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ABSTRACT 

 

 

DAVID ALLEN LEE. Synthesis and characterization of electroactive organosilanes. 

(Under the direction of DR. THOMAS A. SCHMEDAKE) 

 

 

Siloles, or silacyclopentadienes, have unique electronic properties due to 

interaction between the butadiene π* orbital and the silylene σ* orbital. Consequently 

they have drawn interest for use in a variety of organic electronic interactions. A silylene 

bridged viologen has been synthesized for use in electrochromic applications. Lithiation 

of 3,3’-dibromo-4,4’-bipyridine and subsequent reaction with dichlorodimethylsilane 

leads to the corresponding dipyridinosilole. The dipyridinosilole can be converted to the 

methyl viologen analogue by reaction with methyl triflate. It is stable and can be isolated 

but hydrolyses upon exposure to air. Its electrochemical, spectroelectrochemical, and 

spectroscopic properties have been investigated. 

Similar chemistry was exploited to synthesize spiro-linked siloles for use in 

electronic applications. Lithiation of dibromo-2,2’-diiodibiphenyls followed by reaction 

with SiCl4 leads to the corresponding tetrabromospirosilabifluorenes. The 

tetrabromospirosilabifluorenes were explored for their suitability toward Buchwald-

Hartwig amination and Suzuki coupling, but the spiro linkage was found to cleave under 

basic conditions. 
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CHAPTER 1: INTRODUCTION 

 

 

 Overview of Electroactive Silicon Compounds 

For over half a century silicon has been synonymous with the electronics industry. 

Terms such as “silicon valley” and the “silicon age” have long since entrenched 

themselves in the modern vernacular. It’s not hyperbole to suggest that silicon has 

fundamentally impacted mankind to an extent few elements have. The development of 

the silicon transistor in the 1950’s was followed by rapid improvements in digital 

computers.1 Silicon semiconductor technology has consequently formed the basis of our 

information and communication technology. Today computers and other electronic 

devices, all containing silicon, are ubiquitous in modern society.  

These devices of course use silicon in its crystalline forms. Organosilicon 

materials, those containing silicon-carbon bonds, have in contrast received relatively little 

fanfare. Commercially they are most important in the form of silicones, whose electronic 

applications are limited to sealing and encapsulating electronic components. 

Organosilicon compounds capable of playing an active role in electronics are less 

common, and at this stage are more of academic interest than practical use. That this 

academic interest exists however is a hint at their potential. The field of organic 

electronics has grown greatly in recent decades, in part because of the unique properties 

and tunability afforded by the inclusion of heteroatoms such as silicon in carbon-based 

molecules. Siloles are the focus of this work, but the potential of organosilicon 
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compounds for electronic applications extends to polysilanes and hypervalent silicon 

species.  

 Polysilanes 

Polysilanes, polymers consisting of an all silicon backbone, have been known 

since the 1920’s. However, it wasn’t until the late 1970’s that this class of compounds 

began to garner serious scientific interest. In addition to having excellent thermal and 

mechanical properties, polysilanes are unique in that in contrast to their carbon analogues 

the σ-backbone is highly delocalized.2 This leads to a relatively small HOMO-LUMO 

gap of around 4 eV and strong near UV absorbance. Polysilanes are typically synthesized 

by Wurtz-type reductive couplings of dichloro-organosilanes.3 

While intrinsic insulators, polysilanes can be doped to sufficient levels to act as 

semiconductors with p-type charge transport. Doping with C60 has been shown to 

increase the photoconductivity.4,5 The hole transporting ability of simple polysilanes such 

as poly(methylphenysilane) is sufficient to serve as the hole transporting material of 

organic light emitting diodes.6 Furthermore, diaryl polysilanes display enhanced 

electroluminescence properties and have been used as emitters in OLEDs.6 

A unique property of polysilanes is that their electronic spectra change 

dramatically as a result of conformational backbone changes. Conformers with large 

SiSiSiSi dihedral angles strongly show the effects of σ conjugation, while small dihedral 

angles behave as defects which suppress conjugation.7 One consequence of this is 

thermochromism. Solutions of poly(di-n-hexylsilylene) were found to exhibit a broad 

absorption around 320 nm at room temperature.8 As the temperature was decreased to -55 
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°C, this peak disappeared and was replaced by new bands at 357 and 368 nm. These are 

attributed to an unwinding of the polymer chain as the temperature is decreased.  

 

 

 

 

 

 

 

 

 

Figure 1: Effect of dihedral angle ω on σ and σ* orbital energies of polysilanes.9 

 

  

 

 Siloles 

Siloles, silacylopentadiene derivatives, have unique electronic properties due to 

σ*-π* conjugation stemming from interaction between the exocyclic silylene σ* orbital 

and the π* orbital of the butadiene fragment.10 The σ* orbitals are forced to be orthogonal 

to the plane of the π system and have the correct symmetry and energy to interact with 

the π* orbital, causing the LUMO to be further delocalized. Analogous conjugation is 

absent in cyclopentadiene as the energy of the σ* orbital is too high to permit significant 

interaction. This LUMO stabilization makes siloles excellent electron acceptors, and 

siloles have been studied extensively as electron transporting and emissive materials.  
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Figure 2: Delocalization of the LUMO of silole due to σ*-π* conjugation.11 

 

 

 

 Aggregation induced emission has been demonstrated in 1,1-disubstituted 2,3,4,5-

tetraphenyl siloles and their polymers.12 These compounds are weak emitters in solution 

but exhibit an improvement in photoluminescence by up to two orders of magnitude in 

the solid state. This is contrary to most organic chromophores which form less emissive 

species such as excimers upon aggregation- an undesirable effect in thin film devices 

such as OLEDs. Aggregation induced emission is attributed to suppression of 

nonradiative vibrational and rotational relaxation pathways in the solid state. This 

phenomenon has been exploited by using these compounds as sensors for pH, vapors, 

explosives, and biomacromolecules.13  

 Dibenzosiloles, or silafluorenes, are promising candidates to replace fluorenes in 

organic electronics.14 Fluorenes and polyfluorenes have received much interest for use as 

blue emitters in organic light emitting diodes (OLEDs). Polyfluorene derivatives show 

good conductivity, high luminescence quantum yields, and high solubility in organic 

solvents allowing solution processability.  However their use is limited by thermal 

instability attributed to oxidation of the bridging carbon, e.g. the formation of 

fluorenones, leading to the emergence of a green emission band. Polyfluorene analogues 

replacing the bridging atom with nitrogen, sulfur, or phosphorous have shown stable blue 
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emission but reduced solubility. Polysilafluorenes achieve this oxidative stability while 

retaining similar processability and optical properties to polyfluorenes.15  

 Fused siloles have been used in efficient bulk heterojunction solar cells. Chu et al. 

reported a thieno-dithioenosilole copolymer which achieved a power conversion 

efficiency of 7.3% when blended with PCBM.16  

 Porphyrins 

Porphyrins are macrocyclic, tetradentate ligands comprised of four interconnected 

pyrrole subunits. Metalloporphyrin complexes exist for a wide range of metallic and 

pseudometallic elements.17 Porphyrins are widely found in nature, with porphyrins 

making up many important compounds such as heme and chlorophyll. Synthetic 

porphyrins are used in catalysis, sensing,  

Introduction of silicon into porphyrins allows incorporation of axial ligands into 

the hexacoordinate complexes. This can help prevent aggregation, and has been used in 

dye sensitized solar cells to anchor porphyrin-based photosensitizers to electrode 

surfaces.18 To accommodate the relatively small silicon atom, the porphyrin adopts a 

ruffled geometry.19  

 Polypyridyl Silanes 

Another class of hexacoordinate silicon complexes include those with polypyridyl 

ligands. These complexes have been found to be hydrolytically stable and can undergo 

multiple single electron reductions.20–22 These reductions are often associated with a 

change in the UV-Vis absorbance of the complexes, giving them potential use as 

electrochromic materials. 
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 Introduction to Electrochemistry  

The rational design of organic electronic devices requires knowledge of the 

relative HOMO and LUMO energy levels of the constituent materials. The driving force 

of charge transfer in these systems is the energetic offset between orbitals of adjacent 

layers. The most direct method of obtaining the HOMO energy is ultraviolet 

photoemission spectroscopy (UPS). In UPS a thin film is irradiated with UV light and the 

kinetic energy of the ejected electrons measured, the electrons from the HOMO having 

the highest kinetic energy.23 The principle disadvantage of this method is the relatively 

high cost and complexity of the instruments. A simpler alternative is to indirectly 

determine the HOMO level from oxidation potentials found using cyclic voltammetry.24  

1.2.1 Cyclic Voltammetry 

Voltammetry is an electrochemical method in which the current of an 

electrochemical cell is measured as a function of an applied potential. In cyclic 

voltammetry (CV), the current is ramped linearly to a set potential and then ramped in the 

opposite direction back to the initial potential. CV utilizes a three-electrode cell 

consisting of a working electrode, counter electrode, and reference electrode.25 The 

working electrode is where the redox reaction of interest occurs, the counter electrode 

conducts electricity to balance the working electrode, and the reference electrode 

maintains a constant potential against which to measure the potential of the working 

electrode. A nonreactive supporting electrolyte maintains conductivity.  

 When the applied potential is sufficient to oxidize the analyte in solution, a current       

develops. As the analyte at the electrode surface oxidizes, the current quickly reaches a 

peak anionic current at which point it drops as it becomes diffusion limited. As the 
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potential ramps in the opposite direction, the current goes to zero and then becomes 

cathodic as the oxidized analyte which has accumulated near the electrode surface is 

reduced back. For a reversible process the difference between the peak cathodic and 

anionic currents is equal to 59.2 mV/n where n is the number of electrons involved in the 

half reaction, and the ratio of the magnitude of the two peak currents is 1.26 In this case, 

the standard oxidation potential (E°ox) can be approximated as the average of the peak 

anionic and cathodic currents. The energy of the HOMO level can then be calculated by 

adding the ionization potential of the reference electrode to the determined oxidation 

potential.  

The peak current (ipr) for the forward sweep of a reversible reaction follows 

equation 1, where n is the number of electrons in the half reaction, A is the area of the 

electrode, C is the concentration, D is the diffusion coefficient of the electroactive 

species, and v is the sweep rate. Therefore the reversibility of a reaction can be gauged by 

the linearity of a plot of ipr vs. v1/2. 

 

  

𝑖𝑝𝑐 = (2.69 𝑥 108)𝑛
3

2⁄ 𝐴𝐶𝐷
1

2⁄ 𝑣
1

2⁄  

Equation 1: The Randles-Sevcik equation at 25 °C. 

 

 

 

1.2.2 Spectroelectrochemistry 

            Electrochemical techniques can be combined with spectroscopic ones in what is 

called spectroelectrochemistry.  This provides information about the various redox states 

beyond their associated redox potentials. These techniques can involve UV-Vis and IR 

absorption, Raman, NMR, EPR, XAS, or luminescence spectroscopies. In the case of 
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UV-Vis absorption spectroscopy, spectroelectrochemistry allows for spectra to be 

obtained while the different redox states are formed via bulk electrolysis. The emergence 

and disappearance of absorptions can be observed.27 

 While the electrochemical cell for spectroelectrochemistry is fundamentally the 

same as for conventional electrochemistry, i.e. use of a three-electrode cell, the physical 

design of the cell must account for use with a spectrometer. At least part of it must be 

optically transparent in the desired spectrum and the path length must be sufficient for 

adequate band intensity.



