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Abstract 

Fluorescent molecules are used in a vast range of applications such as in organic light-

emitting diodes (OLEDs) and thermally activated delayed fluorescence (TADF) emitters; 

however, many promising candidates lack the ability to fluoresce in the solid state which is needed 

in the manufacturing of these materials.  Herein, the synthesis of a novel bidentate ligand, 2-

methyl-N-((5-(2-(thiophen-2-yl)propan-2-yl)-1H-pyrrol-2-yl)methyl)propan-2-amine or 

SNNHtBu, and the corresponding dinuclear copper (I) and silver (I) complexes are reported with 

metal-metal bond interactions of 2.686 Å for [CuSNNHtBu]2 and 2.88 Å for [AgSNNHtBu]2. 

OLEDs and thermally activated delayed fluorescent (TADF) emitters are becoming a more 

common feature used in display technologies. A desire to move away from heavy and rare earth 

metals has made Copper (I) or CuI a desirable alternative. However, fine tuning of the excitation 

and emission properties of these complexes is of high importance. As such, we report the structural 

modification of a previously reported thiophene containing SNN dincuclear CuI complex. The 

synthesis, characterization, and fluorescent properties of two new ligands are investigated. 

Coordination of these two new ligands along with NNHtBu to CuI are conducted. These three new 

dinuclear CuI complexes are synthesized, characterized and their fluorescent and structural 

properties are compared and contrasted against themselves and the parent compound of 

[CuSNNHtBu]2. 

Copper assemblies play a vital role in biologal and synthetic processes alike. A recent 

advancement in extended metal chain assemblies has received significant attention due to their 

application in small molecule activation, in multielectron processes, and fluorescence. Schiff-

base calix[2]pyrrole complexes for nickel (II) and palladium (II) have been previously reported 



  

for their use in hydrogen evolution. Herein, the utilization of symmetrical and unsymmetrical 

Schiff-base calix[2]pyrroles for coordination of Cu (I) to synthesize tetranuclear complexes is 

explored. By varying the substituents at the quaternary carbon, it was found that two different 

assemblies, either a distorted square-planar or a bent tetranuclear linear chain assembly were 

formed. Investigations also include looking into the effects of the imine on the system. 
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Chapter 1 - Luminescent Dinuclear Cuprophilic Complexes 

 1.1. Introduction 

Light has captivated humanity and scientists since the dawn of early history and of rational 

thought. From first recordings of being studied in ancient Greece to modern-day, scientists have 

unraveled many of the mysteries surrounding this fundamental aspect of our universe.1 As a form 

of electromagnetic radiation, light is generally defined as the electromagnetic spectrum which can 

be perceived by the eye in the visible region (400-700 nm). Not only contributing to the colors we 

perceive, but light also influences numerous biological processes such as photosynthesis,2–4 

circadian rhythms,5–7 and vitamin D synthesis.8–11 Understanding light’s properties has paved the 

way for significant scientific discoveries, advances, and applications. 

 1.1.1. Luminescence 

Two intriguing phenomenon associated with light are fluorescence and phosphorescence: a 

process in which a substance absorbs light at a specific wavelength and then re-emits it at a longer 

wavelength. Chemicals or materials that possess the ability to emit light in this fashion are often 

referred to as lumiphores.  These phenomenon are often represented and depicted graphically by 

what is known as a Jablonski diagram (Figure 1.1.) which shows a molecule’s electronic states 

and the transitions between those states.12,13 While the Jablonski diagram is typically used to depict 

electronic and vibronic states and transitions between these states in both the singlet and triplet for 

simple organic molecules, it can also be used for general representation of inorganic complexes.14 

Most lumiphores are typically in a singlet ground state (S0) meaning that all of their electrons are 

paired, and the resulting total spin angular momentum is zero. When energy in the form of a photon 

is absorbed by a lumiphore, an electron, typically in the highest occupied molecular orbital 

(HOMO) or S0, can be excited to a higher energy unoccupied orbital (S1 or S2) where S1 is 
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commonly referred to as the lowest unoccupied molecular orbital (LUMO). From these states, 

various transitions can occur such as nonradiative relaxation (wavy lines representing vibrational 

relaxation) or radiative transitions (dotted lines representing internal conversion (IC) or 

intersystem crossing (ISC)). If the excited electron remains in an excited singlet state and relaxes 

radiatively to S0, light is emitted in the form of fluorescence. However, if the excited electron 

undergoes ISC to a triplet state (T1) followed by a radiative relaxation, light will be emitted as 

phosphorescence. One of the key differences between fluorescence and phosphorescence is that 

when a fluorescent material stops being excited, the emission will stop almost immediately. That 

is to say the lifespan of the excited state is short lived, typically in the order of nanoseconds for 

fluorescence or microseconds to milliseconds for phosphorescence. On the other hand, 

phosphorescent materials will typically continue to glow for a noticeable period of time afterwards 

due to the spin-forbidden nature of the transition.  
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Figure 1.1. Jablonski Diagram 

 1.1.2. Application of Lumiphores 

Many lumiphores have found applications as biological imaging agents, diagnostic tools, 

fluorescent and phosphorescent dyes or markers, and their use in visualization and studying of 

complex systems.15–18 Another important area of application for lumiphores is in light sources, 

optoelectronic devices and displays. Since the first functional organic light-emitting diodes 

(OLED) were introduced by Tang and Van Slyke in 1987, OLEDs have seen a significant amount 



4 

of interest and growth.19,20 With an initial quantum efficiency (QE) of 1%, much attention has been 

put into improving the efficiency and selectivity of output color of these systems.  

The QE is defined as the number of photons emitted by a material divided by the number of 

photons absorbed. To understand why many lumiphores often have poor QE, it is important to first 

discuss the concept of spin statistics governed by the Boltzmann distribution. According to 

quantum mechanics, one combination of paired electrons is possible giving a singlet; however, 

there are three combinations of these electrons that give a triplet. Therefore, in terms of statistical 

limits, 25% of the excited electrons are in the singlet state while 75% are in the triplet state.21 For 

simple organic molecules, they can only harvest the singlet electrons since the transition from 

triplet to singlet is spin forbidden resulting in these triplet electrons undergoing non-radiative 

transitions.  

The early strategies to increase QE were the incorporation of transition metals as they often 

have stronger spin-orbit coupling that allows for more efficient intersystem crossing and can 

harvest the excited electrons either as singlets or as triplets. This has allowed for some metal 

complexes to achieve near 100% QE even at ambient temperatures.22–24 Although these lumiphores 

have high QE, they typically utilize heavy, rare, expensive and toxic transition metals such as 

iridium,22–28 osmium,29 or platinum (Figure 1.2.). 30–32  Recent advancement and research in the 

field have concentrated on developing alternatives to traditional heavy metal complexes. One 

promising innovation in this regard is the emergence of thermally activated delayed fluorescence 

(TADF) emitters.  
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Figure 1.2. Select examples of Iridium, Platinum, and Osmium phosphorescent complexes. 

 TADF-emitters are designed to have a small energy splitting between S1 and T1. This 

allows ISC and reverse ISC (rISC) from T1 to S1 at ambient temperatures resulting in what appears 

as a delayed fluorescence. Beyond energy splitting, a key difference between the phosphorescent 

metal complex and TADF-emitters is that TADF-emitters primarily harvest their excited electrons 

typically in the singlet state, rather than from both triplet and singlet state.  Two important classes 

of compounds and materials have been seen to have TADF-emitting properties: purely organic 

molecules33 and CuI emitters (Figure 1.3.).34–36 While the purely organic TADF-emitters allow for 

a high degree of tunability, they suffer long emission decay times which can cause problems in 

applications to OLEDs.37  
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Figure 1.3. a.) Select examples of purely organic TADF-emitters and b.) select examples of 

mono- and dinuclear CuI TADF-emitters. Cbz = Carbazole. 

CuI TADF-emitters, on the other hand, have a much faster ISC resulting in faster decay 

due to spin-orbit coupling induced by the CuI center. Currently, CuI TADF-emitters can be broken 

down into two main categories: mononuclear and dinuclear complexes.34–36 Mononuclear CuI 

complexes, which are the most prevalent in the field, typically adopt a four-coordinate tetrahedral 

geometry. Similarly, dinuclear CuI complexes, often featuring bridging halides, also exhibit a 

tetrahedral structure around the CuI center. Although there are examples of mono- and dinuclear 

three-coordinate complexes, they are less common.38 This tetrahedral structure makes them prone 

to weak emission due to excited-state Psuedo Jahn-Teller flattening distortions that accelerate non-

radiative decay (Figure 1.4.).35,38  This is also why many CuII lumiphores are not typically found 

or applied to this field.38 Research has demonstrated that two- and three-coordinate species 

outperform these complexes.39 
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Figure 1.4. Representation of Psuedo Jahn-Teller flattening distortion upon excitation of a 

tetrahedral CuI lumiphore. 

 One class of CuI lumiphores that has received little attention are those that have cuprophilic 

interactions. Cuprophilic interactions are derived from the more general name of metallophilic 

interactions coined to represent attractive interactions between metal atoms with closed-shell 

configurations.40 These interactions are often seen with silver and gold complexes where the metal-

metal distance is less than that of the van der Waals radii of the two atoms. While less developed 

than the other coinage metals, there are many examples of cuprophilic complexes.41  Although not 

all cuprophilic complexes show luminescent properties, select examples of dinuclear cuprophilic 

complexes that demonstrate luminescent properties will be discussed with emphasis on the CuI-

CuI interaction, their luminescent, and how ligand modification affects both. 

 1.2. Luminescent Dinuclear CuI Complexes 

 1.2.1 Anionic Nitrogen Donating Dinuclear CuI Complexes 

The first dinuclear CuI complex, 1,3-bis(phenyl)triazenide CuI or diazoaminobenzene CuI 

(1), was structurally determined in 196042, its fluorescent properties were discovered in 199543 

despite being synthesized in 1900. From the structural characterization, 1 was found to have a CuI-

CuI distance of 2.4405(10) Å, well within that of the Van der Waals radii.42 Spectroscopic 

investigations undertaken by Harvey revealed UV-vis absorption of a solution of 1 in 2-MeTHF 

and a max absorption at 392 nm (ɛ = 7,720 M-1 cm-1).43 By looking at the excitation and emission 

of 1 (Figure 1.5.a.), it was determined that 1 fluoresced with no phosphorescence being detected. 
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The excitation spectrum measured at 600 nm showed a major peak at 500 nm with a shoulder 

around 540 nm. For the emission spectrum (λexc = 500 nm), a major peak was seen around 560 nm 

and a shouldering peak at 600 nm. The fluorescence studies suggested that the emission (600 nm) 

is polarized parallel to the absorption (500 nm) indicating that the symmetry of the Franck-Condon 

active modes is the same along the spectrum. Extended Hückel molecular orbital (EHMO) 

calculations were also conducted and found that the HOMO was mainly comprised of π-bonding 

system distributed in the phenyl and N3 groups with a small contribution from the dxy of the Cu 

atoms. The LUMO on the other hand mainly consists of the antibonding orbitals of N3 backbone 

with little Cu contribution. These results along with the experimental fluorescence spectra suggest 

that the lowest energy excitation comes from an intraligand π system involving some of the metal 

atomic orbitals to a π* system almost entirely localized in the nitrogen frame with some weak 

metal-to-ligand charge transfer character. Using time-dependent Heller’s theory, theoretical and 

experimental fluorescence and excitation spectra matched well and strongly suggested a 0-0 band 

at 550 nm right where the excitation and emission spectrum overlap. Various 1,3-

bis(aryl)triazenides have also been synthesized; however, their fluorescence properties still remain 

uninvestigated.44,45 

A structurally related class of ligands to 1,3-bis(aryl)triazenides are the 1,3-

bis(aryl)amidinate ligands, in which the central nitrogen is replaced with carbon.  The first 

dinuclear complex of this class was synthesized by Cotton et al.  in 1988.46 This seminal paper 

primarily compared the dinuclear CuI and AgI N,N’-di-p-tolylformamidinato complexes (2) based 

upon the crystal structure and computational calculations, but did have a CuI-CuI distance of 

2.497(2) Å, and only slightly larger than that of compound 1. The UV-vis absorption spectrum of 

2 was recorded in CH2Cl2 showing absorbance at 324 (ɛ = 34,300 M-1 cm-1), and 258 nm (ɛ = 



9 

37,720 M-1 cm-1). Compared to the UV-vis absorption of 1 in 2-MeTHF, a clear blue shift of about 

70 nm in absorption is observed. 

 

 

 

Figure 1.5. a.) Chemical structure of 1 and the excitation and emission spectra of 1 in 2-MeTHF. 

Reprinted with permission from Harvey, P. D. The Cu2(C6H5NNNC6H5)2 Dimer. Theoretical and 

Spectroscopic Investigations of the First Example of a Fluorescent D10-D10 Complex. Inorg 

Chem 1995, 34 (8), 2019–2024.  Copyright 1995 American Chemical Society.  and b.) Structure 

of 2-4 and the excitation, broken line, and the emission spectra of 3, 4, and Ag-4 in THF. Adapted 

with permission from Lane, A. C. et al. Multinuclear Copper(I) and Silver(I) Amidinate 

Complexes: Synthesis, Luminescence, and CS2 Insertion Reactivity. Inorg Chem 2014, 53 (21), 

11357–11366. Copyright 2014 American Chemical Society. 
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 Since this first publication by Cotton et al, many different dinuclear bis(aryl)amidinate CuI 

complexes have been synthesized and crystal structures elucidated.47–50 Despite the aryl or 

amininate substitution, these complexes have a small range of 2.4571(2)-2.548(1) Å for their CuI-

CuI distances. However, it wasn’t until 2014 when Lane et al. first examined the fluorescence 

properties of two different aryl-amidinate CuI complexes (3 and 4).49 From these studies, the UV-

vis absorption of both were taken showing a maxima at 255 nm (ɛ = 20,650 M-1 cm-1 for 3) in THF. 

When looking at the fluorescence of 3 in THF (Figure 1.5.b.), it showed non-Franck-Condon 

fluorescence with an excitation maximum at 330 nm (λems = 535 nm) while having a consistent 

emission peak at 535 nm despite being excited over a wide range, suggestive of ground-state 

homogeneity (e.g., one emitting species).  Compound 4 uniquely showed no fluorescence 

characteristics while the silver variation (Ag-4) showed a slight emission around 540 nm.  

When comparing 3 to 1, it can be seen that 3 has a larger CuI-CuI distance at 2.548(1) Å as 

compared to 2.4405(10) Å. This distance is likely due to the steric bulk and repulsion of the 2,6-

dimethyl groups found on the aromatic rings of 3 instead of the replacement of the central nitrogen 

for carbon as 2 has a CuI-CuI distance of 2.497(2 )Å. The fluorescence of 3 is drastically different 

than that of 1. While 1 showed a Frank-Codon spectrum, 3 did not. Another key difference is that 

3 absorbs and is excited at 330 nm while 1 had an excitation wavelength around 300 nm which is 

drastically blue-shifted. 

 1.2.2. NHC-Supported Dinuclear CuI Complexes 

While the previously mentioned complexes have N-donor atoms from the ligand and are 

neutral, another important ligand class involves N-heterocyclic carbenes (NHC). While some NHC 

containing cuprophilic molecules have either not been studied for their fluorescent properties or 

do not show fluorescence,51 a series of phenanthrolinyl-functionalized NHCs synthesized by Bo 
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Liu et al. do.52 5-16 were synthesized by mixing the corresponding half-ligand imidazolium PF6 

salt, [HL](PF6), with Cu powder in acetonitrile at room temperature exposed to air to afford the 

corresponding dinuclear CuI dimers (Figure 1.6.). From the crystal structure, 5-11 showed the 

ligands arranged in a head-to-tail fashion with each CuI center being three coordinate bound to one 

NHC and the phenanthrolinyl group of another ligand. The CuI-CuI distances were in a very narrow 

range of 2.707-2.736 Å suggesting that the bulk of the imidazolium played little role in the metal-

metal interaction; however, in solution, 10 and 11 showed an isomerization between the head-to-

tail and a head-to-head arrangement where both phenanthrolinyl groups are bound to a four-

coordinate CuI and the two NHCs are bound a two-coordinate CuI. When the steric bulk is further 

increased to 2,6-iPr2C6H3 (Dipp) this head-to-head arrangement around the CuI centers was 

observed in the crystal structure as seen in 12 with a shortened CuI-CuI distance of 2.653 Å. 

Additionally, if the PF6 anion was substituted for a halide [X- = Cl (13), Br (14), and I (15)], the 

head-to-tail configuration was conserved, but it was also found that the two CuI centers were now 

bridged by a single halide atom making each CuI center four-coordinate. The CuI-CuI distances 

were 2.611, 2.606, and 2.598 Å, respectively, with the change in distance attributed to the size of 

the halide. Finally, 16 showed a similar structure to 13-15, but instead of a bridging halide, it 

contained a bridging acetonitrile along with the head-to-tail arrangement of the ligands and had a 

CuI-CuI distance of 2.676 Å.  

Despite the wide range of structural modifications represented by 5-16, these complexes 

showed similar UV-vis absorption spectra having two main absorption peaks at 220-230 nm and 

270-280nm at room temperature in acetonitrile, similar to that of the ligand precursor.  Despite 9, 

11, and 12, these complexes showed weak emission when excited with 290 nm light when in a 

solution of acetonitrile. They exhibited double emission bands in the regions of 350-355 nm and 
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365-370 nm which is again similar to the ligand precursor. As such, the fluorescence of these 

complexes is likely due to the ligands and not the CuI-CuI interaction.  
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Figure 1.6. a.) Chemical structures of 5-16, b.) UV-vis absorption spectra of NHC precursors at 

298 K in acetonitrile (6.6 x 10-6M) solution, c.) UV-vis absorption spectra of CuI- NHC complexes 

at 298 K in acetonitrile (3.3 x 10-6M) solution, d.) emission spectra of NHC precursors at 298 K in 

acetonitrile (6.6 x 10-6M) solution, and e.) emission spectra of CuI-NHC complexes at 298 K in 

acetonitrile (3.3 x 10-6M) solution. Adapted with permission from Liu, B. et al. Dinuclear 

Copper(I) Complexes of Phenanthrolinyl-Functionalized NHC Ligands. Organometallics 2013, 32 

(19), 5451–5460. Copyright 2013 American Chemical Society. 

A similar series of complexes were synthesized by Jorn Nitsch et al where instead of a 

phenanthrolinlyl-group these complexes contained a pyridine-functionalized NHC.53 These 

complexes were synthesized by mixing the corresponding imidazolium chloride with CuCl in 

ammonia water. Complexes 17-20 demonstrated a similar head-to-tail ligand arrangement as the 

phenanthrolinlyl-functionalized NHCs. However, each CuI center was also ligated by a chloride 

making each CuI three-coordinate. The CuI-CuI distances for these complexes were in the range of 

2.5226(8)-2.5744(9) Å with increasing distance as the R-group became more electron donating. 

When the mesityl-group on the imidazolium was substituted for the bulkier Dipp-group, a 

polymeric structure was observed with 21 which showed no CuI-CuI interaction. 

It was realized that these complexes showed a bright greenish emission under near-UV 

excitation (Figure 1.7.). It is also worth noting that a linear polymorph of 18 did not show 

fluorescence due to a lack of coordination of the pyridine. Although the complexes showed more 

difference in their excitation spectrum, they all consistently showed emission from 550-520 nm. 

These broad excitation and emission spectra are indicative of a charge transfer nature of the excited 

states. The group also looked at the rate at which an excited state decays by emitting light or the 

radiative rate constants and found that 17-20 had an enhanced rate by a factor of 2-3 as compared 
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to 21. This finding highlights the importance of the cuprophilic interaction that 17-20 have which 

can lead to a higher quantum yield and TADF-like behavior.  

 

Figure 1.7. Chemical Structure of 17-21. Solid-state excitation, broken line, and emission spectra 

for 17-21. Picture inset is of crystalline 18 under near UV light. Adapted with permission from 

Nitsch, J. et al. Cuprophilic Interactions in Highly Luminescent Dicopper(i)-NHC-Picolyl 

Complexes-Fast Phosphorescence or TADF? Chemical Communications 2016, 52 (14), 2932–

2935. Copyright 2015 Royal Society of Chemistry. 

 1.3. Conclusion 

To summarize, luminescent complexes represent a crucial class of materials with potential 

for numerous applications, particularly in the fields of displays, OLEDs, and other optoelectronic 

devices. As the demand for more sustainable and cost-effective materials grows, there is a need 

and increasing interest in moving away from traditional toxic, expensive, and heavy transition 

metals, such as iridium and platinum, which have been widely used in these technologies. In 

response to this, CuI TADF-emitters have emerged as a promising class of complexes. CuI TADF-
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emitters offer the advantage of high QE and tunable emission properties making them highly 

attractive for the next generation of optoelectronic devices and OLEDs.  

 An underexplored subset of CuI complexes demonstrating cuprophilic interactions has 

recently gained attention due to its potential to provide novel luminescent properties and new 

design possibilities. Cuprophilic interactions can influence the electronic structure of the 

complexes leading to enhanced emission properties. These interactions offer unique advantages 

for applications in displays and OLEDs including more efficient light emission and longer 

lifetimes.  

 Furthermore, it has been demonstrated that ligand modification plays a critical role in 

tailoring both the CuI-CuI interaction and the fluorescence characteristics of these complexes. By 

adjusting the ligand environment, it could be possible to fine-tune the luminescent properties such 

as emission color, quantum yield, and thermal stability. This versatility in ligand design allows for 

the development of CuI TADF-emitters with customizable properties for specific applications. 

Despite these promising developments, there is still much to explore regarding the fundamental 

mechanisms behind cuprophilic interactions and their impact on the photophysical properties of 

these complexes. Further research into the relationship between the metal-metal interaction, ligand 

design, and luminescent behavior could open up new pathways for optimizing these materials, 

leading to more efficient, sustainable, and cost-effective emitters for use in displays, OLEDS or 

other optoelectronics. 

  



17 

Chapter 2 - Phosphorescent and Fluorescent Properties of a 

Thiophene-Containing SNN Ligand and its Corresponding 

Dinuclear Cu and Ag Complexes 

 2.1 Abstract 

Fluorescent molecules are potentially useful in a vast range of applications such as in 

organic light-emitting diodes (OLEDs) and thermally activated delayed fluorescence (TADF) 

emitters; however, many promising candidates lack the ability to fluoresce in the solid state which 

is needed in the manufacturing of these materials.  Herein, the synthesis of a novel bidentate ligand, 

2-methyl-N-((5-(2-(thiophen-2-yl)propan-2-yl)-1H-pyrrol-2-yl)methyl)propan-2-amine or 

SNNHtBu, and the corresponding dinuclear copper (I) and silver (I) complexes are reported with 

metal-metal bond lengths of 2.686 Å for [CuSNNHtBu]2 and 2.88 Å for [AgSNNHtBu]2. 

 2.2. Introduction 

The importance of luminescent compounds, highlighted by their wide range of applications 

in biosensors,54 dyes,55 and solid-state lighting, has driven extensive research in the field. In 

particular, since the first report of organic light-emitting diodes (OLEDs) by Tang and Van Slyke 

in 1987,56 over the past several decades a significant amount of work by both industry and 

academia has gone in to improving these systems due to their use in displays.57 One promising 

approach for generating more efficient OLEDs is the incorporation of transition metal complexes, 

which has been shown to dramatically improve quantum efficiencies.58,59 One issue is that the 

complexes utilized often employ rare and expensive 5d- 58–61 and 4d- metals 62–64 to achieve high 

fluorescence output. This has inspired more recent research into the use of earth-abundant 3d-
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metals such as Ni,65,66 Fe,67,68 Co,69,70 and Cu71–73 for use in OLEDs. Moreover, the use of thermally 

activated delayed fluorescence (TADF) emitters has seen a drastic spike, as these species have 

extremely high emission yields, and can achieve internal quantum efficiencies approaching 

100%.74,75 The key to enabling TADF is a small singlet-triplet energy difference between the 

lowest excited singlet state (S1) and the lowest excited triplet state (T1).
76 This can be facilitated 

through charge separation in the excited state, with larger distances between the hole and 

electron.76 As such, transition metal complexes, which can exhibit ligand-to-metal charge-transfer 

(LMCT), or metal-to-ligand charge-transfer (MLCT) are promising candidates for TADF. 

 

Figure 2.1. Select examples of a.) copper clusters and cubes, b.) dinuclear copper complexes, and 

c.) tetrahedral copper TADF. 
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Of particular interest are CuI luminophores because of the metal’s high abundance, cheap 

cost, and relatively low toxicity. Additionally, due to the flexible coordination geometries adopted 

by Cu(I), multiple configurations are possible, such as clusters,77–79 cubes,80,81 polymers,82,83 and 

other multimetallic assemblies (Figure 2.1.a.).41 This allows CuI luminophores to show a diverse 

array of photophysical properties. Another unique property of copper is its ability to form 

cuprophilic interactions, where the distance between interacting copper centers is less than that of 

the van der Waals radii (< 2.80 Å).84,85 This is reflected in the aforementioned luminescent CuI 

species, which often contained dinuclear, tetranuclear, or even larger copper cores. Regardless of 

the number of copper atoms, however, the majority of these systems adopted tetrahedral or 

tetrahedral-like geometries about the metal centers, typically with bridging halides, alkyls, or other 

ligands.  

