under CO2 (E/Z 

ratio = 26:74) and N2 atmosphere (E/Z ratio = 10:90).  At 90 ℃ and after 16 h of 

reaction time, a reversal in product stereoselectivity was observed (E/Z ratio = 

78:22) in the reaction performed under CO2 atmosphere compared to the 3h 

reaction at 0°C (entries 4 and 2).  The change in product ratio was less significant 

for the reaction carried out under N2 atmosphere (E/Z ratio = 34:66 vs 10:90).  The 

hydrothiolation chemistry reported by Y. Zhang and coworkers using CuI (5 mol%) 

catalyst (in DMSO with K2CO3 as a base)197 under similar reaction temperatures 

and time, also generated very different product ratios under CO2 and argon (E/Z 

ratio = 10:90 and 84:16, with 92% and 68% yields, respectively).  Note also that 

the E/Z stereoselectivity is nearly opposite for the two copper catalysts (i.e., E/Z 

ratio = 10:90 and 78:22 for CuI and {-[3,5-(CF3)2Pz]Cu}3 catalyzed reactions, 

respectively).  The isolated product yields of each {-[3,5-(CF3)2Pz]Cu}3 catalyzed 

experiment were relatively low, when the reactions were performed under N2 

instead of CO2.  We have thus far not probed various temperature, solvent, reaction 
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time effects in detail. This work however, shows that copper pyrazolates are 

competent catalysts for alkyne hydrothiolations.    

 

Figure 3.34  The {-[3,5-(CF3)2Pz]Cu}3 catalyzed hydrothiolation of terminal 

alkynes 

Table 3.13  Hydrothiolation of terminal alkynes using {-[3,5-(CF3)2Pz]Cu}3 (1 

mol %) as the catalyst. Yields reported are isolated yields (average from two 

separate experiments). The E/Z ratio was determined by 1H NMR analysis. 

Entry Temp 

(oC) 

Time 

(h) 

Under 

CO2 

(E:Z) 

Under 

N2 

(E:Z) 

Overall % 

yield under 

CO2 

Overall % 

yield under 

N2 

1 RT 3 63:37 50:50 70 56 

2 0 3 26:74 10:90 65 48 

3 90 3 30:70 56:44 78 62 

4 90 16 78:22 34:66 90 81 
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3.2.4 Summary and Conclusions 

Overall, we describe convenient routes to HCCH and terminal alkyne 

(phenylacetylene, 1,8-nonadiyne, 1,7-octadiyne) complexes of copper(I) using 

readily available, fluorinated copper(I) pyrazolates and the corresponding alkynes.  

The 2:1 copper:acetylene complexes Cu4(-[3,5-(CF3)2Pz])4(-HCCH)2 (4), 

Cu4(-[4-Br-3,5-(CF3)2Pz])4(-HCCH)2 (6), and Cu4(-[4-Cl-3,5-(CF3)2Pz])4(-

HCCH)2 (7) are easier to isolate and relatively more stable in solid state and 

solution.  They have bridging acetylene ligands as evident from the NMR and 

Raman spectroscopic data and confirmed for 4 by X-ray crystallography.  Low 

temperature NMR data suggest the existence of 1:1 Cu:alkyne adducts, perhaps of 

the type Cu2(-[3,5-(CF3)2Pz])2(HCCH)2 (5) and Cu2(-[4-Br-3,5-

(CF3)2Pz])2(HCCH)2 (8) in solutions containing excess acetylene.  They are 

however, extremely labile in solution, and challenging to isolate than 4, 6, or 7.  

Compound 8 have been isolated in crystalline form, and characterized structurally 

but it loses acetylene even in the solid state. Raman data show a reduction in ῡCC 

stretching frequency from 1974 cm-1 in free acetylene to 1811 cm-1 in the 2-/2e-

donor acetylene adduct 8 and, more drastically, to 1631 cm-1 in the bridged -

2-/4e-donor adduct 6.  The terminal alkynes, phenylacetylene, 1,8-nonadiyne, 

and 1,7-octadiyne easily form their 2-/2e-donor alkyne adducts Cu2(-[3,5-

(CF3)2Pz])2(HCCPh)2 (9), Cu2(-[3,5-(CF3)2Pz])2(HCC(CH2)5CCH) (10), and 
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Cu4(-[3,5-(CF3)2Pz])4(HCC(CH2)4CCH)2 (11) that have 1:1 Cu/alkyne 

stoichiometry.  Isolation of a copper(I)-pyrazolate 12 containing an internal alkyne 

is also reported.  In addition to alkyne coordination, the {-[3,5-(CF3)2Pz]Cu}3 is 

also a very versatile and competent catalyst for alkyne transformations.  We have 

presented its utility in C(sp)-H bond carboxylation with CO2, facile azide-alkyne 

cycloaddition leading to 1,2,3-triazoles including the rare chemistry involving 

acetylene itself, and S-H addition to alkyne moiety leading to vinyl sulfides.  We 

are currently, exploring further details on these copper-alkyne chemistry and 

additional transformations of alkynes mediated by copper.  Note that unlike the 

often used copper halide catalysts, these copper pyrazolates can be more easily fine-

tuned sterically and electronically via changes to pyrazolyl ring substituents, which 

is a useful attribute for homogeneous catalysts. 
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Chapter 4 

Chemistry of binary copper(I) pyrazolates with carbon monoxide 

Devaborniny Parasar, Naleen B. Jayaratna, Alvaro Muñoz-Castro, Allison E. 

Conway, Pavel K. Mykhailiuk and H. V. Rasika Dias 

(Part of this work has been published in Dalton Trans., 2019, 48, 19, 6358–6371) 
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4.1 Abstract 

Syntheses of neutral and anionic, di- and tetra-nuclear copper carbon 

monoxide complexes using binary copper(I) pyrazolate precursors are reported.  

The reaction of {[3,5-(CF3)2Pz]Cu}3 (2), {[4-Cl-3,5-(CF3)2Pz]Cu}3 (3) or {[3,4,5-

(CF3)3Pz]Cu}3 (4) with CO in CH2Cl2 led to copper carbonyl complexes.  They 

however, lose CO quite easily if not kept under a CO atmosphere.  Compounds  

{[3,5-(CF3)3Pz]Cu(CO)}2 (5)  and {[3,4,5-(CF3)3Pz]Cu(CO)}2 (7) were 

characterized by X-ray crystallography. They are dinuclear species with a Cu2N4 

core.  The reaction of {[3,5-(CF3)2Pz]Cu}3 with CO in the presence of [NEt4]Br or 

[NEt4][3,5-(CF3)2Pz] affords relatively more stable [NEt4][{[3,5-

(CF3)2Pz]Cu(CO)}4(4-Br)] (8) and [NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9).  The 

related [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-Br)] (10) and [NEt4][{[4-Cl-3,5-

(CF3)2Pz]Cu(CO)}4(4-Cl)] (11) can be synthesized using {[4-Cl-3,5-

(CF3)2Pz]Cu}3, CO and [NEt4]Br or [NEt4]Cl.  The X-ray structures show that 8, 

10 and 11 are tetranuclear species with terminal Cu-CO groups and quadruply 

bridging Cl− and Br− ions.  Compound 9 features an anionic cage of nearly D3h 

symmetry formed by three bridging [3,5-(CF3)2Pz]− ions two terminal Cu-CO 

moieties.  Theoretical calculations show that bonding in these 16- and 18-electron 

copper complexes follows Dewar–Chatt–Duncanson (DCD) model, where the CO 

stretching frequencies correlate well to the orbital interaction energy ΔEorb. The 

major Cu-CO interaction however is electrostatic in nature.  Further theoretical 
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exploration of the role of the substituent at pyrazolyl ring 4-position between -H, -

Cl, and -CF3, shows a slight decrease in covalent character of the Cu-CO interaction 

and diminished -back bonding as pyrazolate groups become more weakly 

donating with added electron withdrawing substituents.   

4.2 Introduction 

Copper complexes of carbon monoxide are of significant historical, 

scientific and technological importance.202-211 In fact, the first reports of CO 

chemistry with copper can be traced back to 1850s, which concern the absorption 

of carbon monoxide by hydrochloric acid solutions of copper(I) chloride.202 

However, copper carbonyl complexes that can be isolated as analytically pure 

solids and are stable in the absence of CO came to prominence only after 1969 with 

the synthesis of molecules such as Cu(CF3CO2)CO and [HB(Pz)3]CuCO.212-214 

Although there are a number of well-defined copper carbonyl adducts in the 

literature presently,203,205 synthesis and the chemistry of such species continue to 

attract wide interest due to their significance in the purification and separation of 

CO from gas mixtures using copper (e.g., copper-liquor scrubbing, COSORB 

process, adsorption processes),215-219 industrially significant reactions of CO 

involving copper (e.g., oxidation using Hopcalite, Cu(I)/ZnO catalyzed synthesis 

of methanol from syngas, copper mediated water-gas shift reaction),215,220-229 

implications in the carbonylation of alkenes, amines, hydrocarbons, and alcohols 
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facilitated by copper,206,230-236 CO reduction with Cu based catalysts,237 and value 

as a convenient spectroscopic probe to study copper sites in  solid materials, 

molecules, and metallo-enzymes. 210,238-255 

 

Figure 4.1  Structures of [HB(Pz)3]CuCO and  [HB(3,5-(CF3)2Pz)3]CuCO (1) 

Carbonyl complexes are particularly useful to gauge the electronic 

properties of supporting ligands, and to understand the bonding and some chemistry 

of metal adducts.  For example, the CO stretching frequency of [HB(3,5-

(CF3)2Pz)3]CuCO (1, ῡCO = 2137 cm-1) is 71 cm-1 higher than that of the non-

fluorinated analog [HB(3,5-(CH3)2Pz)3]CuCO (ῡCO = 2066 cm-1), and points to the 

presence of rather electron deficient copper site in the fluorinated system.205,256    

[Cu(trans,trans,trans-1,5,9-cyclododecatriene)(CO)][SbF6] with a  ῡCO of 2160   

cm-1 is an example of a non-classical metal carbonyl complex,257 that has a CO 

stretching frequency higher than that of free CO  (ῡCO = 2143 cm-1).249 Copper and 
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silver complexes supported by fluorinated tris(pyrazolyl)borate ligands such as 

[HB(3,5-(CF3)2Pz)3]− that display very high ῡCO are powerful catalyst for carbene 

and nitrene transfer reactions.205,258-261 The “[HB(4-Br-3,5-(CF3)2Pz)3]M” (M = Cu, 

Ag)  even catalyzes the functionalization of methane via carbene insertion.262 

In this chapter we describe the carbonyl chemistry of binary copper(I) 

pyrazolates {[3,5-(CF3)2Pz]Cu}3 (2),7 {[4-Cl-3,5-(CF3)2Pz]Cu}3 (3),20 and {[3,4,5-

(CF3)3Pz]Cu}3 (4),33 and the effects of additional donors such as chloride, bromide, 

and [3,5-(CF3)2Pz]− ions on the stability of the resulting copper(I) carbonyl adducts, 

especially 2 and 3.  It is noteworthy that although a large number of binary copper(I) 

pyrazolates are known,5,74 their coordination chemistry with CO is very limited.  

Trinuclear [Cu(CO){2-(3(5)-Pz),6-(CH3)py}]3 and dinuclear (py)Cu[3,5-

(MeCO2)2Pz]2Cu(CO)(py) represent two rare examples of copper carbonyls 

derived from binary copper pyrazolates (Figure 4.2).263,264  There is also a report of 

an anionic copper carbonyl complex [Cu4(dmnpz)6(CO)4]
2- (dmnpz = 3,5-dimethyl-

4-nitro-pyrazolate, Figure 4.2),6 but apart from the IR data, it has not been well 

characterized due to the highly labile nature of the CO ligand. The ability to 

coordinate CO at Cu sites of a copper-pyrazolate based metal–organic framework 

has been reported by Volkmer et al.265 
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Figure 4.2  Structurally characterized [Cu(CO){2-(3(5)-Pz),6-(CH3)py}]3 and 

(py)Cu[3,5-(MeCO2)2Pz]2Cu(CO)(py), and the proposed structure of 

[Cu4(dmnpz)6(CO)4]
2- based on solution data. 
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4.3 Results and discussion 

The trinuclear copper(I) pyrazolates such as {[3,5-(CF3)2Pz]Cu}3 (2) and 

{[3,5-(i-Pr)2Pz]Cu}3 are known for their remarkable photophysical properties.15,53 

The fluorinated copper pyrazolate {[3,5-(CF3)2Pz]Cu}3 (2) is also an interesting -

acid that forms acid-base adducts with -bases like benzene and C60 and other 

Lewis bases leading to supramolecular aggregates. 87,93,100 Chemistry described 

below with the -donor/-acceptor carbon monoxide ligand under various 

conditions illustrates a different facet of this adduct.  We have also probed the 

chemistry of related {[4-Cl-3,5-(CF3)2Pz]Cu}3 (3)20 and  {[3,4,5-(CF3)3Pz]Cu}3 

(4)33 to understand the electronic effects of pyrazolyl ligand supports on bonding 

and stability of the resulting copper carbonyls. 
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Figure 4.3  Synthetic route to {[3,5-(CF3)2Pz]Cu(CO)}2 (5), {[4-Cl-3,5-

(CF3)2Pz]Cu(CO)}2 (6), {[3,4,5-(CF3)3Pz]Cu(CO)}2 (7) from {[3,5-(CF3)2Pz]Cu}3 

(2), {[4-Cl-3,5-(CF3)2Pz]Cu}3 (3), and {[3,4,5-(CF3)3Pz]Cu}3 (4)  

Concentration of a warm (40-45 ºC) dichloromethane solution of {[3,5-

(CF3)2Pz]Cu}3 (2) by a slow stream of CO led to the precipitation of a white solid. 

The IR data of this solid display two strong bands at 2099 and 2108 cm-1 in the 

typical region for terminal CO groups supported by weakly coordinating 

ligands,205,266 indicating the formation of a copper-carbonyl species {[3,5-

(CF3)2Pz]Cu(CO)}2 (5) (Figure 4.3).  In Nujol, only a single band was observed at 

2128 cm−1 suggesting some medium effects. Compound 5 loses CO rapidly and 

reverts back to 2 in the absence of a CO atmosphere.  Interestingly, the treatment 

of 2 in dichloromethane with CO at room temperature did not lead to the formation 

of a CO complex.  It is possible that CO is not nucleophilic enough to break-up the 
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nine-membered Cu3N9 metallacycle in {[3,5-(CF3)2Pz]Cu}3 (2) without added heat.   

In contrast, better nucleophiles such as 2,4,6-collidine and 3-hexyne afford 

dinuclear products {[3,5-(CF3)2Pz]Cu(2,4,6-collidine)}2 and {[3,5-

(CF3)2Pz]Cu(EtC≡CEt)}2 quite easily with 2 at the room temperature.30,73 We have 

also investigated {[3,5-(CF3)2Pz]Cu(CO)}2 (5) computationally.  The calculated 

CO frequencies of 2095 and 2101 cm-1 for 5, which account for both antisymmetric 

and symmetric ῡCO stretch, are in good agreement with the experimental 

observations, 2099 and 2108 cm-1. 

The 13C{1H} spectrum of {[3,5-(CF3)2Pz]Cu(CO)}2 (5)  in CD2Cl2 saturated 

with CO at the room temperature displays a signal at  172.3 ppm indicating the 

existence of copper bound CO in solution, and in the expected region for copper 

carbonyls.205,238,253 For comparison, the signal for 13CO gas in CD2Cl2 was observed 

relatively upfield at  184 ppm.  Compound 5 has a rather labile CO, which is lost 

by bubbling dinitrogen into the CD2Cl2 solution or during the removal of solvent 

using reduced pressure, producing the starting copper complex 2.  19F NMR 

spectrum of {[3,5-(CF3)2Pz]Cu(CO)}2 (5)  in CD2Cl2 shows that it is in an 

equilibrium with 2 as indicated by two sets of 19F NMR signals.  

The observed 2↔5 equilibrium upon CO saturation/removal in 

dichloromethane solution is further evaluated by the estimated reaction free-energy 

change at room temperature (ΔG298K) for the reaction: 2 {[3,5-(CF3)2Pz]Cu}3 + 6 

CO → 3 {[3,5-(CF3)2Pz]Cu(CO)}2, which amounts to -17.35 kcal mol-1 (-5.78 kcal 
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per mol of 5) suggesting the CO incorporation in 2 to be thermodynamically 

favorable and dominated by kinetic control.  External heat helps overcome 

activation barrier in the synthesis of 5. 

 

Figure 4.4.  Molecular structure of {[3,5-(CF3)2Pz]Cu(CO)}2 (5).   Only one of the 

1.5 molecules present in the asymmetric unit are shown.   Selected, average bond 

distances (Å) and angles (°): Cu-C 1.843, O-C 1.123, N-Cu 1.9709, N-Cu-N 

113.71, O-Cu-Cu 177.1, Cu•••Cu 3.52 

The X-ray crystal structure of 5 is shown in Figure 4.4.  Selection and 

mounting of suitable crystals for data collection is challenging due to rapid CO loss 

at room temperature, even under Paratone oil.  Compound 5 crystallizes in P−1 

space group with 1.5 molecules in the asymmetric unit.  It is a dinuclear species 

with essentially planar Cu2N4 core, with an average Cu•••Cu distance of 3.52 Å.  
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Copper centers are three-coordinate and adopt a trigonal planar geometry.    As 

noted earlier, trinuclear [Cu(CO){2-(3(5)-Pz),6-(CH3)py}]3 and dinuclear 

(py)Cu[3,5-(MeCO2)2Pz]2Cu(CO)(py) are the only well-authenticated copper 

carbonyls derived from binary copper pyrazolates in the literature (Figure 4.2) to 

our knowledge.263,264 They both feature four-coordinate copper-carbonyl sites.  In 

contrast, three-coordinate copper complexes with an N2Cu-CO coordination sphere 

as in 5 are rare. There are only eight such adducts in the Cambridge Structural 

database.267-274 While none of these three-coordinate N2Cu-CO adducts involve 

pyrazolate ligand supports, a comparison of their Cu-CO distances (which range 

from 1.749 to 1.818 Å) to that of 5 (av. 1.843 Å) show that that latter has a relatively 

long Cu-C bond which is at the upper end of this spectrum. 

We have also investigated the chemistry of related {[4-Cl-3,5-

(CF3)2Pz]Cu}3 (3) and  {[3,4,5-(CF3)4Pz]Cu}3 (4) with CO.  These molecules 

possess comparatively more weakly coordinating pyrazolates.  As with 2, it was 

necessary to heat the solution containing 3 before treating with CO to afford the 

corresponding copper carbonyl adduct {[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2 (6).  In 

contrast, {[3,4,5-(CF3)3Pz]Cu(CO)}2 (7) can be obtained by treating 4 with CO at 

room temperature in CH2Cl2.  The IR spectra of compounds 6 and 7 show their CO 

stretching frequencies at 2139 cm-1. In Nujol, compound 6 exhibits a prominent 

broad band at 2110 cm−1 with shoulder bands at 2127 and 2146 cm−1 (average signal 

at 2128 cm−1) while 7 displays ῡCO at 2146 cm−1. The calculated CO frequencies of 
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6 and 7 are 2099, 2106 and 2102, 2108 cm-1 (which account antisymmetric and 

symmetric ῡCO stretch of each adduct), respectively. These experimental and 

computed ῡCO values are closer to that of the free CO (2143 cm−1) pointing to the 

presence of fairly electrophilic copper sites in 6 and 7 with low π-backbonding 

capabilities.This is not surprising as Cu-CO moieties of 6 and 7 are supported by 

very weakly donating pyrazolyl ligands decorated with electron withdrawing 

substituents CF3, Cl, CF3 and CF3, CF3, CF3 at the 3, 4, and 5-positions, 

respectively, while in 5, pyrazolyl moieties have only CF3, H, CF3 groups on the 

backbone (Figure 4.3). For comparison, relatively electron rich (py)Cu[3,5-

(MeCO2)2Pz]2Cu(CO)(py) (Figure 4.2)264 displays its IR band at a significantly 

lower value of 2073 cm-1. Three-coordinate copper complexes such as 

[N{(F7C3)C(2-F,6-(CF3)C6H3)N}2]Cu(CO)269 and 

[HC{(F3C)C(C6F5)N}2]Cu(CO)270 supported by heavily fluorinated ligands display 

ῡCO bands (more like 6 and 7) at 2128 and 2122, 2135 (two bands for the latter as a 

result of inter-molecular F•••CO contacts), respectively.  Compound 

[Cu(trans,trans,trans-1,5,9-cyclododecatriene)(CO)][SbF6] with a  ῡCO of 2160   

cm-1 is an example of a non-classical metal carbonyl complex,257 with a  ῡCO 

significantly higher than that of free CO.  

Solid samples of 6 and 7 also lose CO quite easily under vacuum or in the 

absence of CO atmosphere.  It is also possible to monitor the diminishing IR signal 

of ῡCO with time using solid samples on an ATR stage.  Compound 7 is the most 
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thermally stable adduct among 5-7 which shows the slowest rate of CO loss in air. 

13C{1H} spectra of CO saturated solutions of 6 and 7 in CD2Cl2 at room temperature 

display resonances at  171.8 and 170.9 ppm corresponding to the copper bound 

CO in solution, with 7 showing the most upfield shift from the free CO. The 

calculated 13CO chemical shift of 7 ( 168.7 ppm) agrees well with the experimental 

observation. 

We have also been able to obtain the X-ray crystal structure of {[3,4,5-

(CF3)3Pz]Cu(CO)}2 (7), which is illustrated in Figure 4.5.  The molecule 7 sits on 

a mirror plane containing two C-4 carbons of the pyrazolyl moieties.  It is a 

dinuclear species with a boat-shaped, six-membered Cu2N4 core.  The 

corresponding copper ethylene complex {[3,4,5-(CF3)3Pz]Cu(C2H4)}2  also has a 

similar dinuclear structure, but with a much closer intramolecular Cu•••Cu 

separation (3.21 Å vs 3.31 Å in 7).  In contrast, 5 and {[3,5-(CF3)2Pz]Cu(2,4,6-

collidine)}2 have planar Cu2N4 cores with larger Cu⋯Cu separations (3.52 and 3.39 

Å, respectively), which illustrate the conformational flexibility of six-membered 

Cu2N4 frame in these systems. The average Cu-N distance of 7 (1.9897 Å) is 

slightly longer than the corresponding distance observed for 5 (1.9709 Å), perhaps 

as a result of the relatively weakly donating nature of the supporting pyrazolate in 

the former adduct. 
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Figure 4.5  Molecular structure of {[3,4,5-(CF3)3Pz]Cu(CO)}2 (7).   Selected bond 

distances (Å) and angles (°): Cu-C9 1.831(2), O-C9 1.123(3), N1-Cu 1.9873(15), 

N2-Cu 1.9921(15), N1-Cu-N2 102.25(6), C9-Cu-N1 127.13(8), C9-Cu-N2 

130.53(8), O-Cu-Cu 179.1(2) 

Evaluation of the effects of -H, -Cl and -CF3, substituent at the 4-position 

of [3,5-(CF3)2Pz]− by computational methods reveal that the Cu-CO bonding 

energy is more favorable in the following order, -38.53 (5) > -37.08 (6) > -34.80 

(7) kcal mol-1, suggesting the strongest bond for the former (Table 4.1).  The Cu-

CO binding energy (Eint) can be further dissected to different, chemically 

meaningful terms within the Energy Decomposition Analysis (EDA) given by 

Ziegler and Rauk,275 ΔEint = ΔEPauli + ΔEelstat + ΔEorb + ΔEdisp; where the ∆EPauli 

term accounts for the repulsive four-electron/two-orbital interactions, and ΔEelstat 



138 
 

and ΔEorb account for stabilizing terms related to both electrostatic and covalent 

character of the interaction, respectively. 

Table 4.1 Calculated bonding interaction energies (Eint) and its derived terms 

(EPauli + EElstat + Eorb + Edisp), along with their percent contribution. Values 

in kcal/mol.   

Complexes EPauli EElstat % Eorb % Edisp % Eint 

{[3,5-(CF3)2Pz]Cu(CO)}2 

(5) 

113.63 -91.87 60.4 -58.26 38.3 -2.03 1.3 -38.53 

{[4-Cl-3,5-

(CF3)2Pz]Cu(CO)}2 (6) 

111.11 -88.64 59.8 -57.58 38.9 -1.97 1.3 -37.08 

{[3,4,5-(CF3)3Pz]Cu(CO)}2 

(7) 

110.10 -88.79 61.3 -53.71 37.1 -2.40 1.7 -34.80 

{[3,5-

(CF3)2Pz]3Cu2(CO)2}
- (9) 

133.75 -103.11 60.5 -62.37 36.6 -5.06 3.0 -36.79 

{[4-Cl-3,5-

(CF3)2Pz]3Cu2(CO)2}
- 

124.01 -96.10 60.4 -57.71 36.3 -5.35 3.4 -35.15 

{[3,4,5-

(CF3)3Pz]3Cu2(CO)2}
- 

124.10 -95.10 60.7 -56.38 36.0 -5.16 3.3 -32.54 

[{[3,5-

(CF3)2Pz]Cu(CO)}4(4-

Br)] (8) 

121.70 -95.67 60.5 -58.02 36.7 -4.41 2.8 -36.40 
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The EDA analysis of Cu-CO bonding in 5-7 show that the electrostatic 

character is the most significant term (~60%), followed by the orbital contributions 

(~38%), and with minor contributions from ΔEdisp (~2%). As a comparison, 

terminal Fe-CO of Fe2(CO)9 at a related level of theory exhibits ΔEint value of             

-48.7 kcal mol-1,276 and a slightly larger covalent character (~42%, ΔEorb), pointing 

[{[4-Cl-3,5-

(CF3)2Pz]Cu(CO)}4(4-

Br)]- (10) 

121.30 -94.81 60.6 -56.87 36.3 -4.80 3.1 -35.18 

[{[3,4,5-

(CF3)3Pz]Cu(CO)}4(4-

Br)]- 

121.02 -94.38 60.5 -56.54 36.3 -4.99 3.2 -34.89 

[{[3,5-

(CF3)2Pz]Cu(CO)}4(4-

Cl)]- 

121.14 -95.59 60.4 -58.14 36.7 -4.51 2.9 -37.10 

[{[4-Cl-3,5-

(CF3)2Pz]Cu(CO)}4(4-

Cl)]- (11) 

121.86 -95.56 60.4 -57.42 36.3 -5.13 3.2 -36.25 

[{[3,4,5-

(CF3)3Pz]Cu(CO)}4(4-

Cl)]- 

119.10 -93.79 60.5 -56.16 36.2 -5.12 3.3 -35.97 

[H2B(3,5-

(CF3)2Pz)2]CuCO 

107.70 -89.51 61.2 -54.38 37.2 -2.39 1.6 -38.58 

[HB(3,5-(CF3)2Pz)3]CuCO 

(1) 

108.58 -91.10 60.7 -55.00 36.7 -3.96 2.6 -41.48 
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relatively lower covalent interactions in d10-Cu(I) system. Among 5, 6, and 7, the 

most electrostatic interaction (ionic character) is observed for 7 (61.3%, ΔEelstat).  

 

Figure 4.6 NOCV-EDA analysis of the Cu-CO interaction in {[3,5-

(CF3)2Pz]Cu(CO)}2 (5), accounting for the Dewar–Chatt–Duncanson bonding 

model, and the nonclassical  interaction (
) The direction of charge flow in 

the deformation densities is from red → blue. 

The orbital interaction term (ΔEorb, covalent character) provides 

information on synergistic bonding depicted by the Dewar–Chatt–Duncanson 

(DCD) model. The orbital term for 5 is the strongest in the series (-58.26 kcal mol-

1), followed by 6 (-57.58 kcal mol-1) and 7 (-53.71 kcal mol-1). In addition, ΔEorb 

can be decomposed to individual contributions within the NOCV-EDA framework 

(Figure 4.6),277,278  which accounts for parallel and tangential oriented -

backbonding (1
→

║ and 2
→┴) and -donor (3

←) bonding interactions 

ascribed to the DCD model, with the addition of a nonclassical  interaction 
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(4
).276 Such individual bonding interactions are somewhat similar in the 16-

electron 5, 6 and 7 series, where the overall -backbonding bonding scheme 

accounts for 56.3% > 54.6% > 53.9% of ΔEorb (1
→

║ + 2
→┴), respectively, 

while the -donor (3
←) component of 5, 6 and 7 shows the opposite trend, 

26.6% < 27.1 % < 28.2 %, respectively. These values suggest that 5 exhibits the 

largest -backbonding and lowest -donor contribution to the Cu-CO bonding 

scheme, whereas 7 shows the lowest -backbonding and largest -donor 

contribution to the Cu-CO coordination.  They correlate well with the electron 

withdrawing capabilities of substituent at the pyrazolyl ring 4-position.  

We thought that it may be possible to stabilize labile carbonyl compounds 

5 and 6 by blocking the open-coordination sites of these 16-electron copper 

complexes using Lewis bases leading to 18-electron copper carbonyl sites. In fact, 

[Cu(CO){2-(3(5)-Pz),6-(CH3)py}]3 and (py)Cu[3,5-(MeCO2)2Pz]2Cu(CO)(py) 

have 18-elelctron Cu-CO sites.  Furthermore, the three-coordinate [H2B(3,5-

(CF3)2Pz)2]CuCO is very labile and readily lose CO while the four-coordinate 

[H2C(3,5-(CF3)2Pz)2]CuCO(OTf) is isolable,279 and the tris(pyrazolyl)borate 

analog [HB(3,5-(CF3)2Pz)3]CuCO shows a notably high air and thermal stability.256  

In this work, we set out to probe the ability of easily available halide ions as 

stabilizing Lewis bases for 5 and 6 not only because they are less widely explored 
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(compared for example to N-based donors), but also due the current interest in 

halide encapsulating molecules.280,281  

Indeed, compound 5 encapsulates bromide ions from [NEt4]Br effectively 

leading to an interesting and isolable 18-electron species [NEt4][{[3,5-

(CF3)2Pz]Cu(CO)}4(4-Br)] (Figure 4.7, 8).  In this molecule, bromide ion 

coordinates to the open coordination sites copper without displacing the bound CO. 

Compound 8 has been synthesized by treating a dichloromethane solution of 2 with 

CO in the presence [NEt4]Br, and isolated as an analytically pure solid in 84% yield.  

It is however, a rather air sensitive solid and decomposes over a period of minutes 

in air at the room temperature.  It can be stored in a freezer under a CO atmosphere 

for prolonged periods. Compound 8 displays a single strong sharp absorption at 

2098 cm−1 in the IR spectrum, which is diagnostic for the presence of a terminal 

carbonyl group, and suggestive of a symmetric coordination environment. This also 

indicates the presence of marginally electron rich copper sites in 8 relative to those 

of 5 (ῡCO = 2099, 2108 cm-1).  This is not surprising as compound 5 is a neutral 

molecule with two fluorinated pyrazolates on copper, while the compound 8 

features Cu-CO sites in a formally anionic fragment and bonded to two pyrazolates 

and a bromide ion (Figure 4.7). 
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Figure 4.7  Synthetic route to [NEt4][{[3,5-(CF3)2Pz]Cu(CO)}4(4-Br)] (8) and 

[NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9) from {[3,5-(CF3)2Pz]Cu}3 (2) 

The X-ray crystal structure of 8 (Figure 4.8) reveals a tetranuclear copper 

compound, featuring well separated [NEt4]
+ cation and [{[3,5-

(CF3)2Pz]Cu(CO)}4(4-Br)]− anion.  Selected bond distances and angles are given 

in Table 4.2.  The two {[3,5-(CF3)2Pz]Cu(CO)}2 fragments assume a boat-shape, 

and are held together by a quadruply bridging bromide ion (4-Br) using all four 

lone pairs.  The geometry at Br may be described as a flattened tetrahedron (Cu-
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Br-Cu angles deviate significantly from ideal 109.5° and range from 72.1º to 

166.4°).   

 

Figure 4.8.  Molecular structure of [NEt4][{[3,5-(CF3)2Pz]Cu(CO)}4(4-Br)] (8).  

The cation [NEt4]
+ has been omitted for clarity.  

Table 4.2 Selected bond distances (Å), bond angles (°)  and CO stretching 

frequency (cm-1) for [NEt4][{[3,5-(CF3)2Pz]Cu(CO)}4(4-Br)] (8), [NEt4]{[3,5-

(CF3)2Pz]3Cu2(CO)2} (9), [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-Br)] (10) and 

[NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-Cl)] (11).  X = Br or Cl 
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Parameter

\Complex 

8 9 10 11 

Cu-N 2.0137(11) 2.0452(16)  

 

2.0094(18) 2.018 (2) 2.017(3) 

 1.9992(12) 2.0410(16) 2.0204(18) 2.027 (2) 2.029(3) 

 2.0004(12) 2.0468(17) 2.0332(17) 2.009(2) 2.030(3) 

 1.9988(11) 2.0391(18) 2.0254(17) 2.019(2) 2.019(3) 

 2.0024(12) 2.0492(18) 2.0116(19) 2.018(2) 2.015(4) 

 1.9941(11) 2.0379(16) 2.0283(18) 2.009(2) 2.029(4) 

 2.0075(11)  2.0208(18) 2.027(2) 2.030(4) 

 1.9960(11)  2.0083(18) 2.019(2) 2.011(4) 

av. Cu-N 2.002 2.043 2.019 2.023 

Cu-C 1.8253(15) 1.813(2) 1.819(2) 1.816(3) 1.818(5) 

 1.8120(15) 1.814(2) 1.829(2) 1.818(3) 1.808(5) 

 1.8148(15)  1.822(3) 1.816(3) 1.820(5) 

 1.8166(14)  1.821(2) 1.818(3) 1.826(5) 

av. Cu-C 1.817 1.814 1.820 1.818 

Cu-X 2.7593(2)  2.5967(4) 2.5731(4) 2.4633(11) 

 2.7089(2)  2.5865(4) 2.5731(4) 2.4578(11) 

 2.7329(2)  2.6124(4) 2.6059(4) 2.4785(11) 

 2.7601(2)  2.6006(4) 2.6059(4) 2.4598(11) 

av. Cu-X 2.740  2.595 2.465 

Cu-C-O 177.30(16) 178.7(2) 172.8(2) 175.6(2) 174.5(5) 

 175.96(14) 179.4(2) 173.0(2) 175.2(3) 174.3(5) 

 179.33(17)  174.9(3) 175.2(2) 176.6(5) 
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Compounds like 8 with a Cu-CO moiety on an anionic fragment are rare.  

A survey of structurally characterized molecules with a “Cu-CO” fragment in the 

Cambridge Structural Database267 shows that they are found usually in neutral 

molecules (e.g., [HB(3,5-(CF3)2Pz)3]CuCO)256 or cationic species (e.g.,  

[Cu(trans,trans,trans-1,5,9-cyclododecatriene)(CO)]+).249  Copper carbonyl 

complexes of quadruply bridging halides are not available for structural data 

comparison.203,267 However, molecules such as [{Cu(tmen)(CO)}2(2-X)](BPh)4 

(X = Cl, Br, I) with doubly bridging halides are known.208  The average Cu-Br 

distance of  [Cu(tmen)(CO)X](BPh)4 (2.456 Å) is shorter than the corresponding 

parameter of 8 (2.740 Å), likely reflecting the 2-Br vs 4-Br halide bridge (i.e., a 

result of different coordination numbers).     

Solution 1H, 13C{1H} and 19F NMR data of 8 in CD2Cl2 at room temperature 

are consistent with the structure depicted in Figure 4.7.  In addition to a broad peak 

at  -60.7 ppm in the 19F NMR spectrum which can be assigned to 8, there is also a 

small peak at  -59.6 ppm, indicating that there is minor dissociation of 8 in solution 

 176.10(15)  177.2(3) 175.6(2) 177.6(5) 

av. Cu-C-

CO 

177.2 179.1 174.9 175.8 

C≡O 

stretch 

2098 2087 2106 2105 
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to {[3,5-(CF3)2Pz]Cu(CO)}2 and [NEt4]Br.  The 13C{1H} resonance of the copper 

bound CO appears at  173.0 ppm, which is in the expected region.205,253 

Interestingly, the attempted synthesis of the chloride bridged analog of 8 

using {[3,5-(CF3)2Pz]Cu}3, CO and [NEt4]Cl led to an unexpected product, 

[NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9, Figure 4.7).  This indicates a loss of one 

equivalent of Cu(I) from {[3,5-(CF3)2Pz]Cu}3, perhaps as “CuCl”.  Indeed, it is 

possible to synthesize [NEt4][3,5-(CF3)2Pz] from {[3,5-(CF3)2Pz]Cu}3 and 

[NEt4]Cl via the elimination of “CuCl”.  This loss of Cu(I) is somewhat similar to 

the chemistry observed between [HB(3,5-(CF3)2Pz)3]CuCO and [NEt4]CN, which 

results in the formation of [NEt4][HB(3,5-(CF3)2Pz)3] with the loss of “CuCN”.282 

Compound 9 can also be generated via an alternative route using {[3,5-

(CF3)2Pz]Cu}3, CO and [NEt4][3,5-(CF3)2Pz].  Here, the pyrazolate anion [3,5-

(CF3)2Pz]− serves as a capping ligand to 5 generating 9.  It is a much more stable 

solid in air compared to 8.  The compound 9 displays a strong ῡCO band in the IR at 

2087 cm-1.  It also indicates the presence of somewhat electron rich copper sites 

compared to those present in the neutral, dinuclear species 5.  The room temperature 

19F NMR spectrum of [NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9) indicated that it also 

dissociates to a small degree in solution to 5 and presumably [NEt4][3,5-(CF3)2Pz]. 

A comparison of [NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9, Figure 4.7) to the 

mono-nuclear species [HB(3,5-(CF3)2Pz)3]CuCO (1, Figure 4.1) is also interesting.  