 

 

 

 

 

CHAPTER 2: VIOLOGENS 

 

 

2.1 Background 

 Viologens, quaternized salts of 4,4’-bipyridine, have attracted widespread interest 

due to their reversible and accessible redox chemistry. The dicationic species can 

undergo a reversible single electron reduction to yield the radical cation, which is 

chemically extremely stable due to delocalization of the radical electron throughout the π-

system. Further reduction yields the neutral species.28 These changes in redox states are 

accompanied by dramatic changes in color, from the colorless dication to the blue/violet 

radical cation and yellow/orange neutral compound.29 Furthermore, these electronic 

properties can be fine-tuned by modification of the N-substituent.30    

 

 

 
Figure 3: The redox states of methyl viologen: dication (left), radical cation (center), 

neutral compound (right). 

 

 

 

 These unique properties have made viologens useful for a wide range of 

applications. Viologens have been used as biological probes,31 redox indicators,32 and 

electron shuttles.33–35 These features have also made them particularly interesting for 

electrochromic applications such as anti-glare mirrors,36 displays,37 and smart windows.38 

Much recent research into electrochromic displays has focused on the deposition of 

electrochromic materials onto nanostructured electrodes.37 The high surface area of the 
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electrode allows for high loading of small electrochromic molecules and consequently 

high color contrast and fast switching times.39 Viologens are useful for this in part 

because they can be functionalized, usually through the N-substituent, to be covalently 

tethered to the electrode surface.40 

 Substitution at the 3,3’ positions is less common and has only recently begun to 

be studied in greater detail. Incorporation of a bridge between these positions serves to 

enforce planarity, as with fluorenes and silafluorenes. In 1985 Summers et al. described 

the synthesis41 of a sulphur-bridged methyl viologen, and later reported its use for the 

photoreduction of water.42 More recently, in 2011, Baumgartner reported the synthesis of 

a phosphorus-bridged methyl viologen.43 It was found that the phosphorus bridge 

significantly increased the electron-accepting character of the compound, attributed to 

σ*-π* conjugation. This report was followed up by a more detailed study demonstrating 

the tunability of the system by using a series of p-benzyl derivatives as N-substituents.44 

Interestingly the electron donating ability of the nitrogens was reduced so much relative 

to 4,4’-bipyridine that it would not completely react with the benzyl bromides in solution 

and instead neat reactions had to be carried out over a period of days. 

 

 

 
Figure 4: Heteroatom bridged methyl viologens and bipyridines. Thienoviologen42 (top 

left), phosphaviologen43 (top center), diphenyldipyridosilole45 (top right), phenyl 

dipyridophosphole oxide43 (bottom left), and diphenyldipyridogermole45 (bottom right). 
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 Analogous silicon bridged viologens have not been reported in the literature. An 

increase in electron accepting character as with the phosphaviologens is expected owing 

to increased planarity and σ*-π* conjugation. Silicon bridged 4,4’-bipyridines, or 

dipyridosiloles, containing phenyl or p-methoxyphenyl substituents have been 

synthesized by Ohshita et al.45 Comparing UV-Vis absorption maxima, they reported that 

ring conjugation was enhanced relative to 4,4’-bipyridine but less than for 

dipyridophosphole oxide. They also investigated the emissive properties of the siloles and 

found that they were nonfluorescent in chloroform solutions, but fluoresced in the solid 

state at room temperature and exhibited enhanced phosphorescence at low temperatures.  

2.2 Dimethyldipyridosilole 

Previous attempts by our group to synthesize dipyridosiloles via intramolecular 

ring closing reactions with bis(halopyridyl)silanes were unsuccessful.  Our new strategy 

was to instead couple the pyridines together first, and then attach to the silicon atom, an 

adaptation of the approach developed by Baumgartner and later used by Ohshita. The 

silicon bridged viologen, or siloloviologen, could then be synthesized through standard 

alkylation conditions. Methyl substituents on both the silicon bridge and for the N-

alkylation were chosen for their simplicity. 

2.2.1 Synthesis and Structure 

The precursor, 3,3’-dibromo-4-4’-bipyridine was synthesized according to a 

procedure developed by Baumgartner et al.43 Reaction of 3-bromopyridine with lithium 

diisopropylamide (LDA) selectively deprotonates the pyridine at the more acidic 4 

position. Addition of CuCl2 in an Ullman type reaction results in 3,3’-dibromo-4-4’-
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bipyridine in a modest yield. The crude product is a mixture of compounds and must be 

purified by column chromatography on silica gel. 

 

 

 
Scheme 1: Synthesis of dimethyldipyridosilole (DPS) 

 

 

 

Lithiation of 3,3’-dibromo-4,4’-bipyridine with two equivalents of n-butyl lithium 

at -85 °C followed by reaction with dichlorodimethylsilane affords 

dimethyldipyridosilole (DPS) in a 49% yield after purification by column 

chromatography on silica gel. This is a significantly higher yield than that reported by 

Ohshita et al.45 for similarly synthesized dipyridosiloles containing phenyl and 

methoxyphenyl substituents (11 and 13% respectively). X-ray quality crystals were 

grown by slow evaporation of a saturated diethyl ether solution. Repeated attempts to 

obtain passing EA results through both recrystallization and sublimation were 

unsuccessful.  
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Figure 5: ORTEP representation of dimethyldipyridosilole (DPS). (R = 5.1%) 

 

 

 

 The crystal structure confirms the co-planar conformation of the rings. This is 

demonstrated in the UV-vis spectrum, which in chloroform showed an absorption in the 

UV with λmax = 273 nm and an extinction coefficient of 11 000 cm-1 M-1. This is a 

significant red shift from 4,4’-bipyridine, with a λmax = 237 nm46, demonstrating the 

effect of increased conjugation due to the silicon bridge. These results are similar to those 

of Ohshita et al.45, whose diphenyl and dimethoxyphenyl dipyridosilole derivatives also 

exhibited absorbance maxima of 273 nm. 
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Figure 6: UV-Vis absorbance of dimethyldipyridosilole. (10-4 M, CHCl3) 

 

 

 

2.2.2 3,5-Dibromo-4,4-Bipyridine 

In an effort to find an easier route to synthesize 3,3’-dibromo-4,4’-bipyridine, a 

direct bromination of 4,4’-bipyridine was attempted, following the example of D’Souza 

et al.47  The major product of this reaction was instead found to be 3,5-dibromo-4,4’-

bipyridine. While not the desired outcome, this new compound may prove to be a useful 

starting material for other targets.  

 

 

 
Scheme 2: Synthesis of 3,5-dibromo-4,4’-bipyridine 
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Figure 7: ORTEP representation of 3,5-dibromo-4,4’-bipyridine. (R = 3.2%) 

 

 

 

2.3 Siloloviologen 

2.3.1 Synthesis and Structure 

Addition of methyl iodide to a solution of DPS in acetonitrile-d3 resulted in a red 

precipitate and an NMR consistent with the desired siloloviologen. The intense color of 

the dication is attributed to charge transfer with the iodide counter ion. Slow evaporation 

of the supernatant yielded crystals which were analyzed by x-ray crystallography. The 

structure was found to be that of the hydrolyzed compound, indicating a significant 

increase in hydrolytic instability upon alkylation. The hydrolyzed siloloviologen was 

characterized by 1H and 13C NMR (see appendix). 

 
 

 
Scheme 3: Methylation of DPS. Synthesis of siloloviologen iodide and subsequent 

hydrolysis (bottom), synthesis of siloloviologen triflate (top right). 
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Figure 8: ORTEP representation of hydrolyzed siloloviologen iodide (R = 3.5%). 

 

 

 

Reaction of dipyridosilole with methyl triflate in acetonitrile resulted in a 

colorless solution. Crystals suitable for x-ray diffraction were grown via ether diffusion 

showing the unhydrolyzed methyl siloloviologen. The compound was characterized by 

1H, 13C, and 29Si NMR. Passing elemental analysis results were obtained after repeated 

recrystallization.  

 

 

 
Figure 9: ORTEP representation of siloloviologen (SiMV) with triflate counter-ions 

removed. (R = 4.1%) 
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Attempts to obtain ESI-MS data were unsuccessful. Fresh, pure samples dissolved 

in HPLC grade acetonitrile gave three identifiable peaks in the mass spectrum, however 

all masses were consistent with species containing no silicon atom. This result is 

surprising. It seems very unlikely that the entire sample could degrade to methyl viologen 

in the short time between sample preparation to sample injection, given the relative 

stability shown by NMR solutions of the compound in CD3CN. It therefore seems that 

even a soft ionization technique such as ESI is enough to completely fragment the 

sample. This provides more evidence of the relatively labile nature of the Si-C bond in 

these compounds.  

 

 

 
Figure 10: Attempted ESI-MS of SiMV with assigned species (inset).  
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2.3.2 Hydrolysis Kinetics 

To better characterize the sensitivity of SiMV toward hydrolysis, kinetic studies 

of the triflate salt were carried out in CD3CN and D2O. 14 mg H2O was added to a 

solution of 24 mg SiMV in 1.27 mL CD3CN in an NMR tube. The solution was stored at 

room temperature and monitored by 1H NMR over a period of a month. The N-methyls 

were observed to decay from a single peak at 4.37 ppm to two distinct peaks at 4.40 and 

4.39 ppm as the symmetry of the compound was broken. The two methyls attached to the 

silicon atom, the 9 position, were observed to shift from 0.70 to 0.27 ppm. These latter 

two peaks were the most clearly resolved and therefore integrated to follow the changing 

concentration. The reaction was assumed to be first order with respect to both SiMV and 

H2O. By having a large excess of H2O it can be assumed the H2O concentration is 

effectively constant and consequently the reaction can be approximated as pseudo-first 

order. The differential form of the pseudo first order rate equation (equation 2) can be 

integrated to give equation 3. 

 

 

𝑟𝑎𝑡𝑒 = 𝑘[𝐻2𝑂][𝑆𝑖𝑀𝑉] = 𝑘′[𝑆𝑖𝑀𝑉]  
Equation 2: Second order rate equation and first order approximation. 

 

 

ln[𝑆𝑖𝑀𝑉] = −𝑘′𝑡 + ln [𝑆𝑖𝑀𝑉]0  
Equation 3: Integral representation of the first order rate equation. 

 

 

 The natural log of SiMV concentration was plotted as a function of time as 

according to equation 3 and found to be linear over the observed period (R2 = 0.994), 

indicating the validity of the first order approximation. The rate constant for the 
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hydrolysis of SiMV in acetonitrile at approximately 23 °C was calculated to be 3.21 ± 

0.35 x 10-7 M-1 s-1.   

 

 

 
Figure 11: Pseudo first order kinetics plot of the hydrolysis of SiMV in 

acetonitrile-d3. 