This is a major issue, as tetrahedral CuI complexes are susceptible to weak emission due to 

geometric excited-state distortions accelerating non-radiative decay.86 While there is an example 

of a tetrahedral CuI complex that displayed TADF properties (Figure 1),87 recent studies have 

shown that four-coordinate CuI luminophores are outperformed by two- and three-coordinate CuI 

species.88 As far as three-coordinate CuI complexes are concerned, they typically display trigonal 

planar or pseudo-trigonal planar geometries with L-type ligands and various counter-ions.89–93 The 

first trigonal CuI species containing a Cu-Cu bond, diazoaminobenzenecopper(I), was initially 

synthesized in 1900, and since then, it has been characterized via single crystal X-ray 

diffractometry in 1960,94 and its fluorescence properties were examined in 1995.95 After this 

seminal discovery, there have been several reports of similar diazoamino CuI species with Cu-Cu 

bonds in the 2.42-2.44 Å range. It is important to note, however, that their fluorescent properties 

remain unexplored.96,97 Analogous CuI amidinate complexes were also synthesized by Lane et al., 
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which displayed slightly longer Cu-Cu bond lengths of 2.45-2.55 Å and fluorescence in solution 

(Figure 2.1.b.).98   

Unfortunately, a major problem with transition metal complexes is that they will often 

fluoresce in solution, but not in the solid state. This is critical obstacle for implementation as TADF 

emitters in OLEDs, which consist of solid films.56,99–101 This phenomenon is typically referred to 

as “aggregation-caused quenching” or ACQ, and was originally reported by Fӧrster in 1954.102 

Since then, there has been a large amount of research regarding ACQ, which has been thoroughly 

discussed in Birks’ book “Photophysics of Aromatic Molecules”.103 It should be noted, however, 

that ACQ is most often seen in highly aromatic fluorophores where π-π stacking can be a major 

contributor to non-radiative decay. This is in contrast to “aggregation-induced emission” or AIE, 

recently coined in 2001, which is the polar opposite of ACQ.104 For AIE, highly concentrated 

solutions induce fluoresce, whereas more dilute ones do not. Regardless of ACQ or AIE, these are 

solution state phenomena, and as mentioned above, most fluorophores show significantly inferior 

luminescent properties, if any at all, in the solid state. Therefore, it is clear that more work is 

needed to develop multinuclear CuI complexes that fluoresce when not dissolved in solution. 

Herein, we describe the synthesis and characterization of pyrrole ligand containing A 

thiophene moiety, 2-methyl-N-((5-(2-(thiophen-2-yl)propan-2-yl)-1H-pyrrol-2-

yl)methyl)propan-2-amine or SNNHtBu, as well as its corresponding coinage-metal Cu(I) and 

Ag(I) complexes, [CuSNNHtBu]2 and [AgSNNHtBu]2, respectively. Upon coordination, dimeric 

species containing T-like coordination geometries about the metal centers formed with cuprophilic 

and argentophilic interactions. Moreover, the solution and solid state photophysical properties of 

the ligand, as well as the two bimetallic complexes were investigated both experimentally and 

computationally. 
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 2.3. Results and Discussion 

 2.3.1. Synthesis and Characterization 

 

Scheme 2.1. Synthesis of the SNNHtBu Ligand. 

 The synthetic approach utilized to access the targeted thiophene-containing ligand, 

SNNHtBu, is outlined in Scheme 1. Starting with thiophene, acetylation to form 1,105 followed by 

a Wittig reaction to generate the geminal alkene, 2,106 were carried out using modified literature 

procedures. With 2 in hand, a hydroarylation of the olefin was performed using a sodium 

bisulfate/silica gel catalyst following a protocol developed by Kannasani et al.107 to give 3 in 

modest yields as a red-brown oil. 1H NMR spectroscopy confirmed the formation of the desired 

product with the disappearance of the olefin peaks around 5.39 and 4.96 ppm, the appearance of a 

new characteristic N-H peak at 7.84 ppm, as well as desymmetrization of pyrrole producing peaks 

at 6.65, 6.14, and 6.10 ppm, which integrated 1:1 with the corresponding thiophene peaks. 

Subsequently, a Vilsmeier-Haack reaction was conducted to install an aldehyde functionality on 

the more nucleophilic pyrrole moiety to give 4 in modest yields as an orange solid. The 

disappearance of the pyrrole-2-H peak at 6.10 ppm and the formation of an aldehyde peak at 9.39 

ppm in the 1H NMR spectrum of 4 were indicative that the desired product had been isolated. 

Moreover, further confirmation of the structure of 4 was achieved through single crystal X-ray 
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diffraction (see Supporting Information for further discussion). Lastly, with the aldehyde in hand, 

a hydroamination reaction using tert-butylamine was carried out to generate SNNHtBu as a yellow 

microcrystalline solid in good yields. 1H NMR spectroscopy supported the formation of the desired 

product, with the loss of the aldehyde peak, as well as the appearance of characteristic methylene 

and tert-butyl peaks at 3.69 and 1.10 ppm, respectively. 

 

Figure 2.2. ORTEP3 representation (thermal ellipsoids at 50% probability) and atom numbering 

for SNNHtBu, most of the hydrogens have been omitted for clarity. 

In addition to NMR spectroscopy, SNNHtBu was characterized by single crystal X-ray 

diffraction (Figure 2.2.). In the solid state, intertwined dimers formed with hydrogen bonding 

between the pyrrole hydrogens and the amine nitrogens; N(13b)--H(8a) and N(13a)--(H8b) 

distances of 2.311 and 2.259 Å, respectively, and N(13b)-N(8a) and N(13a)-N(8b) distances of 

3.187 and 3.134 Å, respectively. These results were somewhat similar to the crystal structures 

obtained from related calixpyrrole ligands, which also formed intertwined dimers held together by 

hydrogen bonding in the solid state.108 Additionally, the thiophene moieties were disordered across 

two positions, which is typical for these types of functionalities.109 For notable bond lengths and 

angles for SNNHtBu see Table 2.1. 
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Scheme 2.2. Synthesis of the [CuSNNHtBu]2 and [AgSNNHtBu]2 Complexes. 

In order to investigate the binding mode of SNNHtBu, the thiophene-containing ligand was 

coordinated to the coinage metals CuI and AgI. To generate the targeted complexes, the pyrrole 

functionality was first deprotonated using potassium hydride in acetonitrile. Once the formation 

of hydrogen gas had ceased, the deprotonated ligand was added to a solution of 

[Cu(I)(MeCN)4][PF6] or AgPF6 in acetonitrile (the silver synthesis was carried out in the dark). 

Almost immediately, a red precipitate formed and was collected by filtration. Undesired KPF6 salts 

were removed by dissolving the solid product in chloroform and then filtering through Celite. 

Subsequent evaporation of the solvent under reduced pressure yielded complexes [CuSNNHtBu]2 

and [AgSNNHtBu]2 in 67.1% and 8.4% yield, respectively.  

a)  
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b)  

Scheme 2.3. ORTEP3 representation (thermal ellipsoids at 50% probability) and atom numbering 

for: a) [CuSNNHtBu]2, most of the hydrogens have been omitted for clarity; and b) 

[AgSNNHtBu]2, most of the hydrogens have been omitted for clarity. 

The complexes were first characterized by 1H NMR in CDCl3, and one of the initial 

confirmations that coordination had occurred was a lack of a pyrrole N-H peak. Further support 

that the targeted [CuSNNHtBu]2 and [AgSNNHtBu]2 complexes had formed came from the 

methyl groups in between the pyrrole and the thiophene moieties, which split and became 

chemically distinct. Lastly, a desymmetrization of the methylene protons occurred upon 

coordination, with two distinct signals at 3.78 ppm and 3.63 ppm for [CuSNNHtBu]2 and 3.93 and 

3.39 ppm for [AgSNNHtBu]2. While NMR spectroscopy indicated metal coordination, the 

definitive structures of [CuSNNHtBu]2 and [AgSNNHtBu]2 were elucidated via single crystal X-

Ray diffraction. Both crystal structures showed a dimeric structure with two metal centers, two 

antiparallel bridging SNNHtBu ligands, and disorder in the orientation of the thiophene ring. A T-

like geometry was seen about each metal center where the CuI or AgI atoms were connected to 

each other, as well as the pyrrolide donor of one ligand and the amine donor of another (trans to 

each other). The N(11)-M(1)-N(2) bond angles for [CuSNNHtBu]2 and [AgSNNHtBu]2 were 
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almost linear and very close to the ideal 180°; 178.2° and 175.4°, respectively. The N(2)-M(1)-

M(1) and N(11)-M(1)-M(1) bond angles, on the other hand, deviated significantly from the ideal 

90° with values of 80.4° and 101.4° for [CuSNNHtBu]2, respectively, and 78.5° and 98.2° for 

[AgSNNHtBu]2, respectively. Notably, the bond angles involving the amine donor were expanded 

above 90°, whereas the bond angles involving the pyrrolide group were compressed. This could 

be a function of the shorter M(1)-N(2) bond in comparison to the M(1)-N(11) bond (1.860 Å vs. 

1.937 Å for [CuSNNHtBu]2 and 2.073 Å vs. 2.154 Å for [AgSNNHtBu]2). In addition, the M(1)-

M(1) distances were found to be 2.686 Å for the Cu(I) species and 2.879 Å for the Ag(I) species. 

These values fell well within the range of van der Walls radii of < 2.80 Å for Cu and < 3.44 Å for 

Ag indicating the presence of a metallic bond.84 For [CuSNNHtBu]2, while not the shortest Cu-

Cu interaction reported in the literature, 2.316 Å in an organocopper cluster by Vogt and 

coworkers,110 2.686 Å was in line with known structures.41 As for [AgSNNHtBu]2, although it was 

not the shortest reported distance either, 2.705 Å in a dinuclear Ag(I) N,N’-di-p-toylformamidinato 

complex from Cotton et al.,111 2.879 Å was still on the shorter side for known argentophilic 

interactions.112 Interestingly, the ligand backbone angles remained mostly unchanged upon CuI 

and AgI coordination, likely because the dimeric structure and hydrogen bonding interactions 

evident for SNNHtBu in the solid state (Figure 2.2.) arranged the ligands in a similar fashion as 

[CuSNNHtBu]2 and [AgSNNHtBu]2. For notable bond lengths and angles see Table 2.1. 
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Table 2.1. Selected Bond Lengths (Å), Bond Angles (deg), and Torsion Angles (deg) for 

SNNHtBu, [CuSNNHtBu]2, and [AgSNNHtBu]2. a H(8b)-N(13a)-C(12a) and H(8a)-N(13b)-

C(12b). b N(13a)-C(12a)-C(9a) and N(13b)-C(12b)-C(9b). c C(12a)-C(9a)-N(8a) and C(12b)-

C(9b)-N(8b). d C(9a)-N(8a)-H(8a) and C(9b)-N(8b)-H(8b)   

 

 
SNNHtBu [CuSNNHtBu]2 [AgSNNHtBu]2 

 Bond Lengths (Å) 

M(1)-M(1) N/A 2.686(2)  2.879(1) 

M(1)-N(2) N/A 1.860(5) 2.073(4) 

M(1)-N(11) N/A 1.937(4) 2.154(4) 

 Bond Angles (deg) 

N(11)-M(1)-N(2) N/A 178.2(2) 175.4 (2) 

N(2)-M(1)-M(1) N/A 80.4(2) 78.5(1) 

N(11)-M(1)-M(1) N/A 101.4(2) 98.2(1) 

H(8)-N(13)-C(12)/M(1)-N(11)-

C(10) 

112.04 and 

111.01a 

111.5(3) 111.2(3) 

N(13)-C(12)-C(9)/N(11)-C(10)-

C(6) 

111.3(6) and 

111.1(9)b 

112.3(4) 112.9(5) 

C(12)-C(9)-N(8)/C(10)-C(6)-

N(2) 

122.5(9) and 

122.0(9)c 

121.6(5) 121.9(5) 

C(9)-N(8)-H(8)/C(6)-N(2)-

M(1) 

124.9 and 125.1d 127.5(4) 127.8(4) 

 Torsion Angles (deg) 

N(2)-M(1)-M(1)-N(11) N/A 52.6 49.2 

N(11)-M(1)-M(1)-N(11) N/A 128.0 127.5 

N(2)-M(1)-M(1)-N(2) N/A 126.8 134.0 
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 2.3.2. Optical Properties 

It was initially observed that SNNHtBu, [CuSNNHtBu]2, and [AgSNNHtBu]2 had 

interesting optical properties when the solid products were subjected to UV-light from a standard 

lamp used to visualize compounds for thin layer chromatography. For SNNHtBu, the pale-yellow 

solid exhibited a blue glow that was observed briefly after irradiation, for colorless 

[CuSNNHtBu]2, a blue-green glow was observed during irradiation, and for brown/red 

[AgSNNHtBu]2, a yellow-green glow was apparent during irradiation (Figure 4).  Attempts at 

observing fluorescence in solution surprisingly gave no results, which led to multiple attempts to 

induce either ACQ or ACE. In these experiments, SNNHtBu, [CuSNNHtBu]2, and 

[AgSNNHtBu]2 were dissolved in varying amounts of chloroform (as the solvent) and acetonitrile 

(as the counter solvent in which the compounds were not soluble) 100% chloroform to 0% 

chloroform  in 10% increments. Once again, we were surprised to find that no fluorescence could 

be observed when these solution were subjected to UV-light (using the same source described 

above). These observations prompted more in-depth investigations into the optical properties of 

SNNHtBu, [CuSNNHtBu]2, and [AgSNNHtBu]2. 
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Figure 2.3. a.) Emission and excitation spectrum of SNNHtBu, b.) Emission and excitation 

spectrum of [CuSNNHtBu]2, and c.) [CuSNNHtBu]2 under UV light (left) and incandescent light 

(right). 

To further investigate the fluorescent properties, the solid-state emission, excitation and 

absorbance of each compound were looked at. All compounds in the solid-state UV-vis absorbance 

showed an absorbance near 225 nm while [AgSNNtBu]2 also showed a small bump at 550 nm.  

SNNtBu showed a peak excitation around 350 nm and gave a near UV-emission of 393 nm and 

had a UV-Vis absorbance of 225 nm. [CuSNNtBu]2 showed a slightly blue-shifted excitation at 

350 nm while it had two emission peaks within the blue and blue/green region of the visible 

spectrum: 525 and 486 nmn, respectively. Despite observation of fluoresce under a UV-lamp, 

attempts at recording the excitation and emission spectrum of [AgSNNtBu]2 proved unfruitful 

either in solid-state or in solution. 
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 2.4. Conclusion 

To summarize, a novel bidentate ligand, SNNtBu, was synthesized.  This ligand 

demonstrated a dimerization with hydrogen bonding between the pyrrole N-H and the tbutylamine 

pentant group.  The ligand also demonstrated fluorescent behavior. Coordination to two coinage 

metals, Cu and Ag, led to a dinuclear metal complex that demonstrated metal-metal interactions 

within that of the van der Waals radii and fluorescent properties. These two complexes, 

[CuSNNtBu]2 and [AgSNNtBu]2, had metal-metal distances of 2.686 Å and 2.88 Å, respectfully. 

Although it was not possible to obtain a fluorescence spectrum of [AgSNNtBu]2, the solid-state 

fluorescence spectrum of [CuSNNtBu]2 showed two major peaks in the blue region.  Using DFT, 

it was found that these two distinct peaks arise from contributions of the two isomers in the solid-

state.  These isomers are due to the disorder that is commonly found in thiophene rings. These 

results suggest that these findings may lead to new fluorescent materials or potential applications 

in solid-state OLEDs or TADF emitters.  

 2.5. Supporting Information 

 2.5.1. General Considerations 

All procedures and manipulations were performed under an argon or nitrogen atmosphere 

using standard Schlenk-line and glove box techniques unless stated otherwise. Solvents were dried 

and deoxygenated under argon using a LC Technology Solutions Inc. SP-1 stand-alone solvent 

purification system, unless stated otherwise. Deuterated solvents were purchased from Cambridge 

Isotope Laboratories, Sigma Aldrich, Acros Organics, or Alfa Aesar, degassed, and dried over 

activated molecular sieves prior to use. Triphenylmethylphosphnium iodide113 and 

NaHSO4·SiO2
114 were synthesized according to literature procedures (spectroscopic 

characterization matched reported data where applicable). All other reagents were purchased from 
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commercial sources and utilized without further purification unless stated otherwise. NMR spectra 

were recorded at ambient temperature and pressure using a Bruker 400 MHz spectrometer (600 

MHz or 400 MHz for 1H, and 151 MHz or 100 MHz for 13C). The 1H and 13C NMR spectra were 

measured relative to partially deuterated solvent peaks but are reported relative to 

tetramethylsilane (TMS). Fluorescent measurements were recorded on a Fluoromax-2. High-

resolution mass spectrometry (HRMS) was performed at the University of Illinois Mass 

Spectrometry Laboratory, and electrospray ionization (ESI) spectra were collected on a Waters 

Synapt G2-Si spectrometer. Single crystal X-ray data were collected using a Rigaku XtaLAB 

Synergy-S diffractometer equipped with a HyPix-6000HE Hybrid Photon Counting (HPC) 

detector and dual Mo and Cu microfocus sealed X-ray source (Cu Kα λ = 1.54184 Å). The data 

collection strategy was calculated using CrysAlisPro to ensure desired data redundancy and 

percent completeness. Unit cell determination, initial indexing, data collection, frame integration, 

Lorentz-polarization corrections and final cell parameter calculations were carried out using 

CrysAlisPro. An absorption correction was performed using the SCALE3 ABSPACK scaling 

algorithm embedded within CrysAlisPro. The structures were solved using the ShelXT structure 

solution program using Intrinsic Phasing and refined by Least Squares using the ShelXL program. 

All non-hydrogen atoms were refined anisotropically. Hydrogen atom positions were calculated 

geometrically and refined using the riding model. Olex2 was used for the preparation of the 

publication materials.  

 2.5.2. Synthetic Procedures for 1-4, SNNHtBu, [CuSNNHtBu]2, and [AgSNNHtBu]2 

1-(thiophen-2-yl)ethenone, 1. Compound 1 was synthesized using a modified 

literature procedure.115  Thiophene (16.8 g, 200 mmol) and acetic anhydride (20.4 g, 

200 mmol) were loaded neat into an oven-dried 150 mL round-bottom flask. To this mixture, I2 
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(101 mg, 0.8 mmol, 0.4 mol %) was added, along with a condenser. The reaction was then heated 

100 °C and stirred for 4.5 hours. The reaction was then cooled to room temperature and quenched 

with 20 mL of deionized (DI) water. The suspension was allowed to stir for 1 h, and then the 

aqueous phase was extracted with 3 x 20 mL DCM. The combined organic phases were washed 

with 50 mL portions of saturated NaHCO3 solution (until the formation of CO2 stopped). The 

organic layer was then dried over Na2SO4, filtered, and dried under reduced pressure. The crude 

reaction mixture was passed through a silica plug (7.5 cm wide by 4 cm tall) eluting with 800 mL 

of 9:1 hexanes:ethyl acetate. The filtrate was collected and dried to afford 1 as a light yellow-

orange oil. Yield: 21.8 g (86.4%). Spectroscopic characterization matched reported data. 1 was 

used without further purification. 

2-(prop-1-en-2-yl)thiophene, 2. Compound 2 was synthesized using a modified 

literature procedure.106  A suspension of potassium hydride (7.63 g, 190 mmol, 1.2 

equiv) in 450 mL THF was cooled to 0 °C.  Triphenylmethylphosphonium iodide (80.09 g, 198 

mmol, 1.25 equiv) was added as a solid and the formation of the phosphorous ylide was allowed 

to procced for 2 hours until the formation of hydrogen gas had ceased.  Subsequently, 1 (20.0 g, 

158 mmol) was added dropwise over the course of 15 min. The reaction was then warmed to room 

temperature and stirred overnight.  The reaction was then filtered, and the precipitate was washed 

with 600 mL of hexanes. The filtrate was concentrated under reduced pressure, loaded onto a silica 

plug (7.5 cm wide by 4 cm tall), and eluted with 1 L of hexanes.  The filtrate was dried under 

reduced pressure to give a pale-yellow oil. Yield: 17.5 g (88.6%). Spectroscopic characterization 

matched reported data. 2 was used without further purification.  

2-(2-(thiophen-2-yl)propan-2-yl)-1H-pyrrole, 3. An oven-dried 1 L round-

bottom flask was charged with NaHSO4·SiO2 (25.0 g, 143% w/w to 2) and 
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NaHSO4·H2O (8.35 g, 48% w/w to 2).  Pyrrole (47.0 g, 700 mmol, 5 equiv) was then added, 

followed by 2 (17.4 g, 140 mmol), and 550 mL of THF. The reaction was then heated to 85 °C and 

refluxed overnight. The progress of the reaction was monitored by 1H NMR spectroscopy 

(disappearance of the alkene peaks), and once completed, the solvent and excess pyrrole were 

removed under reduced pressure while heating at 70 °C. The crude reaction was then pushed 

through a silica plug (7.5 cm wide by 4 cm tall) eluting with 1 L of hexanes. The solvent was then 

removed under reduced pressure to give a red/brown oil. Yield 17.1 g (63.4%). 1H NMR (400 

MHz, CDCl3) δ: 7.84 (br s, 1H, pyrrole-NH), 7.17 (d, 1H, thiophene-CH, J = 5.4 Hz), 6.93 (t, 1H, 

thiophene-CH, J = 4.5 Hz), 6.85-6.80 (m, 1H, thiophene-CH), 6.66 (s, 1H, pyrrole-CH), 6.16 (s, 

1H, pyrrole-CH), 6.11 (s, 1H, pyrrole-CH), and 1.77 (s, 6H, CH3) ppm. 13C NMR (101 MHz, 

CDCl3) δ 154.93 (aromatic-C), 139.83 (aromatic-C), 126.63 (thiophene-CH), 123.80 (thiophene-

CH), 123.10 (thiophene-CH), 116.89 (pyrrole-CH), 107.98 (pyrrole-CH), 103.78 (pyrrole-CH), 

38.00 (C-(CH3)2), and 31.48 (C-(CH3)2) ppm. HRMS (ESI) m/z+: [M+H]+ Calcd for [C11H14NS]+: 

192.0847; Found: 192.0844. 

5-(2-(thiophen-2-yl)propan-2-yl)-1H-pyrrole-2-carbaldehyde, 4. An 

oven-dried 150 mL 3-neck round bottom flask was charged with  3 (12.2 g, 

63.9 mmol) and DMF (19.6 g, 128 mmol, 2 equiv), and then cooled to 0 °C. Subsequently, POCl3 

(7.00 g, 95.8 mmol, 1.5 equiv) was added dropwise over 10 minutes, and the reaction was stirred 

for 3 hours at 0 °C. After this time, the reaction was quenched with 85 mL of DI water, and solid 

NaOH was then added in portions until the reaction mixture was highly basic with a pH >12 (all 

at 0 °C). The reaction was then stirred overnight, filtered, and the precipitate was washed with 

approximately 500 mL of DI water. The solid product was then dissolved in 300 mL of DCM, 

filtered, dried over MgSO4, filtered once again, and concentrated under reduced pressure. The 
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crude mixture was then pushed through a silica plug (7.5 cm tall by 4 cm wide) eluting with 2.4 L 

of 6:1 hexanes:ethyl acetate. The solvent was removed under reduced pressure, and the solid 

product was recrystallized from 400 mL of 10:1 hexanes:ethyl acetate to give a light orange solid. 

Yield: 7.18 g (51.2%). Crystals suitable for single crystal X-Ray diffraction were grown by 

layering pentane on top of a DCM solution of 4. 1H NMR (600 MHz, CDCl3) δ: 9.39 (s, 1H, 

aldehyde-CH), 8.87 (s, 1H, pyrrole-NH), 7.20 (dd, 1H, thiophene-CH, J = 5.1, 1.2 Hz), 6.94 (dd, 

1H, thiophene-CH, J = 5.1, 3.5 Hz), 6.89 (dd, 1H, pyrrole-CH, J = 3.9, 2.5 Hz), 6.86 (dd, 1H, 

thiophene-CH, J = 3.6, 1.2 Hz), 6.22 (dd, 1H, pyrrole-CH, J = 3.9, 2.6 Hz), and 1.78 (s, 6H, CH3) 

ppm. 13C NMR (101 MHz, CDCl3) δ: 178.76 (O=CH), 152.34 (aromatic-C), 148.95 (aromatic-C), 

132.16 (aromatic-C), 126.91 (thiophene-CH), 124.42 (thiophene-CH), 123.74 (thiophene-CH), 

121.76 (pyrrole-CH), 107.85 (pyrrole-CH), 38.34 (C-(CH3)2), and 31.00 (C-(CH3)2) ppm. HRMS 

(ESI) m/z+: [M+H]+ Calcd for [C12H14NOS]+: 220.0796; Found: 220.0799. 

2-methyl-N-((5-(2-(thiophen-2-yl)propan-2-yl)-1H-pyrrol-2-

yl)methyl)propan-2-amine, SNNHtBu. In air, a 50mL round bottom 

flask was charged with 4 (1.00 g, 4.56 mmol), NaHCO3 (1.26 g, 9.12 mmol, 2 equiv), and 20 mL 

of MeOH. The reaction was stirred for 5 minutes, and then tert-butylamine (400 mg, 5.47 mmol, 

1.2 equiv) was added. The reaction was capped, stirred overnight, and monitored via 1H NMR 

spectroscopy (disappearance of the aldehyde peak and formation of the imine peak). Upon 

completion, NaBH4 (732 mg, 11.4 mmol, 2.5 equiv) was added and the reaction was allowed to 

stir open to air for 5 hours. The solvent was subsequently removed under reduced pressure, and 

the crude product was dissolved in 60 mL of DCM. After stirring for 2 h, the reaction was filtered 

through a Celite plug, which washed with a further 20 mL of DCM.  The solvent was removed 

under reduced pressure and the resulting solid was dissolved in boiling hexanes. The resulting 
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solution was stored overnight in a freezer (-30 °C) to give the product as pale-yellow crystals. 

Yield: 0.889 g (70.5%). Crystals suitable for single crystal X-Ray diffraction were grown by slow 

evaporation of a solution of SNNHtBu in DCM. 1H NMR (400 MHz, CDCl3) δ: 8.28 (s, 1H, 

pyrrole-NH), 7.14 (dd, 1H, thiophene-CH, J = 5.1, 1.2 Hz), 6.90 (dd, 1H, thiophene-CH, J = 5.1, 

3.5 Hz), 6.80 (dd, 1H, thiophene-CH, J = 3.6, 1.2 Hz), 5.95 (t, 1H, pyrrole-CH, J = 3.1 Hz), 5.92 

– 5.87 (m, 1H, pyrrole-CH), 3.69 (s, 2H, CH2), 1.74 (s, 6H, CH3), and 1.10 (s, 9H, C(CH3)3) ppm. 

13C NMR (101 MHz, CDCl3) δ: 155.47 (aromatic-C), 138.96 (aromatic-C), 131.02 (aromatic-C), 

126.53 (thiophene-CH), 123.55 (thiophene-CH), 122.94 (thiophene-CH), 104.87 (pyrrole-CH), 

103.74 (pyrrole-CH), 50.60 (C-(CH3)3), 40.22 (CH2), 38.02 (C-(CH3)2), 31.46 (C-(CH3)2), and 

29.12 (C-(CH3)3) ppm. HRMS (ESI) m/z+: [M-H]+ Calcd for [C16H23N2S]+: 275.1582; Found: 

275.1577. 

Complex [CuSNNHtBu]2. A solution of SNNHtBu (750 mg, 

2.71 mmol) in 7 mL MeCN was added to a slurry of potassium 

hydride (109 mg, 2.71 mmol, 1 equiv) in 1 mL MeCN.  The 

reaction turned orange and hydrogen gas formation was observed. Once the formation of gas had 

ceased, the reaction was allowed to stir for an additional 15 min.  After this time, the reaction 

mixture was added to a solution of [Cu(MeCN)4][PF6] (1.01 g, 2.71 mmol, 1 equiv) in 7 mL 

MeCN. The reaction was allowed to stir for 2 hours, and the formation of a precipitate was seen. 

The crude solid product was isolated on a frit and washed with 5 mL MeCN. The solid was then 

dissolved in 10 mL CHCl3 and filtered through Celite. The solvent was removed under reduced 

pressure and the solid residue was stirred in 5 mL MeCN. The precipitate was isolated by filtration 

and dried under vacuum to give the desired product as a colorless solid. Yield: 0.617 g (67.1%). 

Crystals suitable for single crystal X-Ray diffraction were grown by layering a [CuSNNHtBu]2 
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solution in CHCl3 and with MeCN and storing in a freezer (-30 °C) overnight. 1H NMR (400 MHz, 

CDCl3) δ: 6.98 (dd, 1H, thiophene-CH, J = 5.1, 1.2 Hz), 6.79 – 6.76 (m, 1H, thiophene-CH), 6.65 

(dd, 1H, thiophene-CH, J = 5.0, 3.4 Hz), 6.09 (d, 1H, pyrrole-CH, J = 3.1 Hz), 6.01 (d, 1H, 

thiophene-CH, J = 3.1 Hz), 3.78 (dd, 1H, CH2, J = 11.6, 2.3 Hz), 3.63 (t, 1H, CH2, J = 11.8 Hz), 

1.69 (s, 3H, CH3), 1.68 (s, 3H, CH3), and 1.21 (s, 9H, C(CH3)3) ppm. 13C NMR (151 MHz, CDCl3) 

δ: 157.32 (aromatic-C), 151.05 (aromatic-C), 131.77 (aromatic-C), 125.26 (thiophene-CH), 

124.42 (thiophene-CH), 124.19 (thiophene-CH), 108.30 (pyrrole-CH), 103.73 (pyrrole-CH), 54.23 

(C-(CH3)3), 47.27 (CH2), 40.38 (C-(CH3)2), 34.39 (CH3), 34.36 (CH3), and 29.71 (C-(CH3)3) ppm.  

Complex [AgSNNHtBu]2. This complex was synthesized in 

a similar manner to [CuSNNHtBu]2. A solution of SNNHtBu 

(500 mg, 1.81 mmol) in 3 mL MeCN was added to a slurry of 

potassium hydride (72.5 mg, 1.81 mmol, 1 equiv) in 1 mL MeCN.  The reaction turned orange and 

hydrogen gas formation was observed. Once the formation of gas had ceased, the reaction was 

allowed to stir for an additional 15 min After this time, the reaction mixture was added to a solution 

of AgPF6 (457.3 mg, 1.81 mmol, 1 equiv) in 5 mL MeCN in the dark (a vial wrapped in tape). The 

reaction was allowed to stir for 2 hours and the formation of a precipitate was seen. The solid 

product was isolated on a frit and washed with 5 mL MeCN. The solid was then dissolved in 10 

mL DCM and filtered through Celite. The solid gave the desired product as a red/brown solid. 

Yield: 58.3 mg (8.4%). Crystals suitable for single crystal X-Ray diffraction were grown by 

layering a [AgSNNHtBu]2 solution in CHCl3 and with MeCN and storing in a freezer (-30 °C) 

overnight. 1H NMR (600 MHz, CDCl3) δ 6.95 (s, 2H, thiophene-CH), 6.72 (s, 2H, thiophene-CH), 

6.61 (s, 2H, thiophene-CH), 6.17 (d, 2H, pyrrole-CH, J = 3.0 Hz), 6.05 (d, 2H, pyrrole-CH, J = 
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3.1 Hz), 3.93 (br, 2H,-CH2-), 3.39 (br, 2H, -CH2-), 1.87 (s, 1H, NH), 1.70 (s, 6H, C-(CH3)2), and 

1.19 (s, 18H, C-(CH3)3). 

 

 

 

 

 

 2.5.3. 1H and 13C NMR for 1-4, SNNHtBu, [CuSNNHtBu]2, and [AgSNNHtBu]2 

 

Figure 2.4. 1H NMR of Compound 1. 
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Figure 2.5. 1H and 13C NMR of Compound 2. 
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Figure 2.6. 1H and 13C NMR of Compound 3. 
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Figure 2.7. 1H and 13C NMR of Compound 4. 
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Figure 2.8. 1H and 13C NMR of SNNHtBu. 
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Figure 2.9. 1H and 13C NMR of [CuSNNHtBu]2. 
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Figure 2.10. 1H and 13C NMR of [AgSNNHtBu]2. 
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 2.5.4. Solid-State UV-Vis Absorbance of SNNHtBu, [CuSNNHtBu]2, and 

[AgSNNHtBu]2 

 

Figure 2.11. Solid-state UV-vis absorption of SNNHtBu, [CuSNNHtBu]2, and 

[AgSNNHtBu]2. Spectra were recorded using an Agilent Cary 5000 UV-Vis-NIR 

Spectrophotometer, and by placing a thin layer of the solid compound as a powder between two 

quartz slides. 
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 2.5.5. ORTEP Visualization of Compound 4 

 

Figure 2.12. ORTEP3 representation (thermal ellipsoids at 50%) for Compound 4.  
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 2.5.6. Crystallographic Data for 4, SNNHtBu, [CuSNNHtBu]2, and [AgSNNHtBu]2 

Table 2.2. Select Crystal Data, Data Collection, and Refinement Parameters for Compound 4 

and SNNHtBu. aDefinition of R indices: R1 = Σ(FO – FC)/Σ(FO); wR2 = [Σ[w(FO
2 – FC

2)2]/[ 

Σ[w(FO
2)2]]1/2 

 4 SNNHtBu 

empirical formula C12H13NOS C16H24N2S 

FW 219.29 276.43 

lattice type Monoclinic Triclinic 

space group P21/c P-1 

T, K 200.00(10) 200.00(10) 

a, Å 6.29549(17) 9.7036(5) 

b, Å 24.5765(6) 9.8370(6) 

c, Å 7.34896(19) 18.7673(5) 

α, deg 90 90.700(4) 

β, deg 95.716(2) 93.064(3) 

γ, deg 90 114.759(6) 

V, Å3 1131.39(5) 1623.24(15) 

Z 4 4 

ρcalc/Mg m-3 1.287 1.131 

μ(Cu/Mo, Kα) mm-1 2.310 (Cu) 1.54184 (Cu) 

F(000) 464.0 600.0 

crystal size, mm3 0.22x0.05x0.03 0.08x0.06x0.06 

range Θ collected, deg  3.597 to 79.933 2.359 to 72.128 

Reflns (collected/unique) 9110/2420 21979/6325 

Abs cor Semi Empirical based upon equivalents 

max and min transmn coeff. 1.000 and 0.679 0.985 and 0.978 

goodness of fit 1.080 1.090 

R1 (I>2σ(I))a 0.0572 0.0796 

wR2 (all data)a 0.1699 02648 

Peak and hole, e Å-3 0.488 and -0.622 0.470 and -0.632 
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Table 2.3. Select Crystal Data, Data Collection, and Refinement Parameters [CuSNNHtBu]2 and 

[AgSNNHtBu]2. aDefinition of R indices: R1 = Σ(FO – FC)/Σ(FO); wR2 = [Σ[w(FO
2 – FC

2)2]/[ 

Σ[w(FO
2)2]]1/2 

 [CuSNNHtBu]2 [AgSNNHtBu]2 

empirical formula C32H46Cu2N4S C32H46Ag2N4S 

FW 677.93 766.59 

lattice type orthorhombic Orthorhombic 

space group Pbcn Pbcn 

T, K 200.00(10) 149.99(10) 

a, Å 19.30860(10) 19.40740(10) 

b, Å 14.49140(10) 14.44240(10) 

c, Å 11.34470(10) 11.56380(10) 

α, deg 90 90 

β, deg 90 90 

γ, deg 90 90 

V, Å3 3174.34(4) 3241.21(4) 

Z 4 4 

ρcalc/Mg m-3 1.419 1.571 

μ(Cu/Mo, Kα) mm-1 3.085 (Cu) 11.099 (Cu) 

F(000) 1424.0 1568.0 

crystal size, mm3 0.17x0.13x0.06 0.13x0.08x0.04 

range Θ collected, deg  3.814 to 79.791 3.815 to 79.986 

Reflns (Collectd/unique) 15711/3424 18175/3524 

Abs cor Semi Empirical based upon equivalents 

max and min transmn coeff. 1.000 and 0.841 1.000 and 0.578 

goodness of fit 1.032 1.074 

R1 (I>2σ(I))a 0.0321 0.0241 

wR2 (all data)a 0.0896 0.0631 

Peak and hole, e Å-3 0.602 and -0.477 0.328 and -0.878 
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Chapter 3 - Effects of Ligand Modification on the Fluorescent 

Properties and the Cu-Cu Interaction of a Dinuclear CuI Complex 

 3.1. Abstract 

Organic light emitting dioides (OLEDs) and thermally activated delayed fluorescent 

(TADF) emitters are becoming a more common feature used in display technologies. A desire to 

move away from heavy and rare earth metals has made Copper (I) or CuI a desirable alternative. 

However, fine tuning of the excitation and emission properties of these complexes is of high 

importance. As such, we report the structural modification of a previously reported thiophene 

containing SNN dincuclear CuI complex. The synthesis, characterization, and fluorescent 

properties of two new ligands are investigated. Coordination of these two new ligands along with 

NNHtBu to CuI are conducted. These three new dinuclear CuI complexes are synthesized, 

characterized and their fluorescent and structural properties are compared and contrasted against 

themselves and the parent compound of [CuSNNHtBu]2. 

 3.2. Introduction 

Compounds capable of emitting light after entering an electronically excited state are often 

referred to as lumiphores. These compounds and materials have gained immense interest in many 

academic fields such as biology, chemistry, and material sciences for their application in diagnostic 

tools, fluorescent dyes, and in biological imaging giving the ability to visualize and study complex 

systems. 15–17 Industrial applications of lumiphores have also been applied to chemical 

detection,116,117 sensing and anti-counterfeit deterrents118–120 and textiles.121,122 One of the most 

notorious applications of lumiphores are in displays such as liquid crystal displays (LCDs)123–125 

and organic light emitting diodes (OLEDs).20,126 
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OLEDs often relay on rare and expensive transition metals such as In,19 Pd,127 Ir,58,59 and 

Pt.30 With a strong spin-orbit coupling, these systems are allowed to harvest triplet state electrons 

which is something simple organic molecules cannot do.21 However, these metals are often 

associated with high cost, toxicity and hazardous environmental impact. As such, recent advances 

in this field have shown that thermally activated delayed fluorescent (TADF) emitters, more 

specifically Cu TADF emitters, are a good alternative.33–35,128 Designed to have a small energy 

splitting between the first singlet excited state (S1) and the first triplet excited state (T1), TADFs 

are able to have a low energy barrier for intersystem and reverse intersystem crossing.35 At ambient 

temperatures, this allows for what appears to be delayed fluorescence and harvesting of excited 

electrons in the singlet state.21  

When looking at CuI TADF emitters in the literature, they often fall into two classes either 

mono- or dinuclear complexes. Mononuclear complexes can further be split into three main 

categories; cationic tetrahedrally coordinated, neutral tetrahedrally coordinated, or trigonally 

coordinated complexes. From these classes, it has been shown that trigonally coordinated 

complexes can have external quantum efficiencies (EQEs) over 20%, outperforming tetrahedrally 

coordinated complexes that have EQEs in the range of 15-18%. Dinuclear complexes are 

overwhelmingly made up of halide- or pseudo halide-bridged CuI complexes in a tetrahedral 

coordination. These complexes have been shown to have EQEs of up to 16%. These findings 

highlight how trigonally coordinated complexes can outperform tetrahedrally coordinated 

complexes. This results from tetrahedrally coordinated complexes being able to under John-Teller 

Distortion resulting in nonradiative decay. 
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Figure 3.1. Select examples of fluorescent CuI complexes that demonstrate TADF emission. 

Due to the closed d-shells of CuI species, CuI has the ability to form a variety of different 

conformations such as cubes, clusters, extended metal atomic chains, and more. One particular 

structure that has not seen any applications in the field of luminescence and TADF emitters are 

dinuclear trigonally coordinated complexes. This kind of coordination has been structurally known 

since 196142 when the crystal structure of diazoaminebenzene CuI (1) was elucidated. It wasn’t 

until 199543 when its fluorescent properties were first investigated despite being synthesized as 

early as 1900. When comparing the fluorescence of 1 to that of an amidinate-supported dinuclear 

CuI (2),49 a drastic change is observed. The fluorescence of 1 suggested that the emission (600 nm) 

was polarized parallel to the absorption (500 nm) which indicates that symmetry of the Frank-

Condon active modes was the same along the spectrum.43 Compound 2, on the other hand, 

demonstrated an excitation maximum at 330 nm (λems = 535 nm) and had a consistent emission 

peak at 535 nm despite being excited over a wide range demonstrating non-Frank-Condon active 

modes.49 The vast change in absorption and symmetry of these complexes demonstrates how a 

simple, single atom change in the ligand can have consequences on the fluorescence of the 

molecule. 
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Figure 3.2. a.) Chemical structures of compounds 1 and 2, b.) chemical structure of 

[CuSNNHtBu]2, and c.) chemical structures of [CuNNHtBu]2, [CuSNNtBu]2, and 

[CuSNNHAd]2. 

With this in mind, our group had previously synthesized a dinuclear CuI complex, 

[CuSNNHtBu]2, based upon a thiophene-containing SNN ligand, SNNHtBu, that demonstrated 

T-shape geometry around the CuI centers. When looking at the fluorescence spectrum of 

SNNHtBu, it was seen to have an excitation maximum at 355 nm (λems = 398 nm) and a major 

emission peak at 398 nm while demonstrating Frank-Condon like active modes. Upon 

coordination, [CuSNNHtBu]2 demonstrated a Cu-Cu distance of 2.686 Å and had a similar 

excitation maximum at 350 nm which is suggestive of ground-state homogeneity (e.g., one 

emitting species).  The emission of [CuSNNHtBu]2 showed two distinct peaks: 486 and 525 nm. 

These two peaks were ascribed to the two different isomers found based upon the disorder in the 

thiophene. This was further verified by time-dependent DFT. With these findings, we wanted to 
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further investigate how the ligand impacted fluorescence as well as the Cu-Cu interaction. Herein, 

we report the synthesis of two new ligands and three new dinuclear CuI complexes. The 

fluorescence of each as well as their fluorescent properties are investigated and discussed.  

 3.3. Results and Discussion 

 3.3.1. Ligand Synthesis and Characterization 

 

Scheme 3.1. Synthetic pathway for the synthesis of NNHtBu, SNNtBu, and SNNHAd. 

Three different ligands were synthesized for this study. The first ligand was N-((1H-pyrrol-

2-yl)methyl)-2-methylpropan-2-amine or NNHtBu. By first conducting a formylation under 

Vielsmeyer-Haack conditions to generate the 2-formyl pyrrole, a subsequent reductive amination 

could be carried out by monitoring via 1H NMR for the disappearance of the aldehyde peak at 9.74 

ppm and the formation of the imine at 7.98 ppm. The crystal structure of NNHtBu had been 

previously reported showing dimerization with hydrogen bonding between the pyrrole N-H and 

the pendant tbutylamine.129 

The other two ligands were synthesized from the corresponding aldehyde that had been 

previously reported (see Chapter 1).  The imine or SNNtBu was synthesized by mixing the 
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aldehyde with 5 equivalents of tbutylamine neat. The reaction was monitored via 1H NMR by 

watching for the disappearance of the aldehyde at 9.39 ppm and the product imine peak at 7.97 

ppm. After removal of excess tbutylamine, the desired product was obtained in 68.2% yield. It is 

worth noting that depending on the concentration of the NMR sample, the pyrrole N-H would 

drastically shift. This may have to do with resonance of the pyrrole and imine as well as hydrogen 

bonding to water (Figure 3.). The product was characterized via NMR as well as single crystal X-

Ray diffraction (XRD). Crystals could be grown by slow evaporation from hexanes. Unlike the 

saturated version, SNNHtBu, did not dimerize on itself, but instead formed a dimer with a single 

water molecule trapped inside. The water molecule formed four hydrogen bonds. Two of the bonds 

were between the oxygen of water and the pyrrole N-H with a distance of 2.064 Å. An additional 

hydrogen bond was also seen between the hydrogen of water and the nitrogen of the imine with a 

distance of 1.955 Å. 

By performing a similar one-pot reductive amination as with NNHtBu and SNNHtBu, 

SNNHAd could be generated in 58% yield. The ligand was characterized by NMR as well as 

single crystal XRD. Crystals were also grown by evaporation from a solution of hexanes. 

Analogous  to the two previously mentioned saturated ligands, SNNHAd also showed 

dimerization with hydrogen bonding between the pyrrole N-H and the adamantyl nitrogen with a 

distance of 2.150 Å. This bond is approximately 0.109 Å shorter compared to SNNHtBu which 

has a distance of 2.259 Å. In each of the symmetrically independent molecules, the thiophene rings 

are disordered. In one molecule, the occupancies are  53%, 18%, and 29% for the thiophene, while 

in the other it is  69% and 31%. The adamantyl-group also shows disorder with occupancies of 

83% and 17% for the first molecule and 66% and 34% for the second.  
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It is worth noting that a 4-methoxybenzylamine derivative, SNNHBn-4-MeO, was also 

synthesized following a similar synthetic pathway to SNNHAd (See 3.5. Supplementary 

Information). This complex showed a hydrogen bond distance of 2.159 Å between the pyrrole N-

H and the benzylic amine. While being exactly 0.1 Å shorter than SNNHtBu, it does appear 

slightly longer than SNNHAd. While still being bulky, it does have more flexibility than 

adamantylamine does which could explain the slightly longer hydrogen bond as the flexibility 

allows for the pyrrole and amine to distance themselves. The shortening of the hydrogen bond 

distance of SNNHAd and SNNHBn-4-MeO is likely contributed to the bulk of the pendent amine 

pushing the pyrrole N-H and amine closer together.  
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Figure 3.3. ORTEP3 representation (thermal ellipsoids at 50% probability) for a.) SNNtBu, most 

hydrogens have been omitted for clarity; and b.) SNNHAd, most hydrogens and disorder in the 

thiophene and adamantyl-groups have been omitted for clarity. 

 

a.) 

b.) 



55 

 3.3.2. Ligand Fluorescence 

The fluorescence of each of the new thiophene containing ligands were investigated by 

placing a solid sample of the powdered ligand between two quartz slides. The slides were then 

placed into a FluoroMax-2 in a front face illumination configuration. We began by first looking at 

the fluorescence of SNNtBu. This ligand appeared as an off yellow sample; however, crystals 

appeared colorless. When held under a standard UV-lamp, no fluorescence or phosphorescence 

was observed. When samples were run on the FluoroMax-2, SNNtBu was seen to have a main 

excitation peak at 370 nm while showing several small emission peaks at 374, 383 and 394 nm 

which are on the cusp of the visible region. These spectra are significantly different compared to 

SNNHtBu. The conjugation has red shifted the excitation spectrum and blue shifted the emission 

spectrum. This is common as conjugation can often reduce the energy gap of the HOMO and 

LUMO.130  

 

Figure 3.4. Emission (left) and excitation (right) spectrum of SNNtBu. 

Our investigations then moved to SNNHAd  which appeared to have a broad excitation 

range from 345-355 nm. The emission spectrum gave a fairly similar spectrum to that of SNNHtBu 

with a major peak at 401 nm and a small shoulder at 398 nm. These results are nearly identical to 

that of SNNHtBu which had an excitation range of 345-360 nm and showed the major excitation 

peak at 398 nm. These results suggest that distance bulk as well as the distance of the pyrrole to 
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the amine has little effect on the fluorescence. This makes sense as for SNNHtBu the HOMO is 

almost entirely on the pyrrole and the LUMO is on the thiophene. 

 

Figure 3.5. Excitation (left) and emission (right) spectrum of SNNHAd. 

 3.3.3. Synthesis and Characterization of CuI Complexes 

The corresponding dinuclear complexes;[CuNNHtBu]2, [CuSNNtBu]2, and 

[CuSNNAd]2, were synthesized in a similar fashion to [CuSNNHtBu]2. [CuNNHtBu]2 was 

synthesized by first deprotonation of the ligand with KH in acetonitrile. After the generation of 

hydrogen gas had ceased, [Cu(MeCN)4][PF6] was added as a solution in acetonitrile and stirred 

for two hours, and the reaction was placed in a -35oC freezer overnight. The reaction was filtered 

and the solid dissolved in DCM. The suspension was filtered through a celite plug to remove 

undesired salts, followed by removal of solvent. Undesired organic materials were removed by 

washing the red-brown powder with pentanes to afford the desired dinuclear complex in only 

13.2% yield. Coordination was first confirmed by the disappearance of the pyrrole N-H at 8.74 

ppm as well as a broadening of the methylene peak at found at 4.02 ppm in the 1H NMR. The 

structure was further established by single crystal XRD. Crystals were grown from a saturated 

solution of the complex in DCM layered with acetonitrile with the structure shown in Figure 3.6. 

Select bond lengths, angles and torsion angles are summarized in Table 3.1. The structure showed 

two independent dimeric species per unit cell. The Cu-Cu interactions had distances of 2.6923 Å 
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and 2.6722 Å.  The average of these two, 2.6917 Å, was only 0.0056 Å longer than 

[CuSNNHtBu]2. These findings suggest that the thiophene ring does not contribute to or affect the 

Cu-Cu interaction.   

 

Figure 3.6. ORTEP3 representation (thermal ellipsoids at 50%) for [CuNNHtBu]2 with most 

hydrogens omitted for clarity. 

[CuSNNtBu]2 and [CuSNNAd]2 were synthesized in an identical manner to each other. A 

solution of the ligand in acetonitrile was added to solid KH. The reaction was allowed to continue 

until the formation of hydrogen gas ceased. At this point, the deprotonated ligand was added to a 

solution of  [Cu(MeCN)4][PF6] in acetonitrile which caused an immediate precipitate to form. The 

reaction was allowed to stir for an additional two hours. This precipitate was collected on a glass 

frit and washed with acetonitrile to remove residual KPF6. The solid was then stirred with DCM 

and filtered through celite to remove any undesired salts. The solvent was removed, and the powder 
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was washed with pentanes to afford the corresponding dinuclear complex. Crystals of both could 

be grown from a solution of DCM layered with acetonitrile and stored at -30ºC.  

The unsaturated complex, [CuSNNtBu]2, was first confirmed via 1H NMR by noticing the 

absence of the pyrrole N-H. Allow significant changes were not seen for the imine C-H, dimethyls, 

or tbutyl functional groups, changes in the aromatic protons were seen. The thiophenic protons saw 

an upfield shift from 7.15, 6.91, and 6.82 ppm to 6.79, 6.68, and 6.41 ppm after coordination. The 

pyrrolic protons, on the other hand, saw a downfield shift from 6.36 and 6.08 ppm to 6.59 and 6.34 

ppm. [CuSNNtBu]2 was characterized by NMR as well as by single XRD with the structure shown 

in Figure 3.7. From the crystal structure, it was elucidated that the complex formed a dimeric 

species with two metal centers and two ligands similar to [CuSNNHtBu]2. The thiophenes of each 

ligand showed disorder with an occupancy of 65 and 35% for one molecule and 55 and 45% for 

the other. A comparable T-shape geometry was seen around each of the Cu centers where a 

pyrrolide donor from one ligand and the imine donor from another were trans to each other. The 

bond angle of NPyr-Cu-NtBu was found to be 174.43º which is a further delineation as compared to 

the saturated version of 177.97º. However, looking at the other two bond angles around the Cu 

center showed that the complex was more T-shaped. Bond angles of 85.67º and 93.55º were seen 

for the NPyr-Cu-Cu and NtBu-Cu-Cu angles as compared to 80.48º and 101.47º for [CuSNNHtBu]2, 

respectively. This may contribute to a more equal distance of each donor nitrogen from the metal 

center as compared to the saturated version (see Table 3.1.). [CuSNNtBu]2 was found to have a 

Cu-Cu distance of 2.4659 Å which is much smaller than the 2.6863 Å distance seen in 

[CuSNNHtBu]2. The reason for this is likely that the unsaturation and increase in conjugation 

limits flexibility pushing the metal centers closer.  
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Figure 3.7. ORTEP3 representation (thermal ellipsoids at 50%) for [CuSNNtBu]2 with most 

hydrogens omitted for clarity representation  

When looking at [CuSNNHAd]2, the 1H NMR was similar to that of [CuSNNHtBu]2. The 

disappearance of the pyrrole N-H at 8.24 ppm was the first sign of coordination, while another 

sign was desymmetrization of the methylene protons generating a doublet at 3.85 ppm and a triplet 

at 3.62 ppm. Aside from characterization via NMR, single crystal XRD was also used to fully 

elucidate the structure as shown in Figure 3.8. Originally, a crystal structure containing three 

chloroform molecules, and two acetonitrile molecules was obtained. Although the structure was 

taken using a shorter experiment, they steadily decomposed even at low temperature. Another 

crystal was also found in the same batch. This crystal lacked any chloroform in the crystal 
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structure, contained two acetonitrile molecules and appeared to be more stable. As such, discussion 

as well as data presented in Table 3.1. will be the averages of each bond length, bond angle, or 

torsion angles over the two crystal structures. 

 

Figure 3.8. ORTEP3 representation (thermal ellipsoids at 50%) for [CuSNNAd]2 with most 

hydrogens omitted for clarity representation 

[CuSNNHAd]2 formed a dinuclear CuI complex with slight distortion from a true T-shaped 

geometry around each CuI center. Compared to [CuSNNHtBu]2, [CuSNNHAd]2  showed more 

of a deviation from linearity with a NPyr-Cu-NAd bond angle of 172.15º. The NPyr-Cu-Cu and NAd-

Cu-Cu angles, however, appeared closer to 90º with angles of 84.18º and 99.00º, respectively. 

[CuSNNHAd]2 also showed an elongation of the pyrrolide and adamantylamine donors from the 

CuI centers with lengths of 1.866 and 1.943 Å. This is likely due to the bulk of the adamantyls 

pushing the ligands further way from the CuI. The CuI-CuI distance was much larger than any of 

the previously reported structures with a distance of 2.7823 Å which is just on the verge of the 

Van der Waals radii for CuI.131 These observed features are again likely due to the bulk of 

adamantylamine giving more space for the CuI species to sit.  
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As mentioned, SNNHBn-4-MeO was also synthesized. However, following identical 

synthetic conditions to [CuSNNtBu]2 and [CuSNNHAd]2, only the dipotassium complex, 

[KSNNHBn-4-MeO]2, could be crystallized (See 3.5. Supporting Information) despite our best 

attempts. This complex showed similar geometry to that of its copper counterparts with a T-shaped 

geometry around each of the potassium centers. The NPyr-K-NBn showed a bond angle of 175.07o 

with the NPyr-K-K and NBn-K-K having bond angles of 82.28o and 101.66o, respectively. The NPyr-

K and NBn-K distances were 1.826 and 1.712 Å, respectively. The K-K distance was 2.761 Å which 

is well outside the van der Waals distance for potassium. 
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Table 3.1. Select Bond Lengths, Angles, and Torsion Angles for [CuNNHtBu]2, [CuSNNHAd]2, 

[CuSNNtBu]2, and [CuSNNHtBu]2. aAverages of the two different dimeric species in the unit-

cell. bAverages over both crystal structures obtained (with and without chloroform). 
 

[CuNNHtBu]2
a [CuSNNHAd]2

b [CuSNNtBu]2 [CuSNNHtBu]2 

Bond Lengths 

Cu-Cu 2.6917(1) Å 2.7823(4) Å 2.4659(3) Å  2.6863(5) Å 

Cu-NPyr 1.855 Å  1.866 Å 1.876 Å  1.860(5) Å  

Cu-NR 1.897 Å  1.943 Å 1.892 Å  1.937(4) Å  

Bond Angle 

NPyr-Cu-NR 173.79º 172.15(6)º 174.43º 177.97(6)º 

NPyr -Cu-Cu 81.12º 84.18(5)º 85.67º 80.48(4)º 

NR -Cu-Cu 103.84º 99.00(3)º 93.55º 101.47(4)º 

Torsion Angles 

NPyr-Cu-Cu-NR 45.58º 51.27º 57.83º 52.89º 

Npyr-Cu-Cu-NPyr 138.16º 136.37º 126.87º 127.55º 

NR-Cu-Cu-NR 130.69º 121.45º 116.87º 126.68º 

Fluorescence 

Excitation (λnm) 532 nm 360 nm 389 nm 350 nm 

Emission (λnm) 575 nm 508 and 538 nm 491 and 522 nm 486 and 525 nm 

 3.3.4. Complex Fluorescence 

After the characterization of the complexes, their fluorescent properties were then 

examined. By first looking at [CuNNHtBu]2, it was apparent that the thiophene was extremely 

important for fluorescence. When the reddish-brown powder was held under a UV-lamp it was 

observed that no fluorescence was seen. To further confirm this, the powder of the complex was 
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placed between two quartz slides and fluorescence was recorded using a FluoroMax-2. 

[CuNNHtBu]2 showed an excitation at 532 nm and an emission at 575 nm with the spectrum 

shown in Figure 3.9. These are similar to Frank-Condon active modes as the two spectrum appear 

to be near mirror images together.   

 

Figure 3.9. Emission (left) and excitation (right) spectrum of [CuNNHtBu]2. 

Next, the fluorescence of [CuSNNtBu]2 was investigated with the excitation and 

emission spectrum shown in Figure 3.10. [CuSNNtBu]2 showed a main excitation at 389 nm 

which is red shifted by approximately 40 nm compared to [CuSNNHtBu]2. This red shift can 

likely be contributed to the increase in conjugation of the addition of the imine. Conjugation is 

known to lower the energy gap between the ground and excited states. The emissions of 

[CuSNNtBu]2 showed two main peaks at 491 and 522 nm. These two peaks are likely due to the 

two different isomers found within the crystal structure due to the disorder of the thiophene ring. 

Compared to [CuSNNHtBu]2, the lower wavelength emission appears slightly red shifted from 

486 nm while the longer wavelength emission is slightly blue shifted from 525 nm. 
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Figure 3.10. Excitation (left) and emission (right) spectrum of [CuSNNtBu]2. 

Finally, the fluorescence of [CuSNNHAd]2  was investigated. [CuSNNHAd]2 showed 

only a slight red shift in its excitation wavelength of 360 nm as compared to [CuSNNHtBu]2 

excitation at 350 nm. The emission of [CuSNNHAd]2 showed two major peaks: one at 508 nm 

and another at 538 nm. These two peaks red shifted compared to the two peaks seen for 

[CuSNNHtBu]2 by about 15-20 nm each.  The reasons for the two peaks is likely due to the 

different isomers seen due to the disorder in the thiophene ring,  similar to [CuSNNHtBu]2. 

 

Figure 3.11. Excitation (left) and emission (right) spectrum of [CuSNNHAd]2. 

 3.4. Conclusion 

In conclusion, a look into structural modifications of a thiophene containing SNN ligand 

were investigated.  Two new ligands, SNNtBu and SNNHAd, were synthesized along with three 

new dinuclear CuI complexes were also synthesized. Investigations into how these modifications 

affect the fluorescence of the ligand and the complexes as well as the CuI-CuI interaction were 
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discussed. It was found that the thiophene was crucial for fluorescence but had little impact on 

the CuI-CuI interaction as shown by little change in the CuI-CuI distance. Desaturation of 

SNNHtBu to SNNtBu showed a quenching of the fluorescence of the ligand likely due to 

binding to a single water molecule instead of dimerizing with itself. Upon coordination however, 

a red shift was seen for both the emission and excitation likely due to the increase in conjugation 

lowering the HOMO-LUMO gap. It was also noticed that a significant shortening of the CuI-CuI 

from 2.6863 Å for [CuSNNHtBu]2 to 2.4659 Å for [CuSNNtBu]2 was seen in the crystal 

structure likely resulting from the high ring-strain and lack of flexibility. Finally, when changing 

the bulk of the pendent amine from tbutyl to adamantyl, a slight red shift in emission was seen 

but no significant change in excitation was observed. A lengthening in the CuI-CuI interaction 

was also observed increasing to 2.7823 Å. 

 3.5. Supporting Information 

 3.5.1. General Considerations 

All procedures and manipulations were performed under an argon or nitrogen atmosphere 

using standard Schlenk-line and glove box techniques unless stated otherwise. Solvents were dried 

and deoxygenated under argon using a LC Technology Solutions Inc. SP-1 stand-alone solvent 

purification system, unless stated otherwise. Deuterated solvents were purchased from Cambridge 

Isotope Laboratories, Sigma Aldrich, Acros Organics, or Alfa Aesar, degassed, and dried over 

activated molecular sieves prior to use. All other reagents were purchased from commercial 

sources and utilized without further purification unless stated otherwise. NMR spectra were 

recorded at ambient temperature and pressure using a Bruker 400 MHz spectrometer (600 MHz or 

400 MHz for 1H, and 151 MHz or 100 MHz for 13C). The 1H and 13C NMR spectra were measured 

relative to partially deuterated solvent peaks but are reported relative to tetramethylsilane (TMS). 
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Fluorescent measurements were recorded on a Fluoromax-2. High-resolution mass spectrometry 

(HRMS) was performed at the University of Illinois Mass Spectrometry Laboratory, and 

electrospray ionization (ESI) spectra were collected on a Waters Synapt G2-Si spectrometer. 

Single crystal X-ray data were collected using a Rigaku XtaLAB Synergy-S diffractometer 

equipped with a HyPix-6000HE Hybrid Photon Counting (HPC) detector and dual Mo and Cu 

microfocus sealed X-ray source (Cu Kα λ = 1.54184 Å). The data collection strategy was 

calculated using CrysAlisPro to ensure desired data redundancy and percent completeness. Unit 

cell determination, initial indexing, data collection, frame integration, Lorentz-polarization 

corrections and final cell parameter calculations were carried out using CrysAlisPro. An absorption 

correction was performed using the SCALE3 ABSPACK scaling algorithm embedded within 

CrysAlisPro. The structures were solved using the ShelXT structure solution program using 

Intrinsic Phasing and refined by Least Squares using the ShelXL program. All non-hydrogen atoms 

were refined anisotropically. Hydrogen atom positions were calculated geometrically and refined 

using the riding model. Olex2 was used for the preparation of the publication materials.  

 3.5.2. Synthetic Procedures for 1H-pyrrole-2-carbaldehyde, NNHtBu, 

[CuNNHtBu]2, SNNtBu, [CuSNNtBu]2, SNNHAd, [CuSNNHAd]2, SNNHBn-4-MeO, 

and [KSNNHBn-4-MeO]2 

1H-pyrrole-2-carbaldehyde.  An oven-dried, two-neck flask attached to a Schlenk-

line was equipped with a septum and a stir bar and then put under vacuum and back-

filled with nitrogen. DMF (23 mL, 2.0 equiv.) that had been stored overnight on activated sieves 

was injected into the reaction vessel and placed in an ice-bath.  POCl3 (34.0 g, 21 mL, 1.5 equiv.) 

was then added dropwise over the course of 30 minutes using a syringe. Once complete, the 

reaction was allowed to stir for an additional 30 minutes on ice and then 2 hours at room 
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temperature.  After this time, the reaction vessel was put back into an ice-bath and pyrrole (10.0 

g, 149 mmol) was added dropwise.  The vessel was then allowed to continue stirring in the ice-

bath and warm back up to room temperature gradually then stirred overnight.  In the following 

morning, the reaction was again placed back into an ice-bath and quenched via a saturated K2CO3 

solution until a pH of 7-8 had been optioned.  The reaction was extracted with 100 mL of ether 

followed by ethyl acetate (4 x 25 mL).  The organic phases were combined, washed with brine, 

dried over MgSO4 and concentrated.  The product was purified by first running a column eluting 

with 15:1 to 4:1 Hex:EA.  The desired fractions were combined, and the product was further 

purified by recrystallization from boiling hexanes and cooled to 6oC to afford extremely fine white 

needle crystals. Yield 8.56 g (60.4%). Spectroscopic characterization matched reported data. 1H 

NMR (600 MHz, CDCl3) δ 9.74 (b, 1H, pyrrole N-H), 9.53 (s,1H, aldehyde C-H), 7.15 (s, 1H, 

pyrrole C-H), 7.00 (s, 1H, pyrrole C-H), and 6.36 (m, 1H, pyrrole C-H). 

N-((1H-pyrrol-2-yl)methyl)-2-methylpropan-2-amine, NNHtBu. 1H-

pyrrole-2-carbaldehyde (1.00 g, 10.5 mmol) and Na2CO3 (2.91 g, 2.0 equiv.) 

were loaded into a 250 mL round-bottom flask equipped with a stir bar.  40 mL of methanol was 

then added followed by tert-butylamine (1.3 mL, 1.2 equiv.) in one portion.  The reaction vessel 

was capped with a septa and stirred overnight which upon returning had gone from colorless to 

yellow.  After checking for the disappearance of the aldehyde peak (9.42 ppm) to go to complete 

imine formation (7.98 ppm) via 1H NMR, NaBH4 (994 mg, 2.5 equiv.) was added in a single 

portion and a vented septa was put on.  The reaction was then allowed to stir for 24 hours.  After 

that time, the solvent and excess tert-butylamine was removed via vacuum.  The following 

colorless crude solid was then stirred in 40 mL of DCM.  The reaction was filtered, washed with 

DCM, and concentrated.  The product was then purified by recrystallization from boiling hexanes 
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and storing at -8oC to afford colorless prism-like crystals.  Yield 658 mg (41.1%). Spectroscopic 

characterization matched reported data. 1H NMR (400 MHz, CDCl3) δ 8.74 (b, 1H, pyrrole N-H), 

6.71(s, 1H, pyrrole C-H), 6.12 (s, 1H, pyrrole C-H), 6.00 (s, 1H, pyrrole C-H), 3.76 (s, 2H, CH2), 

and 1.14 (s, 9H, CH3). 

Complex [CuNNHtBu]2. In a nitrogen glovebox, NNHtBu (250 mg, 1.62 

mmol) was dissolved in 2.5 mL of dry acetonitrile. This solution was 

transferred to a 20 mL vial equipped with a stir bar containing KH (65 mg, 

1.62 mmol, 1 equiv.) and then rinsed with 2 mL of acetonitrile. The solution bubbled and turned 

yellow. After 15 minutes, the reaction was poured into another 20 mL vial containing 

[Cu(MeCN)4][PF6] (604 mg, 1.62 mmol, 1 equiv.) dissolved in 5 mL of acetonitrile. The reaction 

turned a reddish brown and was allowed to stir for 2 hours and then placed in the freezer overnight. 

The reaction was filtered and the brown and crystalline red solid were collected on a glass frit and 

dried. The solid was taken into DCM and then filtered again through celite. Removal of the solvent 

yielded a red-brown solid. Yield 45.7 mg (13.2%). 1H NMR (400 MHz, CDCl3) δ 6.75 (s, 1H, 

pyrrole-CH), 6.16 (m, 2H, pyrrole-CH), 4.02 (s, 2H, -CH2-), 2.57 (s, 1H, NH), and 1.48 (s, 9H, C-

(CH3)3). 
13C NMR (101 MHz, CDCl3) δ 133.77 (aromatic-C), 129.71 (pyrrole-CH), 107.56 

(pyrrole-CH), 107.35 (pyrrole-CH), 55.33 (C-(CH3)3), 46.55 (-CH2-), and 29.44 (C-(CH3)3). 

 (E)-2-methyl-N-((5-(2-(thiophen-2-yl)propan-2-yl)-1H-pyrrol-2-

yl)methylene)propan-2-amine, SNNtBu. 

5-(2-(thiophen-2-yl)propan-2-yl)-1H-pyrrole-2-carbaldehyde (250 mg, 1.14 mmol) was loaded 

into a 20 mL vial equipped with a stir bar. Tert-butylamine (1 mL, 17.2 equiv.) was added, the vial 

capped, and the reaction stirred overnight.  The following morning the reaction was monitored for 

the disappearance of the aldehyde peak and the formation of the imine peak. Excess tert-
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butylamine was removed under vacuum followed by additional drying under high vacuum 

overnight.  This yielded an orange-yellow solid that appeared pure via NMR. Yield 213 mg 

(68.2%).  Crystals suitable for single crystal X-Ray diffraction could be grown by slow evaporation 

from hexanes. 1H NMR (400 MHz, CDCl3) δ: 7.97 (s, 1H, imine-CH), 7.15 (d, 1H, thiophene-CH, 

J = 5.1 Hz), 6.91 (t, thiophene-CH, J = 4.3 Hz), 6.82 (s, 1H, thiophene-CH), 6.36 (s, 1H, pyrrole-

CH), 6.08 (d, 1H, pyrrole-CH, J = 3.6 Hz), 5.26 (s, 2H, pyrrole-NH)a, 1.78 (s, 6H, C-(CH3)2), 1.21 

(s, 9H, C-(CH3)3) ppm. 13C NMR (101 MHz, CDCl3) δ: 154.49 (aromatic-C), 146.29 (aromatic-

C), 143.68 (N=CH), 130.38 (aromatic-C), 126.60 (thiophene-CH), 123.69 (thiophene-CH), 123.22 

(thiophene-CH), 113.99 (pyrrole-CH), 106.14 (pyrrole-CH), 56.58 (C-(CH3)3), 38.19(C-(CH3)2), 

31.25 (C-(CH3)2), and 29.98 (C-(CH3)3) ppm. aWhat appears to be the pyrrole N-H seems to 

drastically shift based upon concentration likely due to resonance between the pyrrole and imine 

or hydrogen bonding with water in solution (see section 3.3.1.). 

 Complex [CuSNNtBu]2. In a nitrogen glovebox, SNNtBu (140 mg, 0.51 

mmol), KH (20.4 mg, 1 equiv.), and [Cu(MeCN)4]PF6 (190 mg, 1 equiv.) 

were weighed into separate 7 mL screw-cap vials.  SNNtBu was dissolved 

in 1 mL of MeCN and transferred to KH containing a stir bar and then rinsed 

an additional 1 mL of MeCN.  The reaction went from yellow to orange and 

was allowed to stir for approximately 30 minutes at which point hydrogen 

formation ceased.  The potassium salt was then transferred to [Cu(MeCN)4]PF6 dissolved in 1 mL.  

The potassium salt vial again rinsed with an additional 1 mL of MeCN.  The orange solution 

immediately turned yellow, and a colorless precipitate formed.  The reaction was allowed to stir 

for an hour at which point the precipitate was collected on a frit and washed with excess MeCN.  

The solid was dissolved in DCM and filtered through a celite plug to remove excess KPF6.  Upon 
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concentration, the product was obtained as a slight yellow solid.  Yield 168 mg (48.8%).  Crystals 

suitable for single crystal X-Ray diffraction were grown from a solution of the complex in DCM 

layered in MeCN and stored at -30oC. 1H NMR (400 MHz, CDCl3) δ 7.93 (s, 1H, imine-CH), 6.79 

(d, 1H, thiophene-CH, J = 5.1 Hz), 6.68 (d, 1H, thiophene-CH, J = 3.6 Hz), 6.59 (d, 1H,  pyrrole-

CH, J = 3.5 Hz, 1H), 6.41 (t, 1H, thiophene-CH, J = 4.3 Hz), 6.34 (d, 1H, pyrrole-CH, J = 3.6 Hz), 

1.75 (d, J = 7.4 Hz, 6H, C-(CH3)2), and 1.20 (s, 9H, C-(CH3)3) ppm. 13C NMR (101 MHz, CDCl3) 

δ 157.64 (aromatic-C), 157.21 (aromatic-C), 155.23 (N=CH), 135.67 (aromatic-CH), 126.48 

(thiophene-CH), 123.72 (thiophene-CH), 122.81 (thiophene-CH), 121.68 (pyrrole-CH), 108.44 

(pyrrole-CH), 58.54 (C-(CH3)3), 40.13 (C-(CH3)2), 33.02 (C-(CH3)2), 32.60 (C-(CH3)2), and 31.46 

(C-(CH3)3) ppm. 

 N-((5-(2-(thiophen-2-yl)propan-2-yl)-1H-pyrrol-2-

yl)methyl)adamantan-1-amine, SNNHAd. 5-(2-(thiophen-2-

yl)propan-2-yl)-1H-pyrrole-2-carbaldehyde (500 mg, 2.24 mmol), Na2CO3 (630 mg, 2.0 equiv.), 

and adamantylamine (414 mg, 1.2 equiv.) were loaded into a 25 mL round-bottom flask.  7.5 mL 

of MeOH was added, the reaction capped with a septa and allowed to stir overnight.  After 

checking for the disappearance of the aldehyde peak to go to near-complete imine formation via 

1H NMR, NaBH4 (216 mg, 2.5 equiv.) was added in a single portion and a vented septa was put 

on.  The reaction was then allowed to stir for 24 hours.  After that time, the solvent was removed 

via vacuum.  The following colorless crude solid was then stirred in 20 mL of DCM.  The reaction 

was filtered, washed with DCM, and concentrated.  The product was then purified by 

recrystallization from boiling hexanes and storing at -8oC to afford colorless prism-like crystals.  

Yield 450 mg (58.1%). Crystals suitable for single crystal X-Ray diffraction were grown from a 

slow evaporation from a solution of hexanes. 1H NMR (400 MHz, CDCl3) δ 8.24 (s, 1H, pyrrole-



71 

NH), 7.14 (dd, 1H, thiophene-CH, J = 5.1, 1.2 Hz), 6.90 (dd, 1H, thiophene-CH, J = 5.1, 3.5 Hz), 

6.80 (dd, 1H, thiophene-CH, J = 3.5, 1.2 Hz), 5.95 (t, 1H, pyrrole-CH, J = 3.1 Hz), 5.87 (t, 1H, 

pyrrole-CH, J = 3.0 Hz), 3.72 (s, 2H, -NCH2-), 2.05 (s, 3H, adamantly-CH), 1.74 (s, 6H, C-(CH3)2), 

and 1.63 (m, 13H, adamantly-CH2) ppm. 13C NMR (101 MHz, CDCl3) δ 155.48 (aromatic-C), 

138.82 (aromatic-C), 131.28 (aromatic-C), 126.50 (thiophene-CH), 123.51 (thiophene-CH), 

122.91 (thiophene-CH), 104.68 (pyrrole-CH), 103.71 (pyrrole-CH), 50.70 (C-(CH3)2), 42.84 

(adamantly-CH2), 38.12 (-NCH2-) , 37.99 (adamantly-CH2), 36.85(adamantly-CH2), 31.42 (C-

(CH3)2), and 29.70 (adamantly-CH) ppm. 

Complex [CuSNNHAd]2. In a nitrogen glovebox, SNNHAd (250 

mg, 0.705 mmol), KH (28.3 mg, 1 equiv.), and [Cu(MeCN)4]PF6 

(263 mg, 1 equiv.) were weighed into separate 20 mL screw-cap 

vials.  SNNHAd was dissolved in 3 mL of MeCN and transferred to 

KH containing a stir bar and then rinsed an additional 3 mL of 

MeCN.  The reaction went from a slurry to a transparent solution and was allowed to stir for 

approximately 30 minutes at which point hydrogen formation ceased.  The potassium salt was then 

transferred to [Cu(MeCN)4]PF6 dissolved in 3 mL.  The potassium salt vial rinsed with an 

additional 1 mL of MeCN.  A precipitate formed almost immediately and was then allowed to stir 

for 2 hours. The precipitate was collected on a frit and washed with excess MeCN.  The solid was 

dissolved in chloroform and filtered through a celite plug to remove excess KPF6.  Upon 

concentration, the product was obtained as a light peach-colored solid.  Yield 173 mg (58.7%).  

Crystals suitable for single crystal X-Ray diffraction were grown from a solution of the complex 

in chloroform layered in MeCN and stored at -30oC.  1H NMR (400 MHz, CDCl3) δ 6.97 (d, 1H, 

thiophene-CH, J = 5.0 Hz), 6.74 (s, 1H, thiophene-CH), 6.64 (t, 1H, thiophene-CH, J = 4.4 Hz), 
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6.08 (s, 1H, pyrrole-CH), 6.00 (s, 1H, pyrrole-CH), 3.85 (d, 1H, CH2, J = 11.4 Hz), 3.62 (t, 1H, 

CH2, J = 11.7 Hz), 2.08 (s, 3H, CH3), 1.78 – 1.53 (m, 17H). 13C NMR (101 MHz, CDCl3) δ 157.56, 

150.97, 132.12, 125.57, 124.27, 124.19, 108.11, 103.85, 54.61, 45.11, 43.37, 40.41, 36.39, 34.49, 

34.41, 29.77. 

N-(4-methoxybenzyl)-1-(5-(2-(thiophen-2-yl)propan-2-yl)-

1H-pyrrol-2-yl)methanamine, SNNHBn-4-MeO. 5-(2-

(thiophen-2-yl)propan-2-yl)-1H-pyrrole-2-carbaldehyde (250 

mg, 1.14 mmol), Na2CO3 (120 mg, 2.0 equiv.), and 4-methoxybenzylamine (187.6 mg, 1.2 equiv.) 

were loaded into a 25 mL round-bottom flask.  5 mL of MeOH was added, the reaction capped 

with a septa and allowed to stir overnight.  After checking for the disappearance of the aldehyde 

peak to go to near-complete imine formation via 1H NMR, NaBH4 (107.8 mg, 2.5 equiv.) was 

added in a single portion and a vented septa was put on.  The reaction was then allowed to stir for 

24 hours.  After that time, the solvent was removed via vacuum.  The following colorless crude 

solid was then stirred in 20 mL of DCM.  The reaction was filtered, washed with DCM, and 

concentrated.  The resulting crude solid was then boiled in hexanes and the product was collected 

on a frit as a fine white powder. Yield 288.5 mg (74.4%). Crystals suitable for single X-Ray 

diffraction were grown by placing the boiling hexanes after filtration in a -10oC freezer. 1H NMR 

(400 MHz, CDCl3) δ 8.22 (s, 2H, pyrrole-NH), 7.18 – 7.12 (m, 3H, aromatic-CH), 6.91 (d, 1H, 

thiophene-CH, J = 5.1 Hz), 6.87 – 6.80 (m, 3H, aromatic-CH), 5.97 (t, 1H, pyrrole-CH, J = 3.1 

Hz), 5.92 (t, 1H, pyrrole-CH, J = 3.0 Hz), 3.80 (s, 3H, -OCH3), 3.70 (s, 2H, -CH2-), 3.64 (s, 2H, -

CH2-), 1.90 (s, 1H, NH), and 1.74 (s, 6H, C-(CH3)2).
13C NMR (101 MHz, CDCl3) δ 158.72 

(aromatic-C), 155.27 (aromatic-C), 139.35 (aromatic-C), 132.03 (aromatic-C), 129.51(aromatic-

CH), 129.49 (aromatic-CH), 126.46 (thiophene-CH), 123.55 (aromatic-C), 122.84 (aromatic-CH), 
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113.86 (aromatic-CH), 105.90 (pyrrole-CH), 103.57 (pyrrole-CH), 55.31 (-OCH3), 52.31 (-CH2-), 

45.73 (-CH2-), 37.93 (C-(CH3)2), and 31.30 (C-(CH3)2). 

 [KSNNHBn-4-MeO]2: In a nitrogen glovebox, SNNHBn-4-

MeO (250 mg, 0.735 mmol, 1 equiv.) was slurried in 5 mL of 

acetonitrile and transferred to a 20 mL vial containing KH (29.5 

mg, 0.735 mmol, 1 equiv.) and the vial was washed twice with 

1 mL of acetonitrile. The vial was stirred until gas formation 

ceased and then allowed to continue for 15 minutes. The solution 

was then transferred to another 20 mL vial containing 

[Cu(MeCN)4][PF6] (274 mg, 0.735 mmol, 1 equiv.) dissolved in 3 mL of acetonitrile. This was 

allowed to stir for 2 hours at which point the precipitate was collected on a frit and washed with 

acetonitrile. The solid was taken into DCM and filtered. The solvent was removed giving a fluffy 

white powder. Crystals were grown from DCM layered with acetonitrile and stored at -30OC. 
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 3.5.3. 1H and 13C NMR for 1H-pyrrole-2-carbaldehyde, NNHtBu, [CuNNHtBu]2, 

SNNtBu, [CuSNNtBu]2, SNNHAd, [CuSNNHAd]2, and SNNHBn-4-MeO 

 

Figure 3.12. 1H NMR of 2-formyl pyrrole. 
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Figure 3.13. 1H NMR of NNHtBu.  
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Figure 3.14. 1H and 13C NMR of SNNtBu. 
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Figure 3.15. 1H and 13C NMR of [CuSNNtBu]2. 
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Figure 3.16. 1H and 13C NMR of SNNHAd. 
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Figure 3.17. 1H and 13C NMR of [CuSNNHAd]2. 



80 

 

Figure 3.18. 1H and 13C NMR of SNNHBn-4-MeO. 
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 3.5.4. ORTEP3 Representation of SNNHBn-4-MeO  

 

Figure 3.19. ORTEP3 representation (thermal ellipsoids at 50%) most hydrogens and disorder in 

thiophene are omitted for clarity for SNNHBn-4-MeO. 
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 3.5.5. ORTEP3 Representation of [KSNNHBn-4-MeO]2 

 

 

Figure 3.20. ORTEP3 representation (thermal ellipsoids at 50%) most hydrogens and disorder in 

thiophene are omitted for clarity for [KSNNHBn-4-MeO]2. Top: viewing down the K-K 

interaction, and bottom: looking at the open face of the K-K interaction. 
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 3.5.6. Crystallographic Data for [CuNNHtBu]2, SNNtBu, [CuSNNtBu]2, SNNHAd, 

[CuSNNHAd]2, SNNHBn-4-MeO, and [KSNNHBn-4-MeO]2 

Table 3.2. Select Crystal Data, Data Collection, and Refinement Parameters for SNNHAd and 

SNNtBu. aDefinition of R indices: R1 = Σ(FO – FC)/Σ(FO); wR2 = [Σ[w(FO
2 – FC

2)2]/[ 

Σ[w(FO
2)2]]1/2 

 SNNHAd SNNtBu 

empirical formula C22H30N2S C16H23N2O0.5S 

FW 354.54 283.43 

lattice type monoclinic Monoclinic 

space group P2/c I2/a 

T, K 295.17(10) 210.00(10) 

a, Å 14.84291(18) 13.2196(2) 

b, Å 14.52162(13) 11.85896(14) 

c, Å 20.1593(2) 21.6256(3) 

α, deg 90 90 

β, deg 111.0049(13) 107.2017(17) 

γ, deg 90 90 

V, Å3 4056.46(8) 3238.60(9) 

Z 8 8 

ρcalc/Mg m-3 1.161 1.163 

μ(Cu/Mo, Kα) mm-1 1.442 (Cu) 1.710 (Cu) 

F(000) 1536.0 1224.0 

crystal size, mm3 0.21x0.17x0.13 0.14x0.04x0.02 

range Θ collected, deg  3.043 to 80.002 4.280 to 79.913 

Reflns (Collectd/unique) 45749/8697 14789/3500 

Abs cor Semi Empirical based upon equivalents 

max and min transmn coeff. 1.000 and 0.862 1.000 and 0.933 

goodness of fit 1.080 1.085 

R1 (I>2σ(I))a 0.0554 0.0447 

wR2 (all data)a 0.1636 0.1360 

Peak and hole, e Å-3 0.370 and -0.437 0.299 sand -0.382 
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Table 3.3. Selected Crystal Data, Data Collection, and Refinement Parameters for 

[CuNNHtBu]2, [CuSNNHAd]2 with chloroform, and [CuSNNHAd]2 without chloroform. 

aDefinition of R indices: R1 = Σ(FO – FC)/Σ(FO); wR2 = [Σ[w(FO
2 – FC

2)2]/[ Σ[w(FO
2)2]]1/2 

 [CuNNHtBu]2 [CuSNNHAd]2 w/ 

chloroform 

[CuSNNHAd]2 

w/o chloroform 

empirical formula C20Cu2H33.5N5O0.25 C51Cl9Cu2H67N6S2 C46.67H62Cu2N5.33S2 

FW 475.10 1274.35 888.88 

lattice type trigonal orthorhombic monoclinic 

space group R-3 Pbca I2/a 

T, K 200.00(10) 210.00(10) 210.00(10) 

a, Å 29.7985(4) 10.04016(12) 23.76700(14) 

b, Å 29.7985(4) 24.2411(3) 11.36992(7) 

c, Å 27.0363(2) 48.0575(6) 48.4324(2) 

α, deg 90 90 90 

β, deg 90 90 92.5202(5) 

γ, deg 120 90 90 

V, Å3 20790.6(6) 11696.4(2) 13075.18(13) 

Z 36 8 12 

ρcalc/Mg m-3 1.366 1.447 1.355 

μ(Cu/Mo, Kα) mm-1 2.372 (Cu) 5.657 (Cu) 2.390 

F(000) 8064.0 4624.0 5632.0 

crystal size, mm3 0.13x0.06x0.02 0.34x0.08x0.04 0.09x0.05x0.01 

range Θ collected, deg  2.367 to 79.823 7.294 to 159.766 3.654 to 80.176 

Reflns (Collectd/unique) 30945/9700 53091/12431 101441/13861 

Abs cor Semi Empirical based upon equivalents 

max and min transmn coeff. 1.000 and 0.815  1.000 and 0.891 

goodness of fit 1.047 1.072 1.027 

R1 (I>2σ(I))a 0.0266 0.0405 0.0349 

wR2 (all data)a 0.0799 0.1141 0.1000 

Peak and hole, e Å-3 0.545 and -0.421 0.67 and -0.54 0.555 and -0.653 
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Table 3.4. Selected Crystal Data, Data Collection, and Refinement Parameters for [CuSNNtBu]2, 

SNNHBn-4-MeO, and [KSNNHBn-4-MeO]2. aDefinition of R indices: R1 = Σ(FO – FC)/Σ(FO); 

wR2 = [Σ[w(FO
2 – FC

2)2]/[ Σ[w(FO
2)2]]1/2 

 [CuSNNtBu]2 SNNHBn-4-MeO [K SNNHBn-4-MeO]2 

empirical formula C32H42Cu2N4S2 C20H24N2OS C40H44K2N4O2S2 

FW 673.89 340.47 755.11 

lattice type monomclinic triclinic triclinic 

space group P21/c P-1 P-1 

T, K 209.99(10) 200.00(10) 210.00(10) 

a, Å 12.06390(10) 9.7497(6) 9.7590(3) 

b, Å 19.27340(10) 10.3662(4) 10.7299(3) 

c, Å 14.77650(10) 19.4036(9) 19.3943(5) 

α, deg 90 75.854(4) 75.087(3) 

β, deg 112.4900(10) 77.824(5) 76.918(2) 

γ, deg 90 80.600(4) 76.190(3) 

V, Å3 3174.42(4) 1845.86(17) 1876.05(10) 

Z 4 4 2 

ρcalc/Mg m-3 1.410 1.225 1.337 

μ(Cu/Mo, Kα) mm-1 3.084 1.611 (Cu) 3.589 (Cu) 

F(000) 1408.0 728.0 796.0 

crystal size, mm3 0.15x0.12x0.07 0.13x0.06x0.02 0.19x0.07x0.04 

range Θ collected, deg  3.966 to 80.018 2.387 to 69.024 2.395 to 79.974 

Reflns (Collectd/unique) 48038/6906 24187/6740 23960/7709 

Abs cor Semi Empirical based upon equivalents 

max and min transmn 

coeff. 

1.000 and 0.751 1.000 and 0.621 1.000 and 0.748 

goodness of fit 1.045 1.059 1.093 

R1 (I>2σ(I))a 0.0343 0.0612 0.0756 

wR2 (all data)a 0.0943 0.1933 0.1864 

Peak and hole, e Å-3 0.448 and -0.422 0.365 and -0.492 0.454 and -0.632 
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Chapter 4 - Effects of Substitution on the Assembly of Tetranuclear 

CuI Complexes via a Schiff-Base Calixpyrrole Ligand System 

 4.1. Abstract 

Copper assemblies play a vital role in biologal and synthetic processes alike. Recent 

advancement in extended metal chain assemblies has received significant attention due to their 

application in small molecule activation due to their potential application in multielectron 

processes and fluorescence. Schiff-base calix[2]pyrrole complexes for nickel (II) and palladium 

(II) have been previously reported for their use in hydrogen evolution. Herein, the utilization of 

symmetrical and unsymmetrical Schiff-base calix[2]pyrroles for coordination of Cu (I) to 

synthesize tetranuclear complexes are explored. By varying the substituents at the quaternary 

carbon, it was found that two different assemblies, either a distorted square-planar or a bent 

tetranuclear linear chain assembly were formed. Investigations also include looking into the 

effects of the imine on the system. 

 4.2. Introduction 

Copper chemistry plays a crucial role in various chemical processes, both in nature132–135 

and in synthetic applications.136–139 As a transition metal, copper exhibits a range of oxidation 

states, most notably as CuI and CuII. In nature, CuI enzymes, while a small class, can catalyze or 

serve in several highly important biological processes. These enzymes are typically broken down 

into three main categories based on the amount of copper in the active site and the ligation of them. 

Type-1140,141 and Type-2142,143 involve mononuclear copper enzymes while Type-3 are dinuclear 

copper enzymes.144,145 Some enzymes are unique and fail to fit into these categories such nitrous-

oxide reductase, N2OR.146 This enzyme contains two copper active sites: CuA which is a dinuclear 
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assembly similar to Type-3 and CuZ which contains a distinctive tetranuclear assembly with two 

bridging sulfide anions with the general chemical formula of [Cu4S2].
146   

Due its closed-shell d10 electron count, CuI has the ability to form very unique metallophilic 

or cuprophilic interactions.41 These interactions are typically classified when two or more copper 

atoms have a distance between them that is within the van der Waals radii of copper itself.131 

Because of this interaction, it has allowed for a variety of interesting synthetic arrangements of 

copper such as clusters,79 cubes,147,148 polymers,149 and more.41 These complexes have 

demonstrated their applications in catalysis, fluorescent and other unique behaviors.  

One arrangement that has received notable attention over the past several decades are 

extended metal atomic chains or string complexes. This is because of their potential to facilitate 

multi-electron transfer processes, which are crucial for activation of small molecules and 

catalysis.150–152 Furthermore, copper string complexes (Figure 4.1.) have been looked into for their 

unique luminescent properties as many different arrangements have shown fluorescent properties 

and application in various electrooptical devices such as OLEDs and as TADF-

emitters.34,49,53,128,147,149,153–159 

 

Figure 4.1. Select examples of CuI string complexes. Dipp = 2,6-diisopropylphenyl. 
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 The assembly of these complexes depends heavily on the ligand scaffold. One scaffold that 

has received recent attention is Schiff-base calix[2]pyrrole ligands. As a dianoinic ligand, 

coordination to Nickel (II) and Palladium (II) have led to mononuclear complexes that have been 

used for hydrogen evolution (Figure 4.2.a.).160,161 Modification of this ligand by the addition of a 

secondary binding site to form “salixpyrroles” also led a bipalladium complex for more efficient 

hydrogen evolution.162 When similar calix[2]pyrrole ligands were coordinated with potassium or 

lithium, they led to either bimetallic or highly intricate assemblies respectively. While there are 

examples of calix[4]pyrroles and calix[4]pyrrole Schiff-base macrocycles being coordinated to 

CuI and CuII (Figure 4.2.c.),163,164 calix[2]pyrroles being coordinated to CuI seems to be an 

unreported class of compounds and their coordination chemistry unexplored. As such, we report 

the synthesis and effects of the ligand on a calix[2]pyrrole system on the coordination of CuI. It 

was found that these complexes gave a general formula of Cu4L2. 



89 

 

Figure 4.2. Select examples of a.) Schiff-base Calix[2]pyrrole complexes, b.) Schiff-base 

Calix[4]pyrrole macrocycle ligand, and c.) coordination of CuI (left) and CuII (right) to a Schiff-

base Calix[4]pyrrole macrocyle.  

 4.3. Results and Discussion 

 4.3.1. Synthesis and Characterization of Ligands 

 

Scheme 4.1. Synthetic pathway to ligands.  
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The ligands were synthesized using a general procedure with slight modifications, many 

of which have been previously reported in the literature. The synthesis began with the condensation 

of pyrrole with the appropriate ketone or aldehyde under acidic conditions. Depending on the 

nature of the carbonyl, various acids such as trifluoroacetic acid, p-toluenesulfonic acid or 

methanesulfonic acid were employed. With various dipyrromethanes (1-5) in hand, the 

dialdehydes could be produced under Vielsmeyer-Haack conditions using POCl3 and 

dimethylformamide in excess. Reaction progress could be monitored by observing the 

disappearance the starting material via TLC. Quenching the reaction with water and bases such as 

NaOH, NaHCO3, or NaOAc would then generate the dialdehyde (n-DA) in varying yields shown 

in Scheme 4.1.  

To generate the Schiff-base calix pyrrole ligands, the dialdehydes were mixed in 

methanolic conditions with a primary amine such as tbutylamine (n-tBu), adamantylamine (n-Ad),  

or 2-methylamine thiophene (n-Th). The reactions could be monitored via 1H NMR by watching 

for the disappearance of the aldehyde peaks at 9.75-9.50 ppm and the formation of the imine peaks 

in the 7.50-7.00 ppm region. Many of the imines would crash out of solution and after rinsing with 

either cold methanol or hexanes would afford the ligand in varying yields. The phenyl Schiff-base 

calix pyrrole ligands (n-Ph) proved to be more difficult to synthesize. As such, a different 

procedure was used. Instead, the dialdehyde and aniline were mixed in DMSO using TFA as a 

catalysts. After quenching with a 1% NaHCO3 solution and extracting with ethyl acetate, the final 

ligand was isolated.  

Crystals of the ligands and some intermediates were also obtained. For 3 and 3-DA, 

structures were grown from DCM solutions layered in hexanes stored at -8oC. 3 showed a high 

level of disorder in all three aromatic rings, while 3-DA surprisingly showed no disorder in any of 
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the aromatic rings.  (See 4.5. Supporting Information). Crystals of 3-tBu were grown from a 

slow evaporation of hexanes at -8oC with the structure shown in Figure 4.3.a. From the structure, 

it was determined that the thiophene was disordered with an occupancy of 87.7 and 12.3% between 

two positions, and one of the tbutyl’s was also disordered with two positions: 74.7 and 25.3%. It 

was also found that there was one water molecule per 3-tBu. The water molecule was bridged 

between two 3-tBu molecules hydrogen bonding with the pyrrole N-H (N(8)-O(1): 2.924 Å) and 

the imine (N(13)-O(1): 2.776 Å).  

Crystals of 1-Ad were also obtained by a slow evaporation of a solution of the ligand in 

DCM (Figure 4.3.b.). The structure showed disorder in one of the adamantyl-groups with 

occupancies of 67.5 and 32.5%. It also showed one water molecule that was situated in the center 

of the ligand with hydrogen bonding to the two pyrrole N-H, (N(3)-O(1w): 2.932 Å and N(20)-

O(1w): 2.919 Å) and the imines (N(8)-O(1w): 2.903 and N(25)-O(1w): 2.854 Å). Compared to 

other Schiff-base calix pyrrole, it is unique as many others form intertwined dimers with hydrogen 

bonding between the pyrrole hydrogens and the imine nitrogens.160 
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Figure 4.3. ORTEP3 representation (thermal ellipsoids at 50% probability) for a.) 3-tBu, most 

hydrogens and disorder in the thiophene have been omitted for clarity, and b.) 1-Ad, most 

hydrogens and disorder in the adamantyl have been omitted for clarity. 

 4.3.2. Synthesis of Tetranuclear Complexes 

 

Scheme 4.2. Synthesis and general structures of tetranuclear complexes, Cu4L2. 
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Coordination of CuI was carried out under near identical conditions for all complexes. In a 

nitrogen glovebox, a solution of the ligand in acetonitrile was added to a vial containing two 

equivalents of KH to generate the potassium salt often giving a dark-yellow or orange solution. 

Once generation of hydrogen gas had ceased, the solution was transferred to another vial 

containing two equivalents of [Cu(MeCN)4][PF6] pre-dissolved in acetonitrile. This would result 

in a precipitate forming almost immediately followed by continuous stirring. The precipitate was 

then collected on a frit, washed with excess acetonitrile to remove undesired KPF6. The crude 

powder was then dissolved in DCM and pushed through a celite plug. The solvent was then 

removed, and the powder was washed with hexanes to afford the corresponding CuI complexes 

typically as yellow or orange or red solids in varying yields. Success of coordination was first 

suggested by noting a color change as many of the ligands were beige or yellow. Further 

confirmation of coordination was done via 1H NMR as the pyrrole N-H of the ligand (8.5-8.25 

ppm) was absent in all of the complexes. The final structure of these complexes was relieved by 

single crystal X-ray diffraction (XRD). Single crystals of each complex could be grown by 

dissolving the complex in either DCM or chloroform, layer with acetonitrile, and storing in a -

30oC freezer. 
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 4.3.3. Structural Properties of Symmetrical Schiff-Base Calixpyrroles CuI 

Complexes 

 

Figure 4.4. ORTEP3 representation (thermal ellipsoids at 50% probability) for a.) Cu4(1-tBu)2, 

hydrogens have been omitted for clarity, and b.) Cu4(2-tBu)2, hydrogens have been omitted for 

clarity. The left picture is from a top view, the middle is from a side view, and the right picture is 

excluding carbons for clarity of the metal-nitrogen assembly. 

 Two symmetrical Schiff-base Calixpyrroles were chosen to be investigated, diphenyl- (1) 

and dimethyldipyrromethane (2), to see how the bulk of the quaternary carbon affected the CuI 

assemblies. Using the tbutyl-functionalized ligand as a model, crystals of Cu4(1-tBu)2 and Cu4(2-

tBu)2 showed similar structures where a cluster of four CuI’s and two ligands were seen to form 

the tetranuclear complex. Each of the four CuI’s were in a T-shaped geometry where the Cu was 

bonded to a pyrrolide of one ligand, the imine nitrogen of another ligand and then to another CuI. 
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The four CuI’s together formed a distorted square-like geometry. Select bond lengths, bond angles 

and torsion angles are shown in Table 4.1. for Cu4(1-tBu)2 and Cu4(2-tBu)2. 

 Looking more closely at  Cu4(1-tBu)2  it was seen that the molecule showed a high level 

of symmetry with two molecules of DCM per tetranuclear complex. Each CuI center was bound 

to a pyrrolide of one ligand with distances of 1.8796 and 1.8829 Å for Cu(1) and Cu(2) 

respectively. They were also bound to the imine of the other ligand having bond distances of 

1.8954 Å and 1.8971 Å for Cu(1)-N(38i) and Cu(2)-N(32i) respectively. The slightly longer imine 

distance is likely due to the L-type nature of the imine as compared to the X-type ligand 

characteristics of the pyrrolide. Each CuI interacted with the same CuI of the other ligand having 

similar CuI-CuI distances of 2.5263 and 2.5255 Å for Cu(1)-Cu(1i) and Cu(2)-Cu(2i) respectively. 

A distance of 3.828 Å was seen between Cu(1) and Cu(2) and an angle of 84.59o between the two 

CuI pairs. 

 Bond angles found within the molecule were also looked into. As previously mentioned, 

each CuI center was in a T-shaped geometry with the two nitrogen donors found in a near linear 

fashion around the CuI center with exact angles of 175.85O for N(19)-Cu(1)-N(38i) and 176.38o 

for N(20)-Cu(2)-N(32i). The pyrrolide-Cu-Cu angle was near a true 90o with an average of the two 

pairs found to be 89.425o while the imine-Cu-Cu angle was slightly larger than 90o with an average 

of 93.5o. 

When the diphenyls were substituted to the less sterically demanding dimethyls Cu4(2-

tBu)2 also showed a similar geometry; however, no solvent was seen in the crystal structure. The 

symmetry of this molecule was also high, and it was found that the Cu(1) of one half of the 

molecule was now bound to Cu(2i) of the other half instead of Cu(1i) as seen with the diphenyl 

version. The pyrrolide-Cu distance was found to be 1.865 and 1.862 Å for Cu(1)-N(1) and Cu(2)-
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N(2) respectively. These are slightly shorter than the diphenyl version and is likely contributed to 

the smaller bulk at the quaternary carbon. Similar to the Cu4(1-tBu)2, the Cu-imine distance was 

elongated with distances of 1.914 and 1.889 Å for Cu(1)-N(4i) and Cu(2)-N(3i) respectively. 

Comparing the averages of the two imines for  Cu4(1-tBu)2 and Cu4(2-tBu)2, 1.8962 and 1.9015 

Å, it can be seen that they are fairly similar. This is likely due to both having the same tbutylimine 

at this position as this interaction isolated away from the quaternary carbon. When looking at the 

CuI-CuI interaction, it was found that both pairs of CuI had the same interaction distance of 2.4997 

Å. This is shorter than what was found for either CuI pairs in Cu4(1-tBu)2 and is likely due to the 

lack of bulk at the quaternary carbon allowing the two ligands to get closer together in return 

pushing the CuI-CuI closer together. 

The bond angles around the CuI centers were similar to that found in Cu4(1-tBu)2 with a 

T-shaped geometry around the metal center. The pyrrolide-Cu-imine bond angles for N(1)-Cu(1)-

N(4i) and Cu(2)-N(3i) were 174.9o and 173.7o respectively. These angles are farther away than the 

ideal 180o for a true T-shape geometry molecule. Similarly, the pyrrolide-Cu-Cu bond angles were 

both elongated from a true 90o and from that of Cu4(1-tBu)2 with angles of 91.33o and 92.11o for 

N(1)-Cu(1)-Cu(2i) and N(2)-Cu(2)-N(1i) respectively. The imine-Cu-Cu were found to be 91.55o 

and 92.36o for N(4i)-Cu(1)-Cu(2i) and N(3i)-Cu(2)-Cu(1i) respectively. The rational for the shift 

away from a true T-shape geometry is that the dimethyls allow for more twisting in the ligand back 

bone as compared to the bulky diphenyls. 
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Table 4.1. Select Bond Lengths, Bond Angles, and Torsioin Angles for Cu(1-tBu)2, Cu4(2-tBu)2, 

and Cu4(3-tBu)2. 

 Cu4(1-tBu)2 Cu4(2-tBu)2 Cu4(3-tBu)2 

Bond Lengths 

Cu-Cu Cu(1)-Cu(1i) 

2.5263(6) 

Cu(2)-Cu(2i) 

2.5255(6) 

Cu(1)-Cu(2) 

3.828 

Cu(1)-Cu(2i) 

2.4997(12) 

 

 

Cu(1)-Cu(2) 

3.784 

Cu(1)-Cu(2) 

2.4922(7)  

 

 

Cu(1)-Cu(1) 

2.9110(9) 

Cu-NPyr Cu(1)-N(19) 

1.8796(16) 

Cu(2)-N(20) 

1.8829(17) 

Cu(1)-N(1) 

1.865(5) 

Cu(2)-N(2) 

1.862(5) 

Cu(1)-N(1) 

1.885(3) 

Cu(1)-N(18i) 

1.891(3) 

Cu-NtBu Cu(1)-N(38i) 

1.8954(17) 

Cu(2)-N(32i) 

1.8971(17) 

Cu(1)-N(4i) 

1.914(5) 

Cu(2)-N(3i) 

1.889(5) 

Cu(2)-N(7) 

1.897(3) 

Cu(2)-N(24i) 

1.900(3) 

Bond Angles 

NPyr-Cu-NtBu 

         Or  

N-Cu-N (Cu4(3-

tBu)2) 

N(19)-Cu(1)-N(38i) 

175.85(7) 

N(20)-Cu(2)-N(32i) 

176.38(8) 

N(1)-Cu(1)-N(4i) 

174.9(2) 

N(2)-Cu(2)-N(3i) 

173.7(2) 

N(1)-Cu(1)-N(18) 

174.36 

N(7)-Cu(2)-N(24) 

170.36 

NPyr-Cu-Cu N(19)-Cu(1)-Cu(1i) 

89.14(5) 

N(20)-Cu(2)-Cu(2i) 

89.71(5) 

N(1)-Cu(1)-Cu(2i) 

91.33(14) 

N(2)-Cu(2)-N(1i) 

92.11(14) 

N(1)-Cu(1)-Cu(2) 

86.06 

N(18)-Cu(1)-Cu(2) 

88.40 

NtBu-Cu-Cu N(38i)-Cu(1)-Cu(1i) 

94.12(6) 

N(32i)-Cu(2)-Cu(2i) 

92.88(5) 

N(4i)-Cu(1)-Cu(2i) 

91.55(14) 

N(3i)-Cu(2)-Cu(1i) 

92.36(15) 

N(7)-Cu(2)-Cu(1) 

96.18 

N(24)-Cu(2)-Cu(1) 

88.40 

Cu-Cu-Cu Cu(1)-Cu(2)-Cu(2i) 

84.59 

Cu(2)-Cu(1)-Cu(1i) 

84.59 

Cu(1)-Cu(2)-Cu(1i) 

83.09 

Cu(2)-Cu(1)-Cu(2i) 

86.15 

Cu(2)-Cu(1)-Cu(1i) 

148.05 

Torsion Angles 

NPyr-Cu-Cu-NPyr  134.43  

NPyr-Cu-Cu-NtBu  125.89 

49.75 

 

NtBu-Cu-Cu-NtBu  125.89  

Cu-Cu-Cu-Cu   0.82 
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 4.3.4. Effects of the Imine on Symmetrical Schiff-Base Calixpyrrole CuI Complexes 

After looking at the effect of quaternary carbon, we wanted to investigate the effects of the 

imine. To do this, the diphenyldipyrromethane (1) was used as our model substrate. Three 

additional imine substituents; adamantyl (1-Ad), phenyl (1-Ph), and 2-methylaminethiophene (1-

Th), were investigated to afford the tetranuclear complexes. All three of the tetranuclear CuI 

complexes showed similar assembly to that of the tbutyl parent complex. Crystals of each were 

additionally grown from a solution of the complex in either DCM or chloroform layered with 

acetonitrile and stored at -30oC. A table of select bond lengths and angles for Cu4(1-tBu)2, Cu4(1-

Ad)2, Cu4(1-Ph)2, and Cu4(1-Th)2 are shown in Table 4.2. where each value is an average over 

all similar bonds in the molecular structure for easier presentation and discussion of the effects of 

the imine. 