In these four-coordinate copper adducts, [Cu(CO)]+ moieties are supported by 
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{(OC)Cu[3,5-(CF3)2Pz]3}
2- and [HB(3,5-(CF3)2Pz)3]

- groups, respectively.  The 

overall electronic effects due to this change (or the replacement of a [Cu(CO)]+ 

fragment of 9 by [HB]2+ group at the distant end of the supporting ligand) on copper 

sites are very significant as evident from their ῡCO values 2087 vs. 2137 cm-1, 

respectively.  In fact, [HB(3,5-(CF3)2Pz)3]CuCO (1) has one of the most Lewis 

acidic copper centers in a neutral molecule.   

 

Figure 4.9.  Molecular structure of [NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9).  The 

cation [NEt4]
+ has been omitted for clarity.  

X-ray crystal structure of [NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9) is 

illustrated in Figure 4.9 and selected bond distances and angles are given in Table 
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4.2.   It is a dinuclear copper complex with three bridging pyrazolates.  The copper 

atoms adopt pseudo-tetrahedral coordination geometry and the Cu-CO groups are 

linear. The anionic moiety, {[3,5-(CF3)2Pz]3Cu2(CO)2}− displays nearly D3h 

symmetry.  Although, structural data on dinuclear Cu-CO complexes featuring cage 

structures like 9 are not available for comparison, mono-metallic copper carbonyls 

with N3Cu-CO coordination sphere such as 1 are quite common.205,283,284 A 

comparison of Cu-N and Cu-C distances of 9 with 1 show that they are very similar 

(e.g., average Cu-N distances are 2.043 and 2.052 Å, and Cu-CO distances are 

1.814 and 1.808 Å, respectively).  Thus, unlike the ῡCO values (that show 50 cm-1 

difference between the two adducts as noted above), these bond distances are rather 

insensitive to the variations present in neutral mono-nuclear [HB(3,5-

(CF3)2Pz)3]CuCO (1) and the anionic di-nuclear {[3,5-(CF3)2Pz]3Cu2(CO)2}−. 

There is a previous report of a di-anionic copper carbonyl complex resulting 

from a reaction between [Cu4(dmnpz)6]
2- and CO.  Based on the IR data (one band 

at 2050 cm−1), a tetranuclear structure [Cu4(dmnpz)6(CO)4]
2- (dmnpz = 3,5-

dimethyl-4-nitro-pyrazolate, Figure 4.2),6 has been suggested for this species.  

However, based on the formation of {[3,5-(CF3)2Pz]3Cu2(CO)2}− (9), we think that 

a dinuclear molecule [Cu2(dmnpz)3(CO)2]− of the type 9 perhaps the more likely 

structure of this species. 
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We have also investigated the chemistry of trinuclear {[4-Cl-3,5-

(CF3)2Pz]Cu}3 (3)20 with carbon monoxide in the presence of halide ions (Figure 

4.10).  Note that compared to {[3,5-(CF3)2Pz]Cu}3,
7 the copper complex 3 has an  

 

Figure 4.10  Synthetic route to [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-Br)] (10) 

and [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-Cl)] (11) from [{[4-Cl-3,5-

(CF3)2Pz]Cu}3 (3) 
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even more weakly coordinating pyrazolate with Cl group at the pyrazolyl ring 4-

postion (instead of a hydrogen atom).  The treatment of a concentrated solution of 

3 in dichloromethane at ambient temperature with CO in the presence of [NEt4]Br 

led to [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-Br)] (10, Figure 4.10), which is 

analogous to 8. It is a moderately air sensitive solid (decomposes over a period of 

minutes in air) and has been isolated in 87% yield.  Compound 10 displays a single 

strong ῡCO band at 2106 cm−1 in the IR spectrum. This higher CO frequency value 

relative to that of 8 points to the presence of more electron-deficient Cu sites in 10 

(Table 4.2).  This is not surprising considering the relatively weakly donating nature 

of [4-Cl-3,5-(CF3)2Pz]− ligand in 10, which would result in a more electrophilic 

copper site and a lower degree of Cu→CO backbonding. 

 X-ray crystal structure of 10 is illustrated in Figure 4.11.  Selected bond 

distances and angles are given in Table 4.2.  It adopts a tetranuclear structure, 

featuring well separated [NEt4]
+ cation and [{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-

Br)− anion.  It crystallizes in the C2/c space group with 1.5 molecules in the 

asymmetric unit, in which one sits on a 2-fold rotation axis. In these molecules, the 

{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2 fragments adopt a boat-shape, and are held together 

by a quadruply bridging bromide ion (4-Br).  The Br atom adopts a flattened 

tetrahedral geometry with Cu-Br-Cu angles ranging from 75.5º to 151.3°. A 

comparison of metrical parameters of 10 to 8 show that Cu-N and Cu-C distances 
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are practically unaffected by the nature of pyrazolate (Table 4.2).  The Cu-Br 

distances however show a notable difference, where significantly shorter Cu-Br 

distances (on average, shorter by about 0.145 Å) are observed with 10 involving 

the more electrophilic copper sites.  Solution NMR spectroscopic data of 10 in 

CD2Cl2 at room temperature are consistent with the structure depicted in Figure 

4.10 and 4.11.  In addition to a broad, very prominent peak at  -60.2 ppm in the 

19F NMR spectrum, which can be assigned to 10, there is also a minor signal at  -

62.0 ppm, indicating some dissociation into precursor components.  

 

Figure 4.11  Molecular structure of [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-Br)] 

(10).  The cation [NEt4]
+ has been omitted for clarity.  
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The reaction of 3 with [NEt4]Cl salt under CO atmosphere led to the 

formation of a tetranuclear  [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-Cl)] (11, 

Figure 4.10), with an isolated yield of 86%. Compound 11 displays a single strong 

sharp absorption at 2105 cm−1 in the IR spectrum which is within the expected 

range for terminal metal carbonyls, and also suggests the formation of rather 

symmetric molecule. The X-ray crystal structure and selected bond distances and 

angles of 11 is illustrated in Figure 4.12 and Table 4.2 respectively. It forms a tetra- 

 

Figure 4.12  Molecular structure of [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-Cl)] 

(11). The cation [NEt4]
+ has been omitted for clarity. 
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nuclear copper complex, with two boat-shaped {[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2 

fragments held together by a quadruply bridging chloride ion (4-Cl). The bridging 

chloride atom adopts a distorted tetrahedral geometry.  The average Cu-Cl distance 

of 2.465 Å in 11 is significantly shorter than the average Cu-Br distances of 8 or 

10, which is reasonable considering the smaller ionic radius of Cl−. Preliminary 

studies suggest that it may also be possible to use neutral Lewis bases to stabilize 

Cu-CO adducts of binary pyrazolates. We successfully isolated one such molecule 

[{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2(μ2-CH3CN)] (12, Figure 4.13). It has an 

interesting asymmetrically bonded, bridging acetonitrile ligand. 

 

Figure 4.13  Molecular structure of [{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2(2-CH3CN)] 

(12)   
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In order to gain more insights to the Cu-CO bonding in the 18-electron 

species 8-11, theoretical calculations were performed on optimized structures, as 

well as on several additional but related molecules without constrains (Table 4.3).  

We will discuss 8 and 9 which contain the supporting ligand [3,5-(CF3)2Pz]- 

separately from 10 and 11 (that have [4-Cl-3,5-(CF3)2Pz]- ligand support).  The 

optimized geometries agree well with the X-ray crystallographic findings for 8 and 

9.  The calculated CO frequencies of 8 and 9 of 2104 and 2089 cm-1, respectively, 

are also in good accord with experimental observations (2098 and 2087 cm-1, 

respectively).   The Cu-CO bonding interaction energy (ΔEint) of 8 and 9 amounts 

to -36.40 and -36.79 kcal mol-1, denoting a similar strength despite of the different 

ῡCO stretching frequencies.  As discussed for M2(CO)9 carbonyls (M = Fe, Ru and 

Os),276 this indicates that the orbital interaction alone do not rule the bond strength.  

Further dissection of ΔEint to chemically meaningful terms within the 

Energy Decomposition Analysis (EDA)275 shows that the nature of Cu-CO 

interaction in 8 and 9 remains similar to 5 (16-electron system), with a ~60% of 

electrostatic character, followed by the orbital contribution (~37%), and a small 

ΔEdisp (~3%) contribution. Moreover, the DCD bonding model can be directly 

related to the orbital interaction accounted by ΔEorb, denoting a trend where larger 

values of ΔEorb corresponds to lower ῡCO stretching (Figure 4.15). The ΔEorb can 

be further decomposed to individual contributions within the NOCV-EDA 

framework (Figure 4.14)277,278  as discussed above, with parallel and tangential 
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oriented -backbonding (1
→

║ and 2
→┴) and -donor (3

←), and a 

nonclassical  interaction (4
→).276 These findings in comparison to 5, 8 and 9, 

reveal similar bonding characteristics within the series of 16- and 18-electron Cu 

centers. The overall -backbonding bonding in 8 and 9, accounts for 57.0% and 

59.0%, respectively of ΔEorb (1
→

║ + 2
→┴), whereas -donor (3

←) 

component contributes about 26.7% and 26.0%, respectively of ΔEorb, with a 

contribution of 16.6% and 16.4% from the nonclassical  interaction (4
→), 

respectively.  Such observation accounts for the lower CO stretching frequency 

found in 9 in comparison to 8. 

 

Figure 4.14 NOCV-EDA analysis of the Cu-CO interaction in 8 and 9, accounting 

for the Dewar–Chatt–Duncanson bonding model, and the nonclassical  interaction 
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(4
). The direction of charge flow in the deformation densities is from red → 

blue. 

The optimized geometries of 10 and 11 agree well with the X-ray 

crystallographic findings.  The calculated CO frequencies of 10 and 11 of 2110 and 

2110 cm-1, respectively, are also in good accord with experimental observations 

(2106 and 2105 cm-1, respectively).  The Cu-CO bonding in these adducts are 

similar to that described for 8 and 9, with a dominant electrostatic character, 

followed by the orbital contribution, and a small ΔEdisp contribution (Table 4.1).  

We have analyzed and compared the Cu-CO bonding in [NEt4]{[3,5-

(CF3)2Pz]3Cu2(CO)2} (9) and [HB(3,5-(CF3)2Pz)3]CuCO (1).  Calculations show 

that the replacement of one of the [Cu(CO)]+ fragment of 9 by [HB]2+ group leading 

to 1 results in a shift of CO frequency from 2089 to 2131 cm-1 (compared to 

experimental values 2087 and 2137 cm-1, respectively), which is explained by a 

significant decrease in ΔEorb from -62.37 to -55.00 kcal mol-1. Similarly, the 

replacement of a [Cu(CO)]+ fragment in 5 by [H2B]+ leading to bis(pyrazolyl)borate 

[H2B(3,5-(CF3)2Pz)2]CuCO decreases the orbital interaction term related to the 

DCD model (ΔEorb) from -58.26 to -54.38 kcal mol-1, which in turn shifts CO to 

higher stretching frequency from 2095/2101 to 2136 cm-1 (experimental values: 

2099/2108 vs 2127 cm-1).279  
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The effect of pyrazolyl ring 4-substituent on anion encapsulating 

capabilities of molecules such as 5, 6 and 7 have also been investigated. 

Calculations show that 4-H, 4-Cl and 4-CF3 substituents enhance the interaction 

energy from -91.37< -95.76< -102.42 kcal mol-1, respectively, for the series related 

to 8 (i.e., two molecules of 5, 6 or 7 encapsulating Br−) and -94.65< -102.63<-

110.32 kcal  mol-1, for the series related to 11 (i.e., Cl− anion encapsulation by two 

molecules of 5, 6 or 7).  Such results envisage an interesting halide encapsulating 

properties of 5-7 similar to [Cu6{3,5-(CF3)2Pz}6(OH)6] and Ni2-Capsoplexes.280,281 

For comparison, anion encapsulation energy (ΔEint) value of        -91.37 kcal mol-1 

computed for 8 for the binding of a Br− by two molecules of 5 is significantly larger 

than that found for [trans-Cu6{3,5-(CF3)2Pz}6(OH)6] interaction with Br- (-69.81 

kcal mol-1) at a related level of theory.285 These copper-halide bonding in 8-11 is 

dominated by electrostatic interactions (e.g., 73.5% of ΔEelstat for 8).   
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Figure 4.15 Correlation between ῡCO vs Eorb (blue), and ῡCO vs Eint (red), along 

all the calculated series, denoting a better correlation in the former relationship.   

Further analysis of bonding and CO stretching frequencies of a larger group 

of 16- and 18-electron copper complexes (Table 4.1 and 4.3) indicate that the 

Dewar–Chatt–Duncanson (DCD) model, where the CO stretching frequencies 

correlate well to the orbital interaction energy ΔEorb, but not necessarily to the ΔEint 

(Figure 4.15).  The major Cu-CO interaction however is electrostatic in nature.  

Theoretical exploration of the role of the substituent at pyrazolyl ring 4-position 

between -H, -Cl, and -CF3 in all these complexes shows a slight decrease in 



160 
 

covalent character of the Cu-CO interaction and diminished -back bonding as 

pyrazolate groups become more weakly donating with added electron withdrawing 

substituents. 

Table 4.3 Vibrational and structural data for the calculated systems at the ZORA 

TZ2P/BP86-D3 level of theory. Distances in Angstrom, angles in degrees and ῡCO 

in cm-1. Experimental results are given in parenthesis. 

Parameter\Complex 𝒗̅CO Cu-N Cu-X Cu-CO Cu-C-O 

{[3,5-(CF3)2Pz]Cu(CO)}2 

(5) 

2095/2101 

(2099/2108) 

2.064 

(1.971) 

 
1.830 

(1.843) 

172.2 

(177.1) 

{[4-Cl-3,5-

(CF3)2Pz]Cu(CO)}2 (6) 

2099/2106 

(2139) 

2.078 
 

1.835 168.4 

{[3,4,5-

(CF3)3Pz]Cu(CO)}2 (7) 

2102/2108 

(2139) 

2.042 

(1.990) 

 
1.853 

(1.831) 

178.9 

(179.1) 

{[3,5-

(CF3)2Pz]3Cu2(CO)2}
- (9) 

2089 

(2087) 

2.101 

(2.043) 

 
1.819 

(1.813) 

180.0 

(179.1) 

{[4-Cl-3,5-

(CF3)2Pz]3Cu2(CO)2}
- 

2100 2.117 
 

1.845 180.0 

{[3,4,5-

(CF3)3Pz]3Cu2(CO)2}
- 

2104 2.122 
 

1.851 179.8 

[{[3,5-

(CF3)2Pz]Cu(CO)}4(4-

Br)]- (8) 

2104 

(2098) 

2.071 

(2.002) 

2.661 

(2.740) 

1.837 

(1.817) 

177.3 

(177.2) 
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[{[4-Cl-3,5-

(CF3)2Pz]Cu(CO)}4(4-

Br)]- (10) 

2110 

(2106) 

2.088 

(2.019) 

2.665 

(2.595) 

1.841 

(1.817) 

176.5 

(174.9) 

[{[3,4,5-

(CF3)3Pz]Cu(CO)}4(4-

Br)]- 

2112 2.073 2.678 1.843 173.9 

[{[3,5-

(CF3)2Pz]Cu(CO)}4(4-

Cl)]- 

2100 2.069 2.537 1.835 176.3 

[{[4-Cl-3,5-

(CF3)2Pz]Cu(CO)}4(4-

Cl)]- (11) 

2110 

(2105) 

2.087 

(2.023) 

2.480 

(2.465) 

1.837 

(1.823) 

176.7 

(175.8) 

[{[3,4,5-

(CF3)3Pz]Cu(CO)}4(4-

Cl)]- 

2114 2.099 2.484 1.844 176.6 

[H2B(3,5-

(CF3)2Pz)2]CuCO 

2136 

(2127) 

2.024 
 

1.836 177.0 

[HB(3,5-

(CF3)2Pz)3]CuCO (1) 

2131 

(2137) 

2.108 
 

1.833 180.0 
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4.4 Summary 

Overall, we describe high yield routes to multi-nuclear copper carbonyl 

complexes using binary copper pyrazolates, tetraethylammonium chloride or 

bromide as the halide source, and carbon monoxide.  The tetranuclear molecules 

[NEt4][{[3,5-(CF3)2Pz]Cu(CO)}4(4-Br)] (8), [NEt4][{[4-Cl-3,5-

(CF3)2Pz]Cu(CO)}4(4-Br)] (10) and [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(4-

Cl)] (11) feature quadruply bridging halide ions.  Isolation of {[3,5-

(CF3)2Pz]Cu(CO)}2 (5) or {[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2 (6) is significantly more 

challenging in the absence of halide donors (or capping pyrazolate ions) due to 

facile CO loss.  This type of anion encapsulating chemistry or the presence of Cu-

CO in anionic moieties have not been reported in copper-carbonyl chemistry.  

Compounds {[3,5-(CF3)2Pz]Cu(CO)}2 (5) and {[3,4,5-(CF3)3Pz]Cu(CO)}2 (7) 

represent rare, structurally authenticated, three-coordinate copper carbonyl 

complex based on binary copper pyrazolates.  These two adducts also illustrate the 

flexibility of the six-membered Cu2N4 core found in these adducts as they adopt 

planar or boat conformations. Compounds 6 and 7 display their ῡCO at 2139 cm-1, 

which is very close to that of the free CO (2143 cm-1).  The infrared spectra of 8, 

10 and 11 also show high CO stretching frequencies (although not as high as 6 or 

7) in the range of 2098-2106 cm-1. These adducts feature fairly electrophilic copper 

sites with relatively low level of Cu→CO backbonding.  Dinuclear [NEt4]{[3,5-

(CF3)2Pz]3Cu2(CO)2} (9) could be viewed as a cage assembly involving {[3,5-
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(CF3)2Pz]Cu(CO)}2 and a pyrazolate [3,5-(CF3)2Pz]− ion.  The formation and the 

stability of 8 - 11 suggest the possibility of using various other Lewis bases to 

stabilize Cu-CO adducts of binary pyrazolates. These anionic copper carbonyl 

moieties could serve as counter ions for more common cationic copper carbonyls.  

Preliminary studies suggest that it may also be possible to use neutral Lewis bases 

like acetonitrile to stabilize Cu-CO adducts of binary pyrazolates. One such 

molecule [{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2(μ2-CH3CN)] (12), we managed to isolate 

We are presently exploring additional chemistry of binary copper pyrazolates as 

well as the chemistry involving silver and gold carbonyls. 
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Chapter 5 

Experimental section 
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5.1 Intrumentation 

All manipulations were carried out under an atmosphere of purified nitrogen 

using standard Schlenk techniques or in a MBraun glove-box equipped with a -25 

°C refrigerator. Solvents were purchased from commercial sources, purified prior 

to use. NMR spectra were recorded at 25 °C on a JEOL Eclipse 500 and JEOL 

Eclipse 300 spectrometer (1H, 500.16 MHz and 300.53 MHz; 13C, 125.78 MHz, 

and 75.59 MHz; 19F, 470.62 MHz, and 282.78 MHz), unless otherwise noted. 

Proton and carbon chemical shifts are reported in ppm versus Me4Si. 19F NMR 

values were referenced to external CFCl3. Melting points were obtained on a Mel-

Temp II apparatus and were not corrected. Elemental analyses were performed 

using a Perkin-Elmer Model 2400 CHN analyzer.  Raman data were collected on a 

Horiba Jobin Yvon LabRAM Aramin Raman spectrometer with a HeNe laser 

source of 633 nm. Crystals of the compound under study were placed on a glass 

slide for Raman analysis. Different experimental settings (laser intensity, level of 

magnification, time of exposure, number of cycles) were used for each compound 

in order to obtain the best signal-to-noise ratio. IR data were collected on a Bruker 

Alpha FTIR spectrometer with an ATR attachment. Gas sorption measurements 

were performed using an experimental apparatus and method described previously 

(see Ideal (i.e., Single-Gas) Ethylene/Ethane Uptake Data section for details).286,287 

The gas sorption measurements were performed at 20 ± 1 °C with a feed pressure 

of 1.0 ± 0.1 atm. Powder X-ray diffraction (PXRD) spectra were collected using a 
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Bruker D8 ECO or Inel CPS 120 PXRD system with a monochromated Cu Kα 

radiation source. High-resolution mass spectra (HRMS) were recorded in Electron 

spray ionization time-of-flight (ESI/TOF) mode. Samples were introduced as 

solution in dichloromethane. 3,4,5-(CF3)3PzH,52  {[3,5-(CF3)2Pz]Cu}3 (or {μ-[3,5-

(CF3)2Pz]Cu}3),
7 {μ-[4-Br-3,5-(CF3)2Pz]Cu}3,

20 and {[4-Cl-3,5-(CF3)2Pz]Cu}3 (or 

{μ-[4-Cl-3,5-(CF3)2Pz]Cu}3),
20 Cu2(-CF3CO2)2(EtCCEt)2

120 and Cu4(-

CF3CO2)4(-EtCCEt)2
120 was prepared by reported literature procedures with a 

slight modifications. p-Tolyl azide was prepared according to literature 

procedure.288 Acetylene gas, was freed from acetone and purified before use.172  All 

other reactants and reagents were purchased from commercial sources. 
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5.2 Experimental section of chapter 2 

[(3,4,5-(CF3)3Pz)Cu]3 ([Cu3]): Freshly dried 3,4,5-(CF3)3PzH (500 mg, 1.83 

mmol) and Cu2O (217 mg, 1.51 mmol) were placed in a Schlenk flask attached to 

a reflux condenser, slowly heated to 125 °C and kept for 4 h while stirring. A heat 

gun was used to melt down the pyrazole condensed on the wall of the Schlenk flask, 

as needed. Excess 3,4,5-(CF3)3PzH was removed by sublimation and the product 

was extracted into dichloromethane and filtered through a bed of Celite. The filtrate 

was collected and solvent was removed under reduced pressure to obtain [Cu3] as 

a white powder. A solution of [Cu3] in CS2 was evaporated to dryness to obtain X-

ray quality crystals. Yield: 90% (1.36 g, based on Cu2O).  M.p.: 110 ℃. Anal. Calc. 

for C18N6F27Cu3: C, 21.54; H, 0.00; N, 8.37. Found: C, 21.23; H, <0.1; N, 8.81. 19F 

NMR (CDCl3): δ (ppm) -55.10 (br s), -60.10 (q, 8.9 Hz). 13C{1H} NMR (CDCl3): 

δ (ppm) 111.3 (q, 2JC-F = 40.7 Hz, C-4), 117.8 (q, 1JC-F = 274.7 Hz, CF3), 119.1 (q, 

1JC-F = 266.3 Hz, CF3), 143.3 (q, 2JC-F = 39.5 Hz, C-3/C-5). Raman (neat, cm-1): 

3063,1597, 1568, 1529, 1455, 1373, 1338, 1240, 1178, 1050, 1021. Comparison of 

PXRD data of bulk material to simulated PXRD pattern based on single crystal X-

ray data and the cell dimensions also confirm the identity of the product. 

[(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]): [(3,4,5-(CF3)3Pz)Cu]3 (250 mg, 

0.25 mmol) was dissolved in 10 mL of CH2Cl2, ethylene was bubbled for 10 min. 

The solution was kept at -5 °C to obtain X-ray quality colorless crystals of [(3,4,5-
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(CF3)3Pz)Cu(C2H4)]2. Yield: 90% (1.36 g, based on Cu2O). M.p.: 128-130 °C. 

Raman (neat, cm-1): 3101, 3087, 3062, 2998,1601,  1565, 1544, 1529, 1454, 1373, 

1342, 1280, 1228, 1189, 1159, 1123,  960. ATR-IR (neat, cm-1): 2953, 2924, 2853, 

1600, 1559, 1518, 1458, 1429, 1338, 1217, 1129, 1015. Comparison of PXRD data 

of bulk material to simulated PXRD pattern based on single crystal X-ray data and 

the cell dimensions confirm the identity of the bulk product. Room temperature 

NMR data: 1H NMR (CDCl3): δ (ppm) 4.54 (br s, C2H4; resonance due to free 

ethylene resulting from dissociation from copper also observed at 5.34 (br s)). 19F 

NMR (CDCl3): δ (ppm) -54.95 (sept, JF-F = 7.2 Hz), -59.45 (q, JF-F = 7.2 Hz); ([Cu3] 

generated due to ethylene loss from ([Cu2•(C2H4)2]) also present in the mixture and 

its signals were observed at -55.15 (br s), -60.17 (d, JF-F = 5.3 Hz)). 13C{1H} NMR 

(CDCl3): (selected peaks) δ (ppm) 85.6 (s, CH2=CH2; free ethylene signal in this 

mixture was found as a broad peak at δ 115.6). NMR data of ([Cu2•(C2H4)2]) at -

40 °C with added ethylene: 1H NMR (CDCl3): δ (ppm) 4.51 (br s). 19F NMR 

(CDCl3): δ (ppm) -54.9 (sept, JF-F = 6.5 Hz), -59.3 (q, JF-F = 6.5 Hz). NMR data of 

[Cu2•(C2H4)2] at -80 °C with excess ethylene: 1H NMR (CD2Cl2): δ (ppm) 4.47 (s). 

19F NMR (CDCl3): δ (ppm) -55.1 (m), -59.6 (m). Drying solid [Cu2•(C2H4)2] under 

vacuum leads to slow loss of coordinated ethylene (much faster at 60 °C).  Solid 

samples of [Cu2•(C2H4)2] kept at room temperature also lose ethylene slowly over 

a period of many days. 
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Single crystal X-ray crystallographic data: A suitable crystal covered with a 

layer of hydrocarbon/Paratone-N oil was selected and mounted on a Cryo-loop, and 

immediately placed in the low temperature nitrogen stream. The X-ray intensity 

data for [Cu3] were measured at 200(2) K on a Bruker D8 Quest with a Photon 100 

CMOS detector equipped with an Oxford Cryosystems 700 series cooler, a 

Triumph monochromator, and a Mo K fine-focus sealed tube (λ = 0.71073 Å), 

whereas data for [Cu2•(C2H4)2] were measured at 100(2) K on the same instrument. 

Crystals of [Cu3] are rather soft and shatter quite easily at 100 K. Intensity data 

were processed using the Bruker Apex program suite.  Absorption corrections were 

applied by using SADABS.289 All the calculations for the structure determination 

were carried out using the SHELXTL package (version 6.14). Initial atomic 

positions were located by direct methods using SHELXT,290 and the structures of 

the compounds were refined by the least-squares method using SHELXL291 within 

the Olex2 suite.292 All the non-hydrogen atoms were refined anisotropically. X-ray 

structural figures were generated using Olex2. Further details are given in cif files. 

The CCDC 1836466-1836467 contain the supplementary crystallographic data. 

These data can be obtained free of charge via 

http://www.ccdc.cam.ac.uk/conts/retrieving.html or from the Cambridge 

Crystallographic Data Centre (CCDC), 12 Union Road, Cambridge, CB2 1EZ, 

UK). 

https://www.ccdc.cam.ac.uk/structures/Search?Doi=10.1002%2Fanie.201810460&DatabaseToSearch=Published
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[Cu3] crystallizes in the P21/c space group with two molecules of [Cu3] in the 

asymmetric unit.  Most of the fluorine atoms of CF3 groups show positional 

disorder which was modelled effectively.   

[Cu2•(C2H4)2] crystallized in space group P21/c with two independent molecules in 

the asymmetric unit.  The cell dimensions mimic that of Orthorhombic crystal 

system with the -angle of essentially 90°. These crystals show twinning by 

pseudomerohedry, and the use of Twin Law (-1 0 0 0 -1 0 0 0 1) during refinement 

led to a significant drop in the R-value and improvements in all refinement 

indicators. All the non-hydrogen atoms were refined anisotropically.  Hydrogen 

atoms of ethylene moieties were located on a difference map and included in the 

refinement.  We have also considered, solved, and refined the structure in the 

Orthorhombic Pccn space group (as suggested by CheckCif as a possibility).  

However, the final refinement indicators (final R1 was 0.0823 (I > 2σ(I)) and wR2 

was 0.2027 (all data),  GooF = 1.462) were poor compared to those of the 

Monoclinic option (Final R1: 0.0248 (I > 2σ(I)) and wR2: 0.0587 (all data); GooF 

= 1.029), and indicate that Monoclinic indeed is the correct choice. 

5.2.1 Thermogravimetric analysis (TGA) 

Three TGA studies were undertaken on [Cu2•(C2H4)2] and [Cu3]. To 

summarize, the TGA results show that [Cu2•(C2H4)2] loses 2 moles of ethylene 

beginning at approximately 50 °C and increasing in rate as the temperature 
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increases. At a heating rate of 10 °C/min both [Cu2•(C2H4)2] and [Cu3] sublime at 

approximately the same rate and temperature. The temperature profile used was 25 

°C to 300 °C at 10 °C/min then holding at 300 °C for 30 minutes. 

5.2.2 Powder X-ray diffraction data (PXRD) 

 

Powder X-ray diffraction was used to characterize [Cu2•(C2H4)2] and [Cu3], 

monitor the transition of solid [Cu3] to [Cu2•(C2H4)2] following exposure to 

ethylene gas (confirming that less than 1% [Cu3] remains based on peak analysis), 

and that [Cu3] is re-generated when ethylene is removed from solid samples of 

[Cu2•(C2H4)2] by application of vacuum at 60 °C for 6 hours. 

The general procedure for all experiments is to place the sample in the 

sample holder of a two circle goniometer, enclosed in a radiation safety enclosure. 

The X-ray source was a 1kW Cu X-ray tube, maintained at an operating current of 

40 kV and 25 mA.  The X-ray optics was the standard Bragg-Brentano para-

focusing mode with the X-ray diverging from a DS slit (0.6 mm) at the tube to strike 

the sample and then converging at a position sensitive X-ray Detector (Lynx-Eye, 

Bruker-AXS). The two-circle 280 mm diameter - goniometer was computer 

controlled with independent stepper motors and optical encoders for the  circle 

with the smallest angular step size of 0.0001o 2.  The software suit for data 

collection and evaluation is windows based. Data collection is automated 
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COMMANDER program by employing a DQL file. Data is analyzed by the 

program EVA.293  

 

   

Figure 5.1 Comparison of experimental PXRD (olive, 25 °C) of bulk [Cu3] and 

simulated PXRD from single crystal data (blue, -73 °C) for [Cu3]. 
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Figure 5.2 Comparison of experimental (blue) and simulated from single crystal 

data (olive) PXRD patterns for [Cu2•(C2H4)2] produced via the solution method. 

5.2.3 Ideal (Single-Gas) Ethylene Isotherm Data 

The single-gas sorption isotherms of solid [Cu3] were measured using a 

Quantachrome Autosorb AS-1C. Initially, the sample only adsorbed ca. 20% of the 
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theoretical loading. Repeated cycling at room temperature showed continually 

increasing amounts of gas adsorption, and the influence of a conditioning process 

was hypothesized. The sample was then held under 1 bar of ethylene at 70 °C for 3 

days. Afterwards, the maximum ethylene loadings at 20, 50 and 70 °C became 

reproducible. 

5.2.4 Measurement of ethylene/ethane adsorption rate using pressure drop 

method 

These experiments were performed to measure the rate at which ethylene 

was adsorbed into the material. Overall the initial adsorption of ethylene occurs at 

a rate > 0.2 mol mol-1 min-1 for the first minute, slowing to 8 x 10-3 mol mol-1          

min-1 for approximately 40 minutes, and then slowing further. This may represent 

transitions between rapid adsorption of ethylene onto copper binding sites on the 

surface of the material, followed by different diffusion regimes within the crystal. 

Subsequent adsorption/desorption cycles condition the material, increasing the 

number of copper binding sites initially ‘available’. Note that these experiments are 

not intended to show equilibrium loadings and are all performed at ambient 

temperature (21 °C). 

The experimental rig used to make these measurements is shown in Figure 

5.7.  [Cu3] was ground into a fine powder using a mortar and pestle and placed in 

the sample chamber. Residual gases were removed from the sample by opening 
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valves 1 and 2 to dynamic vacuum (<0.1 torr) for 3–24 h. Valve 2 was closed after 

degassing, and the feed volume filled with approximately 1 bar (14.5 psi) of the gas 

to be measured. Valve 2 was opened for 1 s, filling the sample chamber with the 

gas of interest, and the pressure decrease in the sample chamber was measured over 

time until a constant pressure (Pf) was observed. The pressure difference, corrected 

for the empty cell, (Equation 1 and 2) was used to calculate the amount of gas 

adsorbed by the sample in units of molgas. The amount of gas adsorbed was then 

normalised by the amount of sample. 

 

Figure 5.7  Left: The experimental set up for measurement of gas adsorption using 

the pressure drop method. Where ‘P’ and ‘T’ are pressure and temperature sensors, 

respectively; circles with crosses denote valves and the volume of the sample 

chamber is known. Right: An example of the pressure vs. time data obtained from 

the experiment. 
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∆𝑃 = 𝑃𝑖 − 𝑃𝑓 −  ∆𝑃𝐵𝑙𝑎𝑛𝑘 

                                         ∆𝑃𝐵𝑙𝑎𝑛𝑘 = 𝑃𝑖(𝑒𝑚𝑝𝑡𝑦) − 𝑃𝑓(𝑒𝑚𝑝𝑡𝑦)                  eq. 1 

Equation 1  

Pi = the initial pressure (time zero); Pf = the final pressure (time final). 

                                                       𝑛𝑔𝑎𝑠 =  
∆𝑃∙𝑉

𝑅∙𝑇
                                      eq.2 

Equation 2  

ngas = moles of gas adsorbed; V = volume of the sample chamber; R = the ideal gas 

constant; T = temperature of sample chamber. 

Table 5.7 Measured ethene uptake capacities of fresh [Cu3] after 120 min expressed 

in different sorbent performance terms. Note the equilibrium pressure is around 0.4 

atm (41 kPa). 

Run 
Time 

(min) 

Ethene 

Uptake 

(mmolethene

/gcomplex) 

Ethene 

Uptake 

(ccethene/

gcomplex) 

Ethene 

Uptake 

(molethene/

molcomplex) 

% of Full 

Capacity 

Ethene/ 

Ethane 

Selectivity 

1 120 0.06 1.3 0.06 3 6.2 

2 120 0.50 11.1 0.50 23 54 

3 120 0.62 13.9 0.62 27 67 

4 120 0.62 13.9 0.62 27 67 

5 120 0.70 15.6 0.70 31 76 
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Table 5.8 The ethene uptake rates of [Cu3] measured using the pressure drop 

method with ca. 1 atm starting feed pressure. The adsorption rate is broken into 3 

phases, 0-1 min; 1-40 min; 40-120 min. 

Cycle 

Average rate (0-1 

min) 

(molethene/molcomplex/

min) 

Average rate (1-40 

min) 

(molethene/molcomplex/

min) 

Average rate (40-

120 min) 

(molethene/molcomplex/

min) 

1 0.02 8 x 10-4 1 x 10-4 

2 0.14 8 x 10-3 1 x 10-3 

3 0.27 8 x 10-3 7 x 10-4 

4 0.22 9 x 10-3 1 x 10-3 

5 0.26 8 x 10-3 2 x 10-3 

 

5.2.5 Measurement of acetylene/ethylene adsorption rate using pressure drop 

method 

Resistance to acetylene is considered an important feature of potential 

sorbents targeting the application of raw olefin/paraffin separation. This is to avoid 

formation of explosive copper(I) acetylides. For these reasons, we have established 

the adsorption behavior with acetylene using the pressure drop method. It appears 

that acetylene can reversibly adsorb and desorb from [Cu3], however this results in 

loss of crystallinity (Figure 5.9) and the adsorption does not appear to be completely 

reversible, reducing the adsorption capacity of [Cu3] for ethylene while acetylene 

capacity remains high. 
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Figure 5.9 The effect of 4 acetylene and 4 ethylene adsorption/desorption cycles on 

the crystallinity of [Cu3] as evident from PXRD. 

Table 5.9 Measured ethylene and acetylene uptake capacities of complex [Cu3] 

after 120 min expressed in different sorbent performance terms. The equilibrium 

pressure is ca. 0.9 atm (92 kPa). Between each run samples were degassed under 

dynamic vacuum (<0.1 torr) for 48 hours, with the exception of before runs 4 and 

5, where shorter degas times of 2 hours under dynamic vacuum were used. 

Cycle 
Time 

(min) 

Gas Uptake 

(mmolgas/gcomplex) 

Gas Uptake 

(ccgas/gcomplex) 

Gas Uptake 

(molgas/molcomplex) 

1 (C2H4) 120 0.44 9.8 0.440 

2 (C2H2) 120 0.37 8.3 0.373 

3 (C2H4) 120 0.33 7.4 0.332 

4 (C2H2) 120* 0.08 1.8 0.081 
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5 (C2H4) 120* 0.03 0.6 0.028 

6 (C2H2) 120 0.37 8.3 0.375 

7 (C2H4) 120 0.13 2.9 0.129 

 

Table 5.10 Ethylene and acetylene uptake rates of solid-state material [Cu3] 

measured using the pressure drop method with ca. 1 atm starting feed pressure. The 

adsorption rate is broken into 3 phases, 0-1 min; 1-40 min; 40-120 min. 

Cycle 
Average rate (0-1 min) 

(molgas/molcomplex/min) 

Average rate (1-40 

min) 

(molgas/molcomplex/min) 

Average rate 

(40-120 min) 

(molgas/molcompl

ex/min) 

1 (C2H4) 0.11 7 x 10-3 7 x 10-4 

2 (C2H2) 0.13 4 x 10-3 6 x 10-4 

3 (C2H4) 0.11 3 x 10-3 1 x 10-3 

4 (C2H2) 0.02 2 x 10-4 9 x 10-4 

5 (C2H4) 0.03 2 x 10-4 5 x 10-5 

6 (C2H2) 0.32 2 x 10-3 0 

7 (C2H4) 0.08 2 x 10-3 2 x 10-4 
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5.2.6 Ethane adsorption isotherms 

Ethane isotherms at 20 °C, 50 °C and 70 °C were collected after completion 

of the ethylene isotherms. These show that ethane is not chemically adsorbed into 

[Cu3] and does not cause a phase change. 