 

 

 

 
Figure 12: 1H-NMR of SiMV with H2O in CD3CN after 15.5 days, showing 

methyl peaks integrated for concentration determination. 
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A similar experiment was carried out in D2O. 11.7 mg of SiMV was dissolved in 

0.571 ml D2O and monitored overnight by H1 NMR. Scans were taken at 20 minute 

intervals at 23.0 °C. Within 5 hours over 97% of the compound had hydrolyzed. The 

natural log of the SiMV concentration was again plotted as a function of time and found 

to be linear with an R2 = 0.999. The observed rate constant (k’) for the hydrolysis of 

SiMV in D2O at 23.0 °C was determined to be 2.4 ± 0.1 x 10-4 s-1. This corresponds to a 

half life of 49 minutes. 

 

 

 
Figure 13: Pseudo first order kinetics plot of the hydrolysis of SiMV in D2O. 
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2.3.3 Electrochemistry and Spectroscopy  

Cyclic voltammetry of the compound shows two reversible single electron 

reductions with reduction potentials of -0.829 and -1.31 V vs the ferrocene/ferrocennium 

redox couple.  

 

 

 
Figure 14: CV of SiMV in CH3CN. 0.1 M TBAP. Vs. ferrocene, scan rate = 200 mV/s. 

 

 

 

 For a reversible process, the peak forward current should be proportional to the 

square root of the scan rate. Voltammograms were obtained at scan rates of 100, 200, 

300, 400, 500, and 600 mV/s, and the peak currents plotted against the square root of the 

scan rates for both of the reduction waves. The R2 values for the first and second 

reductions were calculated to be 0.993 and 0.994 respectively, demonstrating the high 

degree of reversibility under these conditions.  
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Figure 15: Plots of peak forward current versus scan rate for the first (left) and second 

(right) reductions of SiMV. 

 

 

 

 The absorption spectrum of the siloloviologen triflate salt in CH3CN displayed a 

peak in the UV region centered around 270 nm with an extinction coefficient of 17500 

cm-1 M-1
. Solid state and solution phase samples of the iodide salt were intensely colored, 

indication of a counter ion charge transfer process.  

 

 

 
Figure 16: UV-Vis absorbance of 10-5 M SiMV in CH3CN. 
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Spectroelectrochemical studies were undertaken to investigate the electrochromic 

properties of the compound. Application of a potential halfway between the first and 

second reduction potentials (-0.6 V vs Ag/AgCl, about -1.04 vs Fc/Fc+) should generate 

predominately the radical cation and allow qualitative evaluation of its absorption 

spectrum. A potential beyond the second reduction potential should produce the neutral 

compound.  

 The radical cation is characterized by the formation of two new peaks centered at 

395 and 606 nm. The former peak is narrow and intense while the latter is broad, 

extending over much of the visible region. At a potential of -1.0 V (vs Ag/AgCl) the 

neutral compound should be the primary species at the electrode. The long wavelength 

absorption completely disappeared, while the peak at 395 nm broadened and decreased in 

intensity, with a tail stretching nearly all the way to 600 nm. Neutral viologens are often 

associated with insolubility. In acetonitrile there was no observable precipitation at large 

negative potentials, although after extended use the working electrode displayed signs of 

discoloration.  
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Figure 17: Spectroelectrochemistry of SiMV in CH3CN. V vs Ag/AgCl. 

 

 

 

 SiMV was fluorescent in acetonitrile with an emission centered at 350 nm. 

Observations of a long wavelength emission at 420 nm were followed by attempts to 

induce aggregation by addition of diethyl ether, chloroform, dichloromethane, or toluene. 

In all instances, addition of these antisolvents served to quench the fluorescence. 

Attempts were made to induce aggregation by varying the concentration in acetonitrile, 

but no nonlinear shifts in fluorescence intensity were observed. It was concluded that the 

long wavelength emission was likely due to some impurity, rather than an aggregation 

effect. It was observed that fresh samples of SiMV had little to no long wavelength 

emission, while those which had been subject to repeated irradiation began to have the 

same emission at 420 nm. In at least one case, emission beyond 500 nm was observed.  
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Figure 18: Fluorescence excitation and emission spectra of 10-4 M SiMV in CH3CN. 

 

 

 

 
Figure 19: Emission of fresh sample of SiMV (dashed line) superimposed on a sample 

after repeated irradiation (solid line), showing emergence of long wavelength emission. 
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2.4 Experimental 

2.4.1 Instrumentation and General Methods 

Absorption spectra were measured with a Cary 300 UV-Vis spectrophotometer. 

Spectroelectrochemical measurements were made with an Agilent 8453 diode array UV-

Vis spectrophotometer in a Pine Research Instrumentation honeycomb 

spectroelectrochemical cell. Fluorescence measurements were conducted on a Jobin-

Yvon Fluorolog 3 fluorescence spectrometer. 1H and 13C NMR spectra were acquired 

using a JEOL 300 MHz NMR spectrometer. For the 29Si spectra a JEOL 500 MHz NMR 

spectrometer was used. Combustion analysis (C, H, and N) was conducted by Atlantic 

Microlab, Inc.  

Cyclic voltammetry studies were performed using a Princeton Applied Research 

Model 273A Potentiostat/Galvanostat employing a conventional three-electrode setup 

consisting of a platinum disk or glassy carbon working electrode, a silver/silver chloride 

reference electrode, and a platinum wire auxiliary electrode. Positive feedback iR 

compensation was routinely used. Voltammograms were obtained in 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6)/acetonitrile solution using solvent 

that had previously been purified and dried using a solvent purification system (SPS- 400, 

Innovative Technologies) and subsequently purged with nitrogen. The supporting 

electrolyte (TBAPF6) was recrystallized from ethanol and dried under vacuum prior to 

use. Ferrocene was used as an internal standard without further purification. 

 Crystals of suitable size were removed from the mother liquor, coated with a thin 

layer of paratone-N oil, mounted on the Agilent Gemini A Ultra diffractometer, and 

flashcooled to 100 K in the cold stream of the Cryojet XL liquid nitrogen cooling device 
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(Oxford Instruments) attached to the diffractometer. The Gemini A Ultra diffractometer 

was equipped with a sealed-tube long fine focus X-ray source with Mo target (λ = 

0.71073 Å) and Cu target (λ = 1.5418 Å), four-circle kappa goniometer, and Kodak CCD 

detector. CrysAlisPro48 software was used to control the diffractometer and perform data 

reduction. The crystal structure was solved with SHELXS49. All non-hydrogen atoms 

appeared in the E-map of the correct solution. Alternate cycles of model-building in 

Olex250 and refinement in SHELXL49 followed. All non-hydrogen atoms were refined 

anisotropically. All hydrogen atom positions were calculated based on idealized 

geometry, and recalculated after each cycle of least squares. During refinement, hydrogen 

atom – parent atom vectors were held fixed (riding motion constraint). Crystallographic 

data is provided in appendix A. 

2.4.2 Synthetic Details 

3,3’-dibromo-4,4’-bipyridine 

 To a solution of 2.56 g diisopropylamine (25.3 mmol) in 50 mL tetrahydofuran, 

15.8 mL of 1.6 M n-butyl lithium (25.3 mmol) was added dropwise at -90 °C. The 

solution was stirred at this temperature for 45 min. 4.0 g 3-bromopyridine (25.3 mmol) 

was added dropwise and allowed to stir for 1 h. 8.0 g CuCl2 (59.5 mmol) was added, air 

was allowed into the reaction vessel, and the mixture was slowly warmed to room 

temperature and stirred overnight. The resulting brown solid was taken up in a mixture of 

30 mL H2O, 15 mL 30% w/w NH4OH, and 15 mL saturated NH4Cl then extracted three 

times with chloroform. The combined organic phases were dried with NaSO4 and the 

volatiles removed under vacuum. The crude product was purified by column 

chromatography on silica gel (hexanes/ethyl acetate 2:1) to yield 1.23 g (31%) of 3,3’-
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dibromo-4,4’-bipyridine as off-white crystals. 1H NMR (CDCl3, 300 MHz): δ = 8.88 (s, 2 

H), 8.64 (d, 2 H), 7.18 (d, 2 H). 13C NMR (CDCl3, 300 MHz): δ = 152.5, 148.4, 124.6, 

120.7 ppm. MS (EI): m/z = 313.9 (M+), 233.0 ([M – Br]+) 

 

3,5-dibromo-4,4’-bipyridine47 

 6.0 g 4,4’-bipyridine (38.5 mmol) was dissolved in 30 ml methanol and cooled to 

0 °C. 13 ml HBr (48% w/w) was added dropwise and the mixture stirred at room 

temperature for 1 h. The volatiles were removed under reduced pressure to yield a yellow 

powder. The powder was ground with 4.3 ml Br2 (84 mmol) in a mortar and pestle. This 

mixture was sealed in a glass ampoule and heated at 185 °C for 72 h. The crude product 

was added to 100 ml of 2.0 M NaOH and 0.5 M Na2S2O3, stirred for 30 min, and 

extracted with 300 ml CH2Cl2. The volatiles were removed under reduced pressure and 

the resulting solid purified by column chromatography (SiO2, hexanes/ethyl acetate 1:1). 

Crystals suitable for x-ray analysis were obtained by recrystallization from ethyl acetate. 

1H NMR (CDCl3, 300 MHz): δ = 8.80 (d, 2 H), 8.76 (s, 2 H), 7.17 (d, 2 H). 13C NMR 

(CDCl3, 300 MHz): δ = 150.7, 150.3, 147.6, 145.6, 123.1, 121.2 ppm. MS (EI): m/z = 

313.8 (M+), 232.9 ([M – Br]+) 

 

Dimethyldipyridinosilole 

To a solution of 1.0 g 3,3’-dibromo-4,4’-bipyridine (3.18 mmol) in 40 mL THF 

was added 4.0 mL 1.6 M n-butyl lithium (6.4 mmol) dropwise at -90 °C. The mixture 

was stirred at this temperature for 1 h. 0.5 mL SiMe2Cl2 (4 mmol) was added dropwise 

and the mixture was allowed to warm to room temperature and stir overnight. The 
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mixture was taken up in 50 mL 1 M NaHCO3 and extracted three times with diethyl 

ether. The combined organic layers were dried over MgSO4 and evaporated under 

vacuum to yield a light brown oil. The crude product was purified by column 

chromatography (SiO2, hexanes/ethyl acetate, 1:2) followed by recrystallization from 

hexanes to yield dimethyldipyridosilole as white crystals (0.33 g, 49% yield). Crystals 

suitable for x-ray analysis were grown via slow evaporation of a filtered diethyl ether 

solution at room temperature. 1H NMR (CDCl3, 300 MHz): δ = 8.90 (s, 2 H), 8.75 (d, 2 

H), 7.76 (d, 2 H) 0.56 (s, 6 H). 13C NMR (CDCl3, 300 MHz): δ = 153.9, 153.1, 151.7, 

133.3, 116.9, -3.47 ppm. 29Si NMR (CDCl3, 500 MHz): δ = 3.62 ppm. MS (EI): m/z = 

212.1 (M+), 197.1 ([M – CH3]
+) 