To see how larger bulk affected the CuI assemblies, the adamantyl versions, 1-Ad and 

Cu4(1Ad)2, were synthesized. Crystals that were suitable for single-crystal XRD were twinning 

and showed a similar level of symmetry to Cu4(2-tBu)2 in that Cu(1) was paired with Cu(2i). Both 

the pyrrolide-Cu and the imine-Cu average bond distances were lengthed to 1.8915 Å and 1.9034 

Å as compared to Cu4(1-tBu)2. Despite this observation, the CuI-CuI interaction distance was 

smaller than Cu4(1-tBu)2 at 2.5029 Å as well as the distance between the two metal pairs with a 

distance of 3.551 Å. This indicates that the metal cluster is smaller and is likely due to the steric 

repulsion of the ligands to each other induced by the adamantyl amine.  The bond angles around 

the metal centers were fairly similar to Cu4(1-tBu)2 with a NPyr-Cu-NR angle  slightly smaller at 

175.08O, a NPyr-Cu-Cu angle elongated to 91.51O and a NR-Cu-Cu bond angle that had shrank to 

91.55O. These changes, again, are likely due to the steric bulk of the adamantyl group as it pushes 

the imine in, shrinking the angle, it also elongates the pyrrolide angle.  
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Next, Cu4(1-Ph)2 was investigated. When crystals were grown two different crystals were 

found in the vial: orange and red crystals. The orange crystals had P-1 symmetry with four 

independent tetranuclear molecules. Due to the low symmetry, these crystals took over a week to 

run and gave an incomplete experiment. The red crystals had a P21/n symmetry with two 

independent tetranuclear molecules. Although weak and bad quality they did give an R1 value 

>10% and will be used for the following discussion. The pyrrolide-Cu distance of 1.8741 Å was 

shorter than both Cu4(1-tBu)2 and Cu4(1-Ad)2 but is longer than Cu4(1-Th)2 which is discussed 

below. The imine-Cu bond was found to be 1.8939 Å which is similar to Cu4(1-tBu)2 and only 

slightly shorter than Cu4(1-Ad)2. As for the CuI-CuI pairs, Cu4(1-Ph)2 was found to have the 

shortest average distance at 2.4921 Å but had a distance of 3.757 Å between pairs of the same 

molecule. The reason for many of these observations is likely due to the flatness of the phenyl 

ring. Although the phenyl substituent is more sterically demanding than a methyl, its flatness can 

provide more room compared to tbutyl or adamantyl. Another reason for these observations may 

be due to the electron-withdrawing nature of the phenyl group. As for the bond angles and 

geometry around each metal center, they were found to be nearly identical to that of Cu4(1-tBu)2. 

This observation also suggests that the steric from the phenyl are more similar to the tbutyl and 

the bond angles are likely due to the previous mentioned reasons as compared to steric arguments.  

Finally, Cu4(1-Th)2 when grown provided fragile, thin plates. Due to this the crystals were 

poor quality and of unpublishable quality; however, use of them should suffice for discussion 

herein. Here, it was seen that each metal center was unique, and the molecule did not possess the 

high level of symmetry as seen with the other molecules. It was also observed that one of the 

thiophenes was disordered over two positions having occupancies of 47 and 53%. Although the 

reliability of the bond lengths and angles are questionable, it should be noted that a similar 
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geometry is seen to those previously discussed. The most notable feature is the shortened Cu pair 

distance.  

 

Figure 4.5. ORTEP3 representation (thermal ellipsoids at 50% probability) for a.) Cu4(1-Ad)2, 

hydrogens have been omitted for clarity, b.) Cu4(2-Ph)2, hydrogens and one independent molecule 

have been omitted for clarity, and c.), Cu4(1-Th)2 hydrogens have been omitted for clarity. The 

top picture is from a sideview while the bottom picture is from a top view. 

Table 4.2. Select Bond Lengths and Bond Angles of Cu4(1-tBu)2, Cu4(1-Ad)2, Cu4(1-Ph)2, and 

Cu4(1-Th)2. aAverage of similar Bond Lengths and Bond Angles. bAverages over the two 

independent molecules. 

 Cu4(1-tBu)2 Cu4(1-Ad)2 Cu4(1-Ph)2
b Cu4(1-Th)2 

Bond Lengthsa 

Cu-Cu intrapair 

distance 

Cu(1)-Cu(1i) 

2.5259 

Cu(1)-Cu(2i) 

2.5029(4) 

 

2.4921 

Cu(1/3)-Cu(2/4) 

2.5195 
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Cu pair distance Cu(1)-Cu(2) 

3.828 

Cu(1)-Cu(2) 

3.551 

 

3.757 

Cu(1/2)-Cu(3/4) 

3.481 

Cu-NPyr 1.8812 1.8915 1.8741 1.8580 

Cu-NR 1.8962 1.9034 1.8939 1.8470 

Bond Anglesa 

NPyr-Cu-NR 176.12 175.08 176.68 172.4 

NPyr-Cu-Cu 89.42 91.51 89.77 91.82 

NR-Cu-Cu 93.50 91.55 93.13 95.55 

Cu-Cu-Cu 84.59 84.45 85.25 84.5 

 4.3.5. Unsymmetrical Schiff-Base Calixpyrrole CuI Complexes 

To look at the effects of unsymmetrical quaternary carbons on the tetranuclear assemblies, 

acetothiophene was chosen to be used. Coordination of CuI to 3-tBu led to the isolation and 

structural determination of Cu4(3-tBu)2. Crystals of the complex were grown in a similar manner 

as those previously discussed by layer a solution of the complex in DCM with acetonitrile and 

storing at -30oC. To our surprise, this complex did not show a cluster like assembly of the four CuI 

atoms as was seen with Cu4(1-tBu)2 and Cu4(2-tBu)2, but instead, it showed a linear chain like 

assembly. The crystal also showed a high level of symmetry. Select bond lengths, bond angles, 

and torsion angles are found in Table 1. Although each CuI had a similar T-shaped geometry, it 

was found that the exterior metal center, Cu(2), was bound to two imines, N(7) and N(24), with 

bond lengths of 1.897 Å and 1.900 Å, respectively, while the more center metal center, Cu(1) was 

bound to two pyrrolides, N(1) and N(18), with lengths of 1.885 Å and 1.891 Å. Looking from a 

side-view, the metals appear to be in a U- or horseshoe-shape, while if looking from the top, the 

metal centers appear to be in a straight line. Cu(1)-Cu(2) had an interaction distance of 2.4922 Å 
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while the interior distance of Cu(1)-Cu(1i) was found to be 2.9110 Å. This data suggests that there 

is a cuprophilic interaction between Cu(1) and Cu(2), but not Cu(1) and Cu(1i) as it falls short of 

the van der Waals distance for copper.131  

As mentioned, the geometry around each CuI center was T-shaped. Each metal center 

showed a near linear relationship between the two nitrogen donors as N(1)-Cu(1)-N(18) had a 

bond angle of 174.36O and N(7)-Cu(2)-N(24) had a bond angle of 170.36O. The reason for Cu(2)’s 

deviation away from linearity is that it lacks as much bulk on the exterior and the tbutyl groups are 

allowed to get closer together as compared to the pyrrolides of Cu(1). The pyrrolide-Cu(1)-Cu(2) 

had bond angles of 88.40O and 86.06O for N(18) and N(1) respectively, while the imine-Cu(2)-

Cu(1) had bond angles of 96.18O and 93.45O for N(7) and N(24) respectively. The reason for this 

deviations from 90o is likely due to the bulk around Cu(1) pushing the nitrogen donors further into 

the Cu-Cu interaction and the lack of bulk around Cu(2) allowing for the imines to stretch out. The 
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four coppers show a torsion angle of 0.82o highlighting the near linear and eclipsed geometry of 

them. 

 

Figure 4.6. ORTEP3 representation (thermal ellipsoids at 50% probability) for Cu4(3-tBu)2 

Hydrogens have been omitted for clarity. Top left: side view with carbons and sulfur. Top right: 

top view with carbons and sulfur. Bottom left: side view only including copper and nitrogen. 

Bottom right: top view only includes copper and nitrogen. 

 4.4. Conclusion 

In conclusion, symmetrical and unsymmetrical Schiff-base Calix pyrrole ligands were 

synthesized and coordinated to CuI to provide unique tetranuclear complexes. Based upon the 

substituents around the quaternary carbon, two structurally different tetranuclear assemblies were 

realized. If the initial ketone was symmetrical (benzophenone or acetone), then a distorted 

square-like assembly was seen where each CuI was bound to a pyrrolide of one ligand and one 

imine of another ligand. The effect of steric bulk at the quaternary position seemed to affect the 
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tightness of the metal assembly as the dimethyl tetranuclear complex, Cu4(2-tBu)2, displaced 

shorter CuI-CuI distance as well as a shortened pair distance compared to the diphenyl, Cu4(1-

tBu)2, complex. On the other hand, if the ketone was unsymmetrical (acetothiophene) then an 

atomic linear chain complex was seen as shown by Cu4(1-tBu)2. Investigations to see how the 

bulk of the imine effected the assemblies three additional ligands and complexes were 

synthesized. While the imine seemed to have little effect on the geometry around each metal 

center, it did play a role, again, in the packing of the tetranuclear metal center. 

 4.5. Supporting Information 

 4.5.1. General Considerations 

All procedures and manipulations were performed under an argon or nitrogen atmosphere 

using standard Schlenk-line and glove box techniques unless stated otherwise. Solvents were 

dried and deoxygenated under argon using a LC Technology Solutions Inc. SP-1 stand-alone 

solvent purification system, unless stated otherwise. Deuterated solvents were purchased from 

Cambridge Isotope Laboratories, Sigma Aldrich, Acros Organics, or Alfa Aesar, degassed, and 

dried over activated molecular sieves prior to use. Compounds 1, 2, 1-DA, and 2-DA were 

synthesized according to previous literature procedures.165 All other reagents were purchased 

from commercial sources and utilized without further purification unless stated otherwise. NMR 

spectra were recorded at ambient temperature and pressure using a Bruker 400 MHz 

spectrometer (600 MHz or 400 MHz for 1H, and 151 MHz or 100 MHz for 13C). The 1H and 13C 

NMR spectra were measured relative to partially deuterated solvent peaks but are reported 

relative to tetramethylsilane (TMS). Single crystal X-ray data were collected using a Rigaku 

XtaLAB Synergy-S diffractometer equipped with a HyPix-6000HE Hybrid Photon Counting 

(HPC) detector and dual Mo and Cu microfocus sealed X-ray source (Cu Kα λ = 1.54184 Å). 
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The data collection strategy was calculated using CrysAlisPro to ensure desired data redundancy 

and percent completeness. Unit cell determination, initial indexing, data collection, frame 

integration, Lorentz-polarization corrections and final cell parameter calculations were carried 

out using CrysAlisPro. An absorption correction was performed using the SCALE3 ABSPACK 

scaling algorithm embedded within CrysAlisPro. The structures were solved using the ShelXT 

structure solution program using Intrinsic Phasing and refined by Least Squares using the 

ShelXL program. All non-hydrogen atoms were refined anisotropically. Hydrogen atom 

positions were calculated geometrically and refined using the riding model. Olex2 was used for 

the preparation of the publication materials. 

 4.5.2. Synthetic Procedures for Schiff-base Calixpyrrole Ligands and Tetranuclear 

CuI Complexes 

1-tBu: On a benchtop, 1-DA (250 mg, 0.705 mmol, 1 equiv.) 

was weighed into a 20 mL screwcap vial equipped with a stir 

bar. 10 mL of methanol was added followed by 

approximately 0.75 mL of tbutylamine (10 equiv.). After 10 minutes, everything went into solution 

and the solution became yellow in color. The reaction was allowed to stir overnight. In the 

morning, the solvent and excess tbutylamine was removed on a rotovap followed by drying on a 

high vacuum. This produced an orange oil. Excess tbutylamine was removed by the addition of 

DCM and subsequently removing it on high vacuum. Finally, a yellowish solid was obtained that 

was used in the following step without further purification. Yield 267.8 mg (81.7%). NMR 

matched those reported in the literature.166 1H NMR (400 MHz, CDCl3) δ 8.12(br, pyrrole-NH), 

7.95 (s, 2H, imine-CH), 7.28 (m, 6H, phenyl-CH), 7.08 (m, 4H, phenyl-CH), 6.42 (s, 2H, pyrrole-

CH), 5.90 (s, 2H, pyrrole-CH), and 1.23 (s, 18H, C-(CH3)3). 
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Cu4(1-tBu)2: In a nitrogen glovebox, 1-tBu (100 mg, 0.215 

mmol, 1 equiv.) was weighed into a 7 mL vial. This was 

dissolved in 1.5 mL of acetonitrile and transferred to 

another 7 mL vial containing KH (17.3 mg, 0.430 mmol, 2 

equiv.) and a stir bar followed by rinsing the vial with an additional 1.5 mL of acetonitrile. The 

reaction was stirred for 15 minutes until formation of hydrogen gas ceased. This was then 

transferred to a third vial containing [Cu(MeCN)4][PF6] (135.4 mg, 0.430 mmol, 2 equiv.) 

dissolved in 1 mL of acetonitrile. The second vial was rinsed with 1 mL of acetonitrile. This was 

allowed to stir for 1 hour. After this time, the reaction was filtered, and the precipitate was collected 

on a glass frit and rinsed with cold acetonitrile. The solid was dissolved in minimal DCM and 

filtered through a short celite plug. The solvent was removed and the solid was washed with 

hexanes to afford the complex as a yellow powder. Yield 62.9 mg (49.5%). Crystals suitable for 

single X-ray diffraction were grown from a solution of DCM layered with MeCN and stored in a 

-30oC fridge. (JG-03-120) 

1-Ad: On a benchtop, 1-DA (250 mg, 0.705 mmol, 

1 equiv.) was weighed into a 20 mL screw-cap vial 

equipped with a stir bar.  To this was added 10 mL 

of methanol followed by the addition of adamantylamine (427 mg, 2.8 mmol, 4 equiv.). The 

reaction was capped and stirred for 24 hours. The resulting precipitate was collected on a glass frit 

and subsequently washed with excess hexanes. The product was then dried on a vacuum line 

resulting in a pale-yellow powder. Yield 397 mg (90.6%). 1H NMR (400 MHz, CDCl3) δ 8.02 (br, 

2H, pyrrole-NH), 7.90 (s, 2H, imine-CH), 7.36-7.19 (m, 6H, phenyl-CH), 7.11 – 7.00 (m, 4H, 

phenyl-CH), 6.44 (d, 2H-pyrrole-CH, J = 3.6 Hz), 5.86 (d, 2H, pyrrole-CH, J = 3.6 Hz), and 2.22 
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– 1.59 (m, 30H, adamantyl-CHs). 13C NMR (101 MHz, CDCl3) δ 145.57 (imine-CH), 145.42 

(aromatic-C), 143.42 (aromatic-C), 131.29 (aromatic-C), 129.70 (phenyl-CH), 128.13 (phenyl-

CH), 127.78 (phenyl-CH), 126.89 (phenyl-CH), 115.54 (pyrrole-CH), 112.86 (pyrrole-CH), 56.79 

(quaternary-C), 56.37 (quaternary-C), 43.25 (adamantyl-CH), 36.54 (adamantyl-CH2), and 29.63 

(adamantyl-CH). 

 Cu4(1-Ad)2: In a nitrogen glovebox, 1-Ad (250 

mg, 0.403 mmol, 1 equiv.) was slurried in 4 mL 

of MeCN. This was then transferred to a 7 mL 

vial containing KH (32.3 mg, 0.805 mmol, 2 

equiv.) and rinsed with an additional 1 mL of MeCN.  The reaction was stirred until gas 

formation ceased and then continued for 15 minutes. The resulting orange solution was then 

transferred to a 20 mL vial containing [Cu(MeCN)4]PF6 (253 mg, 0.805 mmol, 2 equiv.) 

dissolved in 4 mL of MeCN.  The slurry became yellow and was allowed to stir overnight. The 

following morning the precipitate was collected on a glass frit, washed with MeCN and then 

dissolved in DCM.  The solution of DCM was filtered again, concentrated, and then washed with 

hexanes to provide a vibrant yellow powder.  Yield 174.4 mg (58.1%). Crystals suitable for 

single X-ray diffraction were grown from a solution of DCM layered with MeCN and stored in a 

-30oC fridge. 1H NMR (400 MHz, CDCl3) δ 7.89 (s, 2H, imine-CH), 7.13 – 6.94 (m, 5H, phenyl-

CH), 6.54 (d, 2H, pyrrole-CH, J = 3.6 Hz), 6.33 (d, 2H, pyrrole-CH, J = 3.6 Hz), 1.91 – 1.17 (m, 

30H, adamantyl-CHs). 13C NMR (101 MHz, CDCl3) δ 156.09 (imine-CH), 151.38 (aromatic-C), 

150.82 (aromatic-C), 138.87 (aromatic-C), 126.64 (phenyl-CH), 125.54 (phenyl-CH), 119.93 

(pyrrole-CH), 117.02 (pyrrole-CH), 61.31 (quaternary-C), 58.56 (quaternary-C), 44.42 

(adamantyl-CH2)f, 36.16 (adamantyl-CH2), and 29.83 (adamantyl-CH). 
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1-Ph: On a benchtop, 1-DA (500 mg, 1.41 mmol, 1 

equiv.) was weighed into a 20 mL vial equipped with 

a stir bar followed by dissolving in approximately 4 mL of DMSO. The reaction vessel was stirred 

and aniline (637 mg, 650 uL, 6.84 mmol, 4.85 equiv.) was added followed by a single drop of 

trifluoroacetic acid. The reaction was capped and allowed to stir for 3 hours. After this time, the 

reaction was quenched with 20 mL of 1% Na2CO3. The reaction was then extracted using diethyl 

ether (3 x 5 mL). The organic layers were combined, washed with 1% Na2CO3 (5 x 10 mL), dried 

over Na2CO3, and then concentrated to afford the desired product. Yield 421 mg (59.2%). 1H NMR 

(600 MHz, CDCl3) δ 8.19 (s, 2H, imine-CH), 7.43 – 7.28 (m, 11H),7.22 – 7.08 (m, 9H), 6.64 (s, 

2H, pyrrole-CH), and 6.11 (s, 2H, pyrrole-CH). 13C NMR (151 MHz, CDCl3) δ 149.49 (imine-

CH), 143.99 (aromatic-C), 130.86 (aromatic-C), 129.46 (aromatic-C), 129.30 (aromatic-C), 

129.20 (phenyl-CH), 128.51 (phenyl-CH), 128.31 (phenyl-CH), 127.51 (phenyl-CH), 125.46 

(phenyl-CH), 120.85 (phenyl-CH), 116.66 (pyrrole-CH), 112.63 (pyrrole-CH), and 56.57 

(quaternary-C). 

Cu4(1-Ph)2: In a nitrogen glovebox, 1-Ph (150 mg, 

0.297 mmol, 1 equiv.) was dissolved in 2 mL of 

MeCN.  This was transferred to a 7 mL screw-cap 

vial equipped with a stir bar containing KH (23.8 mg, 

0.594 mmol, 2 equiv.). The vial containing the ligand was rinsed twice with 1 mL of MeCN and 

added to the 7 mL vial.  The reaction was stirred until the formation of gas had ceased and then 

allowed to continue for 15 minutes.  After this time, the orange solution was transferred again to a 

20 mL vial containing [Cu(MeCN)4]PF6 (187 mg, 0.594 mmol, 2 equiv.) dissolved in 1 mL of 

MeCN. A orange precipitate immediately formed upon addition and the reaction was allowed to 
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stir for an additional hour.  The precipitate was collected on a glass frit, washed with MeCN and 

then dissolved in DCM.  The solution of DCM was filtered again, concentrated and then washed 

with hexanes to provide an orange-red powder.  Yield 94.5 mg (50.5%). Crystals suitable for single 

X-ray diffraction were grown from a solution of DCM layered with MeCN and stored in a -30oC 

fridge. 1H NMR (400 MHz, CDCl3) δ 7.93 (s, 2H, imine-CH), 7.26 – 7.19 (m, 6H, phenyl-CH), 

6.94 – 6.82 (m, 10H, phenyl-CH), 6.73 (d, 2H, pyrrole-CH, J = 3.8 Hz), 6.63 (dd, 4H, phenyl-CH, 

J = 8.3, 1.3 Hz), and 6.29 (d, 2H, pyrrole-CH, J = 3.8 Hz). 13C NMR (101 MHz, CDCl3) δ 156.56 

(imine-CH), 154.81 (aromatic-C), 150.35 (aromatic-C), 149.23 (aromatic-C), 137.98 (aromatic-

C), 130.66 (phenyl-CH), 128.54 (phenyl-CH), 127.41 (phenyl-CH), 126.41 (phenyl-CH), 125.95 

(pyrrole-CH), 124.70 (phenyl-CH), 122.88 (phenyl-CH), 117.87 (pyrrole-CH), and 61.95 

(quaternary-C). 

1-Th: On a benchtop, 1-DA (250 mg, 0.705 mmol, 1 

equiv.) was weighed into a 20 mL screw-cap vial 

equipped with a stir bar. To this was added 8 mL of 

methanol followed by the addition of 2-thiophenylmethylamine (192 mg, 1.69 mmol, 2.4 equiv.). 

After approximately 15 minutes, everything went into solution. The reaction was capped and 

stirred overnight. The following morning the resulting precipitate was collected on a glass frit and 

subsequently washed with excess cold methanol. The product was then dried on a vacuum line 

resulting in a pale yellow powder. Yield 294 mg (77.6%). 1H NMR (600 MHz, CDCl3) δ 9.03 (br, 

2H, pyrrole-NH), 7.97 (s, 2H, imine-CH), 7.31 – 7.22 (m, 6H, phenyl-CH), 7.19 (d, 2H, thiophene-

CH, J = 4.9 Hz), 7.06 (d, 4H, phenyl-CH, J = 6.5 Hz), 6.94 (t, 2H, thiophene-CH), 6.88 (s, 2H, 

thiophene-CH), 6.45 (d, 2H, pyrrole-CH, J = 3.8 Hz), 6.02 (d, 2H, pyrrole-CH, J = 3.7 Hz), and 

4.70 (s, 4H, -CH2-). 
13C NMR (151 MHz, CDCl3) δ 161.83 (aromatic-C), 152.33 (imine-CH), 
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144.56 (aromatic-C), 130.01 (aromatic-C), 129.40 (phenyl-CH), 128.10 (phenyl-CH), 128.09 

(phenyl-CH), 127.24 (aromatic-C), 126.86 (thiophene-CH), 125.09 (thiophene-CH), 124.69 

(thiophene-CH), 114.89 (pyrrole-CH), 111.96 (pyrrole-CH), 58.26 (-CH2-), and 56.36 

(quaternary-C). 

Cu4(1-Th)2: In a nitrogen glovebox, 1-Th(150 mg, 0.275 

mmol, 1 equiv.) was dissolved in 6mL of MeCN.  This 

was transferred to a 7 mL screw-cap vial equipped with 

a stir bar containing KH (22.1 mg, 0.551 mmol, 2 equiv.). 

The vial containing the ligand was rinsed once with 1 mL of MeCN and added to the 7 mL vial.  

The reaction was stirred until the formation of gas had ceased and then allowed to continue for 15 

minutes. After this time, the orange solution was transferred again to a 20 mL vial containing 

[Cu(MeCN)4]PF6 (173.2 mg, 0.551 mmol, 2 equiv.) dissolved in 3 mL of MeCN. A yellow 

precipitate immediately formed upon addition and the reaction was allowed to stir for an additional 

hour.  The precipitate was collected on a glass frit, washed with MeCN and then dissolved in DCM.  

The solution of DCM was filtered again, concentrated and then washed with hexanes to provide 

an yellow powder.  Yield 104 mg (56.2%). Crystals suitable for single X-ray diffraction were 

grown from a solution of DCM layered with MeCN and stored in a -30oC fridge. 1H NMR (400 

MHz, Chloroform-d) δ 7.53 (s, 2H, imine-CH), 7.16 – 6.96 (m, 12H, aromatic-CH), 6.85 (m, 2H, 

thiophene-CH), 6.67 (d, 2H, thiophene-CH, J = 3.0 Hz), 6.59 (d, 2H, pyrrole-CH, J = 3.7 Hz), 6.09 

(d, 2H, pyrrole-CH, J = 3.7 Hz), and 3.95 (q, 4H, -CH2- J = 10.3 Hz). 13C NMR (101 MHz, CDCl3) 

δ 158.42 (imine-CH), 152.43 (aromatic-C), 147.92 (aromatic-C), 141.25 (aromatic-C), 133.87 

(aromatic-C), 128.88 (aromatic-CH), 126.27 (aromatic-CH), 125.56 (aromatic-CH), 125.07 
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(aromatic-CH), 123.56 (aromatic-CH), 123.44 (aromatic-C), 122.12 (pyrrole-CH), 114.74 

(pyrrole-CH), 60.45 (quaternary-C), and 59.79 (-CH2-). 

2-tBu: On a benchtop, 2-DA (250 mg, 1.08 mmol, 1 equiv.) 

was weighed into a 20 mL screwcap vial equipped with a stir 

bar. 5 mL of MeOH was added to the compound followed 

by approximately 1.2 mL of tbutylamine (10 equiv.). This was allowed to stir overnight. The 

solvent and excess tbutylamine was removed the following morning. The remaining solid had 

hexanes added and was filtered and dried on the vacuum line to give a brown solid. Yield 114.7 

mg (31.0%). NMR matched literature reports.166165 1H NMR (600 MHz, CDCl3) δ 8.02 (br, 2H, 

pyrrole-NH), 7.95 (s, 2H, imine-CH), 6.34 (d, 2H, pyrrole-CH, J = 3.6 Hz), 6.03 (d, 2H, pyrrole-

CH, J = 3.6 Hz), 1.72 (s, 6H, C-(CH3)2), and 1.24 (s, 18H, C-(CH3)3). 