 

 

Figure 5.10 Ethane adsorption (solid symbols) and desorption (hollow symbols) 

isotherms of [Cu3] at 20, 50 and 70 °C. 

5.2.7 Summaries of literature searches 

Search for comparable ethylene heat of adsorption on copper: This search was 

performed as a screen to investigate previous examples of ethylene gas adsorption 
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into solid copper-based materials in the hope of identifying other examples where 

ethylene adsorption had caused a significant molecular rearrangement and 

contextualize the ΔHads that we observed. Note: there was no discrimination 

between the different oxidation states of copper. 

Our search was performed using the Scifinder database. The ‘research topic’ 

function was used with the phrase “adsorption of ethylene on copper” which 

returned 295 references with the concepts “ethylene”, “adsorption”, and “copper” 

closely associated with one another. It also returned 2240 references where 

“ethylene”, “adsorption”, and “copper” were present anywhere in the reference, 

these results were not examined. The set of 295 references was refined by 

‘language’ to: ‘English’ (sorry we do not have the ability or resources to interpret 

non-English works); and refined by ‘document type’ to ‘journal’. Finally, 

duplicates were removed, leaving 209 references. The abstract of each reference 

was examined for any indication that ethylene adsorption had been studied and any 

suggestive papers were examined in detail. In the results obtained (24 papers), all 

observed gas adsorption was exothermic, i.e. ΔHads = negative. Where available the 

ΔHads values have been recorded in Table 5.1. It should be noted however, that most 

authors simply report ΔHads as an absolute number which required further 

examination of the supporting information to confirm that the adsorption capacity 

of the materials decreased with increasing temperatures. 
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Table 5.1 Literature examples of ethylene binding on copper and copper containing 

materials. 

Ethylene adsorption energy (kJ mol-1) Measurement type Reference 

-13.8 (step) Isotherm This work 

-3 (past ‘step’) Isotherm This work 

-13.1 DSC This work 

-28.5 NMR (Solution) This work 

-24 Isotherm 294 

-36.1 Isotherm 295 

-21.5 , -23.7 Calculation 296 

-54.0 Calculation 297 

-25 Isotherm 298 

-22 Calculation 299 

-82, -119 Calculation 300 

-34 Isotherm 301 

Exothermic Isotherm 302 

-29.1 Isotherm 303 

-33.8, -125.4 Calculation 304 

-55 Calculation 305 

-45.0 Isotherm 306 

-88 Isotherm 307 

-37.6 Isotherm 308 

-26 ± 8 Calculation 309 

-55, -180 Desorption 310 

-45 Calculation 309 

-11.1, -10.9 Desorption 311 
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-86.8 Calculation 312 

-32 Isotherm 313 

-36 Desorption 314 

Exothermic Isotherm 315 

-42.2 Isotherm 316 

-36 Median  

-45 Average  

 

Comparable ethylene adsorbents: 

Table 5.2 Comparison of ethene uptake and ethene/ethane sorption selectivity 

values of [Cu3] measured in this study with those reported for other solid-state 

ethylene/ethane sorbent materials in the literature. This list was adapted from 

reference.71 

Material 

Ethene 

Uptake 

(mmolethene

/gmaterial) 

Temperature 

(K) 

Pressure 

(atm) 

Ethene/ 

Ethane 

Selectivity 

Reference 

[Cu3] 2.63 343 1 131 This work 

[Cu3] 2.76 293 1 136 This work 

[AgI(2,2’-

bipyridine)][BF4] 
2.38 293 0.9 390 71 

[AgI(6,6’-

dimethyl-2,2’-

bipyridine)][OTf] 

2.18 293 0.9 340 71 
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PAF-1-SO3Ag 4.1 296 1 27 a 317 

Zeolite 5A ~2.3 303 1 ‒b 318 

Zeolite NaX ~4.2 305 1 8 a 317,319 

CuA10B1 ~1.8 298 0.79 3.8 a 317,320 

CoMOF-74 ‒ ‒ ‒ 6.4 a 317,321 

MgMOF-74 7.2 296 1 5.6 a 317,321 

Cu-BTC 7.2 296 1 3.6 a 317,321 

NOTT-102 5.8 296 1 3.8 a c 317,321 

FeMOF-74 ‒ 318 1 11 a 317,322 

HOF-4 11.1 296 1 14 a 323 

Ag(I)/ 

phenanthroline-

based polymer 

5.04 293 1 bar 15d 286 

[AgI(phen-based 

ligand)2]OTf 
0.20 293 1 bar 13 

317 

aCalculated using ideal absorbed solution theory (IAST) for an equimolar amount 

of ethene and ethane at 296 K and 100 KPa.  bData not shown.  cApproximately 

determined from Figure 3 in Ref.71.  dIdeal solubility selectivity. 
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5.3 Experimental section of chapter 3 

3.1 Synthesis of Copper-alkyne pyrazolate complexes 

Cu2(μ-[3,5-(CF3)2Pz])2(EtC≡CEt)2 (1): 3-Hexyne (76 mg, 0.925 mmol) was 

added dropwise to a solution of {[3,5-(CF3)2Pz]Cu}3 (250 mg, 0.312 mmol) in 

dichloromethane (∼10 mL) in 3:1 molar ratio. The reaction mixture was stirred for 

4 h under nitrogen at the room temperature. The resulting solution was vacuum-

dried under reduced pressure for 3 h to obtain Cu2(μ-[3,5-(CF3)2Pz])2(EtC≡CEt)2 

as a white solid. X-ray quality crystals were grown from dichloromethane at -20 

℃. Yield: >95%. M.p.: 84 ℃. Anal. Calc.: C, 37.88%; H, 3.18%; N, 8.03%. Found: 

C, 37.75%; H, 3.17%; N, 7.98%. 1H NMR (in CDCl3): δ (ppm) 1.10 (t, J = 7.4 Hz, 

6H, CH3), 2.15 (q, J = 7.4 Hz, 4H, CH2), 7.01 (s, H, Pz-H). 19F NMR (in CDCl3): 

δ (ppm) -61.15 (s). 13C{1H} NMR (in CDCl3): δ (ppm) 13.2 (br s, CH3), 14.5 (br s, 

CH2), 82.5 (br s, C≡C), 104.4 (s, C-4), 120.1 (q, 1JC−F = 269.5 Hz, CF3), 144.4 (br 

q, 2JC−F = 37.2 Hz, C-3/C-5). Raman (selected peaks, cm-1): 2033 and 2066 (C≡C).  

Cu4(μ-[3,5-(CF3)2Pz])4(μ-EtC≡CEt)2 (2): 3-Hexyne (38 mg, 0.463 mmol) was 

added dropwise to a solution of {[3,5-(CF3)2Pz]Cu}3 (250 mg, 0.312 mmol) in 

dichloromethane (∼10 mL) in 3:2 molar ratio. The reaction mixture was stirred for 

4 h under nitrogen at the room temperature. The resulting solution was reduced to 

dryness by evaporation of solvent under a vacuum for 3 h to obtain Cu4(μ-[3,5-
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(CF3)2Pz])4(μ-EtC≡CEt)2 as a white solid. X-ray quality crystals were grown from 

dichloromethane at −20 °C. Yield: 84%. M.p.: 90 °C. Anal. Calc.: C, 31.23%; H, 

1.97%; N, 9.10%. Found: C, 31.11%; H, 1.93%; N, 9.04%. 1H NMR (in CDCl3): δ 

(ppm) 1.10 (t, J = 7.5 Hz, 6H, CH3), 2.16 (q, J = 7.5 Hz, 4H, CH2), 7.01 (s, 2H, Pz- 

H). 19F NMR (in CDCl3): δ (ppm) -61.02 (s). 13C{1H} NMR (in CDCl3): δ (ppm) 

14.1 (br s, CH3), 14.4 (br s, CH2), 84.8 (br s, C≡C), 104.3 (s, C-4), 120.1 (q, 1JC-F = 

264.2 Hz, CF3), 144.4 (br q, 2JC-F = 39.6 Hz, C-3/C-5). Raman (selected peak,       

cm-1): 1874 (C≡C). 

Cu4(μ-[3,5-(CF3)2Pz])4(μ-MeC≡CMe)2 (3): 2-Butyne (25 mg, 0.462 mmol) was 

added dropwise to a solution of {[3,5-(CF3)2Pz]Cu}3 (250 mg, 0.312 mmol) in 

dichloromethane (∼10 mL) in 3:2 molar ratio. The reaction mixture was stirred for 

4 h under nitrogen at the room temperature. The resulting solution was vacuum-

dried under pressure for 3 h to obtain Cu4(μ-[3,5-(CF3)2Pz])4(μ-MeC≡CMe)2 as a 

white solid. X-ray quality crystals were grown from dichloromethane at -20 ℃. 

Yield: 82%. M.p.: 190 ℃. Anal. Calc.: C, 28.63%; H, 1.37%; N, 9.54%. Found: C, 

28.68%; H, 1.33%; N, 9.44%. 1H NMR (in CDCl3): δ (ppm) 1.76 (br s, 6H, CH3), 

7.03 (s, 2H, Pz-H). 19F NMR (in CDCl3): δ (ppm) -61.19 (s). 13C{1H} NMR (in 

CD2Cl2): δ (ppm) 4.4 (br s, CH3), 77.0 (br s, C≡C), 104.6 (s, C-4), 120.6 (q, 1JC-F = 

264.2 Hz, CF3), 144.5 (br q, 2JC-F = 39.6 Hz, C-3/C-5). Raman (selected peak,      cm-

1): 1886 (C≡C). 
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Cu2(μ-CF3CO2)2(EtC≡CEt)2 (4): 3-hexyne (92 mg, 1.124 mmol) was added 

dropwise to a solution of {[Cu(μ-O2CCF3)]2(C6H6)}2 (250 mg, 0.281 mmol) in 

benzene (~10-12 mL) in 4:1 molar ratio.7,103 The green solution was stirred for 3 h 

under nitrogen at room temperature. The reaction mixture was reduced to dryness 

by evaporation of the solvent under reduced vacuum pressure to obtain Cu2(μ-

CF3CO2)2(EtC≡CEt)2  as green-colored solid. X-ray quality crystals were grown 

from hexane at -20 ºC. Yield: >95%. M.p.: 95 ℃. 1H NMR (in CDCl3): δ (ppm) 

1.19 (t, J = 7.5 Hz, 6H, CH3), 2.38 (br q, J = 7.5 Hz, 4H, CH2). 
19F NMR (in CDCl3): 

δ (ppm) -74.26 (s). 13C{1H} NMR (in CDCl3): δ (ppm) 14.3 (br s, CH3), 15.9 (br s, 

CH2), 88.7 (br s, C≡C), 116.3 (q, 1JC-F = 282.4 Hz, CF3), 164.1 (br s, CO). Raman 

(selected peaks, cm-1): 2029 and 2065 (C≡C).  

Cu4(μ-CF3CO2)4(μ-EtC≡CEt)2 (5): 3-hexyne (46 mg, 0.562 mmol) was added 

dropwise to a solution of {[Cu(μ-O2CCF3)]2(C6H6)}2 (250 mg, 0.281 mmol) in 

benzene (~10-12 mL) in 2:1 molar ratio.7,103 The light green solution was stirred 

for 3 h under nitrogen at room temperature. The resulting solution was vacuum 

dried under reduced pressure for 3 h to obtain Cu4(μ-CF3CO2)4(μ-EtC≡CEt)2 as 

light green-colored solid. X-ray quality crystals were grown from hexane at -20 ºC. 

Yield: 84%. M.p.: 140 ℃. 1H NMR (in CDCl3): δ (ppm) 1.22 (t, J = 6.3 Hz, 6H, 

CH3), 2.44 (br q, 4H, CH2). 
19F NMR (in CDCl3): δ (ppm) -73.71 (s). 13C{1H} NMR 
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(in CDCl3): δ (ppm) 14.3 (br s, CH3), 16.2 (br s, CH2), 89.1 (br s, C≡C), 116.2 (q, 

1JC-F = 269.5 Hz, CF3), 164.6 (br s, CO). Raman (selected peak, cm-1): 1844 (C≡C). 

X-ray crystallographic data: A suitable crystal covered with a layer of 

hydrocarbon/Paratone-N oil was selected and mounted on a Cryo-loop, and 

immediately placed in the low temperature nitrogen stream. The X-ray intensity 

data were measured at 100(2) K on a Bruker D8 Quest with a Photon 100 CMOS 

detector equipped with an Oxford Cryosystems 700 series cooler, a Triumph 

monochromator, and a Mo Kα fine-focus sealed tube (λ = 0.71073 Å). Intensity 

data were processed using the Bruker Apex3 program suite.  Absorption corrections 

were applied by using SADABS. Initial atomic positions were located by direct 

methods using XT, and the structures of the compounds were refined by the least-

squares method using SHELXL290,291 within Olex2292 GUI. All the non-hydrogen 

atoms were refined anisotropically.  Hydrogen atoms were included at calculated 

positions and refined riding on corresponding carbons. X-ray structural figures 

were generated using Olex2. CCDC 1865182-1865185 files contain the additional 

crystallographic data.   

Luminescence Measurements: Steady-state luminescence spectra were acquired 

with a PTI Quanta Master Model QM-4 scanning spectrofluorometer equipped with 

a 75 W xenon lamp, emission and excitation monochromators, an excitation 

correction unit, and a PMT detector. Lifetime data were attained using a xenon flash 

https://www.ccdc.cam.ac.uk/structures/search?pid=ccdc:1865182&id=doi:10.1021/acs.organomet.8b00657
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lamp as phosphorescence sub-system add-ons to the PTI instrument. Absorption 

spectra were acquired with a PerkinElmer Lambda 900 double-beam UV/Vis/NIR 

spectrophotometer for solutions of crystalline samples prepared in ACS-grade 

acetonitrile using standard 1 cm quartz cuvettes. 

Computational Methods: The Gaussian 09324 package was employed for quantum 

calculations and DFT was applied to optimize the geometries of the studied 

complexes. The BP86 functional was used with the 6-311+G(d)325,326 basis set for 

all elements; this level of theory was used in a study of coinage metal-ethylene 

complexes supported by tris(pyrazolyl)borates,327 and showed the particular utility 

of BP86 for coinage metal chemistry.328,329  In order to calculate absorption 

wavelengths, TDDFT330 computations were carried out with the BP86 functional 

and augmented 6-311+G(d) basis set with the Gaussian 09 package. DFT was 

employed to analyze the frontier orbitals with the same functional and basis set. 

Transition energies calculated at the singlet- and triplet-optimized geometries 

related with the vertical T1 → S0 (T1 → S@T) emission and S0 → T1 (S0 → T@S) 

excitation energies, respectively. The DFT method used in order to carry out these 

calculations employed the BP86 functional with the 6-311+G(d) basis sets for the 

Cu metal and main group atoms. Furthermore, natural bond orbital (NBO) analysis 

was also used to investigate the bonding character between the alkyne and Cu for 

all complexes studied. Orbitals were plotted with GaussView 5. All systems were 
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fully optimized to obtain vibrational frequencies in the gas phase, and free energies 

at 1 atm and 298.15 K. 

 

3.2 Synthesis of Copper pyrazolate complexes with acetylene and terminal 

alkynes 

Cu4(μ-[3,5-(CF3)2Pz])4(μ-HC≡CH)2 (4): {μ-[3,5-(CF3)2Pz]Cu}3 (0.25 g, 0.312 

mmol) was dissolved in 10 mL of dichloromethane and stirred for ∼10 min while 

bubbling acetylene as a steady stream (1 atm) through the solution. The reaction 

mixture was concentrated with continuous flow of acetylene and kept at −20 °C to 

obtain X-ray quality colorless crystals of Cu4(μ-[3,5-(CF3)2Pz])4(μ-HC≡CH)2. 

Yield: >90%. M.p.: 170 °C (decomp.). Anal. calc. 

C24H8Cu4F24N8·0.4C15H3Cu3F18N6: C, 25.05%; H, 0.64%; N, 10.13%. Found: C, 

25.68%; H, 0.74%; N, 10.02%.  1H NMR (in CDCl3): δ (ppm) 6.16 (s, 2H, CH), 

6.84 (s, 2H, Pz-H). 19F NMR (in CDCl3): δ (ppm) -60.1 (s). 13C{1H} NMR (in 

CDCl3): δ (ppm) 79.2 (br s, C≡C), 104.8 (s, C-4), 120.7 (q, 1JC–F = 268.7 Hz, CF3), 

143.0 (br q, 2JC-F = 37.8 Hz, C-3/C-5). Raman (selected peak, cm-1): 1638 (C≡C). 

Compound 4 lose some acetylene under reduced pressure leading to 1. Signals 

corresponding to {μ-[3,5-(CF3)2Pz]Cu}3 were also observed in the solutions of 

resulting material. 1H NMR (in CDCl3): δ (ppm) 7.01 (br s, 2H, Pz-H). 19F NMR 

(in CDCl3): δ (ppm) -61.0 (br s).  
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Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CH)2 (5): {μ-[3,5-(CF3)2Pz]Cu}3 (4 mg) was 

dissolved in 1.5 mL CD2Cl2 in a NMR tube and acetylene gas was bubbled for 30 

to 60 s. The NMR tube was quickly sealed and the 1H and 19F NMR data were 

collected at different temperatures (21 °C, -10 °C, -35 °C, -60 °C and  70 °C). A 

broad peak started to appear around 4.8 ppm at -35 °C which is likely the signal 

from bound acetylene of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CH)2. 
1H NMR (in CD2Cl2 at 

-70 °C): δ (ppm) 6.92 (s, Pz-H), 4.86 (br s, ≡CH). 19F NMR (in CD2Cl2 at -70 °C): 

δ (ppm) -59.7 (s). We could not isolate this molecule as a solid, as all attempts even 

in the presence of excess acetylene led to the precipitation of 4. 

Cu4(μ-[4-Br-3,5-(CF3)2Pz])4(μ-HCuCH)2 (6): {μ-[4-Br-3,5-(CF3)2Pz]Cu}3 (0.25 

g, 0.241 mmol) was dissolve in 10 mL of dichloromethane and stirred for ∼10 min 

while bubbling acetylene as a steady stream (1 atm) through the solution. The 

reaction mixture was concentrated using an acetylene stream and kept at -20 °C to 

obtain Cu4(μ-[4-Br-3,5-(CF3)2Pz])4(μ-HCuCH)2 as a crystalline solid. Yield: 85%. 

M.p.: 180 °C (decomp.). Anal. calc. C24H4Br4Cu4F24N8: C, 20.09%; H, 0.28%; N, 

7.81%. Found: C, 20.87%; H, 0.31%; N, 8.01%. 1H NMR (in CDCl3): δ (ppm) 6.03 

(s, 2H, CH). 19F NMR (in CDCl3): δ (ppm) -59.5 (s). Solid 6 does not show good 

solubility in most NMR solvents to collect good 13C NMR data. 13C{1H} NMR (in 

(CD3)2CO): δ (ppm) 74.0 (br s, C≡C), 92.8 (s, C-4), 121.7 (br, CF3), 142.6 (br, C-

3/C-5).  Raman (selected peak, cm-1): 1631 (C≡C). Also in solution, some Cu4(μ-
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[4-Br-3,5-(CF3)2Pz])4(μ-HCuCH)2 dissociates into {μ-[4-Br-3,5-(CF3)2Pz]Cu}3 

and free acetylene as evident from 19F and 1H NMR data.  