 

Methyl siloloviologen iodide 

To a solution of 25 mg dimethyldipyridosilole (0.12 mmol) in 1 mL CD3CN was 

added 34 mg CH3I (0.24 mmol). The mixture was allowed to sit overnight, resulting in a 

red precipitate. The supernatant was decanted and allowed to slowly evaporate in air to 

yield crystals of the hydrolyzed compound. NMR data (hydrolyzed triflate salt): 1H NMR 

(D2O, 300 MHz): δ = 9.01 (m, 2 H), 8.94 (m, 2 H), 8.21 (d, 1 H), 8.02 (d, 1 H) 4.51 (s, 3 

H), 4.47 (s, 3 H), 2.22 (s, 6 H). 13C NMR (D2O, 300 MHz): δ = 157.7, 154.2, 149.7, 

145.5, 138.8, 127.8, 121.7, 117.5, 48.5, 48.2 ppm 

 

Methyl siloloviologen triflate 

To a solution of dimethyldipyridosilole (0.5 g, 2.4 mmol)  in acetonitrile (20 mL) was 

added methyl triflate (0.79 g, 4.8 mmol) dropwise at 0 °C. The solution was stirred 
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overnight and diethyl ether allowed to slowly diffuse into the reaction vessel, yielding 

siloloviologen as white needles (0.78 g, 61% yield). Crystals suitable for x-ray diffraction 

were via slow ether diffusion into a saturated acetonitrile solution under a nitrogen 

atmosphere. 1H NMR (CDCl3, 300 MHz): δ = 9.06 (s, 2 H), 8 .83 (d, 2 H), 8.61 (d, 2 H), 

4.36 (s, 6 H) 0.70 (s, 6 H). 13C NMR (CDCl3, 300 MHz): δ = 157.2, 151.0, 148.7, 142.4, 

123.9, 49.5, -4.58 ppm. 29Si NMR (CDCl3, 500 MHz): δ = 10.0 ppm. Elemental analysis 

calcd (%) for C16H18N2O6F6SiS2: C 35.55, H 3.36, N 5.18; found: C 35.38, H 3.19, N 

5.20. MS (MALDI-TOF): m/z = 242.5 (M·+), 227.6 ([M – CH3]
+) 

 

2.5 Discussion 

 The dimethylsilylene-bridged methyl viologen was successfully synthesized via 

methylation of dimethyldipyridosilole. Crystal structures of each compound show that the 

silicon bridge indeed enforces a high degree of planarity. This is reflected in the optical 

properties of each compound. Table 1 compares the absorbance maxima of DMS to 4,4’-

bipyridine and other heteroatom bridged derivatives. It can be seen that all of the bridged 

compounds are significantly red shifted from 4,4’-bipyridine. The siloles demonstrate 

more conjugation than the germole, but less than the phosphole.  

 

 

Table 1: Comparison of UV-Vis absorbance maxima of various 4,4’-bipyridines. 

Structures can be found in Figure 4.  

Compound λmax (nm) Solvent 

4,4’-bipyridine 237 CHCl3 

diphenyl dipyridogermole  269 CHCl3 

dimethyl dipyridosilole (DMS) 273 CHCl3 

diphenyl dipyridosilole 273 CHCl3 

phenyl dipyridophosphole oxide 276 CH2Cl2 
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Both reductions of siloloviologen were found to be reversible, as expected. Table 

2 compares these reduction potentials to methyl viologen and other heteroatom bridged 

methyl viologens found in the literature. The incorporation of the silicon bridge makes 

the compound about 260 mV easier to reduce for the first reduction and 210 mV easier to 

reduce for the second, relative to unbridged methyl viologen. This is a more significant 

LUMO lowering effect than that of a thienoviologen (SMV) reported by Sasse et al. in 

198642, but still about 300 mV more negative than that of Baumgartners phosphaviologen 

(PMV).43 The absorbance maxima follow this general trend as well, with the 

phosphaviologen being the most red shifted followed by the siloloviologen.  

  

 

Table 2: Comparison of reduction potentials and absorbance maxima of SiMV to methyl 

viologen and other heteroatom-bridged methyl viologen derivatives. V vs Fc/Fc+. Ered for 

SMV converted from NHE by subtracting 0.64 V. a dication b radical cation 

Compound Ered (+2/+1) (V) Ered (+1/0) (V) λmax
a (nm) λmax

b
 (nm) 

PMV2+   43 -0.51  -1.00  288 406, 634  

SiMV2+ -0.829  -1.31  270 395, 606 

MV2+ -1.09  -1.52  26051 397, 60652 

SMV2+     42 -1.05 - -  

 

 

 

 SiMV demonstrated fairly typical viologen fluorescence, with the emission 

maximum redshifted about 5 nm from MV to 350 nm. Kohler et al. studied the 

fluorescence of MV in various solvents and found that alcohols and ethereal solvents 

quenched the emission.53 This is consistent with our experiences with ether, but 

chloroform did not quench fluorescence in Kohlers paper as it did for us. Kohler 

determined that the reduction potential of the photoexcited species is +3.65 V (vs NHE), 
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demonstrating that MV is an extremely potent photooxidant. Even relatively mild 

electron donors can quench the fluorescence through electron transfer, and the 

fluorescence quenching by chloroform can be explained by the enhanced electron 

accepting character imparted by the silicon bridge.  

The long wavelength emission we observed at 420 nm, which was followed by 

attempted studies of aggregation induced emission, was ultimately attributed to 

photogenerated impurities. The observance of long wavelength emission in viologens is 

not a novel phenomenon; initially it was attributed to the formation of ion-pair 

complexes.54 Mau et al. studied55 the fluorescence of methyl viologens in the 1980’s and 

observed similar green emission. They determined that compounds formed from either 

base treatment or irradiation were responsible for the detected green fluorescence, and 

subsequently identified one of them as a pyridone derivative. 

 

 

 
Scheme 4: Pyridone formation from methyl viologen as identified by Mau et al.55 

 

 

 

 The spectroelectrochemistry of SiMV, with absorbance maxima at 395 and 606 

nm, is strikingly similar to that of methyl viologen which is reported to have absorbance 

maxima of 397 and 607 nm in CH3CN.52 This shows very little effect of the silicon 

bridge on the optical absorption of the radical cation, with the peaks even being slightly 
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blue shifted relative to the parent compound. It may be that since the optical absorption of 

the radical cation is characterized by charge transfer between +1 and +0 nitrogens,30 the 

dominant effect on energy levels is the nature of the nitrogen substituent, with little effect 

from the silicon bridge.  

On the other hand, Baumgartners PMV radical cation demonstrates a clear red 

shift when comparing absorbance maxima.44 Another possibility is that the reduced states 

of SiMV, while stable and reversible on the timescale of the CV experiments, undergo 

electrolysis in these conditions. In this case the absorbing species may more closely 

resemble MV and be responsible for the similar absorption spectra. When comparing the 

shape of the entire spectra rather than only the absorbance maxima, SiMV does 

demonstrate a longer wavelength shoulder around 680 and a weak local maximum at 740 

nm which are absent for PMV. It should be noted that spectroelectrochemistry of a 

thienoviologen42 was shown to have a similar basic profile as MV, albeit with larger 

shifts, so the similarity in shape itself is not necessarily concerning. Furthermore, the 

spectrum of neutral SiMV more closely resembles that of PMV0 than it does MV0.44,52  

In any event, it appears that there is little significant variance in colors when 

comparing the different states of SiMV, PMV, and MV. The dications are colorless, the 

radical cations blue, and the neutral species yellow. Tuning the spectral properties of the 

reduced states is better achieved by variation of N-substituent rather than bridging 

heteroatom. The chief advantages of the bridging atom are therefore the enhanced 

electron affinity and additional site for functionalization.  

 

 

 



 

 

 

 

 

CHAPTER 3: SPIROSILABIFLUORENES 

 

 

3.1 Background 

3.1.1 Spirobifluorenes 

Organic electronics, in which organic materials are used to perform functions 

such as charge carrier transport, light emission, and light absorption, have been a major 

research focus over the past several decades. Major applications include photovoltaics, 

light emitting diodes, and field effect transistors.56  Compared to inorganic 

semiconductors, organic semiconductors have several potential advantages. The 

manufacture of high purity silicon is energy intensive, whereas organic materials are 

solution processable; this allows for the possibility of room temperature device 

fabrication. Beyond the promise of lower cost, organic materials are lighter and more 

flexible. They can be processed in thin-film, large-area devices.56 These unique properties 

may allow for new applications that are not possible with traditional inorganic materials.  

 Despite these potential advantages, in many ways the performance of organic 

electronics does not match that of silicon-based materials. Hole and electron mobilities of 

organic semiconductors are several orders of magnitude lower than that of crystalline 

silicon.57 Long term stability of organic materials is often an issue, particularly for 

applications which subject the materials to regular light or heat exposure. These devices 

are typically made of thin amorphous layers of organic compounds. The amorphous state 

is desirable for three primary reasons: it’s easy to reproducibly fabricate, it avoids the 
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grain boundaries characteristic of polycrystalline films which create charge carrier traps, 

and it has favorable optical properties.56,58 When an amorphous material is heated above 

its glass transition temperature (Tg), the molecules can shift into the more 

thermodynamically stable crystalline arrangement, resulting in device degradation.  

 One strategy to increase the morphological stability of small organic molecules is 

to “spiro” link them, resulting in compounds in which two identical moieties are 

connected by a tetrahedral center.59 This results in a large increase in Tg with minimal 

effect on electronic and chemical properties.60 The increase in Tg is more than simply a 

function of doubling the molecular weight. The rigid, perpendicular arrangement causes 

entanglement in the amorphous state and suppresses π-π interactions.  This hampers 

crystallization and also improves solubility.58 

 

 

 
Figure 20: Spirobifluorene. A simple spiro-linked molecule with atom numbering. 

 

 

 

 Most spiro compounds investigated for electronic applications contain the 

spirobifluorene core.58 This provides a robust framework of conjugated π systems which 

can be functionalized to obtain the desired properties. Spirobifluorene derivatives have 

been used for a variety of different functions depending on substituents. Incorporation of 

electron accepting groups provides n-type transport character and leads to electron 
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transport materials (ETM).31 Conversely, electron donating groups such as amines 

provide p-type character and are commonly used in hole transport materials (HTM).56 

One strategy to synthesize ambipolar compounds, those which can transport both 

electrons and holes efficiently, is to combine both categories of substituent in one 

compound.61,62 Not limited to simply transporting charges, spirobifluorenes have also 

been extensively studied for their emissive properties,59,63,64 and have been successfully 

incorporated into functioning OLEDs as emitters.61,65,66  

 

 

 
Figure 21: The many uses of spirobifluorene derivatives. a) OLED emitter67 b) ambipolar 

charge transport material61 c) electron transport material68 d) spiro-OMeTAD69 

 

 

 

 The spiro compound which has received the most interest and widespread use is 

certainly the hole transporting material spiro-OMeTAD. First described in 1998 by 

Michael Grätzel et al.69 it’s no surprise that spiro-OMeTAD was born out of the 

development of the Grätzel cell, or dye-sensitized solar cell (DSSC). DSSCs are one of 

the most well established alternatives to photovoltaic devices based on crystalline 

inorganic semiconductors.70 A typical DSSC consists of a layer of photosensitizing dye 

molecules attached to a mesoporous wide bandgap semiconductor, such as TiO2. When 

the dye absorbs a photon, an electron is excited from the HOMO into the LUMO. It is 
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then injected into the TiO2 conduction band where it can then travel to the electrode. 