 Cu4(2-tBu)2: In a nitrogen glovebox, 2-tBu (100 mg, 

0.294 mmol, 1 equiv.) was weighed into a 7 mL vial. This 

was dissolved in 1.5 mL of acetonitrile and transferred to 

another 7 mL vial containing KH (23.5 mg, 0.587 mmol, 2 equiv.) and a stir bar followed by 

rinsing the vial with an additional 1.5 mL of acetonitrile. The reaction was stirred for 15 minutes 

until formation of hydrogen gas ceased. This was then transferred to a third vial containing 

[Cu(MeCN)4][PF6] (184.7 mg, 0.587 mmol, 2 equiv.) dissolved in 1 mL of acetonitrile. The second 

vial was rinsed with 1 mL of acetonitrile. This was allowed to stir for 1 hour. After this time, the 

reaction was filtered, and the precipitate was collected on a glass frit and rinsed with cold 

acetonitrile. The solid was dissolved in minimal DCM and filtered through a short celite plug. The 

solvent was removed and the solid was washed with hexanes to afford the complex as a orange-

yellow powder. Yield 84.3 mg (84.3%). Crystals suitable for single X-ray diffraction were grown 
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from a solution of DCM layered with MeCN and stored in a -30oC fridge. 1H NMR (400 MHz, 

CDCl3) δ 7.83 (s, 2H, imine-CH), 6.52 (d, 2H, pyrrole-CH, J = 3.5 Hz), 6.25 (d, 2H, pyrrole-CH, 

J = 3.5 Hz), 1.68 (s, 6H, C-(CH3)2), and 1.29 (s, 18H, C-(CH3)3).
13C NMR (101 MHz, CDCl3) δ 

157.85 (imine-CH), 157.66 (aromatic-C), 137.53 (aromatic-C), 121.27 (pyrrole-CH, 110.53 

(pyrrole-CH), 58.23 (quaternary-C), 41.02 (quaternary-C), 31.64 (CH3), and 31.61 (CH3). 

2-Th: On a benchtop, a solution of 2-DA (250 mg, 1.086 

mmol, 1 equiv.) in 8 mL of methanol was added 2-

methylaminethiophene (295 mg, 2.606 mmol, 2.4 equiv.). 

The reaction was allowed to stir overnight. The following morning, the reaction was brown 

precipitate was collected via filtration and washed with cold hexanes. Yield 323.8 mg (70.9%). 1H 

NMR (400 MHz, CDCl3) δ 8.02 (s, 2H, imine-CH), 7.22 (dd, 2H, thiophene-CH, J = 5.0, 1.3 Hz), 

7.00 – 6.92 (m, 4H, thiophene-CH), 6.42 (d, 2H, pyrrole-CH, J = 3.6 Hz), 6.07 (d, pyrrole-CH, J 

= 3.6 Hz), 4.82 (s, 4H, -CH2-), and 1.67 (s, 6H, C-(CH3)2). 
13C NMR (101 MHz, CDCl3) δ 152.38 

(imine-CH), 143.15 (aromatic-C), 142.28 (aromatic-C), 129.43 (aromatic-C), 126.95 (thiophene-

CH), 125.24 (thiophene-CH), 124.83 (thiophene-CH), 115.50 (pyrrole-CH), 106.58 (pyrrole-CH), 

58.39 (-CH2-), 35.90 (C-(CH3)2), and 28.90 (C-(CH3)2). 

Cu4(2-Th)2: In a nitrogen glovebox, 2-Th (150 mg, 

0.328 mmol, 1 equiv.) was dissolved in 5 mL of 

acetonitrile and transferred to a 20 mL vial containing 

KH (26.4 mg, 0.657 mmol, 2 equiv.) followed by rinsing 

with 1 mL of acetonitrile. The reaction was stirred for 20 minutes, until gas formation had ceased, 

and the solution was a deep red color. The contents of this vial were then transferred to another 20 

mL vial containing [Cu(MeCN)4][PF6] (206.7 mg, 0.657 mmol, 2 equiv.) dissolved in 3 mL of 
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acetonitrile. The reaction was allowed to stir for about 4 hours. At this time the precipitate was 

collected on a frit, washed with acetonitrile, and then dissolved in minimal DCM. The solution 

was then passed through a celite plug, and the solvent was removed. The yellow solid was washed 

with hexanes and dried on the vacuum line. Yield 85.7 mg (47.8%).1H NMR (400 MHz, CDCl3) 

δ 7.53 (s, 2H, imine-CH), 7.06 (dd, 2H, thiophene-CH, J = 5.1, 1.2 Hz), 6.83 – 6.75 (m, 4H, 

thiophene-CH), 6.63 (d, 2H, pyrrole-CH, J = 3.6 Hz), 6.40 (d, 2H, pyrrole-CH, J = 3.6 Hz), 4.54 

(dd, 4H, (-CH2-), J = 236.8, 14.6 Hz), and 1.69 (s, 6H, C-(CH3)2).
13C NMR (101 MHz, CDCl3) δ 

159.19 (imine-CH), 158.68 (aromatic-C), 142.12 (aromatic-C), 134.41 (aromatic-C), 126.74 

(thiophene-CH), 124.85 (thiophene-CH), 124.68 (thiophene-CH), 123.28 (pyrrole-CH), 109.43 

(pyrrole-CH), 60.92 (-CH2-), 41.86 (C-(CH3)2), and 32.34 (C-(CH3)2). 

2-Ad: On a benchtop, 2-DA (250 mg, 1.086 mmol, 

1 equiv.) was weighed into a 20 mL vial equipped 

with a stir bar. 10 mL of methanol was added 

followed by adamantylamine (657 mg, 4.34 mmol, 4 equiv.). The vial was capped and stirred 

overnight. In the morning, the precipitate was collected on a frit and washed with cold methanol 

to afford a beige-tan powder. Yield 423 mg (78.5%). 1H NMR (400 MHz, CDCl3) δ 7.96 (s, 2H, 

imine-CH), 6.35 (d, 2H, pyrrole-CH, J = 3.6 Hz), 6.04 (d, 2H, pyrrole-CH, J = 3.6 Hz), 2.13 (s, 

6H, C-(CH3)2), and 1.70 (m, 30H, adamantyl-CH). 13C NMR (101 MHz, CDCl3) δ 146.10 (imine-

CH), 142.87(aromatic-C), 130.46 (aromatic-CH), 114.39 (pyrrole-CH), 105.91 (pyrrole-CH), 

56.65 (C-(CH3)2), 43.35 (adamantyl-CH2), 36.61 (adamantyl-CH2), 35.83 (adamantyl-C), 29.67 

(C-(CH3)2), and 28.82 (adamantyl-CH). 

2,2'-(1-(thiophen-2-yl)ethane-1,1-diyl)bis(1H-pyrrole) or (3): On the 

benchtop, a mixture of pyrrole (30.3 mL, 13.3 equiv.) and 2-acetylthiophene 
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(4.15 g, 32.9 mmol, 1 equiv.) in an ice bath was added trifluoroacetic acid (2.5 mL, 1 equiv.) 

dropwise. After complete addition of trifluoroacetic acid, the reaction was allowed to stir 8.5 hours. 

The reaction was quenched by the addition of sat. NaHCO3 until basic. The crude mixture was 

extracted with 50 mL of DCM. The DCM layer was washed with sat. NaHCO3 followed by water 

and then dried over Na2SO4. The solvent was removed and the product purified on a silica gel 

column eluting with 5:1 Hexane:Ethyl Acetate. The product was further purified by recrystallizing 

from boiling hexanes and storing at -8oC. This afforded yellow prism-like crystals. Yield 3.05 g 

(38.2%). Crystals suitable for single X-ray diffraction were grown from a solution of the 

compound dissolved in boiling hexanes and stored at -8oC. 1H NMR (600 MHz, CDCl3) δ 7.88 (s, 

2H, pyrrole-NH), 7.22 (dd, 1H, thiophene-CH, J = 5.1, 1.2 Hz), 6.95 (dd, 1H, thiophene-CH, J = 

5.1, 3.5 Hz), 6.79 (dd, 1H, thiophene-CH, J = 3.6, 1.2 Hz), 6.67 (q, 2H, pyrrole-CH, J = 2.3 Hz), 

6.19 (q, 2H, pyrrole-CH, J = 2.9 Hz), 6.08 (dt, 2H, pyrrole-CH, J = 3.0, 1.7 Hz), and 2.13 (s, 3H, 

CH3). 

3-DA: An oven-dried 2-neck round-bottom flask was loaded with a stirbar 

and 2,2'-(1-(thiophen-2-yl)ethane-1,1-diyl)bis(1H-pyrrole) or 3 (5.00 g, 

20.6 mmol, 1 equiv.). The reaction vessel was then capped with a septa and 

cycled onto a Schlenk-line under nitrogen. DMF (15 mL) that had been 

dried over sieves was then injected into the vessel and then allowed to cool in an ice-bath. Once 

chilled, POCl3 (4.32 mL, 7.11 g, 46.4 mmol, 2.25 equiv.) was then added dropwise over the course 

of 6 minutes. After complete addition of POCl3, the reaction was removed from the ice-bath and 

allowed to stir for 6.5 hours. The reaction was quenched first with 10 mL of DI water followed by 

basification with 1M NaOH until a pH of approximately 8-9. A precipitate formed and was 

collected on a glass frit. The precipitate was washed with a copious amount of water until the 
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filtrate was a neutral pH. The precipitate was then dissolved in DCM, dried over Na2SO4, and 

concentrated. The crude was purified via flash column chromatography eluting with 3:1 

Hexane:Ethyl Acetate. Crystals suitable for single X-ray diffraction were grown from a solution 

of the compound dissolved in boiling hexanes and stored at -8oC. 1H NMR (400 MHz, CDCl3) δ 

10.61 (s, 2H, pyrrole-NH), 9.14 (s, 2H, aldehyde-CH), 7.21 (dd, 1H, thiophene-CH, J = 5.1, 1.3 

Hz), 6.96 – 6.90 (m, 2H, thiophene-CH), 6.84 (dd, 2H, pyrrole-CH, J = 4.0, 2.4 Hz), 6.14 (dd, 2H, 

pyrrole-CH, J = 4.0, 2.5 Hz), and 2.20 (s, 3H, CH3). 
13C NMR (101 MHz, CDCl3) δ 179.30 

(aldehyde-CH), 148.90 (aromatic-C), 146.13 (aromatic-C), 132.66 (aromatic-C), 127.17 

(thiophene-CH), 126.18 (thiophene-CH), 124.99 (thiophene-CH), 121.95 (pyrrole-CH), 110.50 

(pyrrole-CH), 43.33 (C(CH3)), and 29.88 (CH3). 

3-tBu: On the benchtop, 3-DA (200 mg, 0.670 mmol, 1 equiv.) was 

weighed into a 20 mL vial equipped with a stir bar. 1 mL of neat 

tbutylamine was added and the reaction stirred overnight. The 

following morning the reaction was filtered and dried on the vacuum 

line to yield a light brown powder. Yield 100 mg (36.5%). 1H NMR 

(400 MHz, CDCl3) δ 7.97 (s, 2H, imine-CH), 7.34 (br, 2H, pyrrole-NH), 7.18 (dd, 1H, thiophene-

CH, J = 5.2, 1.3 Hz), 6.90 (dd, 1H, thiophene-CH, J = 5.1, 3.5 Hz), 6.73 (d, 1H, thiophene-CH, J 

= 3.6 Hz), 6.39 (d, 2H, pyrrole-CH, J = 3.5 Hz, 1H), 6.12 (d, 2H, pyrrole-CH, J = 3.6 Hz), 2.16 (s, 

3H, C-(CH3)), and 1.23 (s, 18H, C-(CH3)3). 
13C NMR (101 MHz, CDCl3) δ 152.14 (aromatic-C), 

146.92 (imine-CH), 140.80 (aromatic-C), 130.93 (aromatic-C), 126.76 (thiophene-CH), 125.40 

(thiophene-CH), 124.83 (thiophene-CH), 114.29 (pyrrole-CH), 107.59 (pyrrole-CH), 56.85 

(quaternary-C), 42.82 (quaternary-C), 30.01 (CH3), and 29.51 (CH3). 
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Cu4(3-tBu)2. In a nitrogen glovebox, 3-tBu (83.7 mg, 0.205 

mmol, 1 equiv.) was weighed into a 7 mL vial and dissolved 

in 1 mL of MeCN. This was transferred to another 7 mL 

vial containing KH (16.4 mg, 0.410 mmol, 2 equiv.). The 

reaction was stirred until gas formation ceased and then an 

additional 15 minutes. After this time, the reaction mixture was transferred to a 7 mL vial with 

[Cu(MeCN)4][PF6] (152.7 mg, 0.410 mmol, 2 equiv.) dissolved in 1 mL of acetonitrile. The 

reaction immediately formed a yellow precipitate. The reaction was allowed to stir for 1 hour and 

the precipitate was collected on a frit. The solid was washed with additional acetonitrile, dissolved 

in DCM, and filtered. The solvent removed and the corresponding yellow powder was collected 

and washed with hexanes. Yield 54.7 mg (50.1%). Crystals suitable for single X-ray diffraction 

were grown from a solution of the compound dissolved in DCM layered with acetonitrile and 

stored at -30OC.  

3-Ad: On a benchtop, 3-DA (250 mg, 0.838 mmol, 

1 equiv.) was weighed into a 20 mL vial with a stir 

bar and adamantylamine (253 mg, 1.676 mmol, 2.2. 

equiv.). 10 mL of methanol was added, and the reaction was stirred overnight. In the morning, the 

precipitate was collected and washed with hexanes yielding a off white solid. Yield 61.4 mg 

(12.9%). 1H NMR (400 MHz, CDCl3) δ 8.71 (s, 2H, pyrrole-NH), 7.99 (s, 2H, imine-CH), 7.20 

(d, 1H, thiophene-CH, J = 5.1 Hz), 6.92 (dd, 1H, thiophene-CH, J = 5.1, 3.6 Hz, 1H), 6.78 (d, 1H, 

thiophene-CH, J = 3.5 Hz), 6.36 (d, 2H, pyrrole-CH, J = 3.6 Hz), 6.03 (d, 2H, pyrrole-CH,J = 3.7), 

2.43 – 1.41 (m, 33H, aliphatic-Hs). 13C NMR (101 MHz, CDCl3) δ 151.51 (aromatic-C), 145.54 

(imine-CH), 140.34 (aromatic-C), 131.14 (aromatic-C)f, 126.54 (thiophene-CH), 125.35 
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(thiophene-CH), 124.61 (thiophene-CH), 113.55 (pyrrole-CH), 108.16 (pyrrole-CH), 56.71 

(quaternary-C), 43.32 (adamantyl-CH2), 42.80 (quaternary-C), 36.62 (adamantyl-CH2), 

29.81(aliphatic-CH), and 29.67 (aliphatic-CH). 

 4.5.3. 1H and 13C NMR for Schiff-base Calixpyrrole Ligands and Tetranuclear CuI 

Complexes 

 

Figure 4.7. 1H NMR of 1-tBu. 
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Figure 4.8. 1H and 13C NMR of Cu4(1-tBu)2. 
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Figure 4.9. 1H and 13C NMR of 1-Ad. 
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Figure 4.10. 1H and 13C NMR of Cu4(1-Ad)2. 
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Figure 4.11. 1H and 13C NMR of 1-Ph. 
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Figure 4.12. 1H and 13C NMR of Cu4(1-Ph)2. 
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Figure 4.13. 1H and 13C NMR of 1-Th. 
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Figure 4.14. 1H and 13C NMR of Cu4(1-Th)2. 
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Figure 4.15. 1H and 13C NMR of 2-tBu. 
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Figure 4.16. 1H and 13C NMR of Cu4(2-tBu)2. 
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Figure 4.17. 1H and 13C NMR of 2-Th. 
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Figure 4.18. 1H and 13C NMR of Cu4(2-Th)2. 



129 

 

Figure 4.19. 1H and 13C NMR of 2-Ad. 
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Figure 4.20. 1H and 13C NMR of 3. 
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Figure 4.21. 1H and 13C NMR of 3-DA. 
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Figure 4.22. 1H and 13C NMR of 3-tBu.  
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Figure 4.23. 1H and 13C NMR of 3-Ad. 
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 4.5.4. ORTEP3 Representation of 3 and 3-DA 

 
Figure 4.24. ORTEP3 representation (thermal ellipsoids at 50% probability) of 3. Top: with 

disorder in rings. Bottom: without disorder in rings. 
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Figure 4.25. ORTEP3 representation (thermal ellipsoids at 50% probability) of 3-DA. Top: with 

disorder. Bottom: without disorder. 
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 4.5.5. Crystallographic Data 

Table 4.3. Select Crystal Data, Data Collection, and Refinement Parameters for 3 and 3-DA. 

aDefinition of R indices: R1 = Σ(FO – FC)/Σ(FO); wR2 = [Σ[w(FO
2 – FC

2)2]/[ Σ[w(FO
2)2]]1/2 

 3 3-DA  

empirical formula C14H14N2S C16H14N2O2S  

FW 242.33 298.35  

lattice type Orthorhombic Monoclinic  

space group Pna21 C2/c  

T, K 210.00 210.00  

a, Å 6.48128(3) 13.03601(13)  

b, Å 27.58076(12) 13.60621(13)  

c, Å 7.04759(3) 16.82383(18)  

α, deg 90 90  

β, deg 90 100.3267(10)  

γ, deg 90 90  

V, Å3 1259.818(10) 2935.72(5)  

Z 4 8  

ρcalc/Mg m-3 1.278 1.350  

μ(Cu/Mo, Kα) mm-1 2.090 2.009  

F(000) 512.0 1248.0  

crystal size, mm3 0.17x0.13x0.09 0.15x0.12x0.08  

range Θ collected, deg  3.205 to 79.966 4.738 to 79.801  

Reflns (Collectd/unique) 446392/2740 20135/3196  

Abs cor Semi Empirical based upon equivalents 

max and min transmn coeff. 1.000 and 0.881 1.000 and 0.795  

goodness of fit 1.095 1.071  

R1 (I>2σ(I))a 0.0641 0.0378  

wR2 (all data)a 0.2051 0.1079  

Peak and hole, e Å-3 0.452 and -0.499 0.312 and -0.218  
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Table 4.4. Selected Crystal Data, Data Collection, and Refinement Parameters for 3-tBu, 1-Ad, 

and Cu4(1-tBu)2. aDefinition of R indices: R1 = Σ(FO – FC)/Σ(FO); wR2 = [Σ[w(FO
2 – FC

2)2]/[ 

Σ[w(FO
2)2]]1/2 

 3-tBu 1-Ad Cu4(1-tBu)2 

empirical formula C24H34N4OS C43H50N4O C65H74Cl6Cu4N8 

FW 426.61 638.87 1434.18 

lattice type Triclinic Monoclinic Monoclinic 

space group P-1 C2/c C2/c 

T, K 270.00(10) 210.00 210.00 

a, Å 6.8713(4) 30.6403(4) 12.03820(10) 

b, Å 9.6637(4) 14.06613(12) 23.57000(10) 

c, Å 19.4370(9) 17.2890(2) 23.83100(10) 

α, deg 81.934(4) 90 90 

β, deg 86.781(5) 104.8637(13) 103.1270(10) 

γ, deg 89.049(4) 90 90 

V, Å3 1275.83(12) 7218.97(15) 6585.12(7) 

Z 2 8 4 

ρcalc/Mg m-3 1.110 1.176 1.447 

μ(Cu/Mo, Kα) mm-1 1.277 0.542 4.045 

F(000) 460.0 2752.0 2952.0 

crystal size, mm3 0.11x0.09x0.07 0.10x0.07x0.04 0.29x0.17x0.14 

range Θ collected, deg  2.299 to 78.008 2.984 to 79.886 3.751 to 79.998 

Reflns (Collectd/unique) 16203/5167 30291/7698 46962/7121 

Abs cor Semi Empirical based upon equivalents 

max and min transmn coeff. 1.000 and 0.830 1.000 and 0.955 1.000 and 0.294 

goodness of fit 1.037 1.027 1.035 

R1 (I>2σ(I))a 0.0652 0.0474 0.0410 

wR2 (all data)a 0.2025 0.1212 0.1088 

Peak and hole, e Å-3 0.344 and -0.236 0.193 and -0.215 0.977 and -0.823 
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Table 4.5. Selected Crystal Data, Data Collection, and Refinement Parameters for Cu4(1-Ad)2, 

Cu4(1-Ph)2, and Cu4(1-Th)2.   

 Cu4(1-Ad)2 Cu4(1-Ph)2 Cu4(1-Th)2 

empirical formula C86H92Cu4N8 C94H100Cu4N8O6 C66H52Cu4N8S4 

FW 1491.83 1691.97 1339.55 

lattice type Monoclinic Monoclinic Monoclinic 

space group I2/a P21/n P21/c 

T, K 210.00 210.00 210.00 

a, Å 24.8942(5) 19.9636(3) 17.1612(17) 

b, Å 10.96420(10) 36.2023(6) 26.0387(13) 

c, Å 29.2704(6) 22.9413(5) 13.9197(9) 

α, deg 90 90 90 

β, deg 116.083(3) 109.663(2) 93.289(8) 

γ, deg 90 90 90 

V, Å3 7175.6(3) 15613.5(5) 6209.8(8) 

Z 4 8 4 

ρcalc/Mg m-3 1.381 1.440 1.433 

μ(Cu/Mo, Kα) mm-1 1.731 1.722 3.163 

F(000) 3120.0 5152.0 2736.0 

crystal size, mm3 0.14x0.09x0.07 0.32x0.07x0.02 0.11x0.08x0.01 

range Θ collected, deg  3.362 to 80.533 2.382 to 67.078 2.579 to 41.122 

Reflns (Collectd/unique) 14686/14686 101919/27561 20111/3891 

Abs cor Semi Empirical based upon equivalents 

max and min transmn coeff. 0.848 and 0.723 1.000 and 0.688 1.000 and 0.674 

goodness of fit 1.054 1.076 1.357 

R1 (I>2σ(I))a 0.0367 0.0948 0.1107 

wR2 (all data)a 0.1085 0.2988 0.3409 

Peak and hole, e Å-3 0.566 and -0.366 1.179 and -0.836 1.101 and -0.560 
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Table 4.6. Selected Crystal Data, Data Collection, and Refinement Parameters for Cu4(2-tBu)2 

and Cu4(3-tBu)2. aDefinition of R indices: R1 = Σ(FO – FC)/Σ(FO); wR2 = [Σ[w(FO
2 – FC

2)2]/[ 

Σ[w(FO
2)2]]1/2 

 Cu4(2-tBu)2 Cu4(3-tBu)2 

empirical formula C42H60Cu4N8 C51.2H64.4Cl2.4Cu4N9.2 

FW 931.14 1212.08 

lattice type Monoclinic Orthorhombic 

space group C2/c Pnna 

T, K 292.6(9) 210.00 

a, Å 21.2048(14) 23.6284(3) 

b, Å 10.7623(4) 12.2069(2) 

c, Å 20.9610(15) 18.5184(2) 

α, deg 90 90 

β, deg 116.353(8) 90 

γ, deg 90 90 

V, Å3 4286.4(5) 5341.25(12) 

Z 4 4 

ρcalc/Mg m-3 1.443 1.507 

μ(Cu/Mo, Kα) mm-1 2.527 3.972 

F(000) 1936.0 2208.0 

crystal size, mm3 0.03x0.02x0.02 0.17x0.02x0.02 

range Θ collected, deg  4.654 to 68.826 3.032 to 80.091 

Reflns (Collectd/unique) 16955/3917 23222/5681 

Abs cor Semi Empirical based upon equivalents 

max and min transmn coeff. 0.979 and 0.961 1.000 and 0.809 

goodness of fit 1.016 1.076 

R1 (I>2σ(I))a 0.0710 0.0505 

wR2 (all data)a 0.2419 0.1573 

Peak and hole, e Å-3 0.986 and -0.592 0.567 and -0.803 
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Chapter 5 - Conclusion 

Fluorescent materials have a variety of applications.15,18,117,167 One application that has 

impact to both industry and academia is lighting such as displays, OLEDs and other optoelectronic 

devices.20 However, many of current fluorescent materials used in these suffer from poor quantum 

efficiency or require toxic and expensive rare-earth metals.21,29,30,127,168,169 Recent developments in 

Copper (I) or CuI fluorescent complexes and materials have played a significant role in the 

advancement in this field by offering higher quantum yields and being a less toxic, cheaper 

alternative.126,170–172 

Herein, we discussed the synthesis of a unique fluorescent, bidentate ligand, SNNHtBu. 

The synthesis of this ligand began from thiophene to generate 2-acetylthiophene. From here, a 

Wittig reaction was carried out to generate the geminal olefin. Using a NaHSO4·H2O catalyst, a 

hydroarylation of the olefin was done to provide a biaryl compound. Utilization of the more 

nucleophilic pyrrole, a selective Vielsmeyer-Haack reaction was carried out to afford a formylation 

on the pyrrole. In a one-pot reductive amination using tbutylamine and NaBH4, SNNHtBu was 

produced. This molecule showed delayed fluorescence under a conventional UV lamp. 

Coordination of the ligand to different coinage metals resulted in dinuclear complexes that also 

displayed non-Frank Cordon fluorescence. These complexes showed a metal-metal distance of 

2.686 and 2.879 for [CuSNNHtBu]2 and [AgSNNHtBu]2, respectively.  Using density functional 

theory, it was found that the HOMO resided predominantly on the Cu-pyrollide, while the LUMO 

was on the thiophene ring. 