Cu2(μ-[4-Br-3,5-(CF3)2Pz])2(HC≡CH)2 (8): {μ-[4-Br-3,5-(CF3)2Pz]Cu}3 (4 mg) 

was dissolved in 1.5 mL CD2Cl2 in a NMR tube and acetylene gas was bubbled for 

30 to 60 s. The NMR tube was quickly sealed and the 1H and 19F NMR data were 

collected at different temperatures (21 °C, -10 °C, -35 °C, -60 °C and -70 °C). A 

broad peak started to appear around 4.7 ppm at -35 °C which is likely the signal 

from bound acetylene of Cu2(μ-[4-Br-3,5-(CF3)2Pz])2(HC≡CH)2. 
1H NMR (in 

CD2Cl2 at -70 °C): δ (ppm) 4.75 (br s, 4H, CH). 19F NMR (in CD2Cl2 at -70 °C): δ 

(ppm) -59.6 (s). X-ray quality crystals of Cu2(μ-[4-Br-3,5-(CF3)2Pz])2(HC≡CH)2 

was obtained  in toluene at -20 °C. For that, 50 mg of {μ-[4-Br-3,5-(CF3)2Pz]Cu}3 

was dissolved in 8 mL of dry dichloromethane in 50 mL Schlenk flask and 

acetylene gas was bubbled until all dichloromethane was evaporated and white 

powder was obtained. This white powder was dissolved in 10 mL of dry toluene 

under acetylene atmosphere and kept at -20 °C refrigerator to obtain colorless 

crystals. Raman (selected peak, cm-1):1811 (C≡C). ATR-IR (selected peak, cm-1): 

1810. This molecule loses acetylene easily in solution or in the solid. 

Cu4(μ-[4-Cl-3,5-(CF3)2Pz])4(μ-HC≡CH)2 (7): {μ-[4-Cl-3,5-(CF3)2Pz]Cu}3 (0.25 

g, 0.276 mmol) was dissolved in 10 mL of dichloromethane, and acetylene was 

bubbled as a steady stream (1 atm) through the solution for 10 min. The reaction 
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mixture was concentrated using acetylene stream and kept at -20 °C to obtain 

Cu4(μ-[4-Cl-3,5-(CF3)2Pz])4(μ-HC≡CH)2 as a white, crystalline solid. Yield: 87%. 

M.p.: 180 °C (decomp.). Anal. calc. C24H4Cl4Cu4F24N8: C, 22.93%; H, 0.32%; N, 

8.92%. Found: C, 22.53%; H, 0.56%; N, 8.45%.  1H NMR (in CDCl3): δ (ppm) 

6.04 (s, 2H, CH). 19F NMR (in CDCl3): δ (ppm) -59.6 (s). Solid 7 does not show 

good solubility in most NMR solvents to collect good 13C NMR data. 13C{1H} 

NMR (in (CD3)2CO): δ (ppm) 74.1 (br s, C≡C), 109.6 (s, C-4), 119.4 (br, CF3), 

140.7 (br q, C-3/C-5). Raman (selected peak, cm-1): 1632 (C≡C). Compound 7 tend 

to lose some acetylene under reduced pressure. Also in solution, some Cu4(μ-[4-

Cl-3,5-(CF3)2Pz])4(μ-HC≡CH)2 dissociates into {μ-[4-Cl-3,5-(CF3)2Pz] Cu}3 and 

free acetylene as evident from 19F and 1H NMR data. 

Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CPh)2 (9): Phenylacetylene (0.096 g, 0.936 mmol) 

was added dropwise to a solution of {μ-[3,5-(CF3)2Pz]Cu}3 (1) (0.25 g, 0.312 

mmol) in dichloromethane (∼10 mL) at room temperature. The reaction mixture 

was stirred for 4 h under nitrogen, and the resulting solution was reduced to dryness 

by evaporation of solvent under vacuum to obtain Cu2(μ-[3,5-

(CF3)2Pz])2(HC≡CPh)2 as an off-white solid. X-ray quality crystals were grown 

from dichloromethane at -20 °C. Yield: >90%. M.p.: 55-57 °C. Anal. calc. 

C26H14Cu2F12N4: C, 42.34%; H, 1.91%; N, 7.60%. Found: C, 42.37%; H, 1.94%; 

N, 7.69%. 1H NMR (in CDCl3): δ (ppm) 3.17 (br s, 2H, CH), 7.01 (s, 2H, Pz-H), 
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7.32 (m, J = 6.65 Hz, 6H, CH), 7.47 (d, J = 6.85 Hz, 4H, CH). 19F NMR (in CDCl3): 

δ (ppm) -61.0 (s). 13C{1H} NMR (in CDCl3): δ (ppm) 77.8 (br s, C≡C), 104.6 (s, 

C-4), 120.5 (q, 1JC–F = 268.3 Hz, CF3), 122.4 (s, phenyl-C), 128.8 (s, m-CH), 129.4 

(s, p-CH), 132.3 (s, o-CH), 144.4 (br q, 2JC–F = 37.2 Hz, C-3/C-5). The 13C{1H} 

NMR peak of the quaternary carbon atom of the triple bond of phenylacetylene 

broadens into the base line at around 84-85 ppm and as a result, it is difficult to 

pinpoint its exact position. Raman (selected peaks, cm-1): 1918, 1928 and 1950 

(C≡C).  

Cu2(μ-[3,5-(CF3)2Pz])2(HC≡C(CH2)5C≡CH) (10): {μ-[3,5-(CF3)2Pz]Cu}3 (0.25 

g, 0.312 mmol) was dissolved in the dichloromethane (∼10 mL) under nitrogen at 

room temperature. To this solution, 3 equivalents of 1,8-nonadiyne (0.11 g, 0.936 

mmol) was slowly added and stirred for ∼4 h. The solution was then filtered and 

dried under reduced pressure to obtain crude white Cu2(μ-[3,5-

(CF3)2Pz])2(HC≡C(CH2)5C≡CH) as solid product. X-ray quality crystals were 

grown from dichloromethane at -20 °C. Yield: 82%. M.p.: 144 °C. Anal. calc. 

C19H14Cu2F12N4: C, 34.92%; H, 2.16%; N, 8.57%. Found: C, 34.89%; H, 2.01%; 

N, 8.56%. 1H NMR (in CDCl3): δ (ppm) 1.31 (br s, 4H, CH2), 1.53 (m, J = 7.5 Hz, 

2H, CH2), 2.61 (br s, 4H, CH2), 4.33 (br s, 2H, CH), 6.81 (s, 2H, Pz-H). 19F NMR 

(in CDCl3): δ (ppm) -60.54 (s). 13C{1H} NMR (in CDCl3): δ (ppm) 21.7 (br s, 

alkyne C-3/ C-7), 26.4 (br s, alkyne C-4/C-5/C-6), 75.1 (br s, C≡C), 96.4 (br s, C-
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2/C-8), 103.6 (s, C-4), 121.6 (q, 1JC-F = 268.3 Hz, CF3), 142.2 (br q, 2JC-F = 37.2 Hz, 

C-3/C-5). Raman (selected peak, cm-1): 1946 (C≡C).  

Cu4(μ-[3,5-(CF3)2Pz])4(HC≡C(CH2)4C≡CH)2 (11): 1,7- Octadiyne (0.080 g, 

0.750 mmol) was added dropwise to a solution of {μ-[3,5-(CF3)2Pz]Cu}3 (0.20 g, 

0.250 mmol) in dichloromethane (∼8 mL) in 3 : 1 molar ratio. The reaction mixture 

was stirred for ∼4 h under nitrogen at room temperature.  The resulting mixture 

was filtered and dried under reduced pressure to obtain Cu4(μ-[3,5-

(CF3)2Pz])4(HC≡C(CH2)4C≡CH)2 as white solid. It was recrystallized from 

dichloromethane at -20 °C to obtain X-ray quality crystals of Cu2(μ-[3,5-

(CF3)2Pz])2(1,7-octadiyne). Yield: 81%. Raman (selected peak, cm-1): 1952 (C≡C). 

Cu4(μ-[3,5-(CF3)2Pz])4(C2H5C≡C(CH2)4C≡CC2H5)2 (12): 3,9-Dodecadiyne 

(0.091 g, 0.561 mmol) was added dropwise to a solution of {μ-[3,5-(CF3)2Pz]Cu}3 

(0.15 g, 0.187 mmol) in dichloromethane (∼8 mL) in 3 : 1 molar ratio. The reaction 

mixture was stirred for ∼4 h under nitrogen at room temperature. The solution was 

then filtered and dried under reduced pressure to obtain crude white Cu4(μ-[3,5-

(CF3)2Pz])4(C2H5C≡C(CH2)4C≡CC2H5)2 as solid product. X-ray quality crystals 

were grown from dichloromethane at -20 °C. Yield: 78%. M.p.: 118 °C. Anal. calc.  

C44H40Cu4F24N8: C, 37.99%; H, 2.90%; N, 8.06%. Found: C, 37.82%; H, 2.82%; 

N, 8.15%. 1H NMR (in CDCl3): δ (ppm) 1.11 (t, J = 7.2 Hz, 6H, CH3), 1.54 (br s, 

4H, CH2), 1.57 (br s, 4H, CH2), 2.18 (br s, 4H, CH2), 7.01 (s, 2H, Pz-H). 19F NMR 
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(in CDCl3): δ (ppm) -60.98 (s). 13C{1H} NMR (in CDCl3): δ (ppm) 13.1 (br s, CH3), 

14.4 (br s, CH2), 19.1 (br s, CH2), 28.3 (br s, CH2), 80.3 (br s, C≡C), 83.2 (br s, 

C≡C), 104.3 (s, C-4), 121.3 (br q, CF3), 143.9 (br q, C-3/C-5). Raman (selected 

peaks, cm-1): 2040 and 2070 (C≡C).  

General procedure for carboxylation of terminal alkynes: {μ-[3,5-

(CF3)2Pz]Cu}3 (0.036 mmol, 30 mg, 2 mol% based on phenylacetylene) was 

dissolved in DMF (4 mL) in a reaction vessel. Phenylacetylene (2 mmol, 204 mg) 

was introduced into the reaction mixture while stirring under CO2, and stirred for 

12 h at room temperature under a CO2 atmosphere using a balloon. After 

completion of the reaction, DMF was removed, as much as possible, under reduced 

pressure and treated with water/CH2Cl2 mixture. The product was extracted with 

dichloromethane (3 × 5 mL). The leftover aqueous layer was acidified with 

concentrated HCl to pH = 1 and then extracted with ethyl acetate (3 × 5 mL) to 

collect additional product. The organic layers (CH2Cl2 and ethyl acetate extracts) 

were combined, dried  with anhydrous Na2SO4, filtered and the volatiles were 

removed in vacuo. The residue was purified by silica gel column chromatography 

(ethyl acetate/n-hexane gradient), affording the carboxylic acid product as a major 

product (72% yield) and alkyne coupling product as a minor product (10% 

yield).331,332  
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Phenylpropiolic acid:163 Entry 1- Product A 

 

1H NMR (in (CD3)2CO): δ (ppm) 14.14 (br, s, 1H, COOH), 7.60–7.57 (m, 1H, Ar-

H), 7.49–7.42 (m, 2H, Ar-H), 7.32 (br, s, 2H, Ar-H). 

1,4-diphenyl buta-1,3-diyne:333 Entry 1- Product B 

 

1H NMR (in CDCl3): δ (ppm) 7.56-7.51 (m, 4 H), 7.40-7.28 (m, 6 H). 

4-Methylphenylpropiolic acid:331 Entry 2- Product A 

 

1H NMR (in CDCl3): δ (ppm) 10.55 (br s, 1H, COOH) 7.51 (d, J = 8.0 Hz, 2H, Ar-

H), 7.20 (d, J = 8.0 Hz, 2H, Ar-H), 2.39 (s, 3H, CH3). 

1,4-Bis(p-methylphenyl)buta-1,3-diyne:333 Entry 2- Product B 
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1H NMR (in CDCl3): δ (ppm) 7.40 (d, J = 8.4 Hz, 4H), 7.12 (d, J = 8.2 Hz, 4H), 

2.34 (s, 6H). 

(4-chlorophenyl)propiolic acid:163 Entry 3- Product A 

 

1H NMR (in CDCl3): δ (ppm) 13.64 (br, s, 1H, COOH) 7.61 (d, J = 5.6 Hz, 2H, Ar-

H), 7.52 (d, J = 5.6 Hz, 2H, Ar-H).    

1,4-bis(4-chlorophenyl) buta-1,3-diyne:334 Entry 2- Product B 

 

1H NMR (in CDCl3): δ (ppm) 7.55-7.47 (m, 4 H), 7.07-7.01 (m, 4 H) 

General procedure for alkyne - p-tolylazide cycloadditon reaction: {μ-[3,5-

(CF3)2Pz]Cu}3 (0.018 mmol, 15 mg, 1 mol% based on p-tolylazide) was dissolved 

in CH2Cl2 (5 mL) under nitrogen atmosphere at room temperature. Acetylene (1 

atm, balloon) and p-tolylazide (1.5 mmol, 200 mg) were introduced into the 

reaction mixture under stirring, while slowly closing the nitrogen line. The reaction 

mixture was stirred at room temperature for 12 h while maintaining the mixture 

under an acetylene atmosphere (using a balloon). After removal of the solvent under 

reduced pressure, the crude reaction mixture was analyzed using 1H NMR, which 
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indicated the presence of the desired triazole product in 99% yield.335 Similarly, we 

have used phenylacetylene or 1-octyne (1.5 mmol, 0.18 mL) as the alkyne source 

along with p-tolylazide, and reacted it with a dichloromethane solution of {μ-[3,5-

(CF3)2Pz]Cu}3 (0.018 mmol, 15 mg, 1 mol% based on alkyne) under nitrogen 

atmosphere at room temperature. After completion of the reaction, the crude 

reaction mixture was analyzed using 1H NMR indicating the formation of desired 

triazole product in 99% yield.336 We were also successful in isolating the bis-

triazole using the terminal alkyne 1,8-nonadiyne. In this reactions, the alkyne(1.5 

mmol) and p-tolylazide (1.5 mmol, 400 mg of 1,8-nonadiyne) were added to a 

solution of {μ-[3,5-(CF3)2Pz]Cu}3 (0.015 mmol, 12 mg, 1 mol% based on 

respective alkyne) in benzene (5 mL) under nitrogen and heated to 80 °C with 

continuous stirring for 12 h. After cooling the mixture to room temperature and 

removal of the solvent under reduced pressure, the crude reaction mixture was 

characterized using 1H NMR. The observed product yield was 99% (the control 

reaction without the copper catalyst under same conditions gave about 19% of the 

bis-triazole, and the Cu catalyzed reaction at room temperature in CH2Cl2 is slow 

and gave the bistriazole product in about 13% yield after 12 h). 
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Entry Alkyne Solvent Reaction 

Temp  (℃) 

Reaction 

Time (h) 

% 

Yield* 

1 Acetylene dichloromethane RT 12 99 

2 Phenylacetylene dichloromethane RT 12 99 

3 1-Octyne dichloromethane RT 12 99 

4 1,8-Nonadiyne benzene 80 12 99 

*Calculated NMR yield using 1,3,5-Tris(trifluoromethyl)benzene as internal standard. 

1-p-Tolyl-1H-1,2,3-triazole:335 

 

1H NMR (in CDCl3): δ (ppm) 2.40 (s, 3H), 7.30 (d, J = 7.75 Hz, 2H), 7.60 (d, J = 

7.70 Hz, 2H), 7.83 (s, 1H), 7.99 (s, 1H) ppm. 13C{1H} NMR (in CDCl3): δ (ppm) 

21.2, 120.7, 122.1, 130.3, 134.5, 134.9, 139.0. HRMS calculated for C9H10N3
+: 

160.0870, found: 160.0853. 

1-p-Tolyl-4-phenyl-1H-1,2,3-triazole:336 
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1H NMR (in CDCl3): δ (ppm) 2.41 (s, 3H), 7.30-7.36 (m, 3H), 7.44 (t, J = 6.90 Hz, 

2H), 7.64 (d, J = 7.45 Hz, 2H), 7.90 (d, J = 6.90 Hz, 2H), 8.15 (s, 1H). 13C{1H} 

NMR (in CDCl3): δ (ppm) 21.2, 117.8, 120.5, 125.9, 128.4, 129.0,130.3, 134.8, 

139.0, 148.3 ppm. HRMS calculated for C15H14N3
+: 236.1183, found: 236.1153. 

4-hexyl-1-(p-tolyl)-1H-1,2,3-triazole: 

 

1H NMR (in CDCl3): δ (ppm) 0.85 (t, J = 6.87 Hz, 3H), 1.26-1.29 (m, 4H), 1.33-

1.37 (m, 2H), 1.65-1.71 (m, 2H), 2.35 (s, 3H), 2.73 (t, J = 7.45 Hz, 2H), 7.23 (d, J 

= 8.02 Hz, 2H), 7.55 (d, J = 8.02 Hz, 2H), 7.68 (s, 1H) ppm. 13C{1H} NMR (in 

CDCl3): δ (ppm) 14.1, 21.0, 22.6, 25.7, 29.0, 29.4, 31.6, 118.9, 120.2, 130.1, 135.0, 

138.4, 149.0 ppm.  

1-p-Tolyl-4-(5-(1-p-tolyl-1H-1,2,3-triazol-4-yl)pentyl)-1H-1,2,3-triazole: 

 

1H NMR (in CDCl3): δ (ppm) 1.5 (m, J = 7.20 Hz, 2H), 1.79 (m, J = 7.40 Hz, 

2H), 2.39 (s, 3H), 2.80 (m, J = 7.30, 2H), 7.28 (d, J = 7.45 Hz, 2H), 7.57 (d, J = 



202 
 

8.0 Hz, 2H) ppm. 13C{1H} NMR (in CDCl3): δ (ppm) 21.2, 25.5, 28.6, 29.1, 

119.1, 120.4, 130.2, 135.0, 138.5, 148.8 ppm. HRMS calculated for C23H27N6
+: 

387.2292, found: 387.2242. 