Meanwhile, the oxidized dye is reduced by electron transfer from the HTM. The hole 

travels through the HTM to the counter electrode where the HTM is reduced and the 

circuit completed. Current depends on the devices ability to generate and collect charge 

carries. Recombination losses occur when the electrons in the TiO2 conduction band 

combine with oxidized dye molecules or holes in the HTM. The obtainable voltage 

depends upon the offset between the HTM HOMO and the TiO2 Fermi level.71 

 

 

 
Figure 22: The DSSC. a) Basic structure of a solid state DSSC using spiro-OMeTAD as 

HTM72  b) Energy level diagram of a DSSC illustrating the operation of the device.71 

 

 

 

 The first HTMs were based on liquid electrolytes, commonly an 

iododide/triiodide redox couple. However these are fundamentally limited by the high 

overpotential required to drive the redox process, reducing the maximum obtainable 

voltage.56 This leads to a theoretical maximum obtainable power conversion efficiency of 

13.4%,73 well short of the approximately 30% limit predicted by Shockley and 

Queisser.74 There are also stability issues stemming from the use of volatile organic 

solvents. These require well sealed devices and their corrosive nature makes them 

incompatible with many inorganic sensitizers such as quantum dots or perovskites. These 
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issues have led to the development of solid state HTMs based on organic small molecules 

or polymers. Use of solid state HTMs should reduce the loss-in-potential found with 

redox electrolytes and increase the theoretical maximum obtainable efficiency of DSSCs 

to just over 20%.73 The first effective solid state HTM was spiro-OMeTAD, and it has yet 

to be surpassed in overall performance.  

The success of spiro-OMeTAD largely stems from the good morphological 

stability provided by its spiro structure, and sufficient hole injection/transport properties 

provided by its dimethoxydiphenyl amine substituents.75 The electron donating methoxy 

groups in the para positions lower the oxidation potential, and the HOMO level provides 

a good balance between hole-transfer yield and open-circuit voltage.63,76 As a small 

molecule it is more effective at filling the pores of mesoporous electrodes than polymeric 

HTMs. The tradeoff is that its hole mobility is adequate at best (10-5-10-3 cm2 V-1 s-1) and 

chemical doping or additives such as LiTFSI are necessary to achieve sufficient 

conductivity.70  

Despite the theoretical advantages of solid state DSSCs and the success of spiro-

OMeTAD as a HTM, the efficiencies of traditional DSSCs using solid state HTMs lag 

behind their liquid electrolyte counterparts. The best performing solid state DSSC is 

reported to have a power conversion efficiency of 7.2%,77 well short of the theoretical 

performance limit of 20%73 and less than the best performing liquid electrolyte DSSCs 

using photosensitizers based on ruthenium dyes (11.1%)78 or porphyrins (12.3%).79 

While the solid state devices attain a higher photovoltage, their optimized device 

thickness is only 2 µm.80 This is too thin to provide the surface area necessary for good 

light absorption and is the limiting factor for solid state DSSC performance. 
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The origin of this thickness limitation was a matter of some debate. Initially it was 

attributed to incomplete pore filling of the mesoporous TiO2,
80 and strategies were 

developed to increase the pore filling fraction.81,82 Further research demonstrated that a 

pore filling fraction of no more than 60% is sufficient, and that this is attainable for 

thicknesses of up to 5 µm.83,84 The limitation of device thickness is now attributed to 

parasitic losses resulting from light absorption by the doped spiro-OMeTAD.85 Strategies 

to overcome this involve either making more conductive HTMs which require lower 

doping levels to achieve adequate hole mobilities, or photosensitizers with greater 

extinction coefficients which can absorb more light in the thinner devices.   

This latter solution has largely been achieved by the development of 

organometallic mixed halide perovskites of the type CH3NH3PbI3-xClx. These materials 

are strong absorbers have been successfully used in solid state DSSCs.86 However the 

excellent carrier transport properties of perovskites allow for thicker layers of the 

sensitizer and even allow for highly efficient planar heterojunction solar cells.87 Spiro-

OMeTAD has followed perovskites and been used in a variety of photovoltaic device 

architectures beyond DSSCs.70 Beyond photovoltaics, spiro-OMeTAD has also been used 

as a hole transport material in OLEDs.88 

 The simplest OLED consists of an electroluminescent material sandwiched 

between two electrodes. This requires the material to be able to inject and transport both 

electrons and holes, in addition to having desirable emissive properties- a demanding set 

of requirements. More commonly, a p- or n-type emitter is used in conjunction with an 

ETM or HTM or both. In addition to facilitating charge injection and transport, the 

charge transport material serves as a blocking layer to confine the carriers to the emissive 
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layer and improve efficiency.89 Despite these advantages, there is still much interest in 

developing ambipolar compounds capable of transporting both electrons and holes as a 

path towards efficient single layer OLED devices.62  

 

 

 
Figure 23: Common OLED architectures.89 

 

 

 

3.1.2 Spirosilabifluorenes 

 Despite the extensive interest in spirobifluorenes much less work has been done 

with the silicon analogs, spirosilabifluorenes, in which the central carbon atom is 

replaced by a silicon spiro-center. Incorporation of a silicon atom should combine the 

enhanced electron accepting ability of siloles with the morphological stability of the spiro 

structure. Spirosilabifluorenes may even have higher Tg’s than their carbon counterparts. 

This is inferred from the higher melting point of spirosilabifluorene relative to 

spirobifluorene (227 °C and 198 °C respectively).90  

In 2004 Kafafi et al. described91 the synthesis of a series of asymmetric 

spirosilabifluorenes containing a variety of tert-butyl, phenyl, and pyridine substituents. 

They studied the optical properties of these compounds and reported solid state 

photoluminescence with high quantum yields (30-55%). The absorbance spectra were 

found to be red shifted relative to the carbon analogues, confirming the presence of σ*-π* 

conjugation in the spirosilabifluorene unit.  
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An added advantage of studying spirosilabifluorene derivatives is that they allow 

for easier access to different substitution patterns. The first step in the synthesis of 

tetrasubstituted spirobifluorenes is the bromination of spirobifluorene, which results in 

primarily the 2,2’,7,7’ isomer. Other substitution patterns are more difficult and require 

lengthy multistep syntheses.92 Spirosilabifluorenes on the other hand are synthesized by 

lithiation of 2,2’-dihalobiphenyls followed by reaction with SiCl4. Any substituents can 

be included on the biphenyl provided they are less reactive with the organolithium 

reagent than the aryl halides. Consequently, a variety of symmetric and asymmetric 

substitution patterns are accessible.  

 

 

 
Scheme 5: Comparison of synthetic routes to tetrasubstituted spirobifluorenes (left) and 

spirosilabifluorenes (right). X = Br or I.  

 

 

 

The effects of 3,3’,6,6’ and 2,2’,7,7’ substitution patterns for spirosilabifluorenes 

have been examined both experimentally and theoretically. In 2010 Kawashima et al.93 

synthesized a series of silafluorenes and spirosilabifluorenes containing electron donating 

aminostyryl arms at either the 3,6 or 2,7 positions with the aim of elucidating the effects 

of different substitution patterns as well as the effect of the spiro linkage. They found that 

the spiro compounds had smaller HOMO-LUMO gaps, attributed to the effect of 

spiroconjugation increasing the HOMO level and improved σ*-π* conjugation relative to 

the non-spiro linked siloles further lowering the LUMO. The HOMO-LUMO gap was 
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smaller for compounds with 2,7 substitution, owing to this being a better π connecting 

unit than the 3,6 positions. This led to reduced and blue shifted fluorescence for the 3,6 

substituted compounds. 

 

 

 
Figure 24: Spirosilabifluorenes studied by Kawashima et al.93  

Left: 2,2’,7,7’ (or 2,7) substitution. Right: 3,3’,6,6’ (or 3,6) substitution. 

 

 

 

As expected, the spiro compounds displayed improved solubility in organic 

solvents due to suppressed intermolecular π-π interactions. Interestingly, the 3,6 

substituted compounds had greater solubility than the 2,7 despite containing diethyl 

amines rather than the longer di-n-hexyl amines. This is particularly relevant for solution-

processed devices, and in applications containing mesoporous substrates may allow for a 

higher pore filling fraction without sacrificing the thermal stability associated with a high 

Tg.  

Shortly after this report, Yang and Si94 produced a theoretical study on the 

nonlinear optical properties and reorganization energies of a number of silafluorenes and 

spirosilabifluorenes as well as their carbon analogues. The second order polarizabilities 

and reorganization energies of 3,6- substituted compounds were found to be superior to 

that of the 2,7- substituted ones. While enhanced second order polarizability makes these 
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compounds interesting for their NLO properties, the reorganization energy is particularly 

relevant for charge transport materials.  

In contrast to bulk inorganic semiconductors, in which charge carriers are 

described by plane waves delocalized throughout the crystal lattice, charge transport in 

amorphous films of small molecules is described as a chain of redox processes in which 

the charges “hop” from molecule to molecule.95 In this situation the charge transfer rate 

can be described by Marcus Theory. One of the principle variables affecting the rate is 

the reorganizational energy (λ) which is the energy cost due to molecular geometry 

modifications to go from the neutral to charged state. A smaller reorganization energy 

leads to an increased charge transfer rate.    

 

 

𝑘 =  
4𝜋2

ℎ
𝐻𝑎𝑏

2
exp (−

𝜆
4𝑘𝐵𝑇

)

√4𝜋𝜆𝑘𝐵𝑇
 

Equation 4:96 Intermolecular hopping rate (k) as a function of temperature (T), 

overlap integral (Hab), and reorganization energy (λ). 

 

 

 

 To help predict the effect of isomerism and silicon substitution on charge 

transport in amine-substituted spirobifluorenes such as spiro-OMeTAD, DFT calculations 

using the B3LYP method with 6-31G* basis set were carried out. This is the same level 

of theory used by Yang and Si.94 The hole reorganization energy was calculated for the 

four different spirobifluorenes shown in figure 25. It was determined by calculating the 

molecular energy at four different states: E(A), the energy of the neutral compound in its 

ground state geometry; E(A+), the energy of the neutral compound in the cations most 

stable geometry; E+(A+), the energy of the cation in its most stable geometry; and E+(A), 
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the energy of the cation in the neutral compounds most stable geometry. The hole 

reorganization energy can then be calculated by using equation 5: 

 

 

𝜆ℎ𝑜𝑙𝑒 = [𝐸+(𝐴) − 𝐸+(𝐴+)] + [𝐸(𝐴+) − 𝐸(𝐴)] 
Equation 5: Calculation of hole reorganization energy. 

