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ABSTRACT 

 

ELECTROCHEMICAL INVESTIGATION OF N-(ARYLTHIO)PHTHALIMIDES 

AND ARYLMETHYLPHTHALIMIDOSULFONIUM 

HEXACHLOROANTIMONATE SALTS 

 

Michael Saley                                                                     Advisor:       

University of Guelph, 2019                                               Professor Abdelaziz Houmam 

  

 A series of N-(arylthio)phthalimides was synthesized. The electrochemical 

reduction of N-(arylthio)phthalimides follows a stepwise mechanism, generating a radical 

anion intermediate. Computational analysis suggests the nitro derivative follows a different 

radical anion dissociation mechanism, meaning the substituent effect should be opposite to 

that observed. Rigorous application of dissociative electron transfer theory and gas phase 

calculations allow the rationalization of this phenomena. The N-(arylthio)phthalimides 

were also investigated as precursors for self assembled monolayer formation (SAM) on 

Au, where the nitro derivative showed excellent activity as a precursor. 

 A series of arylmethylphthalimidosulfonium hexachloroantimonate salts was 

synthesized. The electrochemical reduction of the series follows a concerted mechanism. 

The investigation revealed a change in regioselectivity as a function of the aromatic 

substituent. For all species except the nitro derivative the S+―N cleavage was observed. 

For the nitro derivative the S+―CH3 cleavage was observed. The regioselectivity was 

rationalized on the basis of the gas phase calculations. 
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Preamble 

 Electron transfer (ET) processes are central to virtual every chemical and 

biochemical process. Thus over the past several decades substantial efforts have gone into 

modelling and studying the thermodynamic and kinetic factors governing ET reactions. 

For example, photosynthesis and the electron transport chain in mitochondria involve 

electron transfer processes that generate energy many for organisms. Industrially important 

techniques such as electroplating rely on ET processes for the precise deposition of metallic 

elements on a variety of surfaces. 

 Large efforts have gