
ABSTRACT 

WANG, LIFU. Two Examples of Oxidation and Reduction: Epoxidation Catalysis with 

Manganese Porphyrins and Reductive Coupling of Carbonyls enabled by Cr(CO)6. (Under 

the direction of Walter W. Weare.) 

 

This thesis details the work on oxidation and reduction reactions: an epoxidation 

reaction with manganese porphyrin catalysts and a microwave-assisted reductive coupling 

reaction of 9-fluorenone with chromium hexacarbonyl.  

Epoxidation reactions with a manganese porphyrin catalyst is known to be improved by 

introducing axial co-ligands, but the reason why this happens is still unclear. In this thesis, 

how the axial co-ligands can improve the epoxidation reaction was investigated. The σ and π 

basicity of the axial co-ligands was found to play an important role in the catalysis. It is 

found that they can impact the efficiency of oxygen atom transfer differently, contributing to 

the rate and efficiency of the epoxidation reaction. Some catalysts were also found to be 

catalytic in a Meinwald rearrangement of the epoxide products, which was also influenced by 

the axial co-ligands. 

A novel microwave-assisted McMurry-type reductive coupling of 9-fluorenone was 

discovered in our laboratory. In this thesis, optimization to improve this reaction is reported, 

with application and functionalization of the 9,9’-bifluorenylidene (BF) product. The yield of 

this novel reaction is improved from trace amount to ~65%. With functionalization to form 

the amino-substituted BF, a collaborative study in incorporating BF into varieties of 

electronic devices was made possible.  

Large-scale cycloparaphenylene (CPP) synthesis is reported in this thesis. The reported 

cycloparaphenylene synthesis were improved and cycloparaphenylene can be further 

investigated for functionalization and device study. 
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CHAPTER 1 

General Introduction 
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1.1 Background 

Natural resources are being depleted at an increasingly faster rate to fulfill humanities’ 

desire for a better life provided by industrial civilization.1 The majority of electricity is 

generated from fossil fuels, which are not renewable or sustainable in the long term. It is 

predicted that inexpensive fossil fuels will be depleted in less than 100 years1 (Figure 1.1). 

Moreover, fossil fuel combustion generates significant amounts of CO2, SO2 and NOx, which 

are implicated as the major drivers of climate change.2  

 

 

Figure 1.1 Predicted fossil fuel depletion1 

 

Since the late 19th century, global temperatures have been rising constantly at a rate of 

about 0.15-0.20 °C every decade3 (Figure 1.2). This has been proposed to be the reason for a 

variety of climate problems, especially extreme weather in recent years such as drought, 
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intense storms and floods4 which often led to catastrophic consequences for the impacted 

individuals and societies.  

 

 

Figure 1.2 Global temperature in recent years3 

 

Moreover, energy consumption has also been increasing in recent years due to increased 

population and per-capita use.5-6 Electricity consumption, a benchmark for industrial 

civilization, has increased twofold since the 1980s7 (Figure 1.3) in which chemistry has 

played a very important role. In 2010, the chemical sector consumed 27 % of the total energy 

in industry, which was the second largest sector for uses such as “distillation, catalytic, and 

electrochemical reactors”8 (Figure 1.4). 
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Figure 1.3 World electricity consumption7 

 

Because of this, we need to find a way to solve these global problems by working on 

both sides: reducing energy consumption and implementing more sustainable energy sources.  

 

 

Figure 1.4 Energy consumption by type of industry in 20108 
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1.1.1 Consumption reduction 

Chemical industry, as a large user of energy, is becoming more and more efficient in 

recent years thanks to new technologies, but overall power consumption remains very high. 

In order to reduce power consumption of chemical industry, the efficiency of synthesis needs 

to be greatly increased. This means that chemical reactions with higher yield, faster times and 

more economic reactants are required.  

A classic way of improving a reaction is to introduce (better) catalysts. In this way, the 

activation energy of a reaction can be significantly decreased, which leads to a faster reaction 

rate9-10 and eventually lower power consumption.  

 

 

Figure 1.5 Generic energy diagram of a catalyzed reaction vs. a uncatalyzed reaction11 

 

On the other hand, new reactions can be introduced to improve the efficiency of 

synthesis. Microwave reactions have been attracting more and more focus in recent years due 
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to its high efficiency and simple setup.12-13 Compared to traditional thermal reactions that 

transfer heat using medium like oil or water, microwave reactions transfer energy in a much 

more efficient manner.14-15 Moreover, the heating temperature can be more precisely 

controlled with more homogeneous temperature gradients inside the reaction mixture (Figure 

1.6). This leads to higher power efficiency, reaction rates and yield. 

 

 

Figure 1.6 Temperature gradients in microwave reactions and thermal reactions14 

 

1.1.2 Energy sources  

To overcome the energy shortage problem, several new renewable energy sources have 

come into focus such as hydro, nuclear and solar energy. Currently, hydroelectric and nuclear 

energy are widely used to curtail the consumption of fossil fuels.16-17 
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Hydroelectric plants utilize the gravitational potential energy of water to generate 

electric power, without any direct generation of waste. However, the question of whether 

hydroelectric energy is truly a renewable resource has recently come under debate. For 

instance, the building of hydroelectric plants on rivers can potentially alter the climate 

dramatically.18 Moreover, it’s highly limited to the location of rivers and their flow rates, and 

may require large population migrations out of the newly flooded areas. Finally, the 

significant economic cost of building of these plants may not be recoverable due to 

potentially shorter reservoir lifetimes from larger than predicted river sedimentation. 

Nuclear power plants can be promising due to their high output/input ratio: tens of tons 

of nuclear material for one year of operating time compared to millions of tons of coal for 

one traditional coal-fired power plant. In addition, there is no direct air pollution from a 

nuclear power plant. However, after the Tohoku earthquake and associated tsunami in Japan 

in 2011 destroyed the nuclear power plant in Fukushima, related safety issues have become a 

concern worldwide. Both Japan and Germany have recently stated their plans to retire and 

not replace their existing nuclear power plants over the next 20 years, and other nations may 

follow.  

In contrast to other sources of energy, solar can be a truly renewable energy source. It 

has the advantages of not being exhaustible or creating any direct waste emissions, while 

resulting in a high-quality energy source that can be efficiently utilized in almost the entirety 

of the earth’s surface. Even with these advantages, solar energy still only constitutes a small 

part in humanity’s total energy consumption. This is due to technological limitations such as 

high cost of solar energy development when compared to fossil fuels such as coal. 
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1.2 Conclusion 

In conclusion, this is an era of opportunities and challenges. We are now facing many 

global problems, and these problems have created opportunities for solving these problems. 

At the prospective of a chemist, our approach to solving these problems is to improve the 

efficiency of synthesis as well as help improving photovoltaic cells. In this thesis, approaches 

such as a catalytic study of epoxidation and the microwave-assisted synthesis of overcrowded 

molecules to serve as electron acceptors will be discussed. 
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CHAPTER 2 

Epoxidation Catalysis study on Manganese Porphyrins catalyst  

– the Influence of σ and π Basicity of Axial co-ligands 
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2.1 Abstract 

This chapter details my work of a study of catalytic epoxidation with a variety of 

manganese tetraphenyl porphyrin catalysts and the influence of the σ and π basicity of axial 

co-ligands on reactivity.  

Manganese tetraphenyl porphyrin with no axial co-ligand, Cl- or triphenyl phosphine 

oxide (OPPh3) as axial co-ligand have been successfully synthesized and applied to the 

epoxidation reaction with iodosobenzene as the oxidant on varieties of substrates such as 

cyclohexene, 4-chloro styrene, styrene, 4-methyl styrene and 4-methoxy styrene. The 

reaction is observed to be a competition between epoxidation and a Meinwald rearrangement 

reaction. Reactivities on both reactions are investigated in detail, including the influence of 

substrate and catalyst differences, especially the influence from the axial co-ligand of the 

catalysts. 

Results have shown that the reactivity of both reactions are impacted by the substrate in 

the electron density on targeted group, while the epoxidation reaction is altered by the σ and 

π basicity of the axial co-ligand on the catalysts, and the rearrangement reaction is controlled 

by the charge of the catalysts. 

2.2 Introduction 

Epoxidation is a reaction that can convert an olefin into a three-membered ring product: 

epoxide. It has been under extensive research due to its essential role in both academia and 

industry.1-6 Due to the high reactivity induced by the strain of this three-membered ring 

structure, epoxides are widely synthesized as intermediates toward a wide variety of 

desirable functional groups1-6 (Figure 2.1).  
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Figure 2.1 Conversion of epoxides to other functional groups1-6 

 

2.2.1 Metal-based epoxidations 

Modern metal-based epoxidation can be dated back to the early 70s, and is still actively 

investigated.  

 

 

Figure 2.2 Abstracted catalytic cycle of metal-based epoxidation reactions 
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This reaction involves a lower valent metal center as the catalyst that can be oxidized by 

an oxidant into a higher valent, oxygen atom containing intermediate. Then the oxygen atom 

in the intermediate is transferred to the olefin substrate, producing the epoxide product with 

the catalyst being turned over to its lower valent state (Figure 2.2). The key point of this 

cycle is the step of oxygen atom transfer, with the help of catalyst and its oxygen-bearing 

intermediate an oxygen atom from the oxidant can then be transferred to the olefin carbon-

carbon double bond. 

2.2.1.1 Sharpless epoxidation 

In early 70s, Sharpless and co-workers7 found that vanadium and molybdenum catalysts 

show remarkable reactivity and selectivity in oxidizing olefinic alcohols (Figure 2.3).  

 

 

Figure 2.3 Early epoxidation reactions found by Sharpless and coworkers in 19737 
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Sharpless continued in developing this method by looking into its mechanism and 

introducing different metal centers. He believed this oxidation reaction involved a hydrogen-

bonding five-membered ring transition state8 (Figure 2.4).  

 

 

Figure 2.4 Oxygen atom transfer involving a five-membered ring transition state8 

 

In 1980, Sharpless was able to present the “the first practical method for asymmetric 

epoxidation”9 (Figure 2.5), and this later became the well-known Sharpless epoxidation 

reaction for which the Nobel Prize was awarded in 2001. 

 

 

Figure 2.5 Enantioselectivity of Sharpless epoxidation 

 



 

 

 

16 

This reaction utilized different stereochemistries on the diethyl tartrate (DET) ligand. By 

using (+)- or (-)-DET as ligands, the binding sites on the metal center were differently 

occupied and only specific bind sites was left for the peroxide and olefin substrate (Figure 

2.6).  
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Figure 2.6 Catalytic cycle of Sharpless epoxidation using different ligand 

 

In the catalytic cycle (Figure 2.6), a four-coordinate titanium metal precursor first binds 

with the DET ligand, releasing two isopropanols and the five-coordinated titanium as the pre-

catalyst for the epoxidation reaction. t-BuOOH then coordinates to the titanium forming the 

six-coordinated metal center. Because of the hydrogen bonding between t-BuOOH and the 

un-coordinated carbonyl group in DET ligand (not shown in the figure for clarity), the t-

BuOOH has only one major way to bind to titanium. Then the allylic alcohol substitutes the 

last isopropanol on the titanium metal center and the oxygen atom is transferred to the olefin 

double bond. Finally, the produced epoxides are released and the catalyst turns over with the 

addition of an isopropanol ligand.  

As a result of this specific binding between substrate and catalyst, Sharpless epoxidation 

ended up with both high conversion and very high enantioselectivity. However, Sharpless 

epoxidation does have certain limitation such as catalyst efficiency.10 In some cases, the 

reaction requires a large amount of catalyst, some even require a stoichiometric amount of 

the titanium complex. Moreover, because of the nature of the titanium complex and epoxides, 

a strict water-free reaction environment is required.  

2.2.1.2 Jacobsen catalyst 

Another widely utilized method to achieve metal-based epoxidation reaction is via the 

Jacobsen catalyst11 (Figure 2.7).  
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Figure 2.7 Structure of Jacobsen catalyst 

 

Unlike the Sharpless epoxidation that utilizes the different coordination between 

substrates and catalyst, the Jacobsen catalyst utilizes the steric hindrance of the catalyst11 

(Figure 2.8).  

 

 

Figure 2.8 Catalytic cycle of Jacobsen catalyst 
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By introducing stereo effect on the ethylenediamine part (Figure 2.9), catalyst will end 

up with different steric hindrance and eventually leads to a high enantioselectivity. Figure 

2.9 a shows the only favored way of this reaction, while in b, because of the hindrance of R 

group, the epoxidation will not occur. On the other hand, for c and d, because of the t-butyl 

group, the reaction is not favored. As a result, the enantioselectivity is induced from the steric 

effect of both R-groups on the ethylenediamine and t-butyl group on the benzene ring of the 

ligand. 

 

 

Figure 2.9 Selectivity of Jacobsen catalyst (Mn-axial atoms are omitted for clarity) 

 

2.2.2 Manganese porphyrin-based epoxidation 

Among the other metal-based epoxidation catalysts, manganese porphyrin-based systems 

have been drawing focus due to its similarities with heme-like biological oxidation 
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capabilities. In these Mn-based catalytic system, manganese readily undergoes a redox cycle 

to transfer oxygen atom to substrate12 (Figure 2.10). 

 

 

Figure 2.10 Ways to transfer oxygen atoms in manganese-based systems12 

 

In these catalytic systems, Mn can undergo either one-electron or two-electron redox 

reactions. In Figure 2.10 a and c, it undergoes a one-electron reaction, Mn(III)↔Mn(II) and 

Mn(V)↔Mn(IV) respectively. While in b, it undergoes a two-electron reaction, 

Mn(V)↔Mn(III).  

 

 

Figure 2.11 A typical catalytic cycle of Mn-porphyrin-based epoxidation 
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A typical catalytic cycle is shown in Figure 2.11. In this cycle, Mn(III) is first oxidized 

by iodosobenzene, which is a common oxygen source in this kind of epoxidation reactions. 

The resulting Mn(V) oxo compound can then transfer the oxygen atom to the olefin 

substrates to form the desired epoxide.  

2.2.3 Axial ligands in Mn-porphyrin epoxidation catalysts 

Mn-porphyrin-based epoxidation reactions have shown potential to impact in reaction 

rates and selectivity, however, there are some known limitations such as stability with 

oxidants, solubility or catalytic efficiency.13 As a result, the field began to investigate 

tweaking these epoxidation catalysts by introducing axial ligands. Early examples have 

shown that, by introducing imidazole or pyridine as axial co-ligand, a tetraphenyl porphyrin-

Mn catalyst with NaOCl as the oxidant, in an aqueous-organic bi-phase system, exceptional 

results can be achieved both in improved catalyst stability and reaction efficiency.13 Recent 

examples have also shown similar effect on the axial co-ligands.14-15 Especially, the Groves 

group15 has shown a Mn(TMP) catalyst (Figure 2.12). In this catalyst, fluorine functions as 

an axial ligand when oxygen-atoms are transferred, while later on, the fluorine atom itself 

can then be transferred as well.  
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Figure 2.12 Mn(TMP) catalyst reported by Groves group15 

 

All these examples have shown that the introduction of an axial co-ligand is capable of 

improving the epoxidation reaction. However, detailed information on how different axial 

co-ligands change the epoxidation reaction remains unknown. Mohajer and coworkers16 have 

summarized the effect of the epoxidation axial co-ligand with reaction activity (Figure 2.13). 

Unfortunately, there are no clear correlations between the co-ligand σ basicity with 

epoxidation activity. As a result, they have proposed that the π basicity may play an 

important role in these epoxidation reactions.  
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Figure 2.13 The diagram by Mohajer and coworkers16 that shows little correlation between 

epoxidation activity and σ basicity of the axial co-ligands 

 

Energetically speaking, the Mn(TPP) catalysts can be simplified as a square pyramidal 

MnL4X fragment (Figure 2.14). When adding an axial co-ligand, the σ* and π* orbital will 

both be pushed up, respective to the σ basicity and π basicity of the axial co-ligand. 
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Figure 2.14 Energy difference between with and without axial co-ligand 

 

2.2.4 Summary 

Epoxidation reactions are efficient and important tools for increasing the complexity of 

the substrate in organic synthesis. Epoxides can be further used to make more complicated 

compounds due to their high reactivity. There are multiple ways to achieve the epoxidation 

reaction, most of these methods involves oxygen atom transfer catalysis. Properties such as 

oxygen atom transfer efficiency, stabilities with the oxidants, or solubility have become the 

major challenge of designing such catalysts.  

The introduction of axial co-ligand in Mn-porphyrin catalyst has brought a simple way 

to achieve a good epoxidation reactivity. However, the major effect of how and why the axial 

co-ligand can have such ability remains unclear. 
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In this work, we focused on the effect of axial co-ligand in the Mn(TPP) based 

epoxidation catalysts. By using different axial co-ligands with Mn(TPP) catalyst, the 

epoxidation showed different relative reaction rates. By monitoring the yield of the epoxides 

in real time with 1H NMR, the effect of these different axial co-ligands on the epoxidation 

reaction rates were successfully elucidated, with an eye toward teasing out how the axial 

ligand’s σ basicity and π basicity influences these rates. 

2.3 Experimental 

2.3.1 General 

All reactions under nitrogen atmosphere were performed in an Innovative Technology 

glovebox. All chemicals were purchased directly from VWR International, Acros Organics, 

Alfa Aesar, Sigma Aldrich or TCI America and used without further purification unless 

specified in the synthesis. All solvents were stored with 4Å molecular sieves before use. All 

microwave reactions were performed with a Discover Benchmate microwave system. 

Attenuated Total Reflectance (ATR)-FTIR spectrums were collected under a Bruker Alpha 

ATR-FTIR. 1H NMR were recorded on a Varian Mercury 400MHz spectrometer. Chemical 

shifts were reported with reference to solvent resonances 1H NMR (CDCl3:7.26 ppm). 
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2.3.2 Synthesis of ligands and complexes 

2.3.2.1 Tetraphenyl porphyrin (TPP) 

 

 

Figure 2.15 Synthesis of TPP 

 

The synthesis was adapted from thermal17 and microwave18 methods described 

previously. Under nitrogen atmosphere, in a 50 mL round bottom flask, added 2.8 g (40 

mmol) freshly distilled pyrrole, 4.0 g (40 mmol) of benzaldehyde, 16 mL of propionic acid, 

and 7 mL of o-nitro toluene. The mixture was kept reflux by microwave for 20 min before 

cooled to room temperature. The mixture was then poured into 150 mL water and extracted 

with dichloromethane (DCM) 3 x 150 mL. The combined DCM layer was washed with 3 x 

150 mL of water. The resulting DCM solution was concentrated under reduced pressure to 

~10 mL before 200 mL methanol was added. The resulting crude product as a dark solid was 

collected on silica gel in a Buchner’s funnel and washed with a large amount of methanol 

(500 mL). The crude was further purified by recrystallization from DCM, yielding a dark 

purple crystalline solid (1.2 g, 19.5%) whose spectroscopy matches those previously 
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published. 1H NMR (400 MHz, CDCl3) δ 8.85 (s, 8H, pyrrole-H), 8.22 (dd, 8H, phenyl 

ortho-H), 7.79 - 7.72 (m, 12H, phenyl meta- and para-H).  

2.3.2.2 Mn(TPP)Cl (Cat-Cl) 

 

 

Figure 2.16 Synthesis of Mn(TPP)Cl 

 

The synthesis was adapted from a previously reported thermal method19. Under nitrogen 

atmosphere, to a 50 mL round bottom flask, added 100 mg (160 µmol) of TPP, 130 mg (800 

µmol, 5 equiv.) of MnCl2·2H2O and 20 mL of dimethylformamide (DMF). The mixture was 

kept reflux under microwave heating for 1.5 hours before cooled to room temperature. Water 

(100 m) and DCM (100 mL) was then added to the reaction mixture, with the DCM layer 

being collected and washed with water (3 x 150 mL). The DCM layer was then dried over 

MgSO4, filtered and slowly evaporated to form dark green crystalline solid (82 mg, 71.8%).  
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2.3.2.3 Mn(TPP)SbF6 (Cat-0) 

 

 

Figure 2.17 Synthesis of Mn(TPP)SbF6 

 

The synthesis was adapted from a previously reported thermal method.19-20 Under 

nitrogen atmosphere, to a 50 mL round bottom flask, added 0.5 g (700 µmol) of Mn(TPP)Cl, 

0.25 g (960 µmol) of NaSbF6, 10 mL of acetonitrile and 10 mL of toluene. The mixture was 

kept at 80 ˚C using microwave heating for 2 hours before being cooled to room temperature. 

NaCl solid was removed after a filtration and the solvent in the filtrate was removed by 

vacuo, resulting a fine green powder. Product can be further purified by recrystallization via 

pentane diffusion into DCM solution at -25 ˚C (610 mg, 95.1%).  

2.3.2.4 Mn(TPP)(OPPh3)SbF6 (Cat-OP) 

 

 

Figure 2.18 Synthesis of Mn(TPP)(OPPh3)SbF6 
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The synthesis was adapted from a previously reported method19. Under nitrogen 

atmosphere, in a 10 mL round bottom flask, 90 mg (100 µmol) of Mn(TPP)SbF6 was 

dissolved in 5 mL of DCM before 25 mg (90 µmol) of triphenyl phosphine oxide (OPPh3) 

added. The mixture was stirred at room temperature for 10 minutes or until no O=P IR signal 

of free OPPh3 molecules was observed at νP=O: 1182 cm-1. 15 mL of pentane was then added 

to the mixture. After keeping the mixture at -25 ˚C for 3 days, a black crystalline solid was 

formed (110 mg, 93.3%). ATR-FTIR νP=O: 1153 cm-1 (s). 

2.3.3 Catalyzed epoxidation 

2.3.3.1 Epoxidation with iodosobenzene as oxidant 

 

 

Figure 2.19 Catalyzed epoxidation 

 

All catalyzed epoxidation reactions were performed in 5 mm NMR tubes and directly 

monitored by 1H NMR using DCM as an internal standard. Typical reaction molar ratios of 

[catalyst] : [substrate] : [oxidant] were approximately 2.5 : 100 : 100 or 5 : 100 : 100. 

For a [Cat-OP] : [cyclohexene] : [iodosobenzene] = 5 : 100 : 100 as example, under 

nitrogen atmosphere, to a 5 mm NMR tube, added ~2 mL of CDCl3, 4.7 mg (5 µmol) of Cat-

OP, 10 µL (100 µmol) of cyclohexene, 22 mg (100 µmol) of iodosobenzene and 5 µL (78.1 
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µmol) of DCM as internal standard. The mixture was ultrasonically mixed for 10 minutes 

due to the low solubility of iodosobenzene. This had been previously shown to improve 

reproducibility in such reactions.19 The mixture was shaken vigorously for another 10 

minutes and allowed to stand still for 10 minutes allowing any solid to settle to the bottom of 

the NMR tube. Then, the first 1H NMR spectrum was taken. After another 10-minute 

ultrasonication, 10-minute shaking and 10-minute settling, the second 1H NMR spectrum was 

taken. After 24 hours and the third 10-minute ultrasonication, 10-minute shaking and 10-

minute settling, the third 1H NMR spectrum was taken. 

2.3.3.2 Epoxidation with N2O 

 

 

Figure 2.20 Designed reaction of N2O epoxidation 

 

Epoxidation with N2O as oxidant has been tested under different conditions. For a room 

temperature neat reaction: under nitrogen atmosphere, to a 50 mL round bottom flask, added 

10 mg of catalyst. The flask was septum sealed and purged with N2O stream through cannula 

for 10 minutes. 1 mL of cyclohexene was added using syringe and needle. A small stream of 

N2O was kept bubbling into the liquid with vigorous stir at room temperature for 48 hours. 

The reaction mixture was then tested with 1H NMR in CDCl3.  
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For a heated reaction with toluene: under nitrogen atmosphere, to a 50 mL two-neck 

round bottom flask, added 10 mg of catalyst. The flask was assembled with a long water 

condenser with ice-water running and sealed by a balloon on top. The flask was septum 

sealed at the other neck and purged with N2O stream through cannula for 20 minutes. 1 mL 

of cyclohexene and 20 mL of toluene was added using syringes and needles. The reaction 

was stirred at 80 °C for 48 hours. The reaction mixture was then tested with 1H NMR in 

CDCl3. 

Other reaction condition can be found in Table 2.1. 

 

Table 2.1 List of conditions in epoxidation with N2O 

Tested conditions 

Catalysts: Cat-Cl, Cat-0, Cat-OP 

Catalysts amount (mg): 10, 100 

Substrates: cyclohexene, styrene, 4-methoxy-styrene 

Solvents: Toluene, DCM, CHCl3, Neat 

Temperature: 80 °C or reflux, r.t. 
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2.3.3.3 Intermediate capture with polymerization 

 

 

Figure 2.21 a and b. Designed reaction of intermediate capture with in situ co-

polymerization; c and d. designed direct co-polymerization of epoxides 

 

In situ reaction (Figure 2.21 a and b):  

For a [catalyst] : [substrate] : [oxidant] = 5 : 100 : 100 reaction using Cat-OP oxidizing 

cyclohexene as example, under nitrogen atmosphere, to a 10 mL microwave vial, added ~4 

mL of Toluene, 4.7 mg (5 µmol) of Cat-OP, 10 µL (100 µmol) of cyclohexene, 22 mg (100 

µmol) of iodosobenzene, 15 mg (100 µmol) of phthalic anhydride and 5 µL (78.1 µmol) of 

DCM as internal standard. The mixture was ultrasonically mixed for 30 minutes to make the 
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reactants dissolve and complete the epoxidation reaction. The mixture was then heated with 

microwave to 100 °C for 5 minutes. The resulting reaction mixture was removed from the 

microwave vial and tested with 1H NMR (400 MHz, DMSO) δ 3.47 (polyether5).  

Direct polymerization of epoxides (Figure 2.21 c and d): 

This synthesis is adapted from a reported method5. Under nitrogen atmosphere, to a 10 

mL microwave vial, added 50 mg of Cat-OP, 100 µL of cyclohexene oxide, ~4 mL of 

toluene (for neat reaction, instead of toluene, added 2 more mL of cyclohexene oxide) and 

150 mg of phthalic anhydride. The vial was heated with microwave to 100 °C for 5 minutes. 

The resulting reaction mixture was removed from the microwave vial and tested with 1H 

NMR (400 MHz, DMSO) δ 3.47 (polyether5).  

2.4 Results and discussion 

2.4.1 Synthesis of ligands and catalysts 

 

 

Figure 2.22 Synthesis of the TPP ligands and catalysts 
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The synthesis of TPP was previously reported using thermal reaction17 or under 

microwave heating using a household microwave oven.18 By using a microwave oven 

designed specifically for synthesis, the reaction can be controlled more precisely. As a result, 

compared to the traditional thermal synthesis, our method is much faster and highly efficient; 

compared to the reported microwave method, our method is more simple and practical.  

Microwave synthesis was also introduced in the following two steps that were formerly 

done using traditional thermal reactions. In these two steps, microwave synthesis has shown 

its strength over the thermal reactions, that when achieving similar yields, microwave 

reactions require much less reaction time compared to the reported ones19 (5 h, 12 h and 12 h 

for the thermal reactions respectively, while 20 min, 1.5 h and 2 h for the microwave 

reactions). 

The last step of this synthesis was the coordination of four-coordinated cationic Mn-

porphyrin with the OPPh3 axial co-ligand. The Mn-porphyrin part has two binding sites for 

the axial co-ligand, so it is possible that the bis-axial co-ligand complex exists in the reaction. 

IR spectra has shown that (Figure 2.23) by using different Mn(TPP) : OPPh3 ratio, it was 

possible to control the formation of the mono- or bis- coordinated product. The solid line 

shows the mono-co-ligand complex under high Mn(TPP) : OPPh3 ratio. Under this large 

excess of Mn(TPP) the solution showed only the mono-co-ligand complex at 1166 cm-1. On 

the other hand, with a Mn(TPP) : OPPh3 = 1 : 2 ratio, the solution showed a mixture of the 

mono- and the bis-co-ligand complex (1166 and 1174 cm-1 respectively). 
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Figure 2.23 IR spectra of solutions using different Mn(TPP) : OPPh3 ratio (O=P stretch in 

mono- and the bis-co-ligand complex at 1166 and 1174 cm-1 respectively) 

 

Moreover, it was observed in the solution that, there was an equilibrium between the 

mono- and bis-co-ligand complex (Figure 2.24). In a reaction using Mn(TPP) : OPPh3 = 1 : 

0.9 ratio, the solution showed both products (Figure 2.25 b) while the recrystallized product 

showed the mono product only (Figure 2.25 a). Since only the 5-coordinate species can be 

catalytically active, any additional triphenylphosphine ligand will merely serve as a 

competitive inhibitor of the catalytic reaction. We have previously shown that “pure” 6-
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coordinate complexes can be catalytically active due to disassociation of the axial co-

ligands.19 

 

 

Figure 2.24 The formation and interchange of mono- and bis-axial co-ligand complex, IR 

was recorded in DCM solution 
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Figure 2.25 IR spectra of mono-ligand product: a. after recrystallization and b. the mono/bis 

equilibrium in solution 

 

2.4.2 Epoxidation of olefins 

The epoxidation reactivity of a variety of substrates using iodosobenzene as the oxidant 

using different catalysts have been tested.  

2.4.2.1 Cyclohexene epoxidation 

Cyclohexene is the most commonly used substrate in testing epoxidation reactions. First, 

the Cat-Cl, Cat-0 and Cat-OP catalysts were used to catalyze the epoxidation reaction in 

which iodosobenzene was used as the oxidant. To test the ability and efficiency of these 
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catalysts in transferring oxygen atom in the epoxidation reaction, consumed substrate and 

formed product were monitored by 1H NMR throughout the reaction time. By doing this, the 

relative reaction rates can be compared across different catalysts to find out the influence of 

axial co-ligand on the epoxidation reaction. 

 

Table 2.2 Yield of the cyclohexene epoxidation  

Cyclohexene 
epoxide yieldeda (%)/ substrate consumed (%) 

0.5 hr 1 hr 24 hr 

Cat-Cl 
2.5b 3.1 / 11.9 10.6 / 25.6 21.9 / 40.9 

5 6.83 / 17.5 16.6 / 37.2 22.6 / 45.7 

 
    

Cat-0 
2.5 13.5 / 19.2 25.6 / 26.2 34.2 / 36.5 

5 9.7 / 14.7 17.9 / 23.7 22.5 / 30.0 

 
    

Cat-OP 
2.5 16.9 / 17.1 22.3 / 26.6 25.4 / 35.1 

5 34.9 / 35.5 39.9 / 42.3 39.3 / 43.4 

a. Percentage consumed and percentage yielded were calculated based on the added DCM 

internal standard with 1H NMR 

b. Molar ratio in [cat] : [sub] : [ox], 2.5 represents [cat] : [sub] : [ox] = 2.5 : 100 : 100 

 

As is shown in Table 2.2 and Figure 2.26, all three tested catalysts were able to catalyze 

the epoxidation reaction yielding cyclohexene oxide as the product. However, these catalysts 

facilitated reactions with different relative reaction rates and overall efficiencies.  

First, for Cat-Cl and Cat-0, using different amount of catalysts did not show significant 

differences in either substrate consuming or epoxide product forming (Figure 2.26, a vs b, c 

vs d). On the contrary, for Cat-OP, the substrate consuming and epoxide product forming 

were both increased by adding more catalysts (Figure 2.26, e vs f). We believe that this was 
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because the Cat-OP can catalyze this reaction more efficiently, so the amount of catalyst 

became the rate-limiting factor. Second, for the relative reaction rates, across all these 

reactions, the epoxidation was mostly completed in the first hour. By comparing the last two 

data point in the plots, both the substrate consuming and epoxide product forming did not 

increase significantly after one hour.  

 

 

Figure 2.26 Cyclohexene substrate consuming and epoxide product forming plot using 

different catalysts and ratios 
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By comparing the first three data points, especially the second (0.5 hr), relative reaction 

rates can be determined. In reactions using Cat-Cl catalyst, substrate consuming and epoxide 

product forming at 0.5 hour were low and close to the starting point, meaning the epoxidation 

reaction was very slow. However, in the reactions using Cat-0 catalyst, the substrate 

consuming and epoxide product forming at 0.5 hour was intermediate when compared to the 

other two catalysts. The reaction with Cat-OP has the fastest rate since the 0.5 hour point 

provided highest product yield and substrate consumption.  

To sum up, in the epoxidation of cyclohexene, the Cat-OP shows the fastest reaction 

rate, with Cat-0 being intermediate and Cat-Cl being the slowest of the three. 

2.4.2.2 Styrene epoxidation 

Due to the fact that the epoxidation reaction is an electrophilic reaction, higher electron 

density on the olefin C=C double bond will bring higher reactivity. Consequently, a phenyl 

ring next to the C=C bond is presumably going to increase the reactivity of the epoxidation 

reactions. Moreover, by introducing varieties of substituents on the phenyl ring, it is possible 

to change the electron density of the C=C bond and eventually control the reactivity of the 

epoxidation reaction. As a result, styrene and its derivatives were introduced as substrates to 

compare the reactivity of different substrates as well as to investigate our catalysts.  

Compared to cyclohexene, the results showed the expected overall increase in both 

reaction rate and percentage yield in the first 0.5 hour and 1 hour (Table 2.3, Figure 2.27). 

This is due to the higher reactivity of styrene substrate compared to cyclohexene. On the 

other hand, because of this higher reactivity of styrene, decreases in epoxide yield were 
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observed for the reactions with Cat-0 and Cat-OP. This was because the higher reactivity of 

epoxidation has brought a higher risk of Meinwald rearrangement reaction of the epoxides. 

Since both epoxidation reaction and the Meinwald rearrangement reaction of the epoxides are 

electrophilic and can be catalyzed by similar catalysts, we believe that these catalysts are also 

capable of catalyzed the Meinwald rearrangement reaction (Figure 2.28). 

 

Table 2.3 Yield of the styrene epoxidation  

Styrene 
epoxide yieldeda (%) / substrate consumed (%) 

0.5 hr 1 hr 24 hr 

Cat-Cl 
2.5b 40.4 / 41.8 56.1 / 56.4 63.8 / 71.1 

5 48.1 / 51.5 57.4 / 61.3 66.2 / 69.7 

 
    

Cat-0 
2.5 31.8 / 35.1 38.8 / 43.9 30.3 / 49.5 

5 33.2 / 32.7 34.3 / 46.0 23.7 / 47.6 

 
    

Cat-OP 
2.5 31.2 / 41.4 30.1 / 47.0 9.1 / 52.2 

5 23.2 / 30.9 17.2 / 39.0 1.8 / 39.9 

a. Percentage consumed and percentage yielded were calculated based on the added DCM 

internal standard with 1H NMR 

b. Molar ratio in [cat] : [sub] : [ox], 2.5 represents [cat] : [sub] : [ox] = 2.5 : 100 : 100 

 

When comparing the different amount of catalysts by looking at substrate consumption, 

there was no significant difference between [cat] = 2.5 and [cat] = 5, however, by looking at 

the epoxide product forming in reactions with Cat-0 and Cat-OP where side-reaction 

happened, higher amount of catalysts would lead to lower yield. This is due to a higher side-

reaction rate from the higher amount of catalysts.  
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Figure 2.27 Styrene substrate consuming and epoxide product forming plot using different 

catalysts and ratios 

 

Cat-Cl is the only catalyst in the tested ones that did not bring side-reaction with styrene 

epoxidation. It is proposed that this is because Cat-Cl is the only neutral catalyst of these 

three, the other two are cationic. Since both the epoxidation reaction and Meinwald 

rearrangement reaction are electrophilic reactions from the prospect of the catalysts, a 
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cationic catalyst will be more favorable to bind with the electron-rich C=C bond of the olefin 

as well as the oxygen atom in the epoxides three-membered rings. Moreover, since the 

oxygen atom in epoxides is much more electron-rich and can attract cationic catalysts much 

more significantly than a C=C bond, this cationic effect did not become a dominant influence 

on epoxidation reaction but it dominated the Meinwald rearrangement side-reaction. 

 

 

Figure 2.28 1H NMR of the reaction with [Cat-OP] : [Styrene] : [O] = 2.5 : 100 : 100, 

styrene oxide decreased and phenylacetaldehyde21 increased with time. 

 

To sum up, in the epoxidation of styrene, similar to those in cyclohexene the Cat-OP 

had shown the fastest reaction rate and the Cat-0 had the medium rate while the Cat-Cl was 

the slowest of the three. However, more catalytic Cat-OP and Cat-0 also brought a 

significant amount of side-reaction which decreased the final epoxides yield. 
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2.4.2.3 4-chloro styrene epoxidation 

As mentioned above, the electron-rich phenyl ring on the olefin C=C bond increased the 

reactivity of the styrene towards epoxidation reaction. To make a more comprehensive 

conclusion, substituted styrene with electron withdrawing or electron donating groups were 

tested. 

Chlorine is a mild electron withdrawing group on the styrene phenyl ring, which is going 

to decrease the electron density of the C=C double bond to be oxidized. This has been shown 

to lead to a lower reactivity towards epoxidation reactions.  

 

Table 2.4 Yield of the 4-chloro styrene epoxidation  

4-chloro styrene 
epoxide yieldeda (%) / substrate consumed (%) 

0.5 hr 1 hr 24 hr 

Cat-Cl 
2.5b 16.9 / 20.7 38.1 / 49.6 54 / 64.7 

5 23.8 / 47.5 41.9 / 67.9 50.1 / 80.4 

 
    

Cat-0 
2.5 18.1 / 32.5 23.5 / 39.6 18 / 46.3 

5 26.8 / 55.1 33.5 / 63.5 22.2 / 69.9 

 
    

Cat-OP 
2.5 25.8 / 28.2 20.5 / 38.0 2.8 / 48.3 

5 17.6 / 30.0 14.3 / 41.4 2.7 / 48.1 

a. Percentage consumed and percentage yielded were calculated based on the added DCM 

internal standard with 1H NMR 

b. Molar ratio in [cat] : [sub] : [ox], 2.5 represents [cat] : [sub] : [ox] = 2.5 : 100 : 100 

 

The results showed that by adding more catalysts, amount of epoxide product did not 

increase accordingly, but substrate consuming did increase (Figure 2.29, a vs b, c vs d). A 

larger gap between a and b or c and d, showed a larger amount of Meinwald rearrangement. 
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This means that by adding more catalysts, the increase in epoxidation has been cancelled out 

by the increase of rearrangement side-reaction. 

 

 

Figure 2.29 4-chloro styrene substrate consuming and epoxide product forming plot using 

different catalysts and ratios 
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Similar to those in unsubstituted styrene, the epoxidation reactions with Cat-0 and Cat-

OP showed a decrease in yield while Cat-Cl did not. Moreover, Cat-Cl has the slowest 

relative reaction rates of the three, Cat-OP was the fastest by comparing the yield at 0.5 hour 

with at 1 hour.  

Compared to the unsubstituted styrene, the epoxidation of 4-chloro styrene was slower. 

All the 0.5 hour yield in styrene were much closer to the 1 hour yield, the “end state” of the 

reaction, while for the 4-chloro styrene, especially with the Cat-Cl, at 0.5 hour time, the 

reactions were just about half done (Figure 2.29 a vs Figure 2.27 a, Figure 2.29 b vs Figure 

2.27 b). 

To sum up, in the epoxidation of 4-chloro styrene, similar to all the reactions tested 

above Cat-OP has shown the fastest reaction rate and Cat-Cl was the slowest of the three. 

However, the more efficient Cat-OP and Cat-0 were also capable of decreasing the yield by 

introducing a Meinwald rearrangement side reaction. As predicted, the chlorine atom on the 

styrene has deactivated the epoxidation reaction by an electron withdrawing effect. 

2.4.2.4 4-methyl styrene epoxidation 

Compared to the H- group and the chloro group in previous tests, methyl is a mild 

electron donating group, which is known to increase the electron density on the C=C bond 

and eventually increase the reactivity towards the epoxidation reactions.  
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Table 2.5 Yield of 4-methyl styrene epoxidation  

4-methyl styrene 
epoxide yieldeda (%) / substrate consumed (%) 

0.5 hr 1 hr 24 hr 

Cat-Cl 
2.5b 31.6 / 51.6 43.2 / 71.9 48.5 / 82.5 

5 35.7 / 50.4 56.2 / 69.2 54.9 / 79.3 

 
    

Cat-0 
2.5 16.4 / 28.2 9.2 / 49.2 2.6 / 64.6 

5 3.5 / 25.9 1.7 / 45.4 0 / 55.0 

 
    

Cat-OP 
2.5 24.6 / 26.7 0 / 46.9 0 / 65.7 

5 0 / 30.0 0 / 46.5 0 / 52.8 

a. Percentage consumed and percentage yielded were calculated based on the added DCM 

internal standard with 1H NMR 

b. Molar ratio in [cat] : [sub] : [ox], 2.5 represents [cat] : [sub] : [ox] = 2.5 : 100 : 100 

 

In these reactions, interestingly, both Cat-0 and Cat-OP catalyzed reactions have shown 

a significant amount of Meinwald rearrangement, with these rearrangement reactions being 

more dependent on the catalysts amount. As is shown in Figure 2.30, c and e have shown a 

higher epoxide product yield at 0.5 hour than in d and f respectively. This is because, after 

doubling the amount of catalysts in d and f, the rate of Meinwald rearrangement finally 

exceeded the rate of epoxidation so that as substrates kept being consumed but no epoxides 

were observed. 

Another interesting result was that a slight decrease in yield in the reaction due to 

rearrangement was observed with Cat-Cl (Figure 2.30 b), this was due to the higher 

reactivity of 4-methyl styrene resulting from the electron donating methyl group compared to 
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the lower reactivity in the chloro styrene which showed no rearrangement side reaction with 

Cat-Cl.  

 

 

Figure 2.30 4-methyl styrene substrate consuming and epoxide product forming plot using 

different catalysts and ratios 
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To sum up, the electron inducing effect not only impacted the epoxidation reaction but 

also changed the rates for the Meinwald rearrangement of the epoxides. Higher electron 

density on the C=C bond will increase the reactivity both in these two reactions, and in 

certain reaction condition the rate of rearrangement can exceed the rate of epoxidation which 

leads to no epoxidation product. The tested catalysts also followed the observed trend of Cat-

OP > Cat-Cl > Cat-0. 

2.4.2.5 4-methoxy styrene epoxidation 

Methoxy group on the phenyl ring is a strong electron donating group, which will make 

the electron density on the C=C bond even higher than methyl group. This leads to an even 

higher reactivity towards the epoxidation reaction. Moreover, as observed previously, this 

higher reactivity also leads to a higher risk of Meinwald rearrangement.  

 

Table 2.6 Yield of the styrene epoxidation  

4-methoxy styrene 
epoxide yieldeda (%) / substrate consumed (%) 

0.5 hr 1 hr 24 hr 

Cat-Cl 
2.5b 25.0 / 39.3 35.1 / 64.8 33.6 / 73.7 

5 20.5 / 38.4 29.8 / 61.6 17.3 / 71.4 

 
    

Cat-0 
2.5 0 / 64.9 0 / 87.5 0 / 88.8 

5 0 / 65.3 0 / 83.6 0 / 91.4 

 
    

Cat-OP 
2.5 0 / 66.3 0 / 89.4 0 / 95.8 

5 0 / 82.2 0 / 94.3 0 / 99.4 

a. Percentage consumed and percentage yielded were calculated based on the added DCM 

internal standard with 1H NMR 

b. Molar ratio in [cat] : [sub] : [ox], 2.5 represents [cat] : [sub] : [ox] = 2.5 : 100 : 100 
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The results showed that using this very reactive 4-methoxy styrene, both Cat-0 and Cat-

OP showed no epoxide product even though substrate consumption is very high. In the first 

0.5 hour over 60 % of the substrates have been consumed but no desired product was 

observed. By using this more reactive 4-methoxy styrene substrate, more Meinwald 

rearrangement reactions occurred rather than more epoxidation reactions. This suggests the 

Meinwald rearrangement is more dependent on the substrate reactivity than epoxidation 

reaction under current conditions. 

Interestingly, only the reactions with Cat-Cl have shown positive results, but the 

Meinwald rearrangement can be observed more significantly in these reactions than with the 

other substrates. By introducing more Cat-Cl catalysts, as is shown in Figure 2.31, b 

compared to a, a larger decrease in epoxide product yield was observed. This means the 

Meinwald rearrangement is also more dependent on the amount of the catalysts than 

epoxidation reaction under the current conditions. 

To sum up, 4-methoxy styrene is a very reactive substrate both in epoxidation and 

Meinwald rearrangement due to its relatively high electron density on the C=C bond. The 

Meinwald rearrangement is observed to be more dependent on this reactivity than 

epoxidation. As a result, the Meinwald rearrangement rates were higher than the rate of 

epoxidation in reactions with cationic Cat-0 and Cat-OP, while only the neutral Cat-Cl has 

slower Meinwald rearrangement and observable epoxide products.  
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Figure 2.31 4-methoxy styrene substrate consuming and epoxide product forming plot using 

different catalysts and ratios 

 

2.4.3 Olefin reactivities and catalysis study 

In summary, varieties of substrate have been tested using our Cat-Cl, Cat-0 and Cat-OP 

catalysts. With increasing trend of electron density on the olefin C=C bonds as: cyclohexene 

< 4-chloro styrene < styrene < 4-methyl styrene < 4-methoxy styrene, the reactivity of 
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epoxidation followed the same trend. However, the reactivity of Meinwald rearrangement 

also followed this trend, more reactive substrate had more Meinwald rearrangement which 

eventually ended up with less epoxide products or even no epoxide product. Moreover, the 

catalyzed rearrangement was more dependent on the substrate reactivity than the epoxidation 

reactions, by increasing the substrate reactivity, the Meinwald rearrangement will be 

increased even more than epoxidation.  

In all these tested reactions, the relative reaction rate under catalyst follows the trend of 

Cat-0 < Cat-Cl < Cat-OP. However, the rate of Meinwald rearrangement followed a 

different trend: Cat-Cl < Cat-0 < Cat-OP.  

2.4.3.1 Substrate effect 

We have chosen five substrates for epoxidation as described in previous discussion. The 

results have shown that all these substrates can be oxidized into desired epoxides products. In 

this section, the catalyzed epoxidation and Meinwald rearrangement reaction under different 

substrates are discussed in detail (Figure 2.32). 
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Figure 2.32 Tested substrate, their desired epoxidation product,  

and Meinwald rearrangement side-product  

 

The rate of metal catalyzed epoxidation reactions is mainly determined by the rate of 

oxygen atom transfer from the metal catalysts to the olefin C=C bond. This transfer is usually 

an electrophilic step from the electron poor metal-oxo part to the electron rich C=C bond 

(Figure 2.33). In this step, the higher electron density on the olefin the more reactive the 

epoxidation will be.  

 

 

Figure 2.33 Two possibilities for the electrophilic step in epoxidation reactions 
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As a result, higher electron density on the double bond will make the oxygen atom 

transfer more efficient and eventually make the epoxidation more efficient (Figure 2.34).  

 

 

Figure 2.34 Epoxidation reactivity trend is consistent with  

the electron density trend on the C=C bond 

 

The following step was the Meinwald rearrangement of the epoxides. With the metal-

based catalyst, this rearrangement undergoes another electrophilic mechanism. 

 

 

Figure 2.35 Electrophilic step in the Meinwald rearrangement of epoxides 

 

There are two ways to increase the possibility and reactivity of the electrophilic step 

(Figure 2.35, first step): increasing the electron density on the oxygen atom of the three-

membered ring or making the metal in the catalyst more positive. The first factor can be 
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realized from the substrates. In our tested substrates, the trend of the electron density on the 

oxygen of the epoxides are consistent with the trend in Figure 2.34 due to the electron 

inductive effect of the substituents. As a result, the most electron-rich 4-methoxy styrene is 

more likely to have more Meinwald rearrangement reaction than other substrates (Figure 

2.36).  

 

 

Figure 2.36 Meinwald rearrangement reactivity trend is consistent with  

the electron density trend on epoxides oxygen 

 

To sum up, the effect on the substrate side are focused on the electron density resulted 

from the electron inductive effect of the substituents. With electron donating groups, the 

electron density will be increased on both the C=C bond in the olefin and the oxygen atom in 

the epoxides. This higher electron density will lead to higher reactivity both in epoxidation 

reaction and Meinwald rearrangement reaction. Finally, the reactivity of both epoxidation 

reaction and Meinwald rearrangement reaction follows the trend of cyclohexene < 4-chloro 

styrene < styrene < 4-methyl styrene < 4-methoxy styrene. 
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2.4.3.2 Catalysis on epoxidation 

Not only the substrates have large effect on the tested epoxidation reaction and 

Meinwald rearrangement, the different catalysts also have significant impact on the reactivity. 

The first observation is the trend of relative epoxidation rate under different catalysts 

follows Cat-0 < Cat-Cl < Cat-OP. As is mentioned previously, the rate of epoxidation is 

mainly determined by the efficiency of oxygen atom transfer. This oxygen atom transfer can 

be further divided into two steps (Figure 2.37), and will be discussed in detail. 

 

 

Figure 2.37 Oxygen atom transfer in epoxidation reactions,  

a. catalyst oxidation step; b. olefin epoxidation step. 

 

During the first step in oxygen atom transfer (Figure 2.37 a), Mn(TPP) catalyst is 

oxidized from Mn(III) to Mn(V) to form the Mn oxo complex. This step involves a removal 

of two d-electrons in manganese center (Figure 2.38). When an axial co-ligand coordinates 

the metal center, the energy of manganese (xz, yz) and z2 orbitals is going to increase 

(Figure 2.38) by the axial co-ligands. As a result, when two electrons are removed, it is more 

favorable to remove from higher energy level (Figure 2.38 b) than from lower energy level 

(Figure 2.38 a). 
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Moreover, the energy increase of manganese (xz, yz) and z2 orbitals corresponds to the π 

and σ basicity of the axial co-ligands. This means by controlling the π and σ basicity of the 

axial co-ligands, it is possible to control the energy increase of manganese (xz, yz) and z2 

orbitals, and eventually control the reactivity of this catalyst oxidation step. 

 

Figure 2.38 d-block of the catalysts without (a) or with (b) axial co-ligand. 

 

The second step of the oxygen transfer is the olefin epoxidation by the oxidized higher 

valent catalysts (Figure 2.38 b). Similar mechanism has been reported in C-H activation and 

oxygen transfer steps22. In this research, the oxo manganese (IV) underwent an excited path 

to transfer the hydrogen atom (Figure 2.39). 
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Figure 2.39 Reported excited pathway of hydrogen atom transfer,22  

a. ground state pathway; b. excited pathway 

 

In this reported oxygen atom transfer mechanism, the ground state pathway involves a 

high activation energy in the transferring transition state (Figure 2.39 a). However, if the 

reaction undergoes an excited pathway (Figure 2.39 b), the activation energy can be 

decreased significantly. This excited pathway is mainly controlled by the gap between the e 

(xz, yz) and b1 (z
2) orbital. A smaller gap between these two orbitals will make this pathway 

much more accessible resulting a much more efficient oxygen atom transfer. 

Hypothetically, our tested epoxidation could also undergo similar pathway to transfer the 

oxygen atom. In this case, a smaller gap between the e (xz, yz) and b1 (z
2) orbital will make 

this pathway more possible and eventually increase the oxygen atom transfer efficiency. 

Furthermore, as is discussed previously, these two orbitals are corresponding to the π and σ 

basicity of the axial co-ligands. As is shown in Figure 2.13, for the axial co-ligand, a weak π 

and σ donor will have poor epoxidation reactivity; a weak π but strong σ donor will also have 
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poor epoxidation reactivity; on the contrary, a strong π but weak σ donor may have 

exceptional epoxidation reactivity.  

A smaller gap between the e (xz, yz) and b1 (z
2) orbital can make the excited pathway 

more feasible. We propose that this state can be achieved by using a weak σ but strong π 

donor as the axial co-ligand. In this way, the energy of e orbital will increase more than the 

increase of the b1 orbital energy (Figure 2.40). This leads to a smaller gap with strong π 

donor (Figure 2.40 c) than with weak π donor (Figure 2.40 b). Consequently, the excited 

pathway becomes more accessible in Figure 2.40 c, which results to a higher oxygen atom 

transfer efficiency. 

 

 

Figure 2.40 Orbital energy change with a. no axial co-ligand;  

b. weak σ and π donor; c. weak σ but strong π donor 
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To sum up, considering the two steps in oxygen atom transfer (Figure 2.37) and the 

influence from the axial co-ligand, the first catalyst oxidation step was changed by the axial 

co-ligand in a way that the b1 and e orbital energy can be increased by the σ and π donation. 

Removal of electrons from these orbitals during oxidation can be much easier, leading to a 

more efficient catalytic oxidation. The second olefin epoxidation step was controlled by the 

axial co-ligand in a way that the gap between the b1 and e orbital can be adjusted by the σ 

and π basicity of the axial co-ligand, so that a smaller energy gap leads to a more accessible 

excited pathway for transferring oxygen atoms with higher efficiency.  

As a result, for the tested catalysts, Cat-0 has no axial co-ligand. Cat-Cl has a weak σ 

and π donor as the axial co-ligand while the Cat-OP has both strong σ and π donor as the 

axial co-ligand. This means compared to Cat-0, Cat-OP will be more efficient both in the 

catalyst oxidation step and olefin epoxidation step, while the Cat-Cl only has the advantage 

in the catalyst oxidation step. This is consistent with our observation of epoxidation rate 

trend of Cat-0 < Cat-Cl < Cat-OP. 

2.4.3.3 Catalysis on Meinwald rearrangement 

The introduction of axial co-ligand has successfully improved the epoxidation rate of our 

tested substrates by improving the oxygen atom transfer efficiency. However, the Meinwald 

rearrangement of the epoxide products also has similar requirement on the catalysts, which 

means the catalysts that can catalyze the epoxidation reactions can sometimes catalyze the 

Meinwald rearrangement reactions as well. 

In our tested reactions, different substrates have shown different levels of capability in 

Meinwald rearrangement of the epoxide products and the reactivity from the substrate 
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nucleophilic differences has been discussed in detail. Herein, we only focus on the catalysts 

and what difference make these catalysts change the Meinwald rearrangement differently.  

The observed result is the reactivity of Meinwald rearrangement follows the trend of 

Cat-Cl << Cat-0 < Cat-OP. As is discussed previously, both the epoxidation and Meinwald 

rearrangement reaction are electrophilic at the prospect of the catalysts, which means more 

electron rich on the C=C bond of the olefin or oxygen atom of the epoxides will lead to 

higher reactivity. On the other hand, making the metal center of the catalysts more positive 

will also increase the reactivity of both reactions. However, the rearrangement reaction seems 

more responsive to the charge on the catalysts than the epoxidation reactions. The cationic 

Cat-0 did not perform any better than Cat-Cl in epoxidation, while the cationic Cat-0 and 

Cat-OP performed significantly better than Cat-Cl in the rearrangement reaction. We 

believe that is because the C=C bond is not as sensitive as the oxygen atom in epoxides to the 

proposed electrophilic effect. As a result, the positive charge of the catalyst was not the 

dominant factor in epoxidation while it did dominate the rearrangement reactions.  

 

 

Figure 2.41 Catalysts and their reactivity in epoxidation and Meinwald rearrangement 
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2.4.4 Epoxidation with N2O and intermediate capture with polymerization 

2.4.4.1 Epoxidation with N2O 

Previously, iodosobenzene was used as the oxidant of the epoxidation reaction and this 

oxidant has some limitations such as cost, solubility and stability. As a result, a much cheaper 

and easier to handle N2O oxidant was tested. N2O is known to oxidize olefins into epoxides 

using certain catalysts23 (Figure 2.42).  

 

 

Figure 2.42 Reported epoxidation with N2O as oxidant23 

 

 

Figure 2.43 Reactivity of Mn-POM, a. mechanistic cycles of direct decomposition of three 

N2O molecules over the Mn-POM; b. proposed mechanistic cycles of 

 epoxidation of propene by N2O over the Mn-POM. 
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Recently, it is also reported that in a manganese substituted polyoxometalate, the 

manganese metal center is capable of decomposing N2O into N2 and O2
24 (Figure 2.43 a). In 

this reaction, it is proposed that it involves a manganese oxo intermediate state. Based on this, 

it is proposed that some manganese-based catalysts will be able to catalyze the epoxidation 

reaction using N2O as oxidant (Figure 2.43 b). 

As a result, the epoxidation reactions with N2O were tested with our catalysts under a 

variety of reaction conditions (Table 2.1). However, the results did not turn out to be positive, 

with no epoxides being observed after our reaction. We believe this may because of the N2O 

solubility issue from the solvent or because the tested catalysts are not capable of catalyzing 

such reactions.  

2.4.4.2 Rearrangement intermediate capture with co-polymerization 

As is observed and discussed previously, some of the catalyzed epoxidation reactions 

have significant amount of Meinwald rearrangement. This rearrangement reaction involves a 

ring-opening step of the epoxides forming a cationic intermediate. In this case, it is possible 

to capture this intermediate and copolymerize with phthalic anhydride to form polyesters. 

It is reported that epoxides are capable of copolymerize with phthalic anhydride or even 

CO2 to form polyesters5, 25-26. Since our catalysts, especially for Cat-OP shows a high 

reactivity towards Meinwald rearrangement reactions, a in situ route was designed. In the 

designed route, the substrate can be first oxidized by iodosobenzene into epoxides, followed 

by a continuous copolymerization with phthalic anhydride to form polyesters (Figure 2.44). 
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Figure 2.44 Designed in situ reaction to capture the intermediate of the rearrangement 

 

Unfortunately, the desired polymers were not observed. Instead, the Meinwald 

rearrangement product and polyether of the epoxides can be observed in trace amount. To 

exam this in situ route to see if it the problem of epoxides forming or the influence of 

iodosobenzene oxidant, a direct route with purchased epoxides was introduced (Figure 2.45). 

 

 

Figure 2.45 Designed direct co-polymerization of epoxides with phthalic anhydride 

 

However, these reactions only showed the polyether again (Figure 2.46). We believe 

this may result from the short lifetime of this intermediate. The intermediate cation did not 
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live long enough to react with phthalic anhydride, instead it self-reacted to form the 

polymerization product instead of copolymerization product. 

 

 

Figure 2.46 Observed polymerization to form polyethers 

2.5 Conclusions 

In conclusion, three catalysts for epoxidation reactions have been tested using different 

substrates. The reactions were observed to be a competition between the epoxidation reaction 

and Meinwald rearrangement reaction. Rates of these two reactions can be varied by using 

different substrates and catalysts which leads to different yields.  

In the epoxidation reaction, concerning the substrate, the reactivity follows the trend of 

cyclohexene < 4-chloro styrene < styrene < 4-methyl styrene < 4-methoxy styrene. This is 

consistent with a model based on increased reactivity with increased electron density on the 

olefin C=C bond. Concerning the catalysts on the other hand, reactivity follows the trend of 

Cat-0 < Cat-Cl < Cat-OP, which we propose arises primarily from the influence of the axial 

co-ligand that varies σ and π basicity, differentially moving the d-orbital manifold of the 

manganese centers and eventually impacting the oxygen atom transfer rate of the epoxidation 
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reactions. Moreover, although the catalysis of such reaction can be changed by the presence 

of a cationic charge on the catalyst, the result of Cat-0 < Cat-Cl demonstrates that this effect 

is not as important as the identity of the axial co-ligands in impacting epoxidation catalysis. 

In the Meinwald rearrangement reactions, concerning the substrate, the reactivity 

follows the trend of cyclohexene < 4-chloro styrene < styrene < 4-methyl styrene < 4-

methoxy styrene, which is the same as the epoxidation due to a similar model where 

increased electron density on the oxygen atom of the epoxides three-membered ring increases 

the reaction rate. On the other hand, the Meinwald rearrangement reactivity concerning the 

catalysts follows the trend of Cat-Cl << Cat-0 < Cat-OP. We believe this is because of the 

impact that charge on the catalysts has on the reaction, as Cat-0 and Cat-OP are cationic 

while the Cat-Cl is neutral. This appears to lead to a significant difference in binding with 

the epoxides oxygen atom in the ring-opening step of the rearrangement.  

In addition to the epoxidation catalysis studies, investigations towards other reactivity 

have been made, such as epoxidation with N2O oxidant and capturing the cationic 

rearrangement intermediate with copolymerization reactions. To date these efforts have not 

met with success.  

2.6 Future plan 

2.6.1 Catalysis with axial co-ligand 

As is discussed previously, the σ and π basicity of the axial co-ligands on the catalysts 

have a unique influence on their catalytic capabilities. However, the comparison is not fully 

comprehensive using the initial catalyst screen described here. More catalysts with different 
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axial co-ligands need to be introduced to broaden the scope of catalysis with manganese 

porphyrins.  

We know that cationic charge on the catalysts can have an impact on the catalysis, and 

Cat-0 and Cat-OP are cationic while the Cat-Cl is neutral. From the results and conclusions 

we have made so far, the identity of the axial co-ligands appear to play a more important role 

than positive charge in epoxidation, whereas in Meinwald rearrangement reactivity the 

charge of the catalyst appears to be more significant. With a broadened catalyst scope to 

investigate in the long run, axial co-ligands with different charges need to be introduced in 

order to compare the combined effect of charge with σ and π basicity of the axial co-ligands. 

2.6.2 Intermediate capture with co-polymerization 

With our attempts to capture the Meinwald rearrangement intermediate through co-

polymerization, the desired polyester was not yet observed, with the observation of 

homopolymerization of epoxides to form polyethers. We believe this may result from a short 

lifetime of the cationic intermediate.  

In order to extend the intermediate lifetime, substituents at the carbocation position can 

be introduced. (Figure 2.47) This intermediate could then be intercepted to further 

functionalize the system.  
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Figure 2.47 Increased intermediate lifetime by introducing more substituents 

 

On the other hand, introducing substitutions on the other carbon of the three-membered 

epoxide ring can also stabilize the intermediate. In this way, there are two ways to open this 

three-membered epoxide ring (Major and Minor in Figure 2.48). For the major ring-opening 

pathway, the carbocation can be stabilized similar to the example above. For the minor ring-

opening pathway, the shift of methyl group is much slower compared to the hydride shift. In 

this way, the lifetime of the cationic intermediate can also be extended. (Figure 2.48) 
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Figure 2.48 Extended intermediate lifetime by introducing more substituents in both major 

and minor pathway to the intermediates 
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2.7 Supplement data 

2.7.1 Spectroscopic data 

 

 

Figure 2.49 1H NMR of tetraphenyl porphyrin (TPP) 
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Figure 2.50 1H NMR of epoxidation on cyclohexene with Cat-0 
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Figure 2.51 1H NMR of epoxidation on cyclohexene with Cat-Cl 
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Figure 2.52 1H NMR of epoxidation on cyclohexene with Cat-OP 
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Figure 2.53 1H NMR of epoxidation on styrene with Cat-0 



 

 

 

75 

 

Figure 2.54 1H NMR of epoxidation on styrene with Cat-Cl 
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Figure 2.55 1H NMR of epoxidation on styrene with Cat-OP 



 

 

 

77 

 

Figure 2.56 1H NMR of epoxidation on 4-chloro styrene with Cat-0 
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Figure 2.57 1H NMR of epoxidation on 4-chloro styrene with Cat-Cl 
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Figure 2.58 1H NMR of epoxidation on 4-chloro styrene with Cat-OP 
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Figure 2.59 1H NMR of epoxidation on 4-methyl styrene with Cat-0 
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Figure 2.60 1H NMR of epoxidation on 4-methyl styrene with Cat-Cl 
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Figure 2.61 1H NMR of epoxidation on 4-methyl styrene with Cat-OP 
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Figure 2.62 1H NMR of epoxidation on 4-methoxy styrene with Cat-0 
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Figure 2.63 1H NMR of epoxidation on 4-methoxy styrene with Cat-Cl 
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Figure 2.64 1H NMR of epoxidation on 4-methoxy styrene with Cat-OP 
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CHAPTER 3 

Microwave-Assisted Synthesis of Overcrowded Molecules, 

Characterization and Application 
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3.1 Abstract 

This chapter details the work on a novel microwave-assisted coupling reaction of 9-

fluorenone with chromium hexacarbonyl. 

A new coupling reaction of 9-fluorenone (9F) to form 9,9’-bifluorenylidene (BF) was 

discovered in our laboratory. This method simply utilizes stoichiometric Cr(CO)6 as the 

initiator for the coupling reaction under microwave irradiation. Compared to the traditional 

McMurry reaction, which involves extremely hygroscopic titanium tetrachloride or 

hazardous reducing agents, our method is mild and extremely simple. With the utilization of 

microwave heating, reaction times are shortened from tens of hours to tens of minutes. 

Optimization of reaction conditions has been performed, improving the yields from an 

initially found trace amount to ~65%.  

Collaborative investigation into the functionalization and application of BF and related 

compounds as electron acceptor materials for BHJ solar cells are also discussed. 

3.2 Introduction 

3.2.1 Microwave reaction 

Microwave reactions, compared to traditional thermal reactions, are performed under 

microwave irradiation. Microwave energy can generate molecular rotations (Figure 3.1). The 

strong dipole interactions of polar molecules with a microwave field causes alignment of the 

dipole moments due to the changing external field. The resulting high frequency alignment 

change is then converted directly into thermal energy, heating the sample. 
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Figure 3.1 The electromagnetic spectrum1 

 

This phenomenon was first observed in the 1940s,2 but was introduced into organic 

synthesis in the late 1980s by Gedye,3 Giguere,4 and Majetich.4 Because of faster reaction 

rates, higher yields and lower energy consumption, microwave irradiation is attracting 

extensive interest in academic and industrial settings. In this project, microwave irradiation 

was used to synthesize symmetric, overcrowded aromatic molecules for use as electron 

acceptors in solar cells from ketones by a McMurry-type reaction. This new methodology 

may be able to serve as a useful addition to the toolkit of synthetic chemists.  
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3.2.2 McMurry Reactions 

3.2.2.1 Discovery of McMurry Reactions 

The McMurry reaction is a classic reaction in organic chemistry, where two ketones or 

aldehydes are coupled to form an olefin, often using low valent titanium as a stoichiometric 

reducing agent (Figure 3.2). 

 

 

Figure 3.2 A generalized McMurry coupling reaction 

 

This reaction was first reported in 1972 by Sharpless.5 In his report, tungsten(VI)-

alkyllithium was used as reducing agent with different carbonyl containing molecules to form 

olefins. Tyrlik and Wolochowiczt6 proposed a mechanism involving a metal carbenoid 

intermediate in 1973. They found that tetramethylethylene was synthesized from acetone 

using a TiCl3-Mg reagent. In this reaction, the carbenoid Me2C: was proposed to form 

through the deoxygenation of acetone. They proposed that titanium was used to remove the 

oxygen on the carbonyl group and to form carbenoid intermediates. The carbenoid 

intermediates were then attacked by another carbonyl to make a four-membered 

metallocycle, followed by the release of titanium oxide and the final olefin product. (Figure 

3.3, top route) 
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An alternative mechanism was proposed by McMurry in 1974,7 when the first “classic” 

titanium induced McMurry reaction was reported using TiCl3/LiAlH4. Based on the 

observation of pinacol by-products by Mukaiyama8 in 1973, McMurry proposed that Ti(III) 

was reduced in situ to form the strong reducing agent Ti(II). This Ti(II) species then reduced 

and coupled the carbonyls to form a titanium bridged metallopinacol intermediate, which was 

followed by TiO2 loss to form the product olefin (Figure 3.3, bottom route).  

 

 

Figure 3.3 The carbenoid mechanism proposed by Tyrlik and Wolochowiczt6 (top)  

and the metallopinacol mechanism proposed by Mukaiyama8 and McMurry7 (bottom) 

 

In 1974, McMurry and Fleming7 introduced a new method using TiCl3-LiAlH4. They 

proposed that Ti(II) was involved in the reaction, which was formed in situ by the reductant 

(metal Na/Li or LiAlH4). This strong reducing reagent was capable of reducing ketones or 

aldehydes to form an intermediate diol. Another important discovery was that a pinacol by-

product could be isolated from the reaction in many cases. As a result, the metallopinacol 

mechanism was rapidly and widely accepted. 

 



 

 

 

95 

 

Figure 3.4 Mechanism proposed by McMurry and Fleming in 19747 

 

Later in 1978, McMurry9 was able to further optimize this reaction. This was necessary 

since the LiAlH4 reagent could not reduce Ti(IV) or Ti(III) efficiently, giving extremely 

variable results which was dependent on the batch of reagent used.10 By introducing TiCl3/K, 

TiCl3/Li or TiCl3/Zn, acceptable and reproducible yields were obtained for a variety of 

aldehydes and ketones. In this way, a large number of aldehydes and ketones were 

successfully reduced and coupled into olefins. Based on the work on developing the coupling 

of ketones and aldehydes and determination of its mechanism, this reaction is now commonly 

named after McMurry. 

3.2.2.2 Mechanism Debates 

Until the discovery of pinacol by-products, it was believed that this olefin-producing 

reductive coupling could undergo either carbenoid mechanism or metallopinacol mechanism. 

The existence of a pinacol product was convincing evidence for pinacolate formation during 

the reaction. As a result, the metallopinacol mechanism is widely accepted. However, we 

now know that either of these two mechanisms can be adopted in a McMurry-type reaction. 

Tungsten or molybdenum have also been explored as the reductive metal center instead 

of the traditional titanium. Fujiwara11 reported that he was able to achieve reductive coupling 

using WCl6-LiAlH4, W(CO)6 or Mo(CO)6 system. He noted that the carbonyl metal(0) 
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reagents are less reactive and less productive than the WCl6-LiAlH4 system. More 

importantly, Fujiwara proposed that this reductive coupling by tungsten or molybdenum 

involved a metal carbenoid intermediate (Figure 3.5). Such a mechanism was further 

supported in 1990 when Bryan and Mayer12 succeeded in isolating a tungsten carbenoid that 

was capable of forming olefins when reacted with ketones or aldehydes. 

 

 

Figure 3.5 Mechanism proposed by Fujiwara in 197811 

 

Villiers and Ephritikhine13 found that some of the titanium-induced reductive coupling 

reactions in fact involved carbenoid intermediates. The initial reports from McMurry9 

covered an extensive exploration of substrate scope, yielding coupling products for a wide 

variety of ketones and aldehydes. However, Villiers and Ephritikhine14 noted that when 

compared to the reported 70%-90% yield for most coupling reactions, the product from 

diisopropylketone only resulted in a 37% yield. Upon further study, they discovered that the 

major product for this reaction is 2,4-dimethylpent-2-ene at 45% yield. Furthermore, no 

pinacol product was found. They concluded that the metallopinacol intermediate was 

unstable when the ketone alkyl group is too bulky, thus any coupled metallopinacol 
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intermediate would spontaneously revert back to the starting material. Therefore, the only 

way the product could be formed was through a titanium carbenoid intermediate. 

 

 

Figure 3.6 Proposed carbenoid mechanism of diisopropylketone14 

 

In summary, the mechanism of low valent metal induced reductive coupling reactions 

can be divided into two groups: those undergo a metallopinacol mechanism and those 

involve a carbenoid intermediate. Most titanium induced coupling will undergo a 

metallopinacol reaction, in which the low valent titanium will bind with the carbonyl oxygen 

to form a carbon radical, then two carbon radicals combine together to form the 

metallopinacol intermediate, and finally the metal oxide leaves resulting in olefin as the 

product. This mechanism is accepted to be the classic McMurry reaction. On the other hand, 

if the ketone or aldehyde is very bulky, the coupled metallopinacol intermediate is not stable. 

It will instead undergo a carbenoid mechanism, in which a carbenoid intermediate is formed 

and then attacked by carbonyl group to form a four-membered metallocene. The metal oxide 

then leaves resulting in the final product. If alternative metals such as tungsten or 

molybdenum are used as the reducing metal center, the reaction will often undergo a 

carbenoid mechanism since tungsten and molybdenum can form a more stable carbenoid 
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intermediate and are not strong enough reducing agents to initiate the radical chemistry 

necessary for the pinacol pathway.  

 

 

Figure 3.7 Two major mechanisms of low valent metal induced reductive coupling. a. 

McMurry reaction mechanism, metallopinacol intermediate; b. carbenoid mechanism. 

 

3.2.2.3 Limitations of McMurry-type reactions 

The McMurry reaction plays an essential role in organic synthesis given that it works for 

almost all kinds of ketones and aldehydes with relatively high yield. However, this powerful 
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organic synthetic tool faces significant practical problems that have prevented it from being 

widely adopted. Low valent titanium, the key for making this reaction work, is made in situ 

by the action of a reducing agent (Li, Na, K, Mg, Mg(Hg), Zn, Zn/Cu metal or LiAlH4) on 

TiCl3 or TiCl4. Initially, the TiCl3-based system was used to reduce the carbonyls. However, 

a slow self-decomposition of TiCl3 was observed that resulted in “erratic results”.15 The 

TiCl4-based system from Mukaiyama8 resulted in a relatively stable result compared with 

TiCl3 reagents. However, TiCl4 is extremely hygroscopic and can decompose with trace 

amounts of moisture, releasing HCl and TiO2. Given the stoichiometric nature of the titanium 

reagent, this reaction is difficult to handle, and the yield tightly depends on the experimental 

skill of the chemist running the reaction. Letcka says it best: “McMurry coupling does not 

always give high yields at the first, or even the second attempt, but with some experience, 

reproducibly high yields can be attained. We strongly recommend several test couplings on 

cyclohexanone before venturing a coupling on the more complex material.”16-17  

In conclusion, reductive coupling reactions, especially the McMurry reaction, are 

promising ways to synthesize olefins from ketones and aldehydes. With some experience, 

high yield can be attained in most cases. This reaction is still used in labs, although usually as 

the last resort due to the practical problems described previously. 
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3.2.3 Reported Syntheses of 9,9’-bifluorenylidene (BF) 

9,9’-bifluorenylidene (BF, Figure 3.8) has gathered significant attention, given that BF 

is much easier to synthesize compared to the fullerene acceptors. BF also has an improved 

visible-light absorption, and can provide a significant higher open circuit voltage compared 

to fullerene based bulk heterojunction (BHJ) solar cells.18-19 The synthesis of BF has been 

reported in different ways. 

 

 

Figure 3.8 Structure of 9,9’-bifluorenylidene (BF) 

 

3.2.3.1 McMurry Reaction 

9,9’-bifluorenylidene has been investigated since 1974,7 when McMurry and Fleming 

successfully synthesized this compound with 95% yield utilizing LiAlH4-TiCl3.
7 9,9’-

bifluorenylidene is often used as one of the McMurry reaction’s handles, in that it is used to 

determine if a new set of conditions are better or worse than the traditional McMurry 

reaction.  

In 2004, Ramana20 and coworkers reported a microwave-assisted McMurry reaction that 

can give high yields for many kinds of carbonyls in 5 minutes heating including 9-fluorenone 
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(94%), benzophenone (97%), cyclohexanone (92%) and cinnamaldehyde (92%). However, 

this reaction only changed the heating source. The traditional TiCl4/Zn reducing reagent was 

used in this reaction, meaning that an oxygen and moisture free environment was strictly 

required.  

3.2.3.2 Lawesson’s Reagent and Woollins’ Reagent 

Other attempts to obtain 9,9’-bifluorenylidene have been made that do not involve 

McMurry-based routes. Lawesson’s reagent or Woollins’ reagent have been demonstrated to 

be capable of synthesizing 9,9’-bifluorenylidene from 9-fluorenone. 

 

 

Figure 3.9 Lawesson’s reagent and Woollins’ reagent 

 

Lawesson’s reagent21 and Woollins’ reagent22 are well known as thiation and selenation 

agent of carbonyl groups, respectively. To the best of our knowledge, 9-fluorenone and its 

derivatives are the only substrate that undergoes such coupling reaction with Lawesson’s or 

Woollins’ reagent. It is believed that in the reactions, the carbonyls on the 9-fluorenones are 

first thiated or selenated respectively. Then these intermediates undergo a homocoupling 

reaction, forming 9,9’-bifluorenylidene.23-24 

Lawesson21 reported in 1982 that 2,4-Bis(4-methoxyphenyl)-1,3,2,4-

dithiadiphosphetane-2,4-disulfide (now known as Lawsson’s reagent) was able to convert 9-
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fluorenone into 9-fluorenthione, and this thione can dimerize in situ yielding 9,9’-

bifluorenylidene as product (5% yield). Another recent paper18 also utilized Lawesson’s 

reagent to synthesize 9,9’-bifluorenylidene from 9-fluorenone giving a 46.1% yield.  

Woollins’ reagent, as a selenium analogue to Lawesson’s reagent, was also able to 

synthesize olefins from ketones and aldehydes. Woollins22 reported in 2007 that 2,4-

Bis(phenyl)-1,3-diselenadiphosphetane-2,4-diselenide (now known as Woollins’ reagent) 

was capable of synthesizing 9,9’-bifluorenylidene from 9-fluorenone with a higher yield 

(78%) compared to Lawesson’s reagent. 

In 2014, Eakins and coworkers24 reported a novel way of microwave-assisted coupling 

of 9-fluorenone with Lawesson’s reagent in a solvent-less condition. A series of compound 

based on 9-fluorenone were successfully synthesized (Figure 3.10). Noticeably, Eakins has 

pointed out that the nitro or carboxylic acid substituted 9-fluorenones are not compatible with 

this synthesis due to decomposition of the substrate.24 
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Figure 3.10 9-fluorenone based coupling product by Eakins24 

 

3.2.3.3 Pd-Catalyzed Aryl C-H Activation 

Jin and coworkers25 have introduced a Pd-catalyzed alkyne-directed dual C−H activation 

of bis-biaryl alkynes. By using three equivalents of MnO2 as the oxidant, and PivOH as the 

chelating ligand, a 98% optimal yield was obtained. This reaction provides an alternative to 

the McMurry reaction, with comparable yields. However, a large amount of oxidant and 

expensive palladium catalyst is needed for this reaction. 
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Figure 3.11 Palladium catalyzed 9,9’-bifluorenylidene formation form bis-biaryl alkynes. 

 

3.2.3.4 Barton-Kellogg Olefination 

Most reported methods for the synthesis of BF can only be used to make symmetric 

olefins. By using the Barton-Kellogg olefination reaction, asymmetric and overcrowded 

olefins can also be synthesized.  

Miao and coworkers have reported the synthesis of the overcrowded TBHF and TBHF-

4H using the Barton-Kellogg olefination reaction.26 Due to the repulsion of the C-H bonds 

and the resultant structural bending, the yields for synthesis of these overcrowded molecules 

can be quite low. Barton-Kellogg olefination reaction provided a powerful, but complicated, 

method for making our desired compounds. 

Compared to other reactions for the synthesis of BF, Barton-Kellogg olefination is 

extremely powerful for synthesizing asymmetric olefins. However, the Barton-Kellogg 

olefination is much more complicated than other aforementioned reactions, with multiple 

steps and reagents necessary to carry it out. Though the coupling step can be high yielding, 

the overall yield is still relatively low (30% - 50%). 
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Figure 3.12 Barton-Kellogg olefination to synthesize different olefins26 

 

In conclusion, low valent titanium induced reductive coupling, i.e. the McMurry 

reaction, coupling using Lawesson’s reagent or Woollins’ reagent, noble metal catalyzed aryl 

C-H activations and Barton-Kellogg olefination reactions can result in good yields and 

provide many options to synthesize olefins from varieties of ketones or aldehydes. These 

reactions each suffer from different drawbacks that either have or may curtail their large-
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scale adoption. For the McMurry reaction, oxygen- and moisture-free techniques and a 

skilled operator is required. Lawesson’s reagent and Woollins’s reagent are dangerous, 

expensive and malodorous stoichiometric reagents. For the aryl C-H activation route, large 

amounts of oxidant and precious metal catalysts are used. Barton-Kellogg olefination 

reaction requires multiple steps. Moreover, all these reported methods require reaction times 

of tens of hours in order to obtain a good yield. Therefore, we believe that an easier and less 

expensive reaction to synthesize olefins from ketones and aldehydes will be of interest to the 

synthetic community. 

3.2.4 Bulk Heterojunction Solar Cells (BHJ) 

Bulk heterojunction (BHJ) solar cell is a kind of solar cell that blends electron donors 

and acceptors together to form a heterojunction layer. Due to the higher efficiency on 

electron transfer and transportation, BHJ solar cells have been showing a promising solar 

energy conversion efficiency at a significantly lower device price than traditional silica based 

solar cells.27-31 This is due to simpler means of fabrication and practical advantages presented 

by higher flexibility and lower weight. In this section, BHJ solar cells will be discussed in 

more detail. 

3.2.4.1 Organic Solar Cell Components 

Bulk heterojunction solar cells use organic compounds (organic semiconductors) as its 

p- and n-type materials. The donor molecules are usually highly conjugated aromatic 

oligomers or polymers. Acceptors are usually made from fullerene derivatives due to their 

excellent electron transporting capabilities. 
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Figure 3.13 Typical excitation and transportation steps in organic solar cells32 

 

The electron donor absorbs the energy from the photon, which excites the electron from 

the HOMO to LUMO, resulting in an excited state. The electron is then transferred to the 

acceptor LUMO, generating a charge separated state. The hole remaining on the HOMO of 

the donor and the electron on the LUMO of the acceptor are then transported to their 

respective electrodes to reach an outer circuit.  
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Figure 3.14 Different blending modes of donors and acceptors. a. Fine mixture;(b. Bilayer 

architecture; c. Ideally deposited BHJ solar cell; d. Real-life BHJ solar cells.32 

 

A homogenous mixture of electron donors and acceptors (Figure 3.14 a) can generate 

charges in high efficiency but cannot transport charges very efficiently before the electrons 

and holes recombine. In order to transport the charge carriers, a bilayer architecture with a 

contacting interface is required (Figure 3.14 b). However, the travel distance of excited 

electrons is limited by diffusion, typically the diffusion distance (LD) is 10 nm, and the 

thickness of bilayers prevents the electrons’ effective diffusion without recombination. To 

combat this, the electron donor and acceptor are blended together, forming a bulk 

heterojunction layer that increases the interfacial area significantly. Ideally, the bulk 

heterojunction layer would be an interdigitating array with a width D = 2LD (Figure 3.14 c). 

In real life, either through self-assembly or deposition, electron donors and acceptors can be 
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blended to form a heterojunction layer as in Figure 3.14d. This still provides a much higher 

interfacial area compared to the bilayer architecture but is more convenient to manufacture.  

3.2.4.2 Ultrafast Electron Transfer 

BHJ solar cells are feasible due to ultrafast electron transfer. An early observation of 

such ultrafast electron transfer was by Heeger and coworkers in the 1990s.33 They discovered 

femtosecond-scale electron transfer from poly(3-octylthiophene) to C60, indicating a well-

paired energy level between the electron donor and acceptor. This ultrafast electron transfer 

further implied an extremely high quantum efficiency, thus photo induced charge generation 

can occur quite efficiently in such donor-acceptor pairs. 

However, high quantum efficiency does not necessarily mean high energy conversion 

efficiency. After exciton generation, effective transportation and collection of the charges 

become more important. To collect charges, a proper offset the LUMOs is required, which is 

highly dependent on the identity of the electron donor and acceptor. To transport charges, 

electron mobility is also critical. This largely depends on the morphology of the 

heterojunction layer and the individual charge conductivity of the electron donor and 

acceptor. 

3.2.4.3 Electron Donors and Electron Acceptors 

As the basic components of bulk heterojunction solar cells, electron donors and electron 

acceptors determine the efficiency of the cells. Orbital energies of electron donors and 

acceptors are critical to the excitation and charge transfer processes. A proper energy gap 

between the HOMO and LUMO in the electron donor ensures efficient exciton generation 

under visible light, while a proper offset (typically, 0.3 eV34) of the acceptor LUMO from the 
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donor LUMO ensures an efficient transfer of the excited state electrons. As a result, the 

orbitals on both electron donors and acceptors need to be matched to provide high power 

conversion efficiencies. 

Thiophene based electron donors (Figure 3.15) are the leaders in this area both in the lab 

and in real-world devices.32 By adjusting the substituents and polymerization level, orbital 

energies of thiophene electron donors can be tuned, leading to different energy conversion 

efficiency. (Figure 3.16) 

 

 

Figure 3.15 Examples of donor and acceptors in BHJ solar cells.32 a. Poly[(4,4'-bis(2-

ethylhexyl)dithieno[3,2-b:2',3'-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-benzothiadia-

zole)-5,5'-diyl], b. poly-(3-hexylthiophene-2,5-diyl) (P3HT), c. diketopyrrolopyrrole based 

oligomer, d.5,5'-bis((4-(7-hexylthiophen-2-yl)thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-

c]pyridine)-3,3'-di-2-ethylhexylsilylene-2,2'-bithiophene, e. [6,6]-phenyl-C61-butyricacid 



 

 

 

111 

methyl (PC61BM), f. bisadduct analog [6,6]-phenyl-C61-butyric acid methyl and g. indene-

C60-bisadduct. 

 

Fullerene derivatives such as phenyl-C61-butyric acid methyl ester (PCBM) are typical 

electron acceptors in BHJ solar cells. The highly conjugated fullerene system results in 

exceptional electron affinity and mobility. Moreover, fullerenes self-assemble with a 

desirable morphology when combined with thiophene polymer or oligomer based electron 

donors (Figure 3.17).35-36  

 

 

Figure 3.16 Calculation of PCE based on different donor HOMO/LUMO levels  

when using PCBM as acceptor.34 
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Figure 3.17 Left: PhBTEH in blend film; Right: PhBTEH:PC71BM in blend film.36 

 

However, compared to silicon-based solar cells, BHJ solar cells still lag in efficiency. 

According to a recent report, this is mainly because of the low open circuit voltage (Voc),
34 

which is due to the low LUMO energy level of fullerene acceptors. In addition, the synthesis 

and purification of fullerene-based electron acceptors molecules is a significant challenge 

that will lead to higher costs in manufacture and commercialization.  

3.2.4.4 Non-Fullerene-Based Electron Acceptors. 

In order to overcome the problems of fullerene based electron acceptors, non-fullerene 

based electron acceptors have been introduced. Various non-fullerene-based electron 

acceptors have been investigated and reviewed, some representative examples are shown in 

Figure 3.18 - Figure 3.20 
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Figure 3.18 Rylene diimide-based acceptors37 

 

The electron accepting ability of rylene diimide originates from the aromatic system and 

the electro-negative imide group. Additionally, the conjugation system ensures good charge 

mobility. Nonetheless, the reported highest energy conversion efficiency using ryelene 

acceptors remains below 5%.37 

 

 

Figure 3.19 Diketopyrrolopyrrole-based oligomer with electron withdrawing group. 
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Oligomers with electron withdrawing group are also capable of accepting electrons. By 

blending these oligomers with P3HT, a 1.8% of PCE has been achieved.37  

 

 

Figure 3.20 Predicted rotation of 9,9’-bifluorenylidene (BF) after accepting one electron23 

 

For our purposes, theory has predicted that 9,9’-bifluorenylidene (BF) can be a good 

electron acceptor. This is based on a structural twist due to repulsion of the C-H bonds on 

each fluorene ring.23 Upon accepting one electron, the repulsion of these hydrogen atoms can 

be released by rotating the molecule by 90°, which is impossible in the neutral molecule due 

to the presence of the double bond. 

In summary, for both fullerene-based acceptors and non-fullerene-based acceptors, there 

is great need to discover good electron acceptors for continued improvement in BHJ solar 

cells. To design such systems, three parameters need to be met. First, electron acceptors in 

BHJ solar cells require an aromatic system to ensure good conductivity. Second, the acceptor 

should be able to accept electrons. The electron affinity may originate from either electron 

withdrawing groups or a space repulsion inherent to the structure. Finally, acceptor 
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molecules need to form specific morphologies when constructing a BHJ device to allow for 

efficient electron transfer to the outer circuit. 

3.2.4.5 Overcrowded Aromatic System as Electron Acceptors 

Overcrowded small organic molecules are rigid molecules that are structurally twisted 

because of repulsion due to a crowded spatial placement. These molecules tend to distort the 

standard structures to release the repulsion, typically by partially breaking a rigid bond such 

as an alkene or alkyne. 

Overcrowded small organic molecules as BHJ solar cell electron acceptors were 

predicted theoretically in 2010,23 but relatively little work has be done since then. 9,9’-

bifluorenylidene (BF), the original example of an overcrowded small molecule, was made 

into BHJ device quite recently18- other substrates remain unexplored.  

The electron accepting capability of BF originates from two major factors: repulsion of 

C-H atoms and the retention of aromaticity after a one-electron reduction reaction.  

 

 

Figure 3.21 Repulsions in BF. Twisted molecule in crystal structure38 
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BF and similar molecules have a symmetric structure with two planar rings being 

connected by a double bond. BF contains 26 π-electrons, making the molecule an overall 

aromatic system. However, repulsion of hydrogen atoms prevents it from being planer in 

solution (Figure 3.21), creating an angle of 42.15o between the two planar fluorene groups in 

one crystal structure.38 This leads to partial loss of aromaticity, resulting in two 13-electron 

non-aromatic conjugation system.  

By adding one electron to BF, the electron will occupy the anti-bonding orbital of the 

double bond, resulting in a weaker double bond which allows the twisting of these two planes 

and a loss of aromaticity. However, this creates two different electronic occupied groups in 

the molecule: one with 13 electrons, and the other with 14 electrons. The new aromatic half 

(14 electron) greatly stabilizes the BF anion, and results in BF being a better electron 

acceptor than systems that lack such a stabilizing influence.  

Similar chemistry has also been observed in the related molecule 4,4’-

bicyclopenta[def]phen-anthrenylidene (BP). However, after a one-electron reduction the 

electron count changes from 30 electrons to (15 + 16) electrons, resulting in an anti-aromatic 

4n group. Thus, it has been predicted that BP would be an inferior electron acceptor.  
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Figure 3.22 Aromaticity change in BF and BP upon one-electron reduction.18 

 

After mixing BF or BP with poly-(3-hexylthiophene-2,5-diyl) (P3HT) into BHJ devices, 

Hwang and coworkers were able to achieve Voc = 1.07 V, short circuit current density Jsc = 

5.04 mA/cm2, fill factor FF = 0.42 and power conversion efficiency PCE = 2.28% for BF; 

and a Voc = 0.32 V, Jsc = 0.05 mA/cm2, FF = 0.25 and PCE = 0.004% for BP. The BF device 

shows much higher PCE than BP device, and this 1 volt open circuit voltage is two times 

larger than in fullerene-based BHJ solar cells. On the other hand, the BP based BHJ solar 

device shows little photovoltaic effect. Hwang has attributed this observation to the presence 

of the partially aromatic structure generated after one-electron reduction in BF.  

Although having a high open circuit voltage, the short circuit current density and fill 

factor are lower in BF based BHJ solar cells compared to fullerene based ones (Jsc up to 15 

mA/cm2, FF = 0.5~0.75). The reason to this remains unknown and needs to be unveiled in 

order to better the PCE of the devices. We hypothesize that this is either due to poor inherent 

electron conductivity of BF or due to poor heterojunction structural formation under the 

reported conditions.  
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Figure 3.23 Orbital energy levels of P3HT, BF, BP and PCBM18, 34 

 

The higher energy LUMO on BF leads to a significantly higher open circuit voltage than 

PCBM (~1 V in P3HT:BF compared to ~0.65 V in P3HT:PC60BM).18 On the other hand, 

LUMO energy on BP is too high to allow efficient electron transfer from P3HT LUMO to 

BP LUMO. (Figure 3.23). This may further explain the better PV properties for BF over BP. 

Calculated orbital energy levels for BF derivatives also suggested a series of possible 

materials for BHJ solar cell acceptors based on such structures (Figure 3.24). 
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Figure 3.24 Calculated orbital energy levels for different donor and 

 acceptors in BHJ solar cells39 

 

In conclusion, BF and its derivatives have been preliminarily used as electron acceptors 

in BHJ solar cells A significantly higher open circuit voltage has been observed. However, a 

low short circuit current density and low fill factor limits the performance of BF in BHJ solar 

cells. The reason for such low performance remains to be answered. Other many similarly-

structured small organic molecules which can be used as electron acceptors have to date not 

been investigated.  



 

 

 

120 

3.2.5 Other electronic devices based on fluorene 

Fluorene is a typical molecule that has been used in varieties of devices because its 

availability, low price and good capability in electron accepting and transporting. Richard L. 

McCreery group has been using fluorene to create a variety of organic electronic devices. In 

this section, some of this work will be briefly discussed. 

 

 

Figure 3.25 General electrochemical method for organic films growth in the McCreery 

group 

 

3.2.5.1 Electrical rectifier 

A rectifier is a set of electronic devices that can convert alternating current to direct 

current. The reciting ability usually comes from the semi-conductivity and the ability to 

change current according to voltage of the device. 
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Figure 3.26 Organic molecular layer setup 

 

McCreery group have reported rectifiers based on fluorene (FL) or nitro azobenzene 

(NAB).40 In this work fluorene and nitro azobenzene were successfully grown on the 

substrate surface electrochemically. Single layer can be done using one scan, while the 

thickness of multilayer can be controlled by multiple scans. 
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Figure 3.27 Comparison of conductance in FL- and NAB-based heterojunctions 

 

In this work, the NAB with a thickness of 4.5 nm has shown a strong rectification effect, 

while FL with a 1.7 nm thickness has shown a weak rectification effect (Figure 3.27). One 

reason for this observation was the orbital energy difference between NAB and FL. That the 

LUMO-HOMO gap is larger in FL than in NAB. 

 

 

Figure 3.28 LUMO and HOMO energy in different molecules 
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As a result, potentially in similar systems, BF can show a better rectification than FL 

molecules. 

3.2.5.2 Organic field effect transistor and nonvolatile memories 

Transistors are the most important and fundamental unit in electronic devices, especially 

in computers. Modern computer processors such as CPU and GPU can have as many as 7.2 

billion and 21 billion transistors respectively.41  

 

 

Figure 3.29 Transistors (a) and FETs (b) 

 

Transistor is a device that uses a very small controlling current to control the current 

flow, on the other hand, field effect transistor (FET) controls it by voltage (Figure 3.29). So, 

the key point for a FET material is the changing under different voltages (potentials). 

Moreover, if this kind of conductivity change is not simultaneous with the change of 

controlling potential, and can be turned on and off, this would be a promising material for 

nonvolatile memory (NVM). 
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Figure 3.30 Devices with fluorene. (a) organic field effect transistors; (b) nonvolatile 

memories with read (R) and write/erase (W/E) circuits 

 

McCreery group have reported fluorene based devices that functions as organic FET or 

NVM.42-43 This utilizes the good electron accept ability of fluorene. Moreover, after 

accepting one electron, the fluorene anion becomes an aromatic system, which significantly 

increases the conductivity of the layer. 

As discussed previously, the structural nature of the BF can lead to a promising electron 

accepting ability and electron conductivity. As a result, BF could be functionalized to be 

incorporated into similar devices. 

3.2.6 Functionalization of 9,9’-bifluorenylidene (BF) 

As a result, BF needs to be functionalized into diazonium salt for electrochemical 

deposition (Figure 3.31). As is discussed in section 3.2.3.2, some groups can be introduced 

to BF, but reactive nitro- or carboxylic acid groups are not compatible because of their 

explosive nature in neat reactions. However, Eakins and coworkers24 did not investigate these 

more reactive reactions with solvents, and in solvents, Lawesson’s reagent is known to 

couple or cross-couple 9-fluorenone and its derivatives.18, 24  
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Figure 3.31 Designed routes to BF-N2
+ 

 

3.3 Experimental 

3.3.1 General 

Unless otherwise stated, all reactions mixtures were ground together with an agate 

mortar/pestle and loaded under nitrogen in an Innovative Technology glove-box, then 

cap/septum-sealed and immediately heated in a microwave system. All microwave reactions 

were performed with a Discover Benchmate microwave system using a standard 10 mL 

microwave reaction vials and caps/septa. 
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All chemicals were purchased from VWR International, Sigma–Aldrich, Alfa Aesar, and 

TCI America, and were used without further purification. Deuterated NMR solvents were 

purchased from Cambridge Isotope Laboratories, Inc. All solvents were stored over 4 Å 

molecular sieves prior to use.  

1H and 13C NMR spectra were recorded with a Varian Mercury 400 MHz spectrometer. 

Chemical shifts are reported by reference to solvent resonances: 1H NMR (CDCl3 = 7.26 

ppm), 13C NMR (CDCl3 = 77 ppm).44 The yield determined by 1H NMR refers to the 

calculated yield based on the 1H NMR of 3,4,5-trichloropyridine as internal standard. 

3.3.2 Reaction condition optimization 

3.3.2.1 Temperature optimization 

Under nitrogen atmosphere, a 1 : 1 mixture of 9-fluorenone with chromium 

hexacarbonyl (9-fluorenone: 0.18 g, 1 mmol; chromium hexacarbonyl: 0.22 g, 1 mmol) was 

finely mixed in an agate mortar and loaded neat into a 10 mL glass microwave vial. This vial 

was then removed from glove-box and heated to the desired temperature as stated in Table 

3.2 in Discover Benchmate microwave system and held at that temperature for 1.5 minutes 

before being cooled to room temperature. The resulting product was then dissolved in 

dichloromethane (DCM) and filtered. The filtrate was air dried overnight to give a dark 

orange solid crude product. This crude product was dissolved in a minimum amount of 

deuterated chloroform (~0.5 mL) and 3,4,5-trichloropyridine (0.05 g) was added as an 

internal standard. The yield of 9,9’-bifluorenylidene was determined by 1H NMR. 
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3.3.2.2 Reaction time optimization 

Under nitrogen atmosphere, a 1 : 1 mixture of 9-fluorenone with chromium 

hexacarbonyl (9-fluorenone: 0.36 g, 2 mmol; chromium hexacarbonyl: 0.44 g, 2 mmol) was 

finely mixed in an agate mortar and loaded neat into a 10 mL glass microwave vial. This vial 

was then removed from glove-box and heated to 250 ºC in Discover Benchmate microwave 

system at 230 W, then held for a certain period of time as stated in Table 3.3 before being 

cooled to room temperature. The resulting product was then dissolved in DCM and filtered. 

The filtrate was air dried overnight to give the solid crude product. This crude product was 

dissolved in a minimum amount of deuterated chloroform (~1 mL) and 3,4,5-

trichloropyridine (0.1 g) was added as an internal standard. The yield of 9,9’-

bifluorenylidene was determined by 1H NMR. 

3.3.2.3 Reaction ratio optimization 

Under nitrogen atmosphere, a certain amount (as stated in Table 3.4) of the mixture of 

9-fluorenone with chromium hexacarbonyl was finely mixed in an agate mortar and loaded 

neat into a 10 mL glass microwave vial. This vial was then removed from glove-box and 

heated to 250 ºC in Discover Benchmate microwave system and held for 4 minutes before 

being cooled to room temperature. The resulting product was then dissolved in DCM and 

filtered. The filtrate was air dried overnight to give a solid crude product. This crude product 

was dissolved in a minimum amount of deuterated chloroform with 3,4,5-trichloropyridine 

(25 wt% of the amount that 9-fluorenone was used) added as an internal standard. The yield 

of 9,9’-bifluorenylidene was determined by 1H NMR.  
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3.3.2.4 Metal alternatives 

Under nitrogen atmosphere, a 1 : 1 mixture of 9-fluorenone with metal(0) hexacarbonyl 

(9-fluorenone: 0.36 g, 2 mmol; metal reagent: 2 mmol) (Table 3.5) was finely mixed in an 

agate mortar and loaded neat into a 10 mL glass microwave vial. This vial was then removed 

from glove-box and heated to about 250 ºC in Discover Benchmate microwave system, then 

held at 250 ºC for 5 minutes before being cooled to room temperature. The resulting black-

brown product was then dissolved in DCM and filtered. The filtrate was air dried overnight 

to give an orange-brown solid crude product. This crude product was dissolved in a 

minimum amount of deuterated chloroform (~1 mL) and 3,4,5-trichloropyridine (0.125 g) 

was added as an internal standard. The yield of 9,9’-bifluorenylidene was determined by 1H 

NMR.  

3.3.2.5 Solvent study using toluene or m-xylene 

Under nitrogen atmosphere, a certain amount (Table 3.6) of 9-fluorenone with 

chromium hexacarbonyl was finely mixed in an agate mortar and loaded into a 10 mL glass 

microwave vial. A stir bar and a certain amount of solvent (Table 3.7) is added. This vial 

was then removed from glove-box and heated to 250 ºC in Discover Benchmate microwave 

system by 250 W power then held at that temperature for 6 minutes before being cooled to 

room temperature. The resulting product was then dissolved in DCM and filtered. The filtrate 

was air dried for two days to give an orange-brown solid crude product. This crude product 

was dissolved in a minimum amount of deuterated chloroform with 3,4,5-trichloropyridine 

(0.02 g) was added as an internal standard. The yield of 9,9’-bifluorenylidene was 

determined by 1H NMR.  
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3.3.2.6 Solvent study using high-boiling point solvents 

Under nitrogen atmosphere, a certain amount (Table 3.6 and Table 3.10) of 9-

fluorenone with chromium hexacarbonyl was finely mixed in an agate mortar and loaded 

neat into a 10 mL glass microwave vial followed by adding 1 mL of biphenyl ether. This vial 

was then sealed and removed from glove-box and heated to the holding temperature (Table 

3.6 and Table 3.10) in Discover Benchmate microwave system at 250 W, then held at 205 ºC 

for a period of time (Table 3.6 and Table 3.10) minutes before being cooled to room 

temperature. The resulting brown-orange liquid was then dissolved in dichloromethane 

(DCM) and filtered. The filtrate was air dried overnight yielding an orange liquid as a crude 

product. This crude product was dissolved in a minimum amount of deuterated chloroform 

(~1 mL) and 3,4,5-trichloropyridine was added as an internal standard. The yield of 9,9’-

bifluorenylidene was determined by 1H NMR.  

3.3.2.7 Na doping 

Under nitrogen atmosphere, a 1 : 1 : 0.1 (9-fluorenone/chromium hexacarbonyl/Na: 0.18 

g/0.22 g/0.0023 g) mixture of 9-fluorenone, chromium hexacarbonyl and sodium metal was 

finely mixed in agate mortar and loaded into a 10 mL glass microwave vial. This vial was 

then removed from glove-box and heated to a certain temperature (Table 3.8) in Discover 

Benchmate microwave system and held for several minutes (Table 3.8) before being cooled 

to room temperature. The resulting product was then dissolved in DCM and filtered. The 

filtrate was air dried overnight to give a solid crude product. This crude product was 

dissolved in a minimum amount of deuterated chloroform (~1 mL) and 3,4,5-
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trichloropyridine (0.05 g) was added as an internal standard. The yield of 9,9’-

bifluorenylidene was determined by 1H NMR.  

3.3.2.8 Oxygen/moisture tolerance 

Under nitrogen atmosphere, a 1 : 1 mixture of 9-fluorenone with chromium 

hexacarbonyl (9-fluorenone: 0.18 g, 1 mmol; chromium hexacarbonyl: 0.22 g, 1 mmol) was 

finely mixed in an agate mortar and loaded into a 10 mL glass microwave vial. This vial was 

then removed from glove-box and treated with water or air or both (Table 3.9) and heated to 

250 ºC in a Discover Benchmate microwave system at 230 W, then held at 250 ºC for 5 min 

before being cooled to room temperature. The resulting product was then dissolved in DCM 

and filtered. The filtrate was air dried overnight to give the solid crude product. This crude 

product was dissolved in a minimum amount of deuterated chloroform (~1 mL) and 3,4,5- 

trichloropyridine (0.05 g) was added as an internal standard. The yield of 9,9’-

bifluorenylidene was determined by 1H NMR.  

3.3.2.9 GC-Mass Spectroscopy 

 Under nitrogen atmosphere, a 1 : 1 mixture of 9-fluorenone with chromium 

hexacarbonyl (9-fluorenone: 0.54 g, 3 mmol; chromium hexacarbonyl: 0.66 g, 3 mmol) was 

finely mixed in an agate mortar and loaded neat into a 10 mL glass microwave vial. This vial 

was then removed from glove-box and heated to about 250 ºC in Discover Benchmate 

microwave system at the wattage of 230 W, then held at 250 ºC for 5 minutes before being 

cooled to room temperature. The resulting black-brown product was then dissolved in 

dichloromethane (DCM) and filtered. The filtrate was air dried overnight to give an orange-

brown solid crude product.  
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3.3.2.10 Optimized neat reaction 

 Under nitrogen atmosphere, a 1 : 1 mixture of 9-fluorenone with chromium 

hexacarbonyl (9-fluorenone: 0.54 g, 3 mmol; chromium hexacarbonyl: 0.66 g, 3 mmol) was 

finely mixed in an agate mortar and loaded neat into a 10 mL glass microwave vial. This vial 

was then removed from glove-box and heated to about 250 ºC in Discover Benchmate 

microwave system at 230 W, then held at 250 ºC for 5 minutes before being cooled to room 

temperature. The resulting black-brown product was then dissolved in dichloromethane 

(DCM) and filtered. The filtrate was air dried overnight yielding an orange-brown solid as a 

crude product. (24 % 1H NMR-calculated yield.) The crude product was further purified by a 

column chromatography in hexane : ethyl acetate=3 : 1, resulting 88.7 mg of 9,9’-

bifluorenylidene (18.0 % isolated yield). 1H NMR (400 MHz, CDCl3) δ 8.394 (d, 4H), 7.714 

(d, 4H), 7.350 (dd, 4H), 7.229 (dd, 4H). 

3.3.2.11 Optimized reaction in biphenyl ether 

Under nitrogen atmosphere, a 2 : 3 mixture of 9-fluorenone : chromium hexacarbonyl 

(9-fluorenone: 0.36 g, 2 mmol; chromium hexacarbonyl: 0.66 g, 3 mmol) was finely mixed in 

an agate mortar and loaded neat into a 10 mL glass microwave vial followed by adding 1 mL 

of biphenyl ether. This vial was then sealed and removed from glove-box and heated to 205 

ºC in Discover Benchmate microwave system at 250 W, then held at 205 ºC for 25 minutes 

before being cooled to room temperature. The resulting brown-orange liquid was then 

dissolved in dichloromethane (DCM) and filtered. The filtrate was air dried overnight 

yielding an orange liquid as a crude product. (~63% 1H NMR-calculated yield.) The crude 

product was recrystallized from hexane : ethanol=1 : 3, resulting 95 mg of 9,9’-
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bifluorenylidene (34.8% isolated yield). 1H NMR (400 MHz, CDCl3) δ 8.394 (d, 4H), 7.714 

(d, 4H), 7.350 (dd, 4H), 7.229 (dd, 4H). ATR-FTIR 3065 cm-1 (Ar C-H), 1440 cm-1 (Ar 

C=C). 

3.3.3 9,9’-bifluorenylidene functionalization 

 

 

Figure 3.32 Synthetic route to amino-substituted BF 

 

3.3.3.1 Synthesis of 2-nitro-9-flourenone (9F-NO2) 

Synthesis was adapted from reported method:45 A mixture of BF (9 g, 50 mmol), HNO3 

(70%, 12 mL, ~190 mmol) and 5 mL of water were stirred in a 100 mL round bottom flask at 

90 °C, H2SO4 (96%) was added dropwise until brown gas was observed (~15 mL of H2SO4). 

The reaction was kept at 90 °C for 2 hours before cooled to room temperature. The reaction 

mixture was poured into a large amount of water (1 L). The solid was collected by filtration, 

washed with water (200 mL x 5) till pH = 7 and dried overnight. The crude was purified by 

recrystallization in ethanol to form light yellow solid as the 2-nitro-9-fluorenone product 

(~10g, 87.0%), whose spectroscopy matches those previously published. 1H NMR (400 MHz, 

Chloroform-d) δ 8.48 (d, J = 1.8 Hz, 1H), 8.42 (dd, J = 8.2, 2.1 Hz, 1H), 7.78 (d, J = 7.4 Hz, 

1H), 7.69 (dd, J = 10.8, 7.8 Hz, 2H), 7.61 (td, J = 7.5, 1.1 Hz, 1H), 7.46 (td, J = 7.4, 1.0 Hz, 

1H). 



 

 

 

133 

3.3.3.2 Synthesis of BF-(NO2)x 

Synthesis was adapted from reported method:24 under nitrogen atmosphere, 3 : 2 mixture 

of 9-fluorenone and 2-nitro-9-fluorenone was mixed with Lawesson’s reagent (9-fluorenone: 

5.4 g, 30 mmol; 2-nitro-9-fluorenone: 4.5 g, 20 mmol; Lawesson’s reagent:14.2 g, 35 mmol) 

in an agate mortar and loaded into a 50 mL round bottom flask followed by adding 15 mL of 

m-xylene. This flask was then removed from glove-box and heated at reflux in Discover 

Benchmate microwave system at 150 W for 15 minutes before being cooled to room 

temperature. The resulting dark brown-orange liquid was then poured into hexanes. After 

trituration, a gummy solid product was obtained. This crude material was dissolved in a 

minimum amount of dichloromethane and vigorously stirred with excess 10 M NaOH 

solution at RT for overnight. The mixture was filtered and the resulting brown solid was 

washed with water. This brown solid was then stirred in 15 M HCl overnight before being 

filtered again, resulting an orange solid. These washes removed some of the Lawesson’s 

reagent and its decomposition products. The final product mixture was obtained with silica 

gel flash chromatography (dichloromethane : hexanes = 2 : 1), We found that separation of 

BF-NO2 and BF-(NO2)2 (E/Z) was challenging, and instead resulted in a mixture that 

contains both BF-NO2 and BF-(NO2)2. This mixture was utilized in the next reaction without 

further purification. 

3.3.3.3 Synthesis of BF-NH2 

BF-NH2 was synthesized by reducing the mixture of BF-NO2 and BF-(NO2)2 (5 g) in 

ethanol (50 mL) with SnCl2·2H2O (10 g). This was followed by slowly addition of 10 mL of 

concentrated HCl. The mixture was then heated to reflux for 5 hours and then cooled to room 
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temperature. The resulting reaction mixture is extracted with dichloromethane (100 mL x 4) 

and the combined organic phases washed with water (100mL x 4) to remove the water-

soluble bis-functionalized BF-(NH3)2
2+. The resulting organic phase was concentrated to ~30 

mL by under reduced pressure. The concentrated organic phase was then vigorously washed 

with 10M NaOH (100 mL x 4) to neutralize the acidic BF-NH3
+ salt, followed by another 

wash with water (100 mL x 4). A brown crude product was obtained after removal of the 

solvent by rotary evaporation. Flash chromatography (dichloromethane : hexanes = 3 : 1) was 

then performed to afford BF-NH2 as a brown solid. 1H NMR (400 MHz, Acetonitrile-d3) δ 

8.45 (dd, J = 7.9, 1.1 Hz, 1H), 8.34 (dd, J = 7.9, 1.0 Hz, 1H), 8.21 (dd, J = 7.9, 1.0 Hz, 1H), 

7.78 (dt, J = 7.6, 1.0 Hz, 2H), 7.66 (d, J = 2.1 Hz, 1H), 7.53 (dd, J = 7.6, 1.1 Hz, 1H), 7.46 

(d, J = 8.1 Hz, 1H), 7.42 – 7.30 (m, 2H), 7.30 – 7.19 (m, 3H), 7.05 (dd, J = 8.2, 7.0 Hz, 1H), 

6.65 (dd, J = 8.1, 2.1 Hz, 1H), 4.29 (s, 2H, -NH2). 
13C NMR (101 MHz, CDCl3) δ 145.56, 

142.19, 141.77, 141.27, 141.18, 140.65, 139.85, 138.41, 138.30, 137.94, 133.16, 129.37, 

129.13, 129.06, 126.91, 126.89, 126.75, 126.71, 126.45, 125.44, 120.79, 119.96, 119.91, 

118.82, 116.59, 113.36. ATR-FTIR ν (cm-1) 3455, 3370 (N-H stretching); 1603, 1579 (N-H 

scissoring); 1440 (9,9’ C=C stretching). 

3.4 Results and discussion 

3.4.1 Chromium hexacarbonyl catalyzed coupling of 9-fluorenone. 

Given the certain problems that the aforementioned methods may face, we have initially 

developed a microwave assisted, 30-minute reaction to synthesize 9,9’-bifluorenylidene from 

inexpensive starting materials. To obtain a higher yield and get a better understanding of 

mechanism, systematic optimization experiments were performed.  
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To understand the reaction in greater detail, a microwave temperature-time plot is 

provided in Figure 3.33. In our microwave reactions, three stages can be observed: a) 

ramping stage, microwave system uses the setting wattage to heat the reaction mixture until it 

reaches the holding temperature; b) holding stage, microwave wattage is adjusted 

automatically by the microwave heating system to maintain the temperature, and the wattage 

cannot exceed the set ramping temperature; c) cooling stage, microwave is stopped and gas is 

blown in to cool down the microwave glass vial.  

Furthermore, the slope change in stage a represents the state change of the reaction 

mixture: a slow heating regime when the 9-fluorenone is solid and a fast heating regime once 

the 9-fluorenone melts at ~85 °C. The slope further indicates the microwave absorption 

efficiency if the reactions are ramped at the same wattage: higher slopes will always mean 

higher temperature increases, thus a higher microwave energy absorption. Lower slopes will 

indicate lower temperature increases, thus lower microwave energy absorption. It can be 

observed on the plot that the reaction mixture at solid state absorbs microwave energy much 

poorer than liquid state. 
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Figure 3.33 Example temperature-time plot of 9-fluorenone/chromium carbonyl reaction in 

microwave system: a, ramping stage; b, holding stage; cooling stage. 

 

3.4.2 Optimization of Reaction conditions 

In order to optimize the reaction, a series of reaction conditions were investigated in 

detail (Table 3.1). To determine the optimized reaction temperature, the holding temperature 

was varied as explained in Table 3.2. To determine the optimized reaction time, the holding 

time was varied at the same holding temperature as explained in Table 3.3. To determine the 

optimized reaction ratio, mixtures at different ratios were reacted under the same reaction 

conditions as explained in Table 3.4. Certain low valent metal alternatives were also studied 

as explained in Table 3.5. As a complementary study to the neat reaction, solvent and doping 

metal were studied as well as the reaction tolerance to moisture and oxygen.  
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Table 3.1 List of reaction conditions 

Experiment 

name 

Metal 

reductant 

Mixture 

ratioa 

Holding time 

(min) 

Holding 

temperature (ºC) 
Solvent 

Temperatureb Cr(CO)6 1 : 1 1.5 Variable None 

Timec Cr(CO)6 1 : 1 Variable 250 None 

Ratiod Cr(CO)6 Variable 4 250 None 

Metal 

alternativee 
Variable 1 : 1 5 250 None 

Solvent-1f Cr(CO)6 Variable 6 250 Variable 

Solvent-2g Cr(CO)6 1 : 1 6 240 Variable 

Na doping Cr(CO)6 1 : 1 Variable Variable None 

O2/H2O 

tolerance 
Cr(CO)6 1 : 1 5 250 None 

Biphenyl 

Ether 
Variable Variable Variable Variable Biphenyl Ether 

a. Molar ratio. 

b. Different holding temperature from 85 to 250 ºC is adopted. 

c. Reaction is held at 250 ºC for a different period of time (0 – 20 min). 

d. Different amount of 9-fluorenone is used. 

e. Mo(CO)6 and W(CO)6 reductants are investigated along with Cr(CO)6. 

f. 30 %, 50 % and 70 % of 9-fluorenone was studied with the solvent. Different 

amount of toluene or m-xylene are added as solvent. 

g. Dihexyl ether, biphenyl and biphenyl ether are added as solvent. 

 

3.4.2.1 Holding Temperature 

The temperature of a reaction ultimately controls the rate of a given process. Too high 

can result in undesired products while too low may result in low product yields. We therefore 

determined the temperature dependence of our McMurry coupling reaction.  
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In this experiment, the holding temperature is varied, and ramping wattage of the 

microwave is also changed to give approximately similar reaction times. All experiments 

were held at the set temperature for 90 seconds. 

 

Table 3.2 Temperature dependent experiment  

Reaction number Holding temperature (ºC) Yield (%) 

1 85a 0 

2 150 0 

3 200 0 

4 210 2.7 

5 220 7.5 

6 230 13.5 

7 240 16.3 

8 250 17.1 

a. approx. melting point of the mixture. 

 

From this temperature dependence study (Figure 3.34), we conclude that at 210 ºC the 

reaction begins to take place. When the temperature reaches 240-250 ºC, the reaction appears 

to reach an optimal yield. However, higher temperatures could not be realized due to 

experimental limitations. Nevertheless, we can predict that if the holding temperature is 

higher, the yield will not necessarily continue to increase along with the temperature, and 

could potentially drop due to decomposition of the product at higher temperatures. As a 

result, the optimized reaction conditions are determined to be 240-250 ºC. 
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Figure 3.34 Yields at temperature above 210 ºC 

 

3.4.2.2 Holding Time 

Reaction time is a key part of a chemical reaction and can control the completeness of a 

given process. Shorter than optimal reaction times mean lower yields, while longer reaction 

times can introduce side-reactions. We therefore studied how long the optimized temperature 

should be held at to improve overall yields. 

In this experiment, the holding temperature is set at 250 ºC, ramped using the same 

wattage while the holding time is varied from 0 to 20 min. 
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Table 3.3 Time dependence study of reaction 

Reaction number Held time (min) Percentage yield (%) 

1 0 6.4 

2 2 12.7 

3 4 19.3 

4 6 24.0 

5 8 23.6 

6 10 23.3 

7 15 21.3 

8 20 19.2 
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Figure 3.35 Time dependence study of reaction 
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As is shown in Table 3.3 and Figure 3.35. The reaction begins at temperatures above 

210 ºC, and consumes most of the starting material between 0 to 6 minutes at the holding 

temperature. The highest yield is obtained after a 6 min holding time. If heating continues 

after the highest yield is reached, the product is found to be decomposed, resulting in lower 

yields. This is consistent with our observation that after 20 minutes a larger amount of 

graphitic black powder is present in the filtration residue. Overall, we have optimized the 

reaction conditions for the McMurry coupling of neat 9-fluorenone with Cr(CO)6 to be 6 min 

at 250 ºC. 

3.4.2.3 Reagent Ratios 

As mentioned in Table 3.4, above optimization is performed under a 1 : 1 ratio of 9-

fluorenone and chromium hexacarbonyl. However, this may not be the optimal conditions for 

this reaction. For instance, there are two benzene rings in each of the 9-fluorenone molecule 

that can potentially coordinate to the chromium metal in an η6 fashion and alter the reactivity. 

Therefore, we studied the ratio of 9-fluorenone and chromium hexacarbonyl.  

In this experiment, the holding temperature is set at 250 ºC, ramped using the same 

wattage and the holding time is set to 4 min. The ratio of 9-fluorenone and chromium 

hexacarbonyl are varied. Notice in some certain conditions of this experiment, holding 

temperature cannot be reached due to low microwave absorption. 

In the reactions, 9-fluorenone has two functions. First, as the only polar molecule in the 

reaction mixture, 9-fluorenone is the only compound that can efficiently absorb the 

microwave energy. Thus, the energy conversion from microwave to heat is highly dependent 

on the amount of 9-fluorenone: more 9-fluorenone means higher energy absorption making it 
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easier to reach the desired temperatures. Second, 9-fluorenone also functions as the solvent 

for this reaction. During the reaction 9-fluorenone melts, and a solution with chromium 

hexacarbonyl is made. This solution serves to prevent the sublimation of chromium 

hexacarbonyl and absorb the microwave energy much more efficiently than in the solid form 

(Figure 3.36). However, higher 9-fluorenone ratios do not necessarily mean higher yields 

since it appears that stoichiometric chromium hexacarbonyl is required for the reaction under 

these conditions.  

 

 

Table 3.4 Starting material ratio dependence 

Reaction 

number 

Cr(CO)6 9-fluorenone Yield 

(%) mg mmol mol% mg mmol mol% 

1 90 409.1 88.0 10 55.6 12.0 0a 

2 80 363.6 76.6 20 111.1 23.4 0a 

3 70 318.2 65.6 30 166.7 34.4 8.7 

4 60 272.7 55.1 40 222.2 44.9 19.1 

5 50 227.3 45.0 50 277.8 55.0 20 

6 40 181.8 35.3 60 333.3 64.7 19.3 

7 30 136.4 26.0 70 388.9 74.0 4.3a 

8 20 90.9 17.0 80 444.4 83.0 2.0a 

9 10 45.5 8.3 90 500 91.7 0.7a 

10 0 0 0.0 100 555.6 100.0 0a,b 
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Figure 3.36 Reaction ratio optimization  

 

In conclusion, in this reaction, 9-fluorenone needs to melt down to form a liquid reaction 

mixture containing chromium hexacarbonyl. Microwave absorption can be maximized when 

this mixture remains as a liquid phase. However, the two functions of 9-fluorenone contradict 

with each other in that more 9-fluorenone means more liquid phase in the reaction mixture 

with less reactant chromium hexacarbonyl (reaction 7,8 and 9), while less 9-fluorenone will 

result less or even no liquid phase and the reaction cannot run efficiently (reaction 1, 2 and 

3). Consequently, a 1 : 1 ratio is physically and practically the optimal ratio for these neat 

reactions even though it is not a chemically reasonable ratio.  
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3.4.2.4 Alternate Low Valent Metals 

Although we have discovered a solution to the problems with traditional McMurry 

reaction, other metals may also provide a method free of low valent titanium to successfully 

reduce the carbonyl of ketones and aldehydes. Tungsten(0) hexacarbonyl and 

molybdenum(0) hexacarbonyl were first introduced by Fujiwara11 in 1978 when he suggested 

the carbenoid mechanism. A 40%~80% yield was reported for different ketones and 

aldehydes. However, we were unable to reproduce Fujiwara’s method after several trials with 

our substrate. In order to determine the ability of other metal-carbonyl complexes to initiate 

this reaction under microwave irradiation, we utilized different metal-carbonyl complexes 

under the same conditions optimized above.  

In this experiment, the above-optimized reaction condition is adopted: a mixture of 1 : 1 

is heated to 250 ºC and held for 5 min, while different metal reagents are used. 

 

Table 3.5 Lower valent metals 

Reaction number Metal reagent 
Temperature 

reached (ºC) 
Yield (%) 

1 Cr(CO)6 250 21.2 

2 Mo(CO)6 ~200a 0 

3 W(CO)6 ~200a 0 

a. Did not reach holding temperature even under maximum wattage (300 Watts). 

 

The above-listed result is consistent with our attempt to reproduce Fujiwara’s early 

experiment in 1978, with molybdenum hexacarbonyl and tungsten hexacarbonyl unable to 

induce the coupling reaction of our substrate.  
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As mentioned above, Fujiwara11 had proposed in 1978 (and it was further supported by 

Mayer12 in 1990) that lower valent tungsten or molybdenum induced reductive coupling 

undergoes a carbenoid mechanism. On the other hand, the reaction induced by titanium 

undergoes a metallopinacol mechanism in most cases. To make chromium induced reaction 

distinct from the other two lower valent metals induced reaction, two reasons can be 

predicted. First, chromium induced reaction may undergo a different mechanism compared to 

molybdenum and tungsten, very likely to be the metallopinacol reaction. Second, as a 

reducing reagent, chromium(0) is much more reductive than molybdenum(0) and 

tungsten(0). As a result molybdenum(0) or tungsten(0) may not be the proper reagent to 

initiate this reaction. 

3.4.2.5 Solvent Studies 

As described above, there are two problems facing this reaction: the phase problem 

where only substrates that melts in a certain range can be used, and the absorption efficiency 

problem in which we need polar molecules to be enable us to reach the high reaction 

temperatures. The easiest way to solve the phase problem would be the introduction of a 

proper solvent. From the proposed properties of this reaction, we can predict that the solvent 

needs to be inert to radical reactions, having a high boiling point and low vapor pressure with 

some polarity so it can contribute to the microwave absorption efficiency. With these 

limitations in mind, toluene and xylene are tested in this reaction. 
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Table 3.6 Solvent Experiments 1 

Reaction number 
Cr(CO)6 : 9-fluorenone 

(mol : mol) 
Solvent and amount Yield (%) 

1 

1 : 3 

Toluene 
0.3 9.8a,b 

2 1 2.7a 

3 
m-Xylene 

0.3 16.3b 

4 1 14.7 

5 

1 : 1 

Toluene 
0.3 14.1a,b 

6 1 2.0a 

7 
m-Xylene 

0.3 20.3b 

8 1 15.9 

9 

2 : 1 

Toluene 
0.3 7.8a,b 

10 1 tracea 

11 
m-Xylene 

0.3 8.0b 

12 1 7.4 

a. Did not reach 250 ºC. 

b. Dried after reaction. 

 

In this experiment, all reactions are under the same condition except that certain amount 

of toluene or m-xylene is added into the reaction mixture prior to be heated. 

Based on the results in Table 3.6, toluene appears not to be a good solvent for this 

reaction since all reactions with toluene are unable to reach the desired temperature of 250 

°C. Although the reactions using m-xylene are able to reach 250 ºC, the yields obtained are 

not improved when compared to the neat reactions previously described. 

 



 

 

 

147 

8

20.3

16.3

7.4

15.9

14.7

7.8

14.1

9.8

0.1

2
2.7

30 50 70

0

10

20

 

Y
ie

ld
 (

%
)

Percentage of 9-fluorenone (%)

 m-xylene 0.3 mL

 m-xylene 1 mL

 Toluene 0.3 mL

 Toluene 1 mL

Dashed box: 250 
o
C not reached

 

Figure 3.37 Solvent Experiments 

 

Upon closer inspection of the reaction profiles we find that the temperatures raise more 

quickly from the start (~30 ºC) to 160 ºC (m-xylene boiling point). This is especially true 

between 30 ºC to 90 ºC since the introduction of the solvent changes the state of the mixture 

which makes absorption of the microwave energy more efficient. While between 90 ºC to 

160 ºC, the heating is comparable to the neat reaction since they are both liquid. However, 

the presence of solvent slows heating between 120 ºC to 250 ºC, and is particularly 

noticeable at temperatures higher than the boiling point of m-xylene. As a result, introducing 

1 mL of m-xylene takes more time than 0.3 mL of m-xylene to reach 250 ºC, and it is very 

likely that all the solvent is in the gas phase after reaching the m-xylene boiling point. 
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With the problems from the boiling point of the toluene and m-xylene, solvents with 

higher boiling points were then. Standard conditions with A 1 : 1 ratio of fluorenone : 

Cr(CO)6 heated to 240 oC for 6 minutes is used for this test. 

 

Table 3.7 Solvent Experiments 2 

Reaction number Solventa Yield (%) 

1 Dihexyl ether 8.2 

2 Biphenyl 22.4 

3 PhOPh 37.5 

4 ILb 0 

5 C6OC6 : PhOPh = 4 : 1 36.2 

6 IL : PhOPh = 4 : 1 0 

a. 1 mL of the solvent is added 

b. IL = 1-ethyl-3-methylimidazolium ethyl sulfate 

 

Dihexyl ether, a solvent with a high boiling point of 228 ºC, results in a low yield of 8%. 

Use of biphenyl (BP = 490 ºC) or biphenyl ether (BP = 258 ºC) as a solvent results in a much 

higher yield, 22.4 % and 32.5 % respectively. Compared to dihexyl ether, m-xylene, biphenyl 

and biphenyl ether can provide much higher yields. This may be a consequence of solvent 

aromaticity. 1-ethyl-3-methylimidazolium ethyl sulfate, an ionic liquid reported to support 

radical reactions46, was also tested under our reactions. This ionic liquid is very efficient for 

absorbing microwave energy, needing only 30 W to ramp compared to over 200 W in the 

other solvents used. However, this solvent did not yield the desired BF, instead forming other 

products that remain to be identified. 
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To further test the effect of solvent aromaticity on this reaction, mixed solvents were 

tested by adding a small amount of biphenyl ether to different solvents. Dihexyl ether and 

biphenyl ether mixed solvent results in a significant improvement on yield compared to the 

neat dihexyl ether solvent, while no desired product was detected in the ionic liquid and 

biphenyl ether solvent (Table 3.7). We conclude that introducing small amounts of aromatic 

solvent can significantly improve reaction yields. 

To summarize, introducing m-xylene does not raise the yields, but a little amount of m-

xylene does help in microwave energy absorption before the 9-fluorenone melts. However, a 

larger amount of m-xylene ultimately dilutes the reaction mixture and results a poorer 

microwave energy absorption. Dihexyl ether, biphenyl and diphenyl ether can be used as 

solvent to yield BF. Biphenyl and diphenyl ether provide a higher yield compared to m-

xylene, dihexyl ether or the neat reaction. Thus, aromatic solvents appear to improve the 

yield significantly. The Ionic liquid 1-ethyl-3-methylimidazolium ethyl sulfate does not 

provide the desired product, but the results suggest that other ionic liquids are worth trying 

due to the efficient microwave energy absorption of ionic liquids. 

3.4.2.6 Additive Experiments 

As in all these experiments mentioned above, a relatively high microwave wattage (over 

200 W) is used due to the poor energy absorption efficiency of the reactants. In order to 

increase the microwave energy absorption, we have attempted introducing metals such as 

sodium into the reaction. 

In traditional McMurry reactions lithium, sodium or potassium metal is widely used to 

reduce higher valent titanium to lower valent counterparts in situ. Here, sodium metal is 
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introduced to help absorb the microwave energy and build a more reducing environment for 

this reaction – potentially regenerating the active chromium complex making the system 

catalytic in chromium. 

In this experiment, all reagents were in equal amount and approximately 10 wt% Na 

metal is added into the reaction mixture. Holding time and temperature is varied to test 

product formation. 

 

Table 3.8 Na doping experiment 

Reaction number Holding temperature (ºC) Holding time (min) Yield (%) 

1 150 5 0 

2 175 5 0 

3 200 5 0 

4 225 5 8.4 

5 250 5 20.5 

6 250 10 15.7 

 

Upon addition of the sodium metal, the yields are not improved compared to our 

standard optimized conditions (Table 3.8). Moreover, decomposition at longer holding times 

is more of an issue. This may be because the sodium particles in the reaction mixture absorbs 

microwave energy much more efficiently which results in a higher local temperature 

surrounding the particles. We feel that this eventually results in higher decomposition rates 

and lower yields at longer reaction times. Another significant observation is the presence of a 

side-product.  
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In summary, addition of sodium metal does not improve the yield. However, by adding 

sodium particles, compared to introducing the m-xylene and the neat reaction, the microwave 

absorption efficiency can be greatly improved. The heating profile under microwave can be 

divided into two stages based on their phase: solid state and liquid state. Solid state stage 

represented the temperature from starting (room temperature) to melting point of the mixture 

(70~85 ºC), while the liquid state stage is from the melting point to the end, but this liquid 

stage can be further divided based on the m-xylene boiling point. 

From the starting room temperature, the reaction mixture remains in the solid state, the 

sodium particles absorb the microwave energy and help the solid mixture to be heated up. In 

this way, a higher microwave absorption efficiency is observed when compared to the neat 

reaction. Nevertheless, the m-xylene reactions give the highest initial absorption efficiency of 

these three since it is already dissolved as a liquid (time < 1 min in Figure 3.38). At 

temperatures higher than the mixture melting point, the m-xylene reaction heating rate starts 

to slow down since all reactions are in liquid state. However, the m-xylene has diluted the 

reaction mixture resulting poorer absorption. When the temperature gets close to the boiling 

point of m-xylene, the increase of temperature slows greatly which represents a very poor 

microwave energy absorption. For the tested m-xylene reaction, the temperatures do not 

reach the desired holding temperature, ended up at ~180 ºC. To sum up, at most temperatures 

the Na-doped reaction provides the highest absorption efficiency. 
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Figure 3.38 Reaction time-temperature plot of: a, Na doping reaction at 220 watts ramping, 

wattage is adjusted to 180 W after it melts; b, regular neat reaction at 230 W ramping; c, 3 

mL of m-xylene as the solvent, ramping at 230 W then adjusts to 300 W. 

 

We conclude that introducing Na particles can help absorb microwave energy at all the 

temperatures we have tested, while the m-xylene can only help at the beginning of the 

reaction but decreases the absorption around its boiling point. Moreover, larger amount of m-

xylene prevents the heating to reach the desired temperature due to the solution’s low 

concentration and low microwave energy absorption efficiency. Nevertheless, none of these 

reactions are more efficient than neat reactions. 

Moreover, the reaction with ionic liquid has a significantly higher microwave absorption 

due to the polarity of the solvent. The reaction can be done with only 30 Watts power 

providing similar temperature plot in neat reaction with 230 Watts power. 
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3.4.2.7 Oxygen and Moisture Tolerance 

For traditional McMurry reactions using low valent titanium, strict oxygen and moisture 

free conditions are required. A trace amount of oxygen or water can quench the reaction, 

resulting in erratic yields. We therefore tested if this microwave assisted synthesis of 9,9’-

bifluorenylidene is oxygen and/or moisture sensitive. 

In this experiment, water is added to the starting material as well as exposure to air or 

both. Then these reactions are heated under microwave using the same settings. 

 

Table 3.9 Moisture and oxygen tolerance 

Reaction number Treatment Yield (%) 

1 0.1 mL of water was added 0a 

2 Uncapped in air for 5 minutes 14.6 

3 0.1 mL of water and uncapped in air for 5 minutes 0a 

a. Dried after the experiment. >90 % of 9-fluorenone is recovered 

 

In this experiment, 0.1 mL of water is added to reactions 1 and 3. The presence of such a 

quantity of water prevents the reaction from taking place. If the vial is left uncapped in air 

(fully exposed to oxygen and ambient humidity), the reaction proceeds. This result shows 

some resistance to non-optimal handling. The yield is lower than our optimal conditions, but 

conversion still occurs. This result shows that, when compared to the traditional McMurry 

reaction, this reaction may be more feasible and practical in both ease of setup and tolerance 

to imperfect experimental technique.  
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3.4.2.8 Biphenyl Ether as Solvent 

From the solvent study, aromatic solvents can improve the yield of BF. For the aromatic 

solvents we have investigated, the boiling point of m-xylene is too low (160 ºC), while the 

melting point of biphenyl is too high (70 ºC). The boiling point of biphenyl ether may be just 

right (258 °C). As a result, optimization reactions using biphenyl ether as a solvent were 

undertaken.  

 

Table 3.10 Reactions using biphenyl ether as the solvent 

Reaction number 
Ractant ratio  

9-fluorenon : Cr(CO)6 
Holding temperature (ºC) Holding time (min) Yield (%) 

1 1 : 1 240 5 32.5 

2 2 : 1 240 5 34.7 

3 1 : 2 240 5 51.3 

4 1 : 3 185a 10 0 

5 1 : 2 185 10 trace 

6 1 : 2 205 10 48.2 

7 1 : 2 205 20 60.1 

8 1 : 2 205 30 64.1 

9b 1 : 2 190 0 ~30 

a. Can not reach desired temperature. 

b. Mo(CO)6 is used to replace Cr(CO)6, and the reaction explodes at 190 ºC. Yield is 

estimated based on the ratio of BF and unreacted 9-fluorenone using 1H NMR. 

 

As is shown in Table 3.10, introduction of biphenyl ether as the solvent allows for the 

reaction temperature to be decreased to 205 ºC while maintaining high yields. By decreasing 
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temperature, the decomposition rate of the products is also decreased, thus allowing for 

longer reaction times. As a result, a 30-min holding time leads to a 64.1 % yield.  

In terms of reaction ratio, at 1 : 1 ratio and 240 ºC, 5 min reaction provided 32.5 % yield 

– a higher 9-fluorenone signal than BF signal. At 1 : 2 ratio and 205 ºC, larger Cr(CO)6 

amount consumes more 9-fluorenone, leads to a higher yield. However, the microwave 

absorption efficiency issue becomes more obvious under 1 : 3 ratio, that the reaction cannot 

reach the desired 205 ºC, resulting in no product (reaction number 4, Table 3.10).  

Notably, when using Mo(CO)6 instead of Cr(CO)6 in biphenyl ether solvent, the reaction 

mixture seems quite unstable at higher temperature, resulting in reaction vial explosion at 

190 ºC. However, product recovered from the explosion shows the formation of BF. This 

suggests the possibility of synthesizing BF in our condition by different low valent metal 

complexes. 

As is shown in Figure 3.39, the amount of 9-fluorenone and BF can be found based on 

their unique signals between δ = 7.6 – 7.8 ppm. In 1, 6, 7 and 8, four unique peaks can be 

observed: right two are from 9-fluorenone while the left two are from the BF. In Figure 3.39, 

a decrease in 9-fluorenone and an increase in BF can be observed. As holding time 

elongated, the amount of 9-fluorenone decreases, while the amount of BF increases. This is 

especially true from 5 min to 20 min. However, the amount of BF does not increase 

dramatically during 20 min to 30 min holding time, while 9-fluorenone continues to be 

consumed at almost the same rate. This may be a result of an increased decomposition rate 

and decreased formation rate of BF after 20 min. As a result, reaction times longer than 30 
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min will result in lower yield because of since there is no more 9-fluorenone to react, while 

the product may continue to decompose.  
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1

6

7
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Figure 3.39 1H NMR of reaction crude products. 9-fluorenone: as-purchased BF: column 

purified. 1, 6-8: reaction numbers in Table 3.10 

 

To sum up, these microwave-assisted reactions can be classified into two conditions: 

neat reactivity and solvated in biphenyl ether.  

In the neat reaction, due to lack of liquid phase, a larger amount of 9-fluorenone is 

required. This results in a 1 : 1 optimal reaction ratio disregarding the equivalent ratio. A 250 

oC temperature is also required to get a higher yield. The reaction time is highly dependent 
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on the product formation rate and decomposition rate. In the neat reaction, an optimal time of 

6 min is required. Under this condition, the optimized yield for the neat reaction is 24%.  

In the biphenyl ether solvent conditions, a better control of reaction ratios can be 

achieved. The optimized ratio is 9-fluorenone : Cr(CO)6 = 1 : 2. A higher amount of Cr(CO)6 

can react with more 9-fluorenone leading to a higher yield of 64%. However, too much 

Cr(CO)6 can again result in a poor absorption of microwave energy and poor yields. Because 

of the presence of biphenyl ether, the reaction temperatures can be decreased to 205 ºC. The 

lower reaction temperatures appear to decrease the decomposition rates, thus allowing for 

longer reaction times. An optimal reaction time of 30 min was observed. From 1H NMR, 

most of the 9-fluorenone was consumed after 30 minutes. Eventually, the preliminarily 

optimized reaction conditions using biphenyl ether provides a yield of 64.1 %. 

3.4.3 Mechanistic Studies 

3.4.3.1 McMurry Mechanism of Cr(CO)6 Induced Coupling Reaction 

As mentioned above, lower valent metal induced reductive coupling reactions can 

undergo two distinct mechanisms, going through either a metallopinacol or a carbenoid 

intermediate. A simple way to test the metallopinacol mechanism is to examine the reaction 

mixture for by-products of a metallopinacol, which would be either a pinacol itself or the 

product of a pinacol rearrangement. 
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Figure 3.40 Predicted products for a traditional McMurry reaction undergoing a 

metallopinacol mechanism: a, McMurry product (MW = 328 g/mol); b, pinacol product 

(MW = 362 g/mol); c, pinacol rearrangement product (MW = 344 g/mol). 

 

We tested this by examining products from synthesis performed under our optimized 

neat reaction conditions. Briefly, a 0.36 g/0.44 g mixture is heated to 250 ºC then held for 5 

minutes. The crude product is then analyzed by GC-Mass spectrometry. A strong 345 (MH+) 

peak is observed, which we have assigned as C26H16O (MH+: Calc. 345.12739, found 

345.12735). We propose that this is direct observation for the pinacol rearrangement product 

(Figure 3.40). Therefore, we propose that this reaction at least in part goes through a 

metallopinacol intermediate, from which this pinacol rearrangement product is formed.  
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Figure 3.41 General mechanism to produce McMurry product, pinacol product and pinacol 

rearrangement product from 9-fluorenone 

 

Similar to the low valent titanium induced reductive coupling reaction (Figure 3.41), in 

our proposed mechanism, the carbonyl group on 9-fluorenone first reacts with low valent 

chromium, resulting in an oxidized state of chromium and a carbon radical. This carbon 

radical dimerizes to form a pinacol intermediate chelating with chromium. This pinacol 

chelating five-membered ring then breaks, forming a Cr(III) intermediate. This intermediate 

can undergo two different mechanisms resulting in distinct products. (Figure 3.42) 
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Figure 3.42 Proposed mechanism to form: (a) McMurry-type product; (b) pinacol rearrange 

product. 

 

In route a of Figure 3.42, two oxygen-carbon bonds break forming a higher oxidation 

state of chromium, i.e. chromium(IV) dioxide and a carbon-carbon double. In this case, the 

final McMurry product is formed. On the other hand, as in route b of Figure 3.42, one 

oxygen-carbon bond breaks forming a carbon cation and chromium(III). Then a pinacol 

rearrangement occurs, forming a six-membered ring. With the break of chromium-oxygen 

bond and releasing of chromium(II) oxide the spiro-product 10-(2,2’-biphenylylene)-9-

phenanthrone is formed. To date we are not able to identify the chromium byproducts from 

this reaction.  

3.4.3.2 Arenechromium Tricarbonyl Complexes 

In addition to the McMurry-type reaction mechanism under Cr(CO)6 condition, the 

reactant Cr(CO)6 has some more functions in our system. It is known that in aromatic system 
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Cr(CO)6 can bind with the aryl ring forming an η6-complex47 (piano stool complex) even in 

microwave condition.48 

 

 

Figure 3.43 General reaction in synthesizing the piano stool complex.49 

 

This complex changes reactivity of the arene system.49-50 Of interest for these reactions, 

it increases the rates for nucleophilic addition to the ring, increases ring proton acidity and 

stabilizes benzylic radical intermediates. 

 

 

Figure 3.44 Arenechromium tricarbonyl complex reactivity50 
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Furthermore, it has been reported that benzaldehyde and benzaldimine chromium 

tricarbonyl complexes undergo a pinacol coupling reaction in the presence of samarium 

diiodide as the reducing reagent (Figure 3.44).51 We hypothesize that a similar process is 

present in our reaction, with the η6-complex of chromium with 9-fluorenone being an 

important intermediate in the overall observed reactivity.  

 

 

Figure 3.45 Pinacol coupling of (benzaldehyde)Cr(CO)3 induced by samarium diiodide51 

 

As a result, we propose that η6-complexes are formed in situ. The resulting piano stool 

complex reacts with an additional equivalent of zero-valent chromium and reaction continues 

following the McMurry reaction mechanism. The formation of piano stool complexes may be 

the rate limiting step based on the reported reactions (Figure 3.40 and Figure 3.42). To test 

this hypothesis, the reaction can be performed in steps, making the piano stool complex first, 

then using this precursor to react with more Cr(CO)6. Unfortunately, the required reaction 

temperatures for piano-stool formation overlaps with the reaction temperatures of our 

coupling reaction. Our product also decomposes after long heating time. As a result, direct 
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synthesis of piano stool complex is unlikely to succeed using the microwave method, 

although other direct thermal routes may be possible.  

However, an indirect way to synthesize the piano stool may be possible. It is reported 

that the Cr(CO)3 fragment can be exchanged from one arene to another based on their 

electron density.52-53 Such an exchange reaction occurs under mild conditions compared to 

the direct synthesis from Cr(CO)6, when starting with the weaker chromium-arene bond in 

relatively electron-poor aromatic systems. Thus, a more electron-rich arene will exchange, 

forming a new arene-chromium-tricarbonyl complex. It is also possible to start from an 

electron rich arene-chromium complex if the produced electron poor arene-chromium 

complex can be consumed continuously, which shifts the equilibrium towards forming more 

electron poor arene-chromium complexes.  

 

 

Figure 3.46 Cr(CO)3 exchange reactions and substituent effects 

 

Initially, benzene-chromium-tricarbonyl complex was used as a precursor for the 

reaction. A mixture of 9-fluorenone and benzene-chromium-tricarbonyl were heated to 250 

oC under microwave conditions both neat and in biphenyl ether. Unfortunately, no BF or 9-

fluorenone piano stool complexes were observed. Notably, in the original reaction conditions 
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stated in section 3.3.3., no 9-fluorenone piano stool complex can be observed in 1H NMR or 

IR. The absence of piano stool complex may be attributed to its high activity and short life 

time. The 9-fluorenone piano stool complex may only exist in situ and is immediately 

consumed by Cr(CO)6 in the coupling reaction or the chromium tricarbonyl group is 

exchanged back to a higher-electron-density arene ring. The absence of BF in exchange 

reactions also supports our stepwise reaction hypothesis, where the piano stool does not 

couple without the reduction by a low valent metal center. More studies utilizing alternative 

reductants may help further illuminate the presence of such a reaction pathway.  

Secondly, when comparing yield in different solvents, aromatic solvents always 

outperform non-aromatic solvents. This is likely because in aromatic solvents such as 

biphenyl and biphenyl ether, chromium hexacarbonyl can react with the solvent forming the 

piano stool complex in situ, ultimately exchanging the chromium segment to 9-fluorenone. 

The electron density on the arene ring of 9-fluorenone is poor due to the carbonyl group, 

while the electron density on the arene ring of biphenyl is intermediate. The highest electron 

density is in the biphenyl ether ring. As a result, the piano stool intermediate can be formed 

most efficiently in biphenyl ether solvent, which may help explain our observation that this 

solvent provides the fastest reaction rates. This trend is also consistent with the highest yield 

being obtained in biphenyl ether. Furthermore, addition of small amounts of biphenyl ether in 

hexyl ether significantly improves yields. (Table 3.7) This may be due to the in situ 

formation of biphenyl ether piano stool complex and exchange reaction.  

 



 

 

 

165 

 

Figure 3.47 Two functionalities of Cr(CO)6: (a) low valent metal initiator for McMurry type 

reactions; (b) piano stool starting material. 

 

3.4.4 BF-based Thin Film 

It is reported that a BF:P3HT based BHJ solar cells can provide a high open circuit 

voltage (Voc) of 1.07 V, but a relatively low power conversion efficiency (PCE) of 2.28%, 

short circuit current density (Jsc) of 5.04 mA/cm and fill factor (FF) of 42%. The reasons to 

such low Jsc and FF remain unknown. We believe that the poor performance is the result of 

one or both of two major factors - the inherent conductivity of BF itself or a morphology 

issue in the BHJ solar cells of Hwang and coworkers. Calculations have suggested that the 

charge carrier mobility of BF is significantly higher than PCBM (47 × 10-3 cm2/Vs compared 

to 2.00 × 10-3 cm2/Vs).39, 54 As a result it is very likely that the low short circuit current 

density is due to an inefficient morphology in the BHJ layer. 

Collaborative work has been done with Daniel Dougherty’s group in Physics 

Department, NCSU in order to get a better understanding of the BF based BHJ solar cells 

and provide a higher PCE. 
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In order to support our argument and to find a way to improve the short circuit current 

density, BF conductivity needs to be evaluated. To test conductivity under different 

morphology, BF is first deposited onto different substrates such as highly ordered pyrolytic 

graphite (HOPG), SiO2 and indium tin oxide (ITO) to make a BF layer. By applying 

electrodes on both sides of the BF layer, conductivity can be measured directly. In this 

measurement, a flat and crystalline morphology is required. From the AFM photo, only the 

BF on indium tin oxide substrate has confirmed crystalline morphology and may be utilized 

to measure the conductivity of thin films of BF. (Figure 3.48) 
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Figure 3.48 AFM photo of BF deposited on different substrates: a. highly ordered pyrolytic 

graphite (HOPG); b. SiO2; c. indium tin oxide (ITO); d. enlarged picture of c 
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3.4.5 BF functionalization 

In order to incorporate BF into electronic devices, functional groups need to be 

introduced onto BF molecules. Under our design of incorporating BF to make field effect 

transistors (FETs) or nonvolatile memories (NVMs) we have designed synthesis routes to 

BF-based diazonium salt (Figure 3.49) and several challenges have been discovered. 

 

 

Figure 3.49 Proposed routes to BF-N2
+ 

 

In route 1 of Figure 3.49, the 1a step can be done smoothly with our reported method, 

while in the 1b step, the nitration often ends up as a mixture of mono-, bi- or even higher 

number nitro-substituted BF. 
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In route 2 of Figure 3.49, 9-fluorenone can be nitrated first. Because the nitro and 

carbonyl group are both electron withdrawing group, further nitration can be deactivated, so 

single substituted product can be more easily obtained. Due to the report on unsuccessful 

trials with 9F-NO2 coupling24, this route is designed to reduce the nitro into amino group 

prior to coupling reaction. However, the 2b reduction step can not be done efficiently. Strong 

reductants such as H2/Pd end up as both reduction of carbonyl and nitro, while mild 

reductants end up as no reaction or partial reaction. 

In route 3 of Figure 3.49, 9F-NO2 is synthesized in the same way as in route 2. In 

contrast to route 2, this method forms BF prior to reduction. An early trial of coupling 9F-

NO2 with 9F using our reported method using Cr(CO)6 under microwave condition was 

unsuccessful due to explosive 9F-NO2 and gas-generating Cr(CO)6 reactant. Similar 

substrate were successfully coupled with Lawesson’s reagent under microwave condition 

except 9F-NO2 and 9F-COOH because of the explosive nature of the substrate.24 Since 

Lawesson’s reagent is also known to be reactive in solvents, m-xylene was introduced as the 

solvent and we found that the introduction of solvent has made this coupling reaction 

possible. 

 

 

Figure 3.50 Cross-coupling to make BF-NO2 
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In this cross-coupling reaction, because of the similarity between the two reactants, the 

coupling will happen presumably equal probability with each other. As a result, 

mathematically, if the starting material ratio is 1 : 1, it will end up as 25% : 50% : 25% of BF 

: BF-NO2 : BF-(NO2)2. In the reaction, it is noticed that, it is easy to separate BF from rest of 

the two products, but BF-(NO2)2 is very difficult to separate from BF-NO2. In this case, a 

higher percentage of 9F can be used to reduce the amount of BF-(NO2)2. As a result, a 9F : 

9F-NO2 = 3 : 2 is introduced, which will produce mathematically BF : BF-NO2 : BF-(NO2)2 

= 36% : 48% : 16%. Compared to the 1 : 1 ratio, the amount has been decreased significantly 

with a bare decrease of the desired product. The mixed product is used as-is without 

separating mono- and bi-substituted BF. 

The 3c step involves reduction of nitro group to amino group. This reduction was 

previously unsuccessful in step 2b due to the carbonyl group. Fortunately, with no carbonyl 

group in BF-NO2, this reduction can be done successfully with SnCl2. After the reduction of 

the mixture of BF-NO2 with BF-(NO2)2, mixed reduced products are formed as BF-NH2 

with BF-(NH2)2. We have found that after acidification with HCl, BF-(NH3)2
x+ can be 

dissolved in the water phase. As a result, the mixed products can be easily separated by 

acidification and extraction. 

The last step of synthesis is to form the diazonium salt. Since this is a collaborative 

project and diazonium salt is not safe to mail due to its explosive nature, the last step has 

been left to the McCreery group and is not reported here. Also, to date device manufacture 

utilizing this precursor has not been demonstrated.  
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3.5 Conclusions 

9,9’-bifluorenylidene (BF) was successfully synthesized from 9-fluorenone and 

chromium(0) hexacarbonyl under microwave irradiation. Reaction conditions are optimized 

to be a). neat reaction: a 1 : 1 ratio, holding at 250 ºC for 6 min; b). in biphenyl ether solvent: 

9-fluorenone : Cr(CO)6 = 2 : 3 ratio, holding at 205 ºC for 30 min in 1 mL of biphenyl ether. 

The neat conditiona results in a maximum 24% yield while the biphenyl ether condition 

offers a 64% yield. 

This simple method provides an attractive alternative to accomplish low valent metal 

induced reductive coupling reactions such as the McMurry reaction. Compared to traditional 

McMurry reaction or other similar methods, this microwave-assisted reaction avoids using 

highly hygroscopic and oxygen sensitive titanium tetrachloride initiator and/or some 

hazardous reagents. This novel reaction also shows some resistance to air and ambient 

moisture. Utilizing microwave irradiation as heating source greatly shortens the reaction time 

from tens of hours to half an hour. This provides us an easy and quick method to synthesize 

overcrowded electron acceptors in BHJ solar cells. This also allows us to quickly optimize 

reaction conditions, and moreover, helps to discover new ways to use this reaction in both the 

current stoichiometric mode or to find conditions that induce catalytic turnover of the 

chromium initiator. 

Similar to a traditional McMurry reaction, we have confirmed the microwave-assisted 

reaction undergoes a metallopinacol (radical) mechanism based on detection of pinacol 

rearrangement side-product. A radical mechanism was proposed based on the stabilization of 

benzylic radical by arene η6-chormium tricarbonyl complexes. 
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The mechanism of this reaction is proposed to be an in situ, two-step mechanism. The 

chromium hexacarbonyl first reacts with the arene ring to form 9-fluorenone piano stool 

complex in situ. This 9-fluorenone piano stool complex can be formed ether by itself in neat 

condition or by exchanging from other piano stool precursors. Then the 9-fluorenone piano 

stool complexes further react with low valent metal Cr(CO)6 initiator, undergoing a 

metallopinacol McMurry mechanism. 

Nevertheless, this reaction does suffer from certain practical issues, such as low 

microwave energy absorption efficiency due to low polarities in both reactants and solvents. 

Gratifyingly, absorption efficiency can be potentially enhanced by introducing a polar 

solvent to provide higher absorption efficiencies. Currently, biphenyl ether works best of all 

the solvents we have screened, offering a 64% yield. Other solvents continue to be worth 

examining to further improve yields and microwave energy absorption efficiency. 

Moreover, the BF is successfully functionalized into a BF-NH2, which will be further 

investigated as a component in organic electronic devices.  
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3.6 Supplement data 

3.6.1 Spectroscopic data 

 

 

Figure 3.51 1H NMR spectrum of 9-fluorenone (9F). 
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Figure 3.52 1H NMR spectrum of 9,9’-bifluorenylidene (BF) 

 

 

Figure 3.53 Hi-res GC-Mass of the 9-fluorenone coupling-rearrangement product. (MH+: 

Calc. 345.12739, found 345.12735; MNa+: 367.10934, found 367.10913) 

 

140778_3 #64-255 RT: 0.36-1.37 AV: 192 NL: 2.17E8

T: FTMS + p ESI Full ms [100.00-500.00]

300 310 320 330 340 350 360 370 380 390 400

m/z

0

10

20

30

40

50

60

70

80

90

100

R
e

la
ti
v
e

 A
b

u
n

d
a

n
c
e

345.12735

C26 H17 O

-0.13338 ppm

367.10913

C26 H16 O Na

-0.54930 ppm



 

 

 

175 

 

-2 -1 0 1

-0.10

-0.05

0.05

0.10

I/
m

A

Ewe/V

 

Figure 3.54 Cyclovoltammetrie of BF referenced to ferrocene/ferrocenium = 0 V with a scan 

rate of 50 mV/s in 0.1 M [N(C4H9)4][PF6] in CH2Cl2. 

 

 

Figure 3.55 1H NMR of 2-nitro-9-fluorenone 
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Figure 3.56 1H NMR of BF-NO2 (δ 7.6-7.1 was unable to integrate due to impurities) 

  



 

 

 

177 

 

 

 

 

Figure 3.57 1H NMR of BF-NH2 
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Figure 3.58 13C NMR of BF-NH2 
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Figure 3.59 ATR-FTIR of BF-NH2 
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CHAPTER 4 

Synthesis of Cycloparaphenylene 
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4.1 Abstract 

This chapter describes the large scale synthesis and planned functionalization of 

cycloparaphenylene (CPP). This is another series of compounds that can potentially be used 

as electron acceptors.  

4.2 Introduction 

Cycloparaphenylene (CPP) is a nano-sized macro ring system composed of para-linked 

phenyl rings. This kind of macro ring can be considered as the smallest nano-tube (or nano-

hoop). CPP has been conceptually thought of since the 1930s,1-2 but was not successfully 

synthesized until 2008.3 This is due to difficulties in synthesis posed by the extremely 

strained structure. 

 

 

Figure 4.1 Structure of [12]CPP4 

 

4.2.1 Reported Synthesis of CPPs 

Currently, there are three reported general methods to synthesize CPP rings. 

Jasti reported the first successful synthesis of CPPs during his postdoc in Bertozzi’s 

group in 2008.3 He used Suzuki coupling to synthesize the macro ring with 1,4-dimethoxy 

cyclohexdiene building blocks to release the ring strain due to the sp3 carbon, then the ring 
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was reduced to aromatize to the CPP ring. The 1,4-dimethoxy cyclohexdiene based building 

blocks were mixed under Suzuki coupling condition. Because of this “one-pot” condition, the 

reaction lacks control of ring size, resulted a mixture of [9]-, [12]- and [18]CPPs. 

 

 

Figure 4.2 Jasti’s “one-pot” synthesis of different CPPs. 3 

 

Itami used similar strategy and successfully synthesized [12]CPP in 2009.4 Instead of the 

1,4-dimethoxy cyclohexdiene based building blocks in Jasti’s synthesis, Itami used the 

cyclohex-1,4-diol based building blocks. In his way, the macro ring formation step was 

splitted into two Suzuki coupling steps. First Suzuki coupling produced a mixture of dimers 

and trimers. Then the trimers were isolated for another Suzuki coupling, producing the macro 

ring. Finally, the macro ring was aromatized to form the CPP product. 
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Figure 4.3 Itami’s [12]CPP synthesis in 20094 

 

The synthesis reported by Yamago was significantly different from the first two 

methods. Yamago5 used an organometallic macro ring of cis-coordinated platinum square 

tetramer with para-linked phenyls. By multiple platinum centered reductive elimination 

events, a CPP was directly generated. 
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Figure 4.4 Yamago’s [8]CPP synthesis in 2010. 5 

 

After Jasti had finished his postdoc in Bertozzi’s group, Jasti revised and improved upon 

his former synthesis, dividing the “one-pot” synthesis into multiple steps. By doing this, a 

better control of ring size can be achieved. He was able to synthesize [7]-[12]CPPs 

selectively in 2012.6 Moreover, another gram-scale synthesis of [8]- and [10]CPP was 

reported by him in 2012.1 This large scale synthesis of CPPs enables the detailed 

investigation and functionalization of CPPs. 

4.2.2 Functionalization of CPPs 

4.2.2.1 Pre-functionalization 

Early functionalization of CPPs was focused on “pre” functionalization, where different 

substituents were introduced into the building blocks, then used these functionalized building 

blocks to synthesize CPP. This is because in CPPs the environment for each hydrogen is 

highly similar. Direct functionalization of CPPs will result a mixture of multi-functionalized 

CPPs. 
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Figure 4.5 Random bromination of [9]CPP.7 

 

As a result, the major way to functionalize CPP would be to functionalize the building 

blocks first, then use the functionalized building blocks to synthesize CPP. In this way, Jasti 

has successfully functionalized CPPs in different ways. 

 

 

Figure 4.6 Substituted [12]CPP from substituted building blocks by Jasti in 2012.8 
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By replacing the cyclohex-1,4-diol with 2,3,5,6-substituted cyclohex-1,4-diol, the 

substituents can be brought into the building blocks, and finally brought into the CPP 

products. The alkyl phenyl group is inert to the following steps that has little influence on the 

yield. This method provides a way to make substituted CPPs from small molecule building 

blocks, which can be altered easily, leading to varieties of different CPPs. However, this 

functionalization has certain problems. First, the substituents need to be inert to the following 

steps, otherwise the substituents themselves would react with the reagents used and lead to 

low yields and unwanted by-products. This factor significantly limited the scope of the 

substituents that can be placed on CPPs. The other problem is low efficiency of 

functionalization. When introducing different substituents into the building blocks, the whole 

synthesis route needs to be repeated again and again, resulting a low efficiency of 

functionalization. 
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Figure 4.7 Synthesis of [8]CPP dimer form brominated building blocks by Jasti in 2012.9 

 

Another attempt to functionalize CPP by Jasti was introducing different halides into the 

building blocks.9 In particular, bromine was introduced. In order to accomplish the Suzuki 

reaction for CPP formation, the more Suzuki reactive iodine was used in the terminal 

position for phenyl coupling. In this way, the Suzuki reaction can be controlled exclusively 

on iodine instead of bromine, leading to a single brominated macro ring. By using another 

Suzuki coupling reaction, two macro rings can be coupled together with a para-phenyl or 1,5-

naphthyl linker. The resulting CPP dimers can also be considered as a small section of a 

carbon nanotube. This kind of functionalization has similar problems as the aforementioned 

functionalization strategy, that pre-functionalization will result in repeating of the synthesis 

and finally lower the yield and efficiency.  

4.2.2.2 Post-functionalization 

In order to overcome the problem of repeating synthesis in pre-functionalization, it is 

necessary to synthesize CPPs first in a large scale, then add function groups directly on to 

CPPs. Our initial idea in this area was to utilize η6-arene-Cr(CO)3 piano stool complexes of 

CPP to enable post synthesis functionalization. Unfortunately, Itami and coworkers were able 

to realize this chemistry before we were. 

Itami and coworkers successfully synthesized η6-[9]CPP and η6-[12]CPP transition 

metal (Cr, Mo, W) complexes. Notably, different equivalents of Cr(CO)6 (1, 1.5 and 2 

equiv.) lead to the same mono-coordinated product.  

 



 

 

 

194 

 

Figure 4.8 [12]CPP piano stool complex reported by Itami.7 

 

 

Figure 4.9 Functionalization of [12]CPP piano stool complex.7 

 

Moreover, Itami has successfully post-functionalized the [12]CPP utilizing the piano 

stool complexes as a universal precursor. Varieties of reactive functional groups were 

installed on the CPPs. In particular, a pinacol borate group (Bpin) can be functionalized onto 

CPP. This Suzuki coupling precursor will enable the synthesis of a various novel substituted 

CPPs. As a result of Itami’s work, we are no longer focusing on this area, although a 

significant amount of my time and effort have gone into the synthesis of CPPs. 
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4.3 Experimental 

 

 

Figure 4.10 Synthesis route of [10]CPP. 
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All syntheses have been accomplished as shown and the 1H NMR characterization of 

products matches the reported ones in Jasti’s synthesis.1 

Biphenyl-4-yl benzoate (2).10 To a stirred slurry of 4-phenylphenol (1) (170 g, 1 mol) in 

benzoylchloride (118 mL, 140 g, 1 mol), 205 mL of pyridine was added in several portions, 

and then heated to reflux for 45 min. The resulting warm liquid was poured into a 1.5 L of 

2% HCl aqueous solution then filtered and washed with a larger portion of water to obtain 

the crude white solid. The crude was further recrystallized in 1L of ethanol and air dried to 

give 260 g white crystalline of 2 (94.6%). 

4'-bromo-biphenyl-4-yl benzoate (3).10 A stirred slurry of 2 (100 g, 0.370 mol) and 

potassium acetate (47 g, 0.479 mol) in 1 L acetic acid was kept at 90 ºC. Bromine (24 mL, 

74.1 g, 0.463 mol) was added to the mixture dropwise during 3 hours, then kept stirring at 90 

ºC for another 20 hours. Excess Br2 was then quenched with 0.3 L of Na2S2O3 (10% aq.) and 

diluted with 500 mL of water. The precipitate was collected by filtration to give crude yellow 

solid. The crude was kept boiling in 2 L of acetic acid for 1 hour and recrystallized overnight 

at room temperature to give 122 g light yellow crystalline of 3 (94.7%). 

4'-bromo-biphenyl-4-ol (4).11 A stirred mixture of 3 (150 g, 0.425 mol) and potassium 

hydroxide (72 g, 1.29 mol) in 300 mL of ethanol and 600 mL of water, was kept reflux for 5 

hours. The resulting solution was cooled to 70 ºC, and 180 mL of acetic acid was added in 

portions. The slurry was cooled slowly to room temperature. The precipitate was collected by 

filtration and then washed with 500 mL saturated NaHCO3 solution and 1 L of water, to give 

100 g of white crystalline of 4 (95%). 1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 8.6 Hz, 2H, 
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Ar-H), 7.42 (dd, J = 16.4, 8.7 Hz, 4H, Ar-H), 6.90 (d, J = 8.7 Hz, 2H, Ar-H), 2.63 (s, 1H, -

OH). 

(4'-bromo-biphenyl-4-oxy)trimethylsilane (5).1 To a stirred solution of 4 (100 g, 0.4 

mol) and imidazole (50 g, 0.72 mol) in 600 mL dichloromethane, 70 mL of 

chlorotrimethylsilane (0.26 mol) in 300 mL of dichloromethane was added dropwise at 0 ºC. 

The mixture was then kept stirring for another 16 hours, allowing it warm up to room 

temperature. 300 mL of 1 M sodium bicarbonate solution was then added to quench the 

reaction. The organic layer was collected then washed with another potion of 1 M sodium 

bicarbonate solution (300 mL) followed by saturated NaCl solution (300mL). The organic 

layer was then dried with anhydrous magnesium sulfate. Dichloromethane was removed 

under reduced pressure to form the TMS-protected phenol 5 as light yellow crystalline (101 

g, 76.9% yield). 1H NMR (400 MHz, CDCl3) δ 7.53 (d, J = 8.7 Hz, 2H, Ar-H), 7.45 – 7.39 

(m, 4H, Ar-H), 6.90 (d, J = 8.8 Hz, 2H, Ar-H), 0.29 (s, 9H, TMS). 

4'-bromo-1-hydroxy-[1,1'-biphenyl]-4(1H)-one (6). To stirred fresh-made 5 (70 g, 218 

mmol) solution in a mixed solvent (450 mL of THF, 120 mL of CH3CN and 210 mL of 

water) phenyliodine diacetate (PIDA, 105g, 326 mmol) was slowly added in to the solution 

in 30 minutes. The resulted green-brown solution was then stirred for another 16 hours at 

room temperature before adding a large portion of saturated NaHCO3 solution to quench. The 

mixture was then extracted by DCM (200 mL × 3), and the collected organic phase was 

washed with water (200 mL × 3) and dried over anhydrous magnesium sulfate. Black-brown 

oil was collected after removing DCM under reduced pressure. Orange crude product can 

form from the oil upon washing with a toluene : hexane=2 : 3 mixed solvent, and the crude 
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product was further washed with deep cold DCM to afford a light yellow solid (38 g, 65% 

yield) as the ketone 6. 1H NMR (400 MHz, CDCl3) δ 7.51 (d, J = 8.7 Hz, 2H, Ar-H), 7.35 (d, 

J = 8.7 Hz, 2H, Ar-H), 6.85 (d, J = 10.1 Hz, 2H, non-Ar sp2 C-H), 6.25 (d, J = 10.1 Hz, 2H, 

non-Ar sp2 C-H), 2.40 (s, 1H, -OH). 

(4'-bromo-biphenyl-4-oxy)(tert-butyl)dimethylsilane (7). A mixed solution of 4 (100 

g, 0.40 mol), tert-butyl-dimethylsilyl chloride (TBS-Cl, 130 g, 0.80 mol) and imidazole (55 

g, 0.80 mol) in 2 L of DCM was kept stirring for 24 hours at room temperature before 

quenched with a large amount of water. The resulting organic phase was then washed with 

water (750 mL × 8) and dried over anhydrous magnesium sulfate. Solvent was removed 

under reduced pressure to afford white crystalline as the crude product. Leaving the crude 

product air-drying for another 2 days will result the product 7 (130 g, 89% yield). 1H NMR 

(400 MHz, CDCl3) δ 7.52 (d, J = 8.4 Hz, 2H, Ar-H), 7.41 (dd, J = 8.4, 4.5 Hz, 4H, Ar-H), 

6.90 (d, J = 8.4 Hz, 2H, Ar-H), 1.00 (s, 9H, TBS-tert-Bu), 0.23 (s, 6H, TBS-Me). 

 

 

((4'''-bromo-1'',4''-dimethoxy-1'',4''-dihydro-[1,1':4',1'':4'',1'''-quaterphenyl]-4-

yl)oxy)(tert-butyl)dimethylsilane (10). In a nitrogen-purged 2 L round bottom flask, a 

slurry of sodium hydride (NaH, 5.9 g, 0.147 mol) and 300 mL of THF was kept stirring at -

78 ºC. A solution of ketone 6 (30 g, 0.113 mol) in 500 mL THF at -78 ºC was slowly 

transferred to the flask via cannula and stirred for 2 hours to make the deprotonated ketone 9. 
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To another 1 L flask containing -78 ºC TBS-protected phenol 7 (86g, 0.237 mol) and 500 mL 

THF, nBuLi (42 mL, 0.250 mol, 6 M in hexane) was slowly added, then the solution was kept 

stirring at -78 ºC for 30 minutes to generate a light yellow slurry lithium reagent 8. This 

fresh-made lithium reagent 8 was transferred to the fore-mentioned 2 L flask via cannula, and 

the mixture was then kept stirred for another 2 hours at -78 ºC before dry DMF (200 mL) was 

added to quench the reaction. Neat methyl iodide (MeI, 30 mL, 0.48 mol) was immediately 

added to the flask and the resulting mixture was then stirred overnight allowing to warm up 

to room temperature. 500 mL of water was dropwise added to quench the reaction before the 

mixture can be extracted with diethyl ether (300 mL × 3). The collected organic phase was 

washed with water (150 mL × 3) and saturated NaCl solution (200 mL) then dried over 

anhydrous magnesium sulfate. The solvent was removed under reduced pressure resulting 

colorless oil as the crude product. The crude product was washed with minimum amount of 

acetonitrile to afford white solid 10 (36 g, 55% yield). 1H NMR (400 MHz, acetionitrile-D3) 

δ 7.59 – 7.45 (m, 6H, Ar-H), 7.40 (d, J = 8.7 Hz, 2H, Ar-H), 7.30 (d, J = 8.8 Hz, 2H, Ar-H), 

6.94 (d, J = 8.8 Hz, 2H, Ar-H), 6.20 – 6.04 (m, 4H, non-Ar sp2 C-H), 3.39 (d, J = 1.4 Hz, 

6H, methoxy), 1.00 (s, 9H, TBS-tert-Bu), 0.22 (s, 6H, TBS-Me). 

 

  

4'''-bromo-1'',4''-dimethoxy-1'',4''-dihydro-[1,1':4',1'':4'',1'''-quaterphenyl]-4-ol 

(11). A mixture of TBS-protected phenol 10 (50 g, 86.8 mmol) and Cesium carbonate 
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(Cs2CO3, 15 g, 46 mmol) in 350 mL of DMF and 35 mL of water mixed solvent was kept 

stirring for 20 hours. The reaction mixture was then extracted with DCM (150 mL × 3), and 

the combined organic phase was washed with water (100 × 3) and saturated NaCl (100 mL) 

and dried over anhydrous magnesium sulfate. DCM was removed under reduced pressure 

affording colorless oil as the crude product. Crude product was washed with acetonitrile to 

get light yellow powder 11 (36.4 g, 91% yield). 1H NMR (300 MHz, CDCl3) δ 7.52 – 7.39 

(m, 8H, Ar-H), 7.28 (d, J = 8.7 Hz, 2H, non-Ar sp2 C-H), 6.89 (d, J = 8.7 Hz, 2H, non-Ar sp2 

C-H), 6.20 – 6.03 (dd, 4H, non-Ar sp2 C-H), 4.82 (s, 1H, -OH), 3.44 (d, J = 2.3 Hz, 6H, 

methoxy). 

 

 

4'''-bromo-1-hydroxy-1'',4''-dimethoxy-1'',4''-dihydro-[1,1':4',1'':4'',1'''-

quaterphenyl]-4(1H)-one (12). To a stirred solution of phenol 11 (25g, 54.0 mmol) in a 

mixed solvent (680 mL of THF, 200 mL of CH3CN and 270 mL of water) was added 

phenyliodine diacetate (PIDA, 27g, 83.8 mmol) slowly in a period of 1 hour. The reaction 

mixture was stirred for 2 hours at room temperature then quenched with a large portion of 

saturated NaHCO3 solution. The resulting mixture was extracted with DCM (150 mL × 3) 

and the combined organic phase was washed with water (150 mL × 3) and saturated NaCl 

(100 mL) then dried over anhydrous magnesium sulfate. DCM was removed under reduced 

pressure resulting yellow-brown solid. The crude product was washed with deep cold DCM 
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to afford a light yellow solid (19.5g, 75.2% yield) as the ketone 12. 1H NMR (400 MHz, 

Acetonitrile-D3) δ 7.47 (d, J = 8.7 Hz, 2H, Ar-H), 7.44 – 7.39 (m, 2H, Ar-H), 7.35 (d, J = 8.8 

Hz, 2H, Ar-H), 7.27 (d, J = 8.7 Hz, 2H, Ar-H), 6.86 (d, J = 10.1 Hz, 2H, non-Ar sp2 C-H), 

6.16 – 6.04 (m, 6H, non-Ar sp2 C-H), 4.35 (s, 1H, -OH), 3.36 (d, J = 1.3 Hz, 6H, methoxy). 

 

 

4,4''''-dibromo-1',1''',4',4'''-tetramethoxy-1',1''',4',4'''-tetrahydro-

1,1':4',1'':4'',1''':4''',1''''-quinquephenyl (14). In a nitrogen-purged 1 L round bottom 

flask, a slurry of sodium hydride (NaH, 1.0 g, 25.0 mmol) and 90 mL of THF was kept 

stirring at -78 ºC. A solution of ketone 12 (9 g, 18.77 mmol) in 150 mL THF at -78 ºC was 

slowly transferred to the flask via cannula and stirred for 2 hours to make the deprotonated 

ketone 9. To another 250 mL flask containing -78 ºC 1,4-dibromobenzene (15.4g, 65.3 

mmol) in 150 mL THF, nBuLi (28 mL, 70 mmol, 2.5 M in hexane) was slowly added, then 

the solution was kept stirring at -78 ºC for 30 minutes to generate a white slurry lithium 

reagent. This fresh-made lithium reagent was transferred to the fore-mentioned 1 L flask via 

cannula, and the mixture was then kept stirred for another 2 hours at -78 ºC before dry DMF 

(75 mL) was added to quench the reaction. Neat methyl iodide (MeI, 5.6 mL, 90 mmol) was 

immediately added to the flask and the resulting mixture was then stirred overnight allowing 

to warm up to room temperature. 200 mL of water was dropwise added to quench the 

reaction before the mixture can be extracted with diethyl ether (100 mL × 3). The collected 
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organic phase was washed with water (100 mL × 3) and saturated NaCl solution (100 mL) 

then dried over anhydrous magnesium sulfate. The solvent was removed under reduced 

pressure resulting colorless oil as the crude product. The crude product was washed with 

minimum amount of acetonitrile to afford white solid 14 (8.8 g, 70% yield). 1H NMR (400 

MHz, acetonitrile-D3) δ 7.49 – 7.44 (m, 4H, Ar-H), 7.32 – 7.24 (m, 8H, Ar-H), 6.13 – 6.03 

(m, 8H, non-Ar sp2 C-H), 3.36 (d, J = 2.6 Hz, 12H, methoxy). 

 

 

2,2'-(1',1''',4',4'''-tetramethoxy-1',1''',4',4'''-tetrahydro-[1,1':4',1'':4'',1''':4''',1''''-

quinquephenyl]-4,4''''-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (15). To the -78 

ºC solution of the dibromide 14 (5g, 7.5 mmol) in THF (150 mL), nBuLi (11.3 mL, 18 mmol, 

1.6 M in hexane) was slowly added during 6 minutes before neat isopropyl pinacol borate (6 

mL, 30.4 mmol) was added rapidly. The reaction mixture was kept stirring for 30 minutes at 

-78 ºC then allowed to warm up to room temperature and water (50 mL) was added to 

quench. After another 15 minutes of stirring, the reaction mixture was extracted with DCM 

(50mL × 3) and the collected organic phase was washed with saturated NaCl solution (50 

mL) then dried over anhydrous magnesium sulfate. The solvent was removed under reduced 

pressure resulting light yellow solid as crude product. The crude product was recrystallized 

with minimum amount of acetonitrile to afford white crystalline diboronate 15 (3.9 g, 68.4% 
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yield). 1H NMR (300 MHz, CDCl3) δ 7.75 (d, J = 8.2 Hz, 4H, Ar-H), 7.40 (d, J = 8.2 Hz, 4H, 

Ar-H), 7.34 (s, 4H, Ar-H), 6.08 (s, 8H, non-Ar sp2 C-H), 3.43 (d, J = 2.7 Hz, 12H, methoxy), 

1.33 (s, 24H, Me). 

 

 

Macro ring 16. To a nitrogen-purged 1 L round-bottom flask, placed the dibromide 14 

(332 mg, 0.5 mmol), diboronate 15 (380 mg, 0.5 mmol), palladium(II) acetate (Pd(AcO)2, 

67.5 mg, 0.1 mmol), S-Phos (2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl, 41 mg, 0.1 

mmol), K3PO4 (425 mg, 2 mmol), DMF (100 mL) and water (10 mL). The mixture was kept 

stirred at 100 ºC for 16 hours under nitrogen then cool down to room temperature and filtered 

with a celite funnel. Water (80 mL) was added and the mixture was then extracted with DCM 

(40 mL × 3). The collected organic phase was washed with water (40 mL × 8) and dried over 

anhydrous magnesium sulfate. The solvent was removed under reduced pressure resulting 

brown solid as crude product. The crude product was further purified with silica column 

chromatography (hexane : ethyl acetate=3 : 2) to afford crystalline macro ring 16 (130 mg, 

25.7% yield). 1H NMR (400 MHz, CDCl3) δ 7.45 (d, J = 2.3 Hz, 16H, Ar-H), 6.58 (d, J = 

10.3 Hz, 8H, non-Ar sp2 C-H), 6.00 (s, 8H, Ar-H), 5.73 (d, J = 10.3 Hz, 8H, non-Ar sp2 C-

H), 3.46 (s, 12H, methoxy), 3.26 (s, 12H, methoxy). 
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[10]CPP (17). To a solution of naphthalene (6.4g, 50 mmol) in 50 mL THF, sodium 

metal (1.73g, 75 mmol) was added under nitrogen. The mixture was then kept stirring at 

room temperature for 18 hours resulting a 1 M sodium naphthalenide solution. To the 

solution of macro ring 16 (2.01 g, 2 mmol) in 150 mL THF at -78 ºC under nitrogen, fresh-

made sodium naphthalenide solution (25 mL, 25 mmol) was added. The resulting mixture 

was stirred for 2 hours at -78 ºC, then I2 solution (18 mL, 18 mmol, 1 M in THF) was added. 

The mixture was allowed to warm up to room temperature before saturated sodium 

thiosulfate was added to quench the reaction. The resulting mixture was then extracted with 

DCM (50 mL × 3), washed with saturated NaCl solution (50 mL) and dried over anhydrous 

magnesium sulfate. The solvent was removed under reduced pressure resulting light yellow 

solid as crude product. The crude product was further purified with silica column 

chromatography (hexane : DCM=1 : 1) to afford yellow solid as [10]CPP 1 (trace, can only 

be identified in 1H NMR so far). 1H NMR (300 MHz, CDCl3) δ 7.56 (s, 32H). 

4.4 Results and discussion 

This project is mainly focused on the large-scale synthesis of CPPs and the 

functionalization of CPPs.  
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The synthesis is mainly based on to Jasti’s work on gram scale synthesis.1 The route is 

adapted from his work and is shown in Figure 4.10. This route starts from the synthesis of 

the starting material 4'-bromo-biphenyl-4-ol (4) used in Jasti’s route. A phenol protection-

bromination-deprotection steps are adopted. One kilogram of 4-phenylphenol (1) leads to 

approximately 1.2 kilograms of brominated 4. 4 is protected using trimethylsilyl chloride 

(TMS-Cl) and oxidized using phenyliodine diacetate (PIDA), forming a bent ketone 6. 

Another batch of 4 is protected by tert-butyldimethylsilyl chloride (TBS-Cl) followed by a 

lithiation with n-butyllithium. The lithium reagent 8 can react with the deprotonated 6 

extending the bent molecule to form TBS protected 10. After deprotection, another PIDA 

oxidation, deprotonation and lithium reagent addition is performed to form the five-

membered “half macro ring” with one bromine on each terminal (14). 14 is then boranated 

using iso-propyl pinacol borate to form the Bpin- precursor 15 for the Suzuki coupling. The 

bromo 14 and Bpin 15 are then coupled using general Suzuki coupling condition, forming the 

macro ring 16. Finally, the macro ring 16 is aromatized into the CPPs product via a reduction 

of sodium naphthalene followed by an oxidation of iodine.  

As we proposed that CPP can react with chromium hexacarbonyl forming the piano stool 

complex and the nucleophilic substitution reaction can take place with the help of the 

chromium tricarbonyl segment on the phenyl ring of CPP. Placing the chromium segment on 

the aryl ring enables the nucleophilic substitution reaction, that different functional groups 

can be added to the phenyl ring. By using different substituents on the phenyl ring, the orbital 

energy of CPP rings can be fine-tuned. Moreover, the big aromatic system on CPP ensures 
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the good electron mobility. As a result, CPP and its derivatives can be used as the electron 

acceptors in BHJ solar cells. 

Methodology work on synthesizing CPP piano stool complexes and nucleophilic 

substitution have been reported by Itami in JACS in 2015.7 Nevertheless, CPPs have not been 

made into solar cell devices. In the future, we plan to use CPP as a fullerene replacement 

material in BHJ solar cells due to its highly conjugated aromatic system. 

  



 

 

 

207 

4.5 Supplement data 

4.5.1 Spectroscopic data 

 

 

Figure 4.11 1H NMR of 4'-bromo-biphenyl-4-ol (4) 
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Figure 4.12 1H NMR of (4'-bromo-biphenyl-4-oxy)trimethylsilane (5) 

 

 

Figure 4.13 1H NMR of 4'-bromo-1-hydroxy-[1,1'-biphenyl]-4(1H)-one (6) 
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Figure 4.14 1H NMR of (4'-bromo-biphenyl-4-oxy)(tert-butyl)dimethylsilane (7) 

 

 

Figure 4.15 1H NMR of compound 10 
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Figure 4.16 1H NMR of compound 11 

 

 

Figure 4.17 1H NMR of compound 12 
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Figure 4.18 1H NMR of compound 14 

 

 

Figure 4.19 1H NMR of compound 15 
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Figure 4.20 1H NMR of compound 16 

 

 

Figure 4.21 1H NMR of [10]CPP (17) 
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