 

 

 

 
Figure 25: Tetrakis(dimethylamine)spirobifluorenes modeled by DFT and their calculated 

hole reorganization energies.  

 

 

 

 The results are consistent with those of Yang and Si. In both cases the 3,6 isomer 

had a smaller λhole than the 2,7 analogue. There is not a trend as to the identity of the spiro 

center; in the instance of the 2,7 isomer the carbon-centered compound has a smaller 

λhole, while the 3,6 isomer of the silicon analogue has the smallest hole reorganization 

energy of all four compounds. These results indicate that 3,6 isomers of spirobifluorenes 

may have enhanced hole transport properties relative to the more well studied 2,7 

isomers.  

3.2 Spiro-sila-OMeTAD 

Considering the potential advantages imbued by the silicon spiro center, the 

silicon analogue to spiro-OMeTAD was deemed an interesting synthetic target. By 

synthesizing both the 2,7 and 3,6 isomers, the effect of different substitution patterns as 
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well as the effect of silicon substitution can be compared. The silicon substitution is 

expected to increase the compounds electron affinity, possibly affording a degree of 

ambipolar charge transport. It’s also expected to increase the Tg, improving 

morphological stability. The 3,6 isomer, difficult to obtain for the carbon analogue, 

should be more soluble and may have improved charge transport properties. 

3.2.1 Tetrabromospirosilabifluorenes 

Our basic strategy to synthesizing spiro-sila-OMeTAD was to first synthesize the 

two isomers of tetrabromospirosilabifluorene (tbssbf). As aryl bromides, these 

compounds were expected to be versatile partners for a variety of cross-coupling 

reactions beyond aminations. Our approach to synthesizing tbssbf followed the method 

developed by Henry Gilman:97 reaction of biphenyl dilithium derivatives with silicon 

tetrachloride. This would require symmetric dibromodiiodobiphenyls with iodides in the 

2,2’ positions owing to their greater reactivity toward lithiation.  

 

 

 
Scheme 5: Synthetic approach toward spiro-sila-OMeTADs starting from 

dibromodiiodobiphenyls. 
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5,5’-dibromo-2,2’-diiodobiphenyl and 4,4’-dibromo-2-2’-diiodobiphenyl are 

known compounds, and our syntheses were adapted from literature sources. Reaction of 

1,2-dibromobenzene with half an equivalent of n-butyl lithium at low temperature 

followed by slowly warming to room temperature yields 2,2’-dibromobiphenyl.98 This 

reaction was found to follow a mechanism in which the monolithiated bromobenzene 

adds to a transient benzyne species.99 Dilithiation of dibromobenzene followed by 

reaction with iodine produces diiodobiphenyl in a straightforward manner.100 Finally, the 

iron catalyzed bromination of diiodobiphenyl affords the desired 5,5’-dibromo-2,2’-

diiodobiphenyl.101 The selectivity observed in this electrophilic aromatic substitution 

arises from the phenyl rings being twisted out of conjugation by steric influences, leading 

to preferential stabilization of the arenium intermediate by the iodo substituents. 

 

 

 
Scheme 6: Synthesis of 5,5’-dibromo-2,2’-diiodobiphenyl from dibromobenzene. 

 

 

 

 Copper catalyzed Ullman coupling of  1,4-dibromo-2-nitrobenzene leads to 4,4’-

dibromo-2,2’-dinitrobiphenyl.19 Reaction of tin metal with HCl generates SnCl2 in situ, 

which reduces the nitro groups to form 4,4’-dibromobiphenyl-2,2’-diamine.15 

Diazotisation conditions followed by addition of potassium iodide afford 4,4’-dibromo-

2,2’-diiodibiphenyl in a Sandmeyer-type reaction.102  
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Scheme 7: Synthesis of 4,4’-dibromo-2,2’-diiodibiphenyl from dibromonitrobenzene. 

 

 

  

Lithiation of 5,5’-dibromo-2,2’-diiodobiphenyl and 4,4’-dibromo-2-2’-

diiodobiphenyl followed by reaction with SiCl4 successfully led to the corresponding 

tetrabromospirosilabifluorenes in moderate yields (55% and 51% respectively). It is 

likely that yields could be improved even further with optimized reaction conditions and 

work up procedures. The reactions were relatively clean and the crude products could be 

purified by rinses and recrystallizations, without the use of chromatography.  

 

 

 
Figure 26: ORTEP representations of 3,3’,6,6’-tetrabromospirosilabifluorene (3,6-

tbssbf, left, R = 2.2%) and 2,2’,7,7’-tetrabromospirosilabifluorene, co-crystalized with 

solvent toluene (2,7-tbssbf, right, R = 3.3%). 
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 The two tetrabromospirosilabifluorenes had similar UV-vis absorption spectra in 

CHCl3. The 2,7 isomer had local maxima at 304 and 291 nm, while the 3,6 isomer had 

weaker and slightly shifted absorptions at 301 and 289 nm. The 2,7 isomer also had a 

weak longer wavelength absorption at 345 nm absent in the 3,6. Both compounds 

displayed solid state phosphorescence at 77 K.  

 

 

 

 
Figure 27: UV-Vis absorbance spectra of tetrabromospirobifluorenes (CHCl3). 

 

 

 

3.2.2 Cross Coupling Reactions 

 Buchwald-Hartwig amination of tbssbf was expected to proceed analogously to 

that of the carbon analog and give the corresponding spiro-sila-OMeTADs. Following 

literature procedures,103 neither spiro-sila-OMeTAD nor the starting tbssbf were found in 

the worked up crude product per 1H-NMR. MALDI-TOF-MS of the product showed no 
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spiro-sila-OMeTAD (m/z molecular ion = 1240.5), but had a base peak at m/z = 608.0. 

This is consistent with OMe-TAD, the non-spiro linked “half” of the compound. This 

would indicate that the amination is occurring, but that the silicon linkage is not stable 

under the reaction conditions.  

 

 

 
Figure 28: MALDI-TOF-MS of spiro-sila-OMeTAD reaction product. Inset: OMeTAD, 

assigned to the base peak at 608 m/z. 

 

 

 

To ensure that the peak seen in the MALDI mass spectrum was the molecular ion 

and not a fragment arising from the ionization method, the stability of tbssbf under the 

reaction conditions was tested by refluxing in toluene with sodium tert-butoxide. After 15 

h, the reaction mixture was checked by GC-MS and found to contain predominantly 

dibromobiphenyl. No starting material was found, the only other peaks in the GC being 

minor and unidentifiable. This was found to be the case for both isomers. Amination of 
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2,7-tbssbf was also attempted at 50 °C under otherwise identical conditions; after two 

days the worked up reaction mixture contained predominantly dibromobiphenyl and 

dimethoxydiphenylamine per GC-MS and 1H-NMR.  

In an effort to use the tetrabromospirosilabifluorenes as starting materials for 

other electroactive compounds, their suitability toward Suzuki coupling was explored. 

Suzuki coupling still requires a base, in this case to activate the boronic acid coupling 

partner, but milder bases such as sodium carbonate are typically used. As a coupling 

partner, p-tolyl boronic acid was chosen. The desired product, tetratolyl 

spirosilabifluorene, is expected to have interesting solid-state fluorescence properties.  

 

 

 
Scheme 8: Attempted synthesis of 3,3’,6,6’-tetratolylspirosilabifluorene. 

 

 

 

 3,6-tbssbf was reacted with p-tolyl boronic acid in the presence of Pd(PPh3)4 and 

sodium carbonate. The crude product was analyzed by MALDI-TOF-MS. The only 

significant peak in the mass spectrum was m/z = 334.2. This is consistent with dimethyl 

tetraphenyl. Again it appears that the coupling reaction is working, but that the spiro-

linked compound is not stable in alkaline conditions. In support of this, heating 3,6-tbssbf 
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in a THF/2 M Na2CO3(aq) mixture at 80 °C for 6 resulted in dibromobiphenyl as 

determined by GC-MS. 

 

 

 
Figure 29: MALDI-TOF-MS of tetratolyl spirosilabifluorene reaction product. Inset: 

species assigned to the base peak at 334 m/z. 

 

  

 

 For comparison, the carbon analog tetrabromospirobifluorene was coupled with p-

tolyl boronic acid. The mass spectrum shows a peak at m/z = 675.9, consistent with the 

desired product tetratolyl spirobifluorene. The minor peak at m/z = 586.1 appears to show 

the loss of a tolyl group. This confirms the increased susceptibility of the silicon analogue 

to decomposition in basic conditions.  
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Figure 30: MALDI-TOF-MS of tetratolyl spirobifluorene. Inset: 3,3’,6,6’-tetratolyl 

spirobifluorene. 

 

 

 

3.3 Experimental 

3.3.1 Instrumentation and General Methods 

Absorption spectra were measured with a Cary 300 UV-Vis spectrophotometer. 

Spectroelectrochemical measurements were made with an Agilent 8453 diode array UV-

Vis spectrophotometer in a Pine Research Instrumentation honeycomb 

spectroelectrochemical cell. Fluorescence measurements were conducted on a Jobin-

Yvon Fluorolog 3 fluorescence spectrometer. 1H and 13C NMR spectra were acquired 

using a JEOL 300 MHz NMR spectrometer. For the 29Si spectra a JEOL 500 MHz NMR 

spectrometer was used. Combustion analysis (C, H, and N) was conducted by Atlantic 

Microlab, Inc.  

Cyclic voltammetry studies were performed using a Princeton Applied Research 

Model 273A Potentiostat/Galvanostat employing a conventional three-electrode setup 
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consisting of a platinum disk or glassy carbon working electrode, a silver/silver chloride 

reference electrode, and a platinum wire auxiliary electrode. Positive feedback iR 

compensation was routinely used. Voltammograms were obtained in 0.1 M 

tetrabutylammonium hexafluorophosphate (TBAPF6)/acetonitrile solution using solvent 

that had previously been purified and dried using a solvent purification system (SPS- 400, 

Innovative Technologies) and subsequently purged with nitrogen. The supporting 

electrolyte (TBAPF6) was recrystallized from ethanol and dried under vacuum prior to 

use. Ferrocene was used as an internal standard without further purification. 

 Crystals of suitable size were removed from the mother liquor, coated with a thin 

layer of paratone-N oil, mounted on the Agilent Gemini A Ultra diffractometer, and 

flashcooled to 100 K in the cold stream of the Cryojet XL liquid nitrogen cooling device 

(Oxford Instruments) attached to the diffractometer. The Gemini A Ultra diffractometer 

was equipped with a sealed-tube long fine focus X-ray source with Mo target (λ = 

0.71073 Å) and Cu target (λ = 1.5418 Å), four-circle kappa goniometer, and Kodak CCD 

detector. CrysAlisPro48 software was used to control the diffractometer and perform data 

reduction. The crystal structure was solved with SHELXS49. All non-hydrogen atoms 

appeared in the E-map of the correct solution. Alternate cycles of model-building in 

Olex250 and refinement in SHELXL49 followed. All non-hydrogen atoms were refined 

anisotropically. All hydrogen atom positions were calculated based on idealized 

geometry, and recalculated after each cycle of least squares. During refinement, hydrogen 

atom – parent atom vectors were held fixed (riding motion constraint). Crystallographic 

data is provided in appendix A. 
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3.3.2 Synthetic Details 

4,4’-Dibromo-2,2’-dinitrobiphenyl18  

34.9 g of 2,5-dibromonitrobenzene (124.2 mmol) was dissolved in 140 mL dry DMF in a 

250 mL round bottom flask with stir bar and condenser. 18.9 g activated Cu powder (306 

mmol) was added and the resulting mixture stirred and heated in an oil bath at 125 °C for 

3 h. The mixture was allowed to cool to room temperature and 100 mL toluene added. 