General procedure for hydrothiolation of alkynes: {μ-[3,5-(CF3)2Pz]Cu}3 (0.01 

mmol, 7.99 mg, 1.0 mol% based on phenylacetylene) was dissolved in dry toluene 

(5 mL) in a reaction vessel. Phenylacetylene (1.0 mmol, 100 mg) was added to it 

under a CO2 atmosphere (1 atm, balloon). Then thiophenol (1.1 mmol, 118 mg) was 

introduced into the reaction mixture under stirring. The resulting mixture was 

stirred at room temperature for 3 h. After removal of the solvent and all the 

volatilities (including unreacted starting materials) under reduced pressure, the 

crude reaction mixture was analyzed using 1H NMR. The vinyl sulfide products 

were obtained at a yield of 70% (isolated yield) and an E/Z ratio of 63 : 37 (from 

NMR peak analysis).197 The reaction performed under the same conditions, except 

for the use of N2, gave similar products but with different stereoselectivity (E/Z 

ratio = 50 : 50). These results demonstrate that the stereoselectivity of this Cu(I)-

catalyzed alkyne hydrothiolation reaction could be controlled with the presence or 

absence of the CO2 atmosphere. We have then performed several experiments by 

changing the reaction temperature and reaction time. 
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Entry Catalyst Temp 

(oC) 

Time 

(h) 

Under 

CO2 

(E:Z) 

Under 

N2 

(E:Z) 

Overall 

% yield 

under 

CO2 

Overall 

% 

yield 

under 

N2 

References 

1 {[3,5-

(CF3)2Pz]Cu}3 

RT 3 63:37 50:50 70 56 This work 

2 No catalyst RT 3 30:70 70:30 42 37 This work 

3 {[3,5-

(CF3)2Pz]Cu}3 

0 3 26:74 10:90 65 48 This work 

4 {[3,5-

(CF3)2Pz]Cu}3 

90 3 30:70 56:44 78 62 This work 

5 {[3,5-

(CF3)2Pz]Cu}3 

90 16 78:22 34:66 90 81 This work 

6a CuI/K2CO3  90 16 10:90 84:16 92 68 197 

aReaction conditions: phenylacetylene (0.5 mmol), thiophenol (0.75 mmol), CuI (5 

mol% ), K2CO3 (0.6 mmol), H2O (25 μL) and DMSO (3 mL) . 
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Phenyl(styryl)sulfane:197 

 

1H NMR (in CDCl3) δ (ppm) 7.56 – 7.22 (m, 20H), 6.90 (d, 1H, J = 15.0 Hz), 6.75 

(d, 1H, J = 15.0 Hz), 6.61 (d, 1H, J = 10.8 Hz), 6.52 (d, 1H, J = 10.8 Hz).  

X-ray crystallographic data: A suitable crystal covered with a layer of 

hydrocarbon/ Paratone-N oil was selected and mounted on a Cryo-loop, and 

immediately placed in the low temperature nitrogen stream. The X-ray intensity 

data were measured at 100(2) K on a Bruker D8 Quest with a Photon 100 CMOS 

detector equipped with an Oxford Cryosystems 700 series cooler, a Triumph 

monochromator, and a Mo Kα fine-focus sealed tube (λ = 0.71073 Å). Intensity 

data were processed using the Bruker Apex3 program suite. Absorption corrections 

were applied by using SADABS. Initial atomic positions were located by direct 

methods using XT, and the structures of the compounds were refined by the 

leastsquares method using SHELXL290,291 within Olex2292 GUI. All the non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were included at 

calculated positions and refined riding on corresponding carbons. X-ray structural 

figures were generated using Olex2. CCDC 1934981–1934986 files contain the 

additional crystallographic data.  

https://www.ccdc.cam.ac.uk/structures/search?pid=ccdc:1934981-1934986&issn=1477-9226&year=2019&pages=15782-15794&volume=48&id=doi:10.1039/c9dt03350e&sid=RSC
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5.4 Experimental section of chapter 4 

{[3,5-(CF3)2Pz]Cu(CO)}2 (5): {[3,5-(CF3)2Pz]Cu}3 (100 mg, 0.12 mmol) was 

dissolved in 8 mL of dichloromethane in a Schlenk tube (with a side arm) under 

nitrogen. The side arm was closed, the solution was slowly warmed to 40-45 °C 

and allowed to stir at this temperature for ∼5 min. The solution was removed from 

heat, the side arm of the Schlenk tube was opened to nitrogen, and the glass stopper 

was replaced with a rubber septum. Carbon monoxide (∼1 atm) was gently bubbled 

into the warm solution via a large needle through the rubber septum for ∼10 min 

while the nitrogen flow was slowly decreased. This mixture was then concentrated 

to ∼3 mL by bubbling a slow stream of CO through the solution. The resulting 

solution was kept at -20 °C overnight to obtain {[3,5-(CF3)2Pz]Cu(CO)}2 as 

colorless crystals. NMR data were collected with excess CO in the NMR tube. 1H 

NMR (in CD2Cl2): δ (ppm) 7.05 (s). 19F NMR (in CD2Cl2): δ (ppm) -59.63 (br). 

13C{1H} NMR (in CD2Cl2): δ (ppm) 104.8 (s), 120.7 (br q, 1JC-F = 265.5 Hz, CF3), 

144.6 (br q, C-3 & C-5), 172.3 (s, CO). Vacuum drying led to the formation of 

{[3,5-(CF3)2Pz] Cu}3. ATR-IR (single crystals, selected peaks, cm-1): 2099 and 

2108 (C≡O stretch), IR data in Nujol (selected peak, cm-1): 2128 (C≡O stretch). 
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{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2 (6): {[4-Cl-3,5-(CF3)2Pz]Cu}3 (200 mg, 0.221 

mmol) was dissolved in 8 mL of dichloromethane and the solution was slowly 

warmed to ∼50 °C. The reaction mixture was removed from heat and carbon 

monoxide was bubbled through the warm solution for ∼10 min, and then 

concentrated to ∼3 mL with a gentle flow of CO. The resulting solution was kept 

at -20 °C overnight to obtain {[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2 as colorless crystals. 

NMR data were collected with excess CO in the NMR tube. 19F NMR (in CD2Cl2): 

δ (ppm) -60.27 (s). 13C{1H} NMR (in CD2Cl2): δ (ppm) 109.9 (s), 120.4 (q, 1JC–F = 

270.7 Hz, CF3), 140.6 (q, 2JC-F = 37.2 Hz, C-3 & C-5), 171.8 (s, CO). ATR-IR 

(single crystals, selected peak, cm-1): 2139 (C≡O stretch). IR data in Nujol (selected 

peaks, cm-1): 2110, 2127 (sh), 2146 (sh) (C≡O stretch). The compound lose CO 

easily preventing the CHN analysis. 

{[3,4,5-(CF3)3Pz]Cu(CO)}2 (7): {[3,4,5-(CF3)3Pz]Cu}3 (100 mg, 0.10 mmol) was 

dissolved in 8 mL of CH2Cl2, carbon onoxide was bubbled for ∼10 min. The 

solution was kept at -20 °C under CO atmosphere to obtain X-ray quality colorless 

crystals of {[3,4,5-(CF3)3Pz]Cu(CO)}2. Yield: 92% (100 mg, based on {[3,4,5-

(CF3)3Pz]Cu}3). NMR data were collected with excess CO in the NMR tube. 19F 

NMR (in CD2Cl2): δ (ppm) -55.23 (s), -59.38 (s). 13C{1H} NMR (in CD2Cl2): δ 

(ppm) 110.5 (s), 119.9 (q, 1JC-F = 270.7 Hz, CF3), 142.9 (br s, C-3 & C-5), 170.9 

(s, CO). ATR-IR (single crystals, selected peak, cm-1):  2139 (C≡O stretch). IR data 
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in Nujol (selected peak, cm-1): 2146 (C≡O stretch). Vacuum drying led to the 

formation of {[3,4,5-(CF3)3Pz]Cu}3. 

[NEt4][{[3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)] (8): {[3,5-(CF3)2Pz]Cu}3 (100 mg, 

0.125 mmol) and NEt4Br (19 mg, 0.093 mmol) were dissolved in dichloromethane 

(∼5 mL) in two different Schlenk flasks. Both the solutions were gently bubbled 

with CO before mixing together. The solution mixture was then allowed to stir for 

a few minutes in a CO rich environment and finally concentrated to ∼3 mL with a 

stream of CO. X-ray quality crystal were grown from dichloromethane at -20 °C 

under CO. Yield: 84% (based on {[3,5-(CF3)2Pz]Cu}3). Anal. calc. for 

C32H24BrCu4F24N9O4: C, 27.68%; H, 1.74%; N, 9.08%. Found: C, 27.62%; H, 

2.08%; N, 9.01%. 1H NMR (in CD2Cl2): δ (ppm) 1.21 (t, J = 7.2 Hz, 12H, CH3), 

3.03 (q, J = 7.2 Hz, 8H, CH2), 6.84 (s, 4H, Pz-H). 19F NMR (in CD2Cl2): δ (ppm) -

60.73 (br). 13C{1H} NMR (in CD2Cl2): δ (ppm) 7.6 (s, CH2/CH3), 103.8 (s, C-4), 

121.4 (q, 1JC-F = 271.5 Hz, CF3), 142.4 (br q, 2JC-F = 37.2 Hz, C-3 & C-5), 173.0 (s, 

CO). ATR-IR (single crystals, selected peak, cm-1): 2098 (C≡O stretch).  

[NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9): A solution of {[3,5-(CF3)2Pz]Cu}3 (100 

mg, 0.125 mmol) in dichloromethane saturated with CO was slowly added to a CO 

saturated solution of NEt4Cl (30 mg, 0.187 mmol) in CH2Cl2 (∼5 mL). After 

addition the reaction mixture was stirred for ∼10 min resulting in a cloudy solution 

which was filtered through Celite to yield a colorless filtrate. The filtrate was 
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collected and concentrated to ∼3 mL by gently bubbling with CO. This 

supersaturated solution was placed under a CO atmosphere and cooled at -20 °C to 

obtain colorless crystals. Yield: 82% (based on {[3,5-(CF3)2Pz]Cu}3). Anal. calc. 

for C25H23Cu2F18N7O2: C, 32.55%; H, 2.51%; N, 10.63%. Found: C, 32.43%; H, 

2.80%; N, 10.55%. 1H NMR (in CD2Cl2): δ (ppm) 1.20 (t, J = 6 Hz, 12H, CH3), 

3.04 (q, 8H, CH2), 6.80 (s, 3H, Pz-H). 19F NMR (in CD2Cl2): δ (ppm) -60.63 (br). 

13C{1H} NMR (in CD2Cl2): δ (ppm) 7.7 (s, CH3), 8.0 (s, CH2), 103.8 (s, C-4), 121.3 

(q, 1JC–F = 271.0 Hz, CF3), 142.3 (br q, C-3 & C-5), 173.2 (br, CO). ATR-IR (single 

crystals, selected peak, cm-1): 2087 (C≡O stretch).  

Alternative method: [3,5-(CF3)2Pz]NEt4 (32 mg, 0.096 mmol) was 

dissolved in 12 mL of CH2Cl2 with 4 Å molecular sieves and saturated with CO. 

{[3,5-(CF3)2Pz]Cu}3 (74 mg, 0.092 mmol) was dissolved in 3 mL of CH2Cl2, 

saturated with CO and [3,5-(CF3)2Pz]NEt4 solution was slowly added while gently 

bubbling CO. The resultant solution was filtered through a bed of Celite, saturated 

with CO and stored under CO atmosphere to obtain X-ray quality colorless crystals 

of [NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2}. 

[NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)] (10): A CO saturated solution of 

{[4-Cl-3,5-(CF3)2Pz]Cu}3 (250 mg, 0.272 mmol) in dichloromethane (∼10 mL) 

and NEt4Br (42.8 mg, 0.204 mmol) in dichloromethane (∼6 mL) were mixed 

together and stirred for ∼10 min. The reaction mixture was concentrated to ∼3 mL 
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with a stream of CO and cooled to -20 °C to obtain X-ray quality crystals. Yield: 

87% (based on {[4-Cl-3,5-(CF3)2Pz]Cu}3). Anal. calc. for 

C32H20BrCl4Cu4F24N9O4: C, 25.18%; H, 1.32%; N, 8.26%. Found: C, 25.04%; H, 

1.48%; N, 8.36%. 1H NMR (in CD2Cl2): δ 1.29 (t, J = 7 Hz, 12H, CH3), 3.13 (q, J 

= 7 Hz, 8H, CH2). 
19F NMR (CD2Cl2): δ -60.25 (br s). 13C{1H} NMR (in CD2Cl2): 

δ 7.6 (s, CH2/CH3), 107.8 (s, C-4), 121.1(q, 1JC-F = 269.9 Hz, CF3), 138.4 (br q, 2JC-

F = 36 Hz, C-3 & C-5), 172.4 (br, CO). ATR-IR (single crystals, selected peak, cm-

1): 2106 (C≡O stretch).  

[NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Cl)]  (11): {[4-Cl-3,5- (CF3)2Pz]Cu}3 

(250 mg, 0.276 mmol) and NEt4Cl (33.56 mg, 0.202 mmol) were dissolved in 

dichloromethane (∼5 mL) in two different Schlenk flasks. Both the solutions were 

gently bubbled with CO before mixing together and then stirred for ∼10 min. The 

reaction mixture was concentrated to ∼4 mL with a stream of CO and cooled to -

20 °C to obtain X-ray quality crystals. Yield: 86% (based on {[4-Cl-3,5-

(CF3)2Pz]Cu}3). Anal. calc. C32H20Cl5Cu4F24N9O4: C, 25.94%; H, 1.36%; N, 

8.51%. Found: C, 25.90%; H, 1.60%; N, 8.49%. 1H NMR (in CD2Cl2): δ (ppm) 

1.30 (t, J = 7.3 Hz, 12H, CH3), 3.14 (q, J = 7.3 Hz, 8H, CH2). 
19F NMR (in CD2Cl2): 

δ (ppm) -60.45 (br). 13C{1H} NMR (in CD2Cl2): δ (ppm) 8.0 (CH2/CH3), 108.4 (C-

4), 120.2 (q, 1JC–F = 251.1 Hz, CF3), 139.2 (br q, 2JC-F = 37.2 Hz, C-3 & C-5), 172.6 

(br, CO). ATR-IR (single crystals, selected peak, cm-1): 2105 (C≡O stretch). 



210 
 

[{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2(μ2-CH3CN)] (12): This molecule was obtained 

from a reaction of {[4-Cl-3,5-(CF3)2Pz]Cu}3 with excess CO in dichloromethane 

containing small amount of acetonitrile. Colorless crystals were obtained at -27 °C. 

1H NMR (CDCl3): δ (ppm) 2.12 (br s). 

X-ray crystallographic data: A suitable crystal covered with a layer of 

hydrocarbon/ Paratone-N oil was selected and mounted on a Cryo-loop, and  

immediately placed in the low temperature nitrogen stream. The X-ray intensity 

data were measured at 100(2) K on a Bruker D8 Quest with a Photon 100 CMOS 

detector equipped with an Oxford Cryosystems 700 series cooler, a Triumph 

monochromator, and a Mo Kα fine-focus sealed tube (λ = 0.71073 Å). Intensity 

data were processed using the Bruker Apex2 or Apex3 program suite. Absorption 

corrections were applied by using SADABS. Initial atomic positions were located 

by direct methods using XT, and the structures of the compounds were refined by 

the least-squares method using SHELXL290,291 within Olex2292 GUI. All the non-

hydrogen atoms were refined anisotropically. Hydrogen atoms were included at 

calculated positions and refined riding on corresponding carbons. X-ray structural 

figures were generated using Olex2. CCDC 1894966–1894971 and 1895213 files 

contain the additional crystallographic data.  

Computational details: DFT calculations were carried out using the ADF 2016 

code,337 incorporating scalar corrections via the zeroth-order regular approximation 

https://www.ccdc.cam.ac.uk/structures/search?pid=ccdc:1894966-1894971&issn=1477-9226&year=2019&pages=6358-6371&volume=48&id=doi:10.1039/c9dt00486f&sid=RSC
https://www.ccdc.cam.ac.uk/structures/search?pid=ccdc:1895213&issn=1477-9226&year=2019&pages=6358-6371&volume=48&id=doi:10.1039/c9dt00486f&sid=RSC
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(ZORA) Hamiltonian.338 All calculations were performed using triple-ξ Slater 

quality basis set, plus two polarization functions (STO-TZ2P), within the 

generalized gradient approximation (GGA) according to the Becke–Perdew (BP86) 

exchange-correlation functional.339,340 The pair-wise Grimme correction (D3)341 

and Becke–Johnson damping functions342 were taken into account for the empirical 

dispersion correction to DFT (DFT-D), which accounts for the stabilizing 

dispersion interaction (ΔEdisp). To overcome basis set superposition error (BSSE), 

the counterpoise method was also employed. The frozen core approximation was 

applied up to the [2p] core electrons for Cu and Cl, [1s] for C, N and O, and [3p] 

for Br, leaving the remaining electrons to be treated variationally. Geometry 

optimizations were performed without any symmetry restrain, via the analytical 

energy gradient method implemented by Versluis and Ziegler343 followed by the 

respective vibrational analysis obtained from analytical second derivatives. 

Calculated vCO stretching values where referenced to free ῡCO 2143 cm-1. The use 

of energy decomposition analysis277,278 allows to account for the relevant terms 

contributing to the overall interaction energy, which further provides a 

rationalization of the inclusion complexes formation. 13C-NMR were obtained at 

the BP86-D3 optimized geometries by using all electron TZ2P basis set within the 

OPBE functional, which offers a good performance for NMR properties 

calculations.344 The calculated 13C chemical shifts were references to 

tetramethylsilane (TMS). 
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Appendix A 

Spectroscopic data of chapter 2 
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19F NMR spectrum of [(3,4,5-(CF3)3Pz)Cu]3 ([Cu3]) in CDCl3 at the room 

temperature. 
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13C{1H} NMR spectrum of [(3,4,5-(CF3)3Pz)Cu]3 ([Cu3]) in CDCl3 at the room 

temperature. 
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1H NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 at the 

room temperature.  This spectrum also shows presence of free ethylene resulting 

from the disproportionation of [Cu2•(C2H4)2] to [Cu3] and free ethylene. Peak at 

4.54 ppm is the signal corresponding to coordinated ethylene while 5.34 ppm peak 

is the signal of free ethylene.  
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19F NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 at the 

room temperature.  This spectrum also shows presence of [Cu3] resulting from the 

disproportionation of [Cu2•(C2H4)2] to [Cu3] and free ethylene. Peaks at -54.95 

ppm and -59.45 ppm are the signals corresponding to [Cu2•(C2H4)2] while peaks at 

-55.15 ppm and -60.17 ppm corresponds to [Cu3]. 
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13C{1H} NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 

at the room temperature.  This spectrum also shows presence of [Cu3] resulting 

from the disproportionation of [Cu2•(C2H4)2] to [Cu3] and free ethylene. 
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1H NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 at the 

35 ℃.  At higher temperature the reaction proceeds towards dissociation of 

[Cu2•(C2H4)2] to [Cu3] and free ethylene. Thus, signal for coordinated ethylene is 

obtained as a broad peak at 4.58 ppm while signal for free ethylene is obtained as 

comparatively sharper peak at 5.32 ppm. 
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19F NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 at the 

35 ℃. At higher temperature the reaction proceeds towards dissociation of 

[Cu2•(C2H4)2] to [Cu3] and free ethylene. Peaks at -54.96 ppm and -59.48 ppm are 

the signals corresponding to [Cu2•(C2H4)2] while peaks at -55.18 ppm and -60.18 

ppm corresponds to [Cu3]. 