With these initial observations and results, an investigation into how the ligand affected 

the metal-metal interaction as well as the fluorescence was carried out. Three main features of the 

SNNHtBu ligand framework were considered: the thiophene, bite-angle and conjugation, and the 
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size of the pendent amine. Removal of the thiophene to generate the ligand NNHtBu confirmed 

that the thiophene was essential to fluorescence showing that neither the ligand nor the complex 

displayed any fluorescence. The thiophene also had little effect on the Cu-Cu interaction as 

[CuNNHtBu]2 had a Cu-Cu distance of 2.692 Å which is only slightly elongated from that of the 

parent complex. To investigate the bite-angle and conjugation, the imine version of the ligand, 

SNNtBu, was synthesized. This ligand showed similar fluorescent properties to the reduced 

version. Upon coordination to CuI, a significant shortening of the Cu-Cu interaction was seen as 

[CuSNNtBu]2 had a distance of 2.466 Å. The fluorescence of the complex also was affected with 

a red shift in the excitation spectrum. Finally, the steric bulk of amine was looked into by 

substituting the tbutylamine for adamantylamine. This change showed a lengthening of the Cu-Cu 

distance for [CuSNNHAd]2 with a distance of 2.783 Å. The fluorescence of the ligand did not 

appear to have any significant changes compared to SNNHtBu; however, the complex showed a 

slight red shift in its emissions. 

Our group had previously investigated nickel (II) and palladium (II) schiff-based calix 

pyrrole ligand systems for hydrogen evolution.160,162 It was initially hypothesized that 

incorporation of CuI and thiophene may create tetranuclear fluorescent complexes. The synthesis 

of symmetrical and unsymmetrical, at the quaternary carbon, Schiff-base calix pyrrole ligands 

were discussed. Upon coordination of CuI, it was observed that two distinct CuI assemblies were 

formed. If the quaternary carbon was symmetrical, then a distorted square-like arrangement of the 

CuI was seen where an imine of one ligand and the pyrrolide of the other ligand were bound to 

each CuI; however, if the quaternary carbon was unsymmetrical, then a near linear CuI 

configuration was observed with a CuI either being bound to two imines or two pyrrolides. Their 
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spectroscopic and structure characteristics were also discussed. Unfortunately, no fluorescence 

was seen from any of these complexes.    

 5.1. Future Work 

 5.1.1 Fluorescence: Ligand Modification 

Based upon the results and data gathered from these studies, several different avenues for 

continuing the fluorescent work of these complexes are possible. One route to go down would be 

further ligand modification. For the dinuclear complexes, it was shown via DFT and 

experimentally that the thiophene was key to fluorescence. Due to the LUMO residing 

predominantly on the thiophene, it is hypothesized that incorporation of other fluorescent emitters 

such as furan, selenophene, benzothiophene, napthylene, anthracene, ect. (Figure 5.1.) could allow 

for control and tunability of emission of these complexes.  

 

Figure 5.1. Potential fluorescent targets for dinuclear CuI complexes. 

Although the tetranuclear CuI complexes did not display any fluorescence, it may be 

possible to generate fluorescent complexes. Often fluorescence molecules contain high levels of 

conjugation. The same can be said about CuI complexes as well. One complex that draws 

inspiration was synthesized by the Stollenz group in 2016.173 This complex shows a near linear 
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arrangement of the four CuI atoms similar to the unsymmetrical quaternary carbon Schiff-base 

Calix pyrrole ligands previously mentioned. One key difference between the two is the substituent 

at the quaternary-carbon position of the imine. Two synthetic pathways can be proposed to 

synthesize substituted Schiff-base Calix pyrroles (Scheme 5.1.). The first involves using the 

nucleophilicity of the pyrrole ring to do carry out an electrophilic aromatic substitution of various 

aromatic anhydrides of acid chlorides to generate the ketone. Another method to generate the 

substituted ketone would be to start with aldehyde. From here, the corresponding nitrile can be 

synthesized via an oxidative amination utilizing Cu0 and oxygen. Once the nitrile is obtained, 

different aromatic nucleophiles such as Grignard’s, organozinc, or organolithium species can be 

added. After acidic work-up, the substituted ketone would be formed. Either method allows for 

different functional groups to be incorporated into the ligand framework. After the ketone is 

formed, acid conditions or others could be used to generate the respective substituted Schiff-base 

Calix pyrrole. 

 

Scheme 5.1. a.) Potential routes to substituted Schiff-Base Calixpyrroles and b.) structure of a 

fluorescent and linear tetranuclear CuI
 complex.  

 5.1.2. Fluorescent Dinuclear Bridged Complexes 

While discussion and research has predominantly been on di- and tetranuclear CuI 

complexes with metal-metal interactions, multinuclear CuI species containing bridging halides or 

other anions seem to be more prevalent in the field of CuI-based fluorescent complexes and 
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materials.153,174–176 These complexes are typically tetrahedral bound to two L-type donor ligands 

and to two bridging halides. One complex, in particular, involves a bis(iminothienyl)methene as a 

radical ligand to coordinate CuI (Scheme 5.2.a.).177 This complex was investigated by the Love 

group to see how the donating properties of the redox-active thiophene impacted the chemistry 

and reactivity of transition-metal complexes. While they characterized this complex via XRD, 

EPR, CV, and UV/vis, they did not mention any efforts towards investigating their fluorescent 

properties.  

 

Scheme 5.2. a.) Structure of a dinuclear CuI complex bridged by halides and b.) synthetic pathway 

to various Schiff-base Calixthiophenes. 

With the results gained from the previous studies, we hypothesized that similar complexes 

to Love’s may display fluorescence. As such, a series of Schiff-base Calix thiophene ligands were 

synthesized. This was done by carrying out a condensation reaction between thiophene and acetone 

using a NaHSO4·SiO2 as a catalyst to afford the dithiophene methane 1 in modest yields. To 

generate the dialdehyde 2, Vielsmeyer-Haack conditions were employed to afford the desired 

product in modest yield. The crystal structure of 2 (Figure 4) showed a unique unit-cell which 

contained eight independent molecules. Each molecule was twisted about the quaternary carbon. 

That is to say that one thiophene and aldehyde pointed forward while the other thiophene and 

aldehyde pointed backwards. This feature alternated down the eight molecules in the cell.  
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Figure 5.2. ORTEP3 representation (thermal ellipsoids at 50% probability) hydrogens are omitted 

for clarity for 2. 

From here, a variety of different imines (3) could be generated by mixing the dialdehyde 

with the amine of choice in methanol. This reaction could be monitored by watching for the 

disappearance of the aldehyde C-H at 9.35 ppm, and the formation of the imine C-H generally 

found in the 8.25 ppm region. Crystals of these various imines were typically grown from a 

solution of DCM layered with hexanes and stored at -8oC (See 5.3. Supporting Information). 

Currently, efforts towards coordinating various CuI halides are underway. 

 5.1.3. Unique Reactivity: CuIII 

It is also worth mentioning, before formally concluding, some of the unique reactivity that 

was observed with several of these complexes. Of particular interest was the reactivity of 

[CuNNHtBu]2 towards oxygen. When crystals grown under a nitrogen atmosphere from a solution 

of [CuNNHtBu]2 in chloroform layered with acetonitrile were exposed to oxygen surrounded by 

solvent, they generated a new complex. This new complex showed a single Cu atom bound to two 

pyrrolides and two amines. However, the two pyrrolides were bonded together by an oxygen atom 

to form a dipyrrole ether ligand. In the crystal structure, there was also a PF6 anion associated with 

the complex. This gives a formal charge to the Cu atom as a CuIII. The PF6 anion likely comes 

from trace amounts of KPF6 remaining in the powder that crystals were grown from. 
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Structurally, the CuIII shows a distorted square-planar geometry and is symmetrical around 

the metal center. The pyrrolide N(1)-Cu bond distance is 1.894 Å while the tbutylamine N(7)-Cu 

distance is 2.061 with a N(1)-Cu-N(7) bond angle of 82.08º forming a 5-member ring. The N(1)-

Cu-N(1’) bond angle is 88.37º forming a 6-member ring while the N(7)-Cu-N(7’) bond angle is 

much larger than the ideal 90º at 110.05º. 

 

Figure 5.3. ORTEP3 representation (thermal ellipsoids at 50% probability) with most hydrogens 

omitted for clarity for [CuNNHtBu]2 after being exposed to oxygen.  

 5.2. Conclusion 

In conclusion, fluorescence and CuI complexes are both equally important classes of 

compounds, complexes and materials. When combined they display promising properties that are 
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desirable for applications in OLEDs, TADF-emitters and have the potential to be used as well-

defined catalysts. The advancement of this field will likely revolve around the ability to 

synthesize unique ligands and discover complexes reactivity towards various functional groups 

or small molecules while determining mechanistic and kinetic properties of said reactions. 

 5.3. Supporting Information 

 5.3.1. General Considerations 

All procedures and manipulations were performed under an argon or nitrogen atmosphere 

using standard Schlenk-line and glove box techniques unless stated otherwise. Solvents were 

dried and deoxygenated under argon using a LC Technology Solutions Inc. SP-1 stand-alone 

solvent purification system, unless stated otherwise. Deuterated solvents were purchased from 

Cambridge Isotope Laboratories, Sigma Aldrich, Acros Organics, or Alfa Aesar, degassed, and 

dried over activated molecular sieves prior to use. All other reagents were purchased from 

commercial sources and utilized without further purification unless stated otherwise. NMR 

spectra were recorded at ambient temperature and pressure using a Bruker 400 MHz 

spectrometer (600 MHz or 400 MHz for 1H, and 151 MHz or 100 MHz for 13C). The 1H and 13C 

NMR spectra were measured relative to partially deuterated solvent peaks but are reported 

relative to tetramethylsilane (TMS). Single crystal X-ray data were collected using a Rigaku 

XtaLAB Synergy-S diffractometer equipped with a HyPix-6000HE Hybrid Photon Counting 

(HPC) detector and dual Mo and Cu microfocus sealed X-ray source (Cu Kα λ = 1.54184 Å). 

The data collection strategy was calculated using CrysAlisPro to ensure desired data redundancy 

and percent completeness. Unit cell determination, initial indexing, data collection, frame 

integration, Lorentz-polarization corrections and final cell parameter calculations were carried 

out using CrysAlisPro. An absorption correction was performed using the SCALE3 ABSPACK 
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scaling algorithm embedded within CrysAlisPro. The structures were solved using the ShelXT 

structure solution program using Intrinsic Phasing and refined by Least Squares using the 

ShelXL program. All non-hydrogen atoms were refined anisotropically. Hydrogen atom 

positions were calculated geometrically and refined using the riding model. Olex2 was used for 

the preparation of the publication materials. 

 5.3.2. Synthetic Procedures for 1, 2, 3-tBu, 3-Ad, 3-Ph, 3-CH2Th, and 3-NAcPh 

2,2'-(propane-2,2-diyl)dithiophene (1): Thiophene (140 mL) and acetone 

(1.16 g, 1.48 mL, 20 mmol) was loaded into a 250 mL round-bottom flask. A 

mixture of NaHSO4·SiO2 (4 g) was then added. The reaction vessel was equipped with a stir bar 

and a condenser. The reaction was heated in an oil bath set to 80oC and stirred overnight (18.5 

hrs). Excess thiophene was then removed on a rotovap with the water bath set to 80oC. The SiO2 

was then loaded onto a column and eluted with pure hexanes. The product fractions were 

collected to give a clear oil that would freeze at -8oC. Yield 1.90 g (45%). 1H NMR (400 MHz, 

CDCl3) δ 7.16 (d, 2H, thiophene-CH, J = 5.1 Hz), 6.92 (t, 2H, thiophene-CH, J = 3.4 Hz), 6.87 

(s, 2H, thiophene-CH), and 1.87 (s, 6H, C-(CH3)2). 
13C NMR (101 MHz, CDCl3) δ 155.53 

(aromatic), 126.36 (thiophene-CH), 123.51 (thiophene-CH), 123.07 (thiophene-CH), 40.21 (C-

(CH3)2), and 33.20 (C-(CH3)2). 

5,5'-(propane-2,2-diyl)bis(thiophene-2-carbaldehyde) (2): 2,2'-

(propane-2,2-diyl)dithiophene (6.50g, 31.2 mmol, 1 equiv.) was 

weighed into a two-neck round-bottom flask equipped with a stir bar, septa and a condenser. The 

reaction was cycled onto a Schlenk-line under nitrogen. Dry DMF (3.63 mL, 39 mmol, 1.25 equiv.) 

was injected into the vessel, and the reaction was placed in an ice-bath. This was followed by the 

slow addition of POCl3 (3.03 mL, 39.3 mmol, 1.26 equiv.) dropwise over ten minutes. After the 
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complete addition of POCl3, the reaction was heated in an oil bath set to 80oC for three hours. The 

reaction was then cooled back to room temperature and additional dry DMF (1.25 equiv.) was 

injected. The vessel was then re-cooled in an ice-bath and POCl3 (1.26 equiv.) was added dropwise. 

The reaction was allowed to slowly warm to room temperature. After an hour, the vessel was 

placed in an oil bath set to 80oC and stirred for an additional three hours. The reaction was then 

cooled to room temperature followed by placing in an ice-bath. DI water (20 mL) was then injected 

dropwise to quench the reaction followed by the addition of sat. NaOAc (10 mL). The reaction 

formed a precipitate and was then allowed to stir overnight. The following moring the reaction 

was diluted with DI water (15 mL) and then basified with solid NaOH until highly basic (pH 12-

14). The precipitate was collected and washed with water. To remove excess water, the solid was 

dissolved in DCM, dried over MgSO4, filtered and concentrated. The following crude product was 

further purified by dissolving in boiling 100 mL of THF:Hexanes (1:1) and placed in a -8oC freezer 

to afford a pale tan solid. Yield 2.42 g (29.4%). Another batch of product could be obtained 

concentrating the THF:Hexane solution and repeating the recrystallization with minimal 

THF:hexanes. Yielded an additional 1.35 g (45.7%). Crystals suitable for single-crystal XRD were 

grown by layering a solution of compound in THF with hexanes. 1H NMR (400 MHz, CHCl3) δ 

9.85 (s, 2H, aldehyde-CH), 7.61 (d, 2H, thiophene-CH, J = 3.5 Hz,), 7.00 (d, 2H, thiophene-CH, 

J = 3.6 Hz), and 1.90 (s, 9H, C-(CH3)2). 
13C NMR (101 MHz, CDCl3) δ 182.93 (aldehyde-CH), 

164.33 (aromatic-C), 142.24 (aromatic-C) 136.35 (thiophene-CH), 125.18 (thiophene-CH), 41.64 

(C-(CH3)2), and 32.29 (C-(CH3)2). 

3-tBu: 5,5'-(propane-2,2-diyl)bis(thiophene-2-

carbaldehyde) (100 mg, 0.378 mmol, 1 equiv.) was weighed 

into a 20 mL screw cap vial equipped with a stir bar. 5 mL of methanol followed by  tbutylamine 
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(0.16 mL, 1.51 mmol, 4 equiv.) was added and the reaction stirred overnight. The solvent and 

excess tbutylamine was removed under vacuum. Yield 83.9 mg (59.2%). 1H NMR (400 MHz, 

CDCl3 ) δ 8.26 (s, 2H, imine-CH), 7.07 (d, 2H, thiophene-CH, J = 3.7 Hz), 6.83 (d, thiophene-CH, 

2H, J = 3.8 Hz), 1.83 (s, 6H, C-(CH3)2), and 1.25 (s, 18H, C-(CH3)3). 
13C NMR (101 MHz, CDCl3) 

δ 157.74 (aromatic-C), 149.07 (imine-CH), 142.03 (aromatic-C), 129.41 (thiophene-CH), 123.56 

(thiophene-CH), 57.20 (C-(CH3)3), 40.88 (C-(CH3)2), 32.49 (C-(CH3)2), and 29.75 (C-(CH3)3). 

3-Ad: 5,5'-(propane-2,2-diyl)bis(thiophene-2-

carbaldehyde) (100 mg, 0.378 mmol, 1 equiv.) was 

weighed into a 20 mL screw cap vial equipped with a 

stir bar. 5 mL of methanol followed by adamantlyamine (229 mg, 1.51 mmol, 4 equiv.) was added 

and the reaction stirred overnight. A precipitate formed and was collected on a glass frit. The solid 

was washed with cold MeOH and gave a white solid. Yield 168 mg (83.9%). Crystals suitable for 

single-crystal XRD were grown by slow evaporation from DCM. 1H NMR (400 MHz, 

Chloroform-d) δ 8.26 (s, 2H, imine-CH), 7.06 (d, thiophene, 2H, J = 3.8 Hz), 6.82 (d, 2H, 

thiophene-CH, J = 3.7 Hz), 2.13 (s, 6H, C-(CH3)2), and 1.97 – 1.50 (m, 30H, adamantyl-CHs). 13C 

NMR (101 MHz, CDCl3) δ 157.63 (aromatic-C), 148.76 (imine-CH), 142.25 (aromatic-C), 129.39 

(thiophene-CH), 123.57 (thiophene-CH), 57.46 (adamantyl-C), 43.10(adamantyl-CH2), 40.86 (C-

(CH3)2), 36.55 (adamantyl-CH2), 32.47 (adamantyl-CH), and 29.60 (C-(CH3)2). 

3-Ph: 5,5'-(propane-2,2-diyl)bis(thiophene-2-

carbaldehyde) (100 mg, 0.378 mmol, 1 equiv.) was 

weighed into a 20 mL screw cap vial equipped with a stir bar. 5 mL of methanol followed by 

aniline (0.14 mL, 1.51 mmol, 4 equiv.) was added and the reaction stirred overnight. A precipitate 

formed and was collected on a glass frit. The solid was washed with cold hexanes which gave an 
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off-white, yellow solid. Yield 135 mg (85.8%). Crystals suitable for single-crystal XRD were 

grown by layer of the compound in DCM with hexanes and storing at -8oC. 1H NMR (400 MHz, 

CDCl3) δ 8.48 (s, 1H, imine-CH), 7.37 (dd, 4H, phenyl-CH, J = 8.3, 7.3 Hz), 7.31 (d, 2H, 

thiophene-CH, J = 3.8 Hz), 7.24 – 7.17 (m, 6H, phenyl-CH), 6.95 (d, 2H, thiophene-CH, J = 3.8 

Hz), and 1.92 (s, 6H, C-(CH3)2). 
13C NMR (101 MHz, CDCl3) δ 159.91(aromatic-C), 153.09 

(imine-CH), 151.38 (aromatic-CH), 141.02 (aromatic-C), 132.17 (thiophene-CH), 129.15 (phenyl-

CH), 125.99 (phenyl-CH), 124.30 (thiophene-CH), 121.02 (phenyl-CH), 41.23 (C-(CH3)2), and 

32.36 (C-(CH3)2). 

3-CH2Th: 5,5'-(propane-2,2-diyl)bis(thiophene-2-

carbaldehyde) (100 mg, 0.378 mmol, 1 equiv.) was 

weighed into a 20 mL screw cap vial equipped with a stir bar. 5 mL of methanol followed by 2-

methylamine thiophene (171 mg, 1.51 mmol, 4 equiv.) was added and the reaction stirred 

overnight. A precipitate formed and was collected on a glass frit. The solid was washed with cold 

hexanes which gave an off-white, yellow solid. Yield 130 mg (75.3%). Crystals suitable for single-

crystal XRD were grown by layer of the compound in DCM with hexanes and storing at -8oC. 1H 

NMR (400 MHz, CDCl3) δ 8.31 (s, 2H, imine-CH), 7.22 (dd, 2H, J = 5.0, 1.4 Hz), 7.15 (s, 2H, 

thiophene-CH), 6.99 – 6.94 (m, 4H), 6.84 (d, 2H, thiophene, J = 3.8 Hz), 4.91 (s, 4H,-CH2-), and 

1.84 (s, 6H, C-(CH3)2). 
13C NMR (101 MHz, CDCl3) δ 155.51(imine-CH), 141.44 (aromatic-C), 

140.13 (aromatic-C), 130.87 (thiophene-CH), 126.89 (thiophene-CH), 125.40 (thiophene-CH), 

124.85 (thiophene-CH), 123.88 (thiophene-CH), 58.29 (-CH2-), 40.99 (C-(CH3)2), and 32.32 (C-

(CH3)2). 
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3-NAcPh: 5,5'-(propane-2,2-diyl)bis(thiophene-2-

carbaldehyde) (372 mg, 1.41 mmol, 1 equiv.) was 

added to a 50 mL round-bottom flask equipped with a 

stir bar. 25 mL of MeOH was added followed by N-

(2-aminophenyl)acetamide (1.14 g, 7.56 mmol, 5.4 equiv.) and pTSA·H2O (287 mg, 1.1 equiv.). 

The reaction was stirred overnight and was quenched the following morning by the addition of 20 

mL of sat. NaHCO3 and 10 mL of DI water. The reaction was extracted with ethyl acetate (30 mL 

x 3). The organic layers were combined and dried over Na2SO4, filtered and concentrated. The 

crude was then loaded onto a column and eluted with 2:1 then 1:1 hexane:ethyl acetate which 

yielded a yellow powder. Yield 427 mg (42.7%). Attempts at growing crystals suitable for single-

crystal XRD were done by layering a solution of the compound in benzene with hexanes but 

resulted in 3-NAcPh-Decomp instead. 
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 5.3.3. 1H and 13C NMR of 1, 2, , 3-tBu, 3-Ad, 3-Ph, 3-CH2Th, and 3-NAcPh 
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Figure 5.4. 1H and 13C NMR of 1. 
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Figure 5.5. 1H and 13C NMR of 2. 
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Figure 5.6. 1H and 13C NMR of 3-tBu. 
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Figure 5.7. 1H and 13C NMR of 3-Ad. 
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Figure 5.8. 1H and 13C NMR of 3-Ph. 
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Figure 5.9. 1H and 13C NMR of 3-CH2Th. 
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 5.3.4. ORTEP3 representation of 2, 3-tBu, 3-Ad, 3-Ph, 3-CH2Th, 3-NAcPh, and 

[CuNNHtBu]2 exposed to air 

 

Figure 5.10. ORTEP3 representation (thermal ellipsoids at 50% probability) of 3-Ad. Top: 

Hydrogens have been omitted for clarity. 
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Figure 5.11. ORTEP3 representation (thermal ellipsoids at 50% probability) of 3-Ph. Top: 

Hydrogens have been omitted for clarity.  



162 

 

Figure 5.12. ORTEP3 representation (thermal ellipsoids at 50% probability) of 3-CH2Th. Top: 

Hydrogens have been omitted for clarity. 
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 5.3.5. Select Crystal Data for 2, 3-tBu, 3-Ad, 3-Ph, 3-CH2Th, 3-NAcPh decomp., and 

[CuNNHtBu]2 exposed to air 

Table 5.1. Select Crystal Data, Data Collection, and Refinement Parameters for 2, 3-Ad, and 3-

Ph. aDefinition of R indices: R1 = Σ(FO – FC)/Σ(FO); wR2 = [Σ[w(FO
2 – FC

2)2]/[ Σ[w(FO
2)2]]1/2 

 2 3-Ad 3-Ph 

empirical formula C13H12O2S2 C33H42N2S2 C23H22N2S2 

FW 264.35 530.80 454.66 

lattice type Orthorhombic Monoclinic Orthorhombic 

space group P212121 C2/c Pnma 

T, K 200.00 210.00 210.00 

a, Å 6.57240(10) 20.5157(2) 10.92869(13) 

b, Å 17.38090(10) 6.84873(5) 33.4936(4) 

c, Å 87.3946(7) 22.6144(2) 6.03115(7) 

α, deg 90 90 90 

β, deg 90 115.8889(13) 90 

γ, deg 90 90 90 

V, Å3 9983.45(18) 2858.57(5) 2207.65(4) 

Z 32 4 4 

ρcalc/Mg m-3 1.407 1.233 1.368 

μ(Cu/Mo, Kα) mm-1 3.758 1.858 4.042 

F(000) 4416.0 1144.0 952.0 

crystal size, mm3 0.37x0.08x0.03 0.27x0.23x0.19 0.25x0.04x0.01 

range Θ collected, deg  2.592 to 80.768 4.346 to 79.902 2.638 to 80.055 

Reflns (Collectd/unique) 75243/21397 16833/3127 14104/2440 

Abs cor Semi Empirical based upon equivalents 

max and min transmn coeff. 1.000 and 0.474 1.000 to 0.873 1.000 to 0.602 

goodness of fit 1.048 1.063 1.074 

R1 (I>2σ(I))a 0.0429 0.0330 0.0439 

wR2 (all data)a 0.1020 0.0882 0.1263 

Peak and hole, e Å-3 0.256 and -0.311 0.237 and -0.280 0.769 and -0.526 
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Table 5.2. Select Crystal Data, Data Collection, and Refinement Parameters for 3-Th, 3-NAcPh-

Decomp., and [CuNNHtBu]2+O2. aDefinition of R indices: R1 = Σ(FO – FC)/Σ(FO); wR2 = 

[Σ[w(FO
2 – FC

2)2]/[ Σ[w(FO
2)2]]1/2 

 3-Th 3-NAcPh Decomp. [CuNNHtBu]2+O2 

empirical formula C23H22N2S4 C30H27N4OS2 C18H26CuF6N4OP 

FW 454.66 523.67 522.94 

lattice type Orthorhombic Orthorhombic Monoclinic 

space group Pnma Pbca C2/c 

T, K 210.00 293(2) 210.00 

a, Å 10.92869(13) 9.3236(4) 13.524(3) 

b, Å 33.4936(4) 19.7791(7) 11.778(2) 

c, Å 6.03115(7) 29.1209(14) 13.829(2) 

α, deg 90 90 90 

β, deg 90 90 92.080(17) 

γ, deg 90 90 90 

V, Å3 2207.65(4) 5370.2(4) 2201.1(7) 

Z 4 8 4 

ρcalc/Mg m-3 1.368 1.295 1.578 

μ(Cu/Mo, Kα) mm-1 4.042 2.034 2.720 

F(000) 952.0 2200.0 1072.0 

crystal size, mm3 0.25x0.04x0.01 0.10x0.07x0.01 0.06x0.05x0.04 

range Θ collected, deg  2.638 to 80.055 3.035 to 66.596 4.981 to 68.249 

Reflns (Collectd/unique) 14104/2440 17673/4678 8425/1982 

Abs cor Semi Empirical based upon equivalents 

max and min transmn coeff. 1.000 and 0.602 1.000 and 0.288 1.000 and 0.369 

goodness of fit 1.074 1.016 1.151 

R1 (I>2σ(I))a 0.0410 0.0780 0.137 

wR2 (all data)a 0.1263 0.2333 0.4124 

Peak and hole, e Å-3 0.769 and -0.526 0.667 and -0.290 0.919 and -0.518 
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