This mixture was filtered through celite and evaporated to dryness. The brown crude 

product was rinsed twice with H2O, redissolved in toluene and again filtered through 

celite. The filtrate was dried with MgSO4 and evaporated under reduced pressure to yield 

the title compound as a yellow solid (21.0 g, 84.5%). The δH data is in agreement with 

literature values.102 1H NMR (CDCl3, 300 MHz): δ = 8.38 (s, 2 H), 7.83 (d, 2 H), 7.17 (d, 

2 H). MS (EI): m/z = 401.9 (M+), 355.9 ([M-NO2]
+) 

 

 4,4’-dibromobiphenyl-2,2’-diamine15 

15.0 g 4,4’-dibromo-2,2’-dinitrobiphenyl (37.4 mmol) was dissolved in 125 mL EtOH 

(95%) in a 500 mL round bottom flask with stir bar. 82 mL HCl (32% w/w) and 11.8 g 

Sn powder (100 mmol) were added and the resulting mixture refluxed for 2 h. The 

mixture was allowed to cool and poured into approximately 200 ml ice water. NaOH 

(20% w/w) was added until the pH was greater than 9. This mixture was extracted with 

3x100 mL portions of Et2O, dried over Na2SO4 and evaporated under reduced pressure to 

yield a brown powder (9.6 g, 75%). The δH data is in agreement with literature values.102  

1H NMR (CDCl3, 300 MHz): δ = 6.93 (m, 6 H), 3.75 (s, b, 4 H). MS (EI): m/z = 342.0 

(M+), 324.9 ([M-NH2]
+) 
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4,4’-dibromo-2,2’-diiodobiphenyl102 

5.0 g 4,4’-dibromobiphenyl-2,2’-diamine (14.6 mmol), 45 ml HCl (32% w/w), 160 mL 

H2O, and 160 mL CH3CN were added to a 500 ml three neck round bottom flask. The 

mixture was cooled to -15 °C and a solution of 4.63 g NaNO2 (67.1 mmol) in 15 mL H2O 

was added dropwise. The reaction was stirred between -10 to -15 °C for 1 h. A solution 

of 22.2 g KI (134 mmol) in 20 mL H2O was added dropwise while maintaining this 

temperature. The reaction was allowed to warm to room temperature and then heated at 

80 °C for 15 h.  The product was extracted with CHCl3, washed with Na2S2O3(aq), H2O, 

and brine, dried with MgSO4, and evaporated to dryness. The resulting solid was purified 

by column chromatography (SiO2, hexanes) followed by recrystallization from hexane to 

yield title compound as white crystals (3.1 g, 38%). The δH data is in agreement with 

literature values.102 1H NMR (CDCl3, 300 MHz): δ = 8.09 (s, 2 H), 7.56 (d, 2 H), 7.03 (d, 

2 H). MS (EI): m/z = 563.7 (M+), 436.8 ([M-I]+) 

 

2,2’,7,7’-tetrabromospirosilabifluorene 

A 100 ml three neck round bottom flask was charged with 3.00 g 4,4’-dibromo-2,2’-

diiodobiphenyl (5.32 mmol) and 60 mL dry THF. The solution was subjected to three 

freeze pump thaw cycles and cooled to -90 °C. 4.84 ml n-BuLi (2.2 M in hexanes, 10.6 

mmol) was added dropwise via syringe. The reaction was stirred at this temperature for 

one hour, and 0.6 ml SiCl4 (0.5 mmol) was added dropwise. The reaction was allowed to 

warm to room temperature and stirred overnight. 100 mL H2O was added to the solution 

and the resulting mixture was extracted with diethyl ether (3 x 100 ml). The organic layer 

was dried with MgSO4, filtered, and evaporated to dryness to yield a yellow/orange solid. 
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The crude product was rinsed thoroughly with cold dichloromethane to yield 0.95 g 

product as a white powder (55%). Crystals suitable for x-ray analysis were grown via 

slow evaporation of a filtered toluene solution at room temperature. 1H NMR (CDCl3, 

300 MHz): δ = 7.75 (d, 4 H), 7.65 (d, 4 H), 7.50 (s, 4 H). 13C NMR (CDCl3, 300 MHz): δ 

= 147.8, 137.1, 135.1, 133.7, 123.2, 123.0 ppm. 29Si NMR (CDCl3, 500 MHz): δ = -7.32 

ppm. MS (EI): m/z = 647.7 (M+). Elemental analysis calcd (%) for C24H12Br4Si: C 44.48, 

H 1.87, N 0; found: C 44.55, H 1.84, N 0.0. 

 

Attempted synthesis of 2,2’,7,7’-spiro-sila-OMeTAD81 

0.100 g 2,2’,7,7’-tetrabromospirosilabifluorene (0.15 mmol), 0.163 g bis(4-

methoxyphenyl)amine (0.71 mmol), 0.066 g sodium tert-butoxide (0.69 mmol), 0.01 g 

Pd(dba)2 (0.02 mmol), and 0.01 g 1,1’-Bis(diphenylphosphino) (0.02 mmol) were 

transferred to a 50 ml schlenk flask. 5 ml anhydrous toluene was added and the mixture 

stirred for 12 h at 110 °C. DI water was added, and the product was extracted with 

EtOAc, dried with MgSO4, filtered, and evaporated. 

 

2,2’-dibromobiphenyl98 

22.1 g 1,2-dibromobenzene (93.6 mmol) was dissolved in 150 ml THF in a 250 ml three 

neck round bottom flask and cooled to -90 °C. 23.0 mL 2.2 M n-BuLi (50.6 mmol) was 

added dropwise. The reaction mixture was slowly warmed to room temperature and 

allowed to stir overnight. 100 ml 0.5 M HCl(aq) was added to neutralize the mixture, 

which was then extracted with Et2O, dried with MgSO4, and evaporated to dryness. The 

crude product was recrystallized from ethanol to yield title compound as white crystals 
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(7.7 g, 53%). The δH data is in agreement with literature values.101 1H NMR (CDCl3, 300 

MHz): δ = 7.67 (d, 2 H), 7.38 (m, 2 H), 7.29 (m, 2 H), 7.24 (d, 2 H). MS (EI): m/z = 

312.0 (M+), 231.0 ([M-Br]+) 

 

2,2’-diiodobiphenyl100 

11.25 g 2,2’-dibromobiphenyl (36.1 mmol) was dissolved in 100 ml THF in a 250 ml 

three neck round bottom flask. The solution was cooled to -90 °C and 32.8 ml n-BuLi 

(2.2 M, 72.2 mmol) was added dropwise. The mixture was stirred at this temperature for 

1 h and a solution of 21.4 g I2 (84.3 mmol) in 40 mL THF was added dropwise via 

cannula. The mixture was allowed to warm to room temperature and stirred overnight. 

H2O was added and the reaction mixture extracted 3 times with diethyl ether. The 

combined organic phases were dried over MgSO4 and evaporated to dryness. The 

resulting solid was recrystallized from hexanes to yield title compound as white needles 

(10.7 g, 73%). The δH data is in agreement with literature values.101 1H NMR (CDCl3, 

300 MHz): δ = 7.95 (d, 2 H), 7.43 (m, 2 H), 7.20 (d, 2 H), 7.10 (d, 2 H) 

MS (EI): m/z = 405.8 (M+), 278.9 ([M-I]+) 

 

 5,5’-dibromo-2,2’-diiodobiphenyl101 

 To a solution of 4.06 g 2,2’-diiodobiphenyl (10.0 mmol) in 80 ml CHCl3 was 

added 0.080 g iron powder. 2.0 mL Br2 (39 mmol) was added via syringe and the mixture 

stirred for 1 h at 55 °C. The mixture was allowed to cool to room temperature, washed 

with Na2S2O3, and extracted three times with CH2Cl2. The combined organic layers were 

dried with MgSO4 and evaporated under vacuum. The crude product was rinsed with cold 
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CH2Cl2 to yield title compound as a white powder (2.9 g, 51%). The δH data is in 

agreement with literature values.102 1H NMR (CDCl3, 300 MHz): δ = 7.78 (d, 2 H), 7.32 

(s, 2 H), 7.24 (d, 2 H). MS (EI): m/z = 563.7 (M+), 436.8 ([M-I]+) 

 

3,3’,6,6’-tetrabromo-spirosilabifluorene 

A 100 ml three neck round bottom flask was charged with 3.00 g 5,5’-dibromo-2,2’-

diiodobiphenyl (5.32 mmol) and 60 mL dry THF. The solution was subjected to three 

freeze pump thaw cycles and cooled to -90 °C. 4.84 ml n-BuLi (2.2 M in hexanes, 10.6 

mmol) was added dropwise via syringe. The reaction was stirred at this temperature for 1 

h, and 0.6 ml SiCl4 (0.5 mmol) was added dropwise. The reaction was allowed to warm 

to room temperature and stirred overnight. 100 mL H2O was added to the solution and the 

resulting mixture was extracted with diethyl ether (3 x 100 ml). The organic layer was 

dried with MgSO4, filtered, and evaporated to dryness to yield a yellow/orange solid. The 

crude product was rinsed thoroughly with dichloromethane to yield 0.88 g product as a 

white powder (51%). Crystals suitable for x-ray analysis were grown via slow 

evaporation of a filtered ethyl acetate solution at room temperature. 1H NMR (CDCl3, 

300 MHz): δ = 8.01 (s, 4 H), 7.40 (d, 4 H), 7.24 (d, 4 H). 13C NMR (CDCl3, 300 MHz): δ 

= 150.6, 135.6, 131.7, 130.3, 127.3, 125.0 ppm. 29Si NMR (CDCl3, 500 MHz): δ = -6.90 

ppm. MS (EI): m/z = 647.7 (M+). Elemental analysis calcd (%) for C24H12Br4Si: C 44.48, 

H 1.87, N 0; found: C 44.46, H 1.71, N 0.0. 
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Attempted synthesis of 3,3’,6,6’-spiro-sila-OMeTAD20  

0.100 g 3,3’,6,6’-tetrabromospirosilabifluorene (0.15 mmol), 0.163 g bis(4-

methoxyphenyl)amine (0.71 mmol), 0.066 g sodium tert-butoxide (0.69 mmol), 0.01 g 

Pd(dba)2 (0.02 mmol), and 0.01 g 1,1’-Bis(diphenylphosphino) (0.02 mmol) were 

transferred to a 50 ml schlenk flask. 5 ml anhydrous toluene was added and the mixture 

stirred for 12 h at 110 °C. DI water was added, the product was extracted with EtOAc, 

dried with MgSO4, filtered, and evaporated. 

 

Attempted synthesis of 3,3’,6,6’-tetratolyl-spirosilabifluorene 

0.040 g 3,3’,6,6’-tetrabromospirosilabifluorene (0.062 mmol), 0.042 g p-tolylboronic 

acid (0.31 mmol), 2 mg Pd(dba)2 (0.004 mmol), and 5 mg triphenylphosphine (0.02 

mmol) were combined in a 50 ml round bottom flask with 0.8 ml THF and 0.4 ml 2.2 M 

Na2CO3. The reaction mixture was heated at 80 °C for 18 h. 5 ml ethyl acetate was added 

and the organic later washed with H2O. The organic layer was dried with MgSO4 and 

evaporated to dryness. The product was analyzed by MALDI-TOF-MS, and the base 

peak was found to be m/z = 334.2. 

 

Synthesis of 2,2’,7,7’-tetratolyl-spirobifluorene 

0.025 g 2,2’,7,7’-tetrabromospirobifluorene (0.040 mmol), 0.025 g p-tolyl boronic acid 

(0.18 mmol), approximately 2 mg Pd(dba)2 (0.004 mmol) and 5 mg PPh3 (0.019 mmol) 

were added to a 25 ml round bottom flask equipped with stir bar and condenser. 0.6 ml 

THF and 0.4 ml 2.0 M Na2CO3(aq) were added and the mixture degassed. The reaction 

mixture was heated at 80 °C for 8 h. 10 ml ethyl acetate was added, the organic layer 
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washed with H2O, dried with MgSO4, and evaporated to dryness to yield the title 

compound. MS (MALDI-TOF): m/z = 675.9 (M+), 586.1 ([M-tolyl]+). 

 

3.4 Discussion 

 Synthesis of the 2,7 and 3,6 isomers of tetrabromospirobifluorene was successful. 

While the 2,7 isomer has been reported in the primary literature104 and the 3,6 isomer in 

the patent literature105, characterization was limited to 1H and 13C NMR for the former 

and was nonexistent for the latter. For both compounds we have successfully obtained 

1H, 13C, and 29Si NMR, UV-Vis absorbance, elemental analysis, and crystal structures.  

 Attempts to couple the tetrabromospirosilabifluorenes to dimethoxydiphenyl 

amines via Buchwald-Hartwig amination and to p-tolyl boronic acids via Suzuki coupling 

both failed. Both of these palladium catalyzed coupling reactions are carried out under 

basic conditions. It appears that while the coupling reactions succeed, the silicon-aryl 

bonds are broken in basic conditions, leaving the non spiro-linked fragment. Attempts to 

reduce reaction temperatures and times (50 to 80 °C and 6 to 24 h) failed to prevent 

complete loss of the spiro linkage.  
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Scheme 9: Summary of the reactivity of 3,3’,6,6’ tetrabromosprosilabifluorene. a) 

Pd(dppf), tBuONa, dimethoxydiphenyl amine, toluene, reflux 12 h. b) tBuONa or 

Na2CO3, reflux 6 h. c) Pd(PPh3)4, Na2CO3, reflux 8 h. 

 

 

 

This result is surprising; while the average Si-C bond enthalpy is less than that of 

a C-C bond, it is only marginally so (301 vs 348 kJ/mol).106 While perhaps the larger 

silicon atom is sterically more vulnerable, similar reactions have been successfully 

carried out with spirosilabifluorenes. Tian et al. reported90 the synthesis of a 

triphenylamine-spirosilabifluorene copolymer prepared via Suzuki coupling of 2,2’-

dibromo spirosilabifluorene with triphenylamine diboronic acid. They refluxed the 

reactants and the palladium catalyst in a THF/K2CO3 mixture of unspecified 

concentration for three days and reported a 75% yield. This a significantly longer reaction 

time than any of our attempts; perhaps the electron withdrawing effect of two additional 

bromides makes the silicon center more susceptible to attack. 

 

 



 

 

 

 

 

CHAPTER 4: CONCLUSION AND FUTURE WORK 

 

 

 We successfully synthesized the first silylene bridged methyl viologen, or 

siloloviologen. The silylene bridge increased the conjugation of the molecular π system 

and demonstrably enhanced its electron affinity. Unfortunately, the compound proved to 

be susceptible to hydrolysis. This limits its use to non-aqueous systems. While 

incorporation of the bridge failed to appreciably change the absorption spectrum of the 

radical cation, it may still be useful for electrochromic applications where its increased 

electron affinity relative to unbridged viologens would enable color changes to be 

effected at lower potentials. In addition, through functionalization at the position of the 

silicon it could be tethered to surfaces or even polymerized. The next step towards the 

incorporation of siloloviolgens into electrochromic devices would be fabrication of a 

simple proof-of-concept device containing a siloloviologen solution sandwiched between 

two transparent electrodes.  

While we were unable to synthesize spiro-sila-OMeTAD or tetratolyl 

spirosilabifluorene in our attempts, these targets may still be obtainable; either via a 

different synthetic approach or by modification of our cross-coupling conditions.  

While alkaline conditions are not a requirement for all C-C coupling reactions, they are 

ubiquitous in Pd-catalyzed aminations.107 The base is necessary to deprotonate the amine 

at some point in the catalytic cycle. There are examples108 of aryl-nitrogen bond 

formation using copper catalysts in extremely mild bases such as CsF and KHCO3. 
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Therefore one possible approach to synthesizing spiro-sila-OMeTAD from tetrabromo 

spirosilabifluorene may be to explore these alternative catalytic systems. 

 Another, probably more reliable, approach to synthesize spiro-sila-OMeTAD 

would be to completely assemble the halves of the compound prior to spiro-linking them. 

This would avoid subjecting the relatively sensitive tetrabromospirosilabifluorene to the 

alkaline conditions necessary for the Buchwald-Hartwig reaction. This is the approach 

used by Kawashima et al. to make tetrasubstituted spirosilabifluorenes.93 The chief 

requirement is that the functional groups be capable of withstanding exposure to 

organolithium reagents. A suggested synthetic route to spiro-sila-OMeTADs is outlined 

below using this alternate route.  

 

 

 
Scheme 10: Proposed alternative synthesis of 3,3’,6,6’-spiro-sila-OMeTAD. i. 

Pd(dppf), 4 eq. RH, toluene, t-BuONa ii. 1) 2 eq. n-BuLi 2) ½ eq. SiCl4 

 

 

 

 Starting with the “reverse” dibromodiiodobiphenyls, where the positions of the 

halogens are reversed from our original approach, the iodine positions could then be 

selectively aminated owing to their greater reactivity towards the cross-coupling reaction. 

The bromide positions could then be lithiated and reacted with SiCl4 to give the 

corresponding spiro-sila-OMeTADs.  
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As for tetratolyl spirosilabifluorenes, or more broadly any kind of aryl-substituted 

spirosilabifluorene, Stille coupling should be a viable route. Unlike Suzuki coupling, in 

which the boronic acid derivatives must be activated by base, Stille coupling uses more 

reactive organotin coupling partners and avoids use of basic conditions. The chief 

drawback of Stille coupling is the greater toxicity of the organotin compounds. Zhu et 

al.104 have already demonstrated the suitability of 2,7-tbssbf as a partner for Stille 

coupling. Utilization of this route could lead to interesting studies comparing the effects 

of 2,7 vs 3,6 isomerism on aryl-substituted spirosilabifluorenes with promising 

luminescence and electron transport properties.  
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APPENDIX A: CRYSTALLOGRAPHIC DATA 
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APPENDIX B: DIMETHYLDIPYRIDOSILOLE SPECTRA 

 

 

 
dimethyldipyridosilole EI-MS 
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APPENDIX B: (Continued) 

 

 

 

1H NMR spectrum of dimethyldipyridosilole. (300 Mhz, CDCl3) 
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APPENDIX B: (Continued) 

 

 

 
13C NMR spectrum of dimethyl dipyridosilole. (300 Mhz, CDCl3) 
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APPENDIX B: (Continued) 

 

 

 

29Si NMR spectrum of dimethyl dipyridosilole. (500 Mhz, CDCl3) 
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APPENDIX C: SILOLOVIOLOGEN SPECTRA 

 

 

 

1H NMR spectrum of siloloviologen triflate. (300 Mhz, CD3CN) 
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APPENDIX C: (Continued) 

 

 

 

13C NMR spectrum of siloloviologen. (300 Mhz, CD3CN) 
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APPENDIX C: (Continued) 

 

 

 

29Si NMR spectrum of siloloviologen. (500 Mhz, CD3CN) 
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APPENDIX C: (Continued) 

 

 

 
MALDI-TOF-MS of siloloviologen triflate. Matrix = dithranol.  
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APPENDIX D: SILOLOVIOLOGEN HYDROLYSIS DATA 

 

 

 
Data for the hydrolysis of SiMV in CD3CN. 

 

 

 
Data for the hydrolysis of SiMV in D2O.  
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APPENDIX E: 3,5-DIBROMO-4-4’-BIPYRIDINE SPECTRA 
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APPENDIX E: (Continued) 

 

 

 
3,5-dibromo-4,4’-bipyridine 1H NMR (300 MHz, CDCl3) 
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APPENDIX E: (Continued) 

 

 

 
3,5-dibromo-4,4’-bipyridine 13C NMR (300 MHz, CDCl3) 
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APPENDIX F: 3,3’,6,6’-TETRABROMOSPIROSILABIFLUORENE SPECTA 

 

 

 

3,3’,6,6’-tetrabromospirosilabifluorene EI-MS 

 

 

3,3’,6,6’- tetrabromospirosilabifluorene EI-MS molecular ion peak 
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APPENDIX F: (Continued) 

 

 

 

3,3’,6,6’- tetrabromospirosilabifluorene 1H-NMR (300 MHz, CDCl3) 
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APPENDIX F: (Continued) 

 

 

 
3,3’,6,6’- tetrabromospirosilabifluorene 13C-NMR (300 MHz, CDCl3) 
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APPENDIX F: (Continued) 

 

 

 
3,3’,6,6’- tetrabromospirosilabifluorene 29Si-NMR (500 MHz, CDCl3) 
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APPENDIX G: 2,2’,7,7’-TETRABROMOSPIROSILABIFLUORENE SPECTRA 

 

 

 

 

 

3,3’,6,6’- tetrabromospirosilabifluorene EI-MS molecular ion peak 
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APPENDIX G: (Continued) 

 

 

 
2,2’,7,7’- tetrabromospirosilabifluorene 1H-NMR (300 MHz, CDCl3) 
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APPENDIX G: (Continued) 

 

 

 
2,2’,7,7’- tetrabromospirosilabifluorene 13C-NMR (300 MHz, CDCl3) 
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APPENDIX G: (Continued) 

 

 

 
2,2’,7,7’- tetrabromospirosilabifluorene 29Si-NMR (500 MHz, CDCl3) 

 