 



220 
 

 

1H NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 at the 

10 ℃.  Peak at 4.54 ppm corresponds to coordinated ethylene while 5.23 ppm peak 

is the signal of free ethylene. 
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19F NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 at the 

10 ℃. Peaks at -54.92 ppm and -59.41 ppm are the signals corresponding to 

[Cu2•(C2H4)2] while peaks at -55.17 ppm and -60.18 ppm corresponds to [Cu3]. 
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1H NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 at the 

-10 ℃.  Peak at 4.52 ppm corresponds to coordinated ethylene while 5.08 ppm peak 

is the signal of free ethylene. 
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19F NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 at the 

-10 ℃.  Peaks at -54.91 ppm and -59.39 ppm are the signals corresponding to  

[Cu2•(C2H4)2] while peaks at -55.14 ppm and -60.18 ppm corresponds to [Cu3]. 

 

 



224 
 

 

1H NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 at the 

-30 ℃. At lower temperature the reaction proceeds towards [Cu2•(C2H4)2] 

formation, thus signal for bound ethylene is obtained as a sharp peak at 4.90 ppm  

while signal for free ethylene is obtained as a broad signal at 4.51 ppm. 
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19F NMR spectrum of [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) in CDCl3 at the 

-30 ℃.  At lower temperature, the reaction proceed towards [Cu2•(C2H4)2]  

formation. Sharp peaks at -54.87 ppm and -59.30 ppm corresponds to 

[Cu2•(C2H4)2] while peaks at -55.11 ppm and -60.17 ppm corresponds to [Cu3]. 
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Raman spectrum of solid [(3,4,5-(CF3)3Pz)Cu]3 ([Cu3])  
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Raman spectrum of solid [(3,4,5-(CF3)3Pz)Cu(C2H4)]2 ([Cu2•(C2H4)2]) 
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Appendix B 

Spectroscopic data of Part 3.1 from chapter 3  
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1H NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(EtC≡CEt)2 (1) in CDCl3 at the room 

temperature. 
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19F NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(EtC≡CEt)2 (1)   in CDCl3 at the room 

temperature. 
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13C{1H} NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(EtC≡CEt)2 (1) in CDCl3 at the 

room temperature. 
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1H NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(μ-EtC≡CEt)2 (2) in CDCl3 at the room 

temperature.  
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19F NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(μ-EtC≡CEt)2 (2) in CDCl3 at the 

room temperature. 
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13C{1H} NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(μ-EtC≡CEt)2 (2) in CDCl3 at the 

room temperature.  
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1H NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(μ-MeC≡CMe)2 (3) in CDCl3 at the 

room temperature.  
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19F NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(μ-MeC≡CMe)2 (3) in CDCl3 at the 

room temperature. 
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13C{1H} NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(μ-MeC≡CMe)2 (3) in CD2Cl2 at 

the room temperature. 
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Raman spectrum of solid Cu2(μ-[3,5-(CF3)2Pz])2(EtC≡CEt)2 (1) (Experimental-

top, Computational-bottom); CC triple bond frequency of 3-hexyne is given 

in the red square. 
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Raman spectrum of solid Cu4(μ-[3,5-(CF3)2Pz])4(μ-EtC≡CEt)2 (2). 

(Experimental-top, Computational-bottom); CC triple bond frequency of 3-

hexyne is given in the red square. 
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Raman spectrum of solid Cu4(μ-[3,5-(CF3)2Pz])4(μ-MeC≡CMe)2 (3). 

(Experimental-top, Computational-bottom); CC triple bond frequency of 2-butyne 

is given in the red square. 
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Raman spectrum of solid Cu2(μ-CF3CO2)2(EtC≡CEt)2 (4). (Experimental-top, 

Computational-bottom); CC triple bond frequency of 3-hexyne is given in the red 

square.   
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Raman spectrum of solid Cu4(μ-CF3CO2)4(μ-EtC≡CEt)2 (5). (Experimental-top, 

Computational-bottom); CC triple bond frequency of 3-hexyne is given in the red 

square.  
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Raman spectrum of neat 3-hexyne at room temperature (Experimental-top, 

Computational-bottom). The assignment of C≡C bands were based on literature 

reports.127 CC triple bond frequency of 3-hexyne is given in the red square.    



244 
 

 

Raman spectrum of 2-butyne neat sample at room temperature (Experimental-top, 

Computational-bottom). The assignment of C≡C band was based on literature 

reports.345 CC triple bond frequency of 2-butyne is given in the red square.  
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Calculated electronic spectrum with spin-allowed (singlet-to-singlet, S0 → Sn) 

excitation energies (vertical lines) and oscillator strengths for the dinuclear 

complex Cu2(μ-[3,5-(CF3)2Pz])2(EtC≡CEt)2 (1) in the gas phase. 

Calculated electronic spectrum with spin-allowed (singlet-to-singlet, S0 → Sn) 

excitation energies (vertical lines) and oscillator strengths for the tetranuclear 

complex Cu4(μ-[3,5-(CF3)2Pz])4(μ-EtC≡CEt)2 (2)  in the gas phase. 
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Calculated electronic spectrum with spin-allowed (singlet-to-singlet, S0 → Sn) 

excitation energies (vertical lines) and oscillator strengths for the tetranuclear 

complex Cu4(μ-[3,5-(CF3)2Pz])4(μ-MeC≡CMe)2 (3) in the gas phase. 
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Spectroscopic data of Part 3.2 from chapter 3  

 

 

 

 

 

 

 



248 
 

 

1H NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(μ-HC≡CH)2 (4) in CDCl3 at room 

temperature. 
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19F NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(μ-HC≡CH)2 (4) in CDCl3 at room 

temperature 



250 
 

 

13C{1H}NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(μ-HC≡CH)2 (4)  in CDCl3 at 

room temperature.   
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HMQC NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(μ-HC≡CH)2 (4)  in CDCl3 at 

room temperature.   
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1H NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CH)2 (5) with excess acetylene 

in CD2Cl2 at -70 °C.  
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19F NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CH)2 (5) with excess acetylene 

in CD2Cl2 at -70 °C  
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19F NMR spectra of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CH)2 (5) (in CD2Cl2) in presence 

of excess acetylene at various temperatures. Peak at -59.68 ppm (-70 °C) is the 

signal corresponding to 5. 
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1H NMR spectrum of Cu4(μ-[4-Br-3,5-(CF3)2Pz])4(μ-HC≡CH)2 (6) in CDCl3 at 

room temperature. This spectrum also shows presence of free acetylene resulting 

from the disproportionation of Cu4(μ-[4-Br-3,5-(CF3)2Pz])4(μ-HC≡CH)2 to {μ-[4-

Br-3,5-(CF3)2Pz]Cu}3 and free acetylene. Peak at 6.03 ppm is the signal 

corresponding to coordinated acetylene while 2.07 ppm peak is the signal of free 

acetylene. 
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19F NMR spectrum of Cu4(μ-[4-Br-3,5-(CF3)2Pz])4(μ-HC≡CH)2 (6) in CDCl3 at 

room temperature. This spectrum also shows presence of {μ-[4-Br-3,5-

(CF3)2Pz]Cu}3 resulting from the disproportionation of Cu4(μ-[4-Br-3,5-

(CF3)2Pz])4(μ-HC≡CH)2 to {μ-[4-Br-3,5-(CF3)2Pz]Cu}3 and free acetylene. Peak at 

-59.5 ppm corresponds to Cu4(μ-[4-Br-3,5-(CF3)2Pz])4(μ-HC≡CH)2 while peak at -

61.2 ppm corresponds to {μ-[4-Br-3,5-(CF3)2Pz]Cu}3. 
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1H NMR spectrum of Cu2(μ-[4-Br-3,5-(CF3)2Pz])2(HC≡CH)2 (8) with excess 

acetylene in CD2Cl2 at -70 °C. 
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19F NMR spectrum of Cu2(μ-[4-Br-3,5-(CF3)2Pz])2(HC≡CH)2 (8) with excess 

acetylene in CD2Cl2 at -70 °C 
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19F NMR spectra of Cu2(μ-[4-Br-3,5-(CF3)2Pz])2(HC≡CH)2 (8) (in CD2Cl2) in 

presence of excess acetylene at various temperatures. Peak at -59.74 ppm (-70 °C) 

is the signal corresponding to 8. 
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1H NMR spectrum of Cu4(μ-[4-Cl-3,5-(CF3)2Pz])4(μ-HC≡CH)2 (7) in CDCl3 at 

room temperature.  This spectrum also shows presence of free acetylene resulting 

from the disproportionation of Cu4(μ-[4-Cl-3,5-(CF3)2Pz])4(μ-HC≡CH)2 to {μ-[4-

Cl-3,5-(CF3)2Pz]Cu}3 and free acetylene. Peak at 6.04 ppm is the signal 

corresponding to coordinated acetylene while 2.05 ppm peak is the signal of free 

acetylene. 

 

 



261 
 

 

19F NMR spectrum of Cu4(μ-[4-Cl-3,5-(CF3)2Pz])4(μ-HC≡CH)2 (7) in CDCl3 at 

room temperature. This spectrum also shows presence of {μ-[4-Cl-3,5-

(CF3)2Pz]Cu}3 resulting from the disproportionation of Cu4(μ-[4-Cl-3,5-

(CF3)2Pz])4(μ-HC≡CH)2 to {μ-[4-Cl-3,5-(CF3)2Pz]Cu}3 and free acetylene. Peak at 

-59.6 ppm corresponds to Cu4(μ-[4-Cl-3,5-(CF3)2Pz])4(μ-HC≡CH)2 while peak at -

61.1 ppm corresponds to {μ-[4-CL-3,5-(CF3)2Pz]Cu}3.  
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1H NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CPh)2 (9) in CDCl3 at room 

temperature. 
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19F NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CPh)2 (9) in CDCl3 at room 

temperature. 
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13C{1H} NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CPh)2 (9) in CD2Cl2 at 

room temperature. 
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1H NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡C(CH2)5C≡CH) (10) in CDCl3 

at room temperature. 
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19F NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡C(CH2)5C≡CH) (10) in CDCl3 

at room temperature. 
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13C{1H} NMR spectrum of Cu2(μ-[3,5-(CF3)2Pz])2(HC≡C(CH2)5C≡CH) (10)   in 

CD2Cl2 at room temperature. 
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1H NMR spectrum of  Cu4(μ-[3,5-(CF3)2Pz])4(C2H5C≡C(CH2)4C≡CC2H5)2 (12)   in 

CDCl3 at room temperature. 
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19F NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(C2H5C≡C(CH2)4C≡CC2H5)2 (12)  in 

CDCl3 at room temperature. 
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13C{1H} NMR spectrum of Cu4(μ-[3,5-(CF3)2Pz])4(C2H5C≡C(CH2)4C≡CC2H5)2 

(12)   in CDCl3 at room temperature. 
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1H NMR spectrum of 1-p-Tolyl-1H-1,2,3-triazole in CDCl3 at the room 

temperature. 
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13C{1H} NMR spectrum of 1-p-Tolyl-1H-1,2,3-triazole in CDCl3 at the room 

temperature.  
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1H NMR spectrum of 1-p-Tolyl-4-phenyl-1H-1,2,3-triazole in CDCl3 at the room 

temperature.  
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13C{1H} NMR spectrum of 1-p-Tolyl-4-phenyl-1H-1,2,3-triazole in CDCl3 at the 

room temperature. 
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1H NMR spectrum of 4-hexyl-1-(p-tolyl)-1H-1,2,3-triazole in CDCl3 at room 

temperature. 
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13C{1H} NMR spectrum of 4-hexyl-1-(p-tolyl)-1H-1,2,3-triazole in CDCl3 at the 

room temperature. 
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1H NMR spectrum of 1-p-tolyl-4-(5-(1-p-tolyl-1H-1,2,3-triazol-4-yl)pentyl)-1H-

1,2,3-triazole in CDCl3 at the room temperature. 
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13C{1H} NMR spectrum of 1-p-tolyl-4-(5-(1-p-tolyl-1H-1,2,3-triazol-4-yl)pentyl)-

1H-1,2,3-triazole in CDCl3 at the room temperature. 
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1H NMR spectrum of Phenyl(styryl)sulfane in CDCl3 at the room temperature. 

Entry 1 CO2 atm. Isolated as light yellow oil in 70% yield, E/Z ratio: 63:37. 
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1H NMR spectrum of Phenyl(styryl)sulfane in CDCl3 at the room temperature. 

Entry 1 N2 atm. Isolated as light yellow oil in 56% yield, E/Z ratio: 50:50. 

 



281 
 

 

1H NMR spectrum of Phenyl(styryl)sulfane in CDCl3 at the room temperature. 

Entry 3 CO2 atm. Isolated as light yellow oil in 65% yield, E/Z ratio: 26:74. 
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1H NMR spectrum of Phenyl(styryl)sulfane in CDCl3 at the room temperature. 

Entry 3 N2 atm. Isolated as light yellow oil in 48% yield, E/Z ratio: 10:90. 
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1H NMR spectrum of Phenyl(styryl)sulfane in CDCl3 at the room temperature. 

Entry 4 CO2 atm. Isolated as light yellow oil in 78% yield, E/Z ratio: 30:70. 
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1H NMR spectrum of Phenyl(styryl)sulfane in CDCl3 at the room temperature. 

Entry 4 N2 atm. Isolated as light yellow oil in 62% yield, E/Z ratio: 56:44. 
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1H NMR spectrum of Phenyl(styryl)sulfane in CDCl3 at the room temperature. 

Entry 5 CO2 atm. Isolated as light yellow oil in 90% yield, E/Z ratio: 78:22  
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1H NMR spectrum of Phenyl(styryl)sulfane in CDCl3 at the room temperature. 

Entry 5 N2 atm. Isolated as light yellow oil in 81% yield, E/Z ratio: 34:66. 
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Raman spectrum of solid Cu4(μ-[3,5-(CF3)2Pz])4(μ-HC≡CH)2 (4) 
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Raman spectrum of solid Cu4(μ-[4-Br-3,5-(CF3)2Pz])4(μ-HC≡CH)2 (6) 
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Raman spectrum of solid Cu2(μ-[4-Br-3,5-(CF3)2Pz])2(HC≡CH)2 (8) 
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IR spectra of Cu2(μ-[4-Br-3,5-(CF3)2Pz])2(HC≡CH)2 (8),and the products resulting 

from its decomposition with the loss of acetylene at room temperature, in open to 

air, and the likely formation of Cu4(μ-[4-Br-3,5-(CF3)2Pz])4(μ-HC≡CH)2 (6). The 

peaks at 1810 cm-1 and 1634 cm-1 correspond to complexes 8 and 6. 
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 Raman spectrum of solid Cu4(μ-[4-Cl-3,5-(CF3)2Pz])4(μ-HC≡CH)2 (7) 
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Raman spectrum of solid Cu2(μ-[3,5-(CF3)2Pz])2(HC≡CPh)2 (9) 
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Raman spectrum of solid Cu2(μ-[3,5-(CF3)2Pz])2(HC≡C(CH2)5C≡CH) (10) 
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Raman spectrum of solid Cu4(μ-[3,5-(CF3)2Pz])4(HC≡C(CH2)4C≡CH)2 (11) 
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Raman spectrum of solid Cu4(μ-[3,5-(CF3)2Pz])4(C2H5C≡C(CH2)4C≡CC2H5)2 (12)  
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Appendix C 

Spectroscopic data of chapter 4 
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1H NMR spectrum of {[3,5-(CF3)2Pz]Cu(CO)}2 (5) in CD2Cl2 at room temperature. 
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19F NMR spectrum of {[3,5-(CF3)2Pz]Cu(CO)}2 (5) in CD2Cl2 at room temperature. 

This spectrum also shows presence of {[3,5-(CF3)2Pz]Cu}3 generated from the 

disproportionation of {[3,5-(CF3)2Pz]Cu(CO)}2 to {[3,5-(CF3)2Pz]Cu}3 and free 

CO. Peak at -59.63 ppm is the signal corresponding to {[3,5-(CF3)2Pz]Cu(CO)}2 

while peak at -61.33 ppm corresponds to {[3,5-(CF3)2Pz]Cu}3. 
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13C{1H} NMR spectrum of {[3,5-(CF3)2Pz]Cu(CO)}2 (5) in CD2Cl2 at room 

temperature. 
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19F NMR spectrum of {[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2 (6) in CD2Cl2 at room 

temperature. 
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13C{1H} NMR spectrum of {[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2 (6) in CD2Cl2 at room 

temperature. 
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19F NMR spectrum of {[3,4,5-(CF3)3Pz]Cu(CO)}2 (7) in CD2Cl2 at room 

temperature. This spectrum also shows presence of {[3,4,5-(CF3)3Pz]Cu}3 

generated from the disproportionation of {[3,4,5-(CF3)3Pz]Cu(CO)}2 to {[3,4,5-

(CF3)3Pz]Cu}3 and free CO. Peaks at -55.23 and -59.38 ppm are the signals 

corresponding to {[3,4,5-(CF3)3Pz]Cu(CO)}2 while peaks at -55.67 and -61.07 ppm 

corresponds to {[3,4,5-(CF3)3Pz]Cu}3. 
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13C{1H} NMR spectrum of {[3,4,5-(CF3)3Pz]Cu(CO)}2 (7) in CD2Cl2 at room 

temperature. This spectrum also shows presence of minor amount of {[3,4,5-

(CF3)3Pz]Cu}3 generated from the disproportionation of {[3,4,5-

(CF3)3Pz]Cu(CO)}2 to {[3,4,5-(CF3)3Pz]Cu}3 and free CO.  
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1H NMR spectrum of [NEt4][{[3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)] (8) in CD2Cl2 at the 

room temperature. 

 



305 
 

 

19F NMR spectrum of [NEt4][{[3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)] (8) in CD2Cl2 at the 

room temperature.  
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13C{1H} NMR spectrum of [NEt4][{[3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)] (8)  in 

CD2Cl2 at the room temperature.  
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1H NMR spectrum of [NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9) in CD2Cl2 at the room 

temperature.  
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19F NMR spectrum of [NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9) in CD2Cl2 at the room 

temperature. 
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13C{1H} NMR spectrum of [NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9) in CD2Cl2 at the 

room temperature. 
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1H NMR spectrum of [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)] (10) in 

CD2Cl2 at the room temperature. 
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19F NMR spectrum of [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)] (10) in 

CD2Cl2 at the room temperature. 
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13C{1H} NMR spectrum of [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)] (10) in 

CD2Cl2 at the room temperature.  
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1H NMR spectrum of [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Cl)]  (11) in 

CD2Cl2 at the room temperature. 
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19F NMR spectrum of [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Cl)]  (11) in 

CD2Cl2 at the room temperature. 
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13C{1H} NMR spectrum of [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Cl)]  (11)  in 

CD2Cl2 at the room temperature. 
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Infrared spectrum of solid {[3,5-(CF3)2Pz]Cu(CO)}2 (5) 
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Infrared spectrum of solid {[4-Cl-3,5-(CF3)2Pz]Cu(CO)}2 (6) 
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Infrared spectrum of solid {[3,4,5-(CF3)3Pz]Cu(CO)}2 (7) 

 

 

  



319 
 

 

Infrared spectrum of solid [NEt4][{[3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)] (8) 
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Infrared spectrum of solid [NEt4]{[3,5-(CF3)2Pz]3Cu2(CO)2} (9) 
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Infrared spectrum of solid [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Br)] (10) 
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Infrared spectrum of solid [NEt4][{[4-Cl-3,5-(CF3)2Pz]Cu(CO)}4(μ4-Cl)]  (11) 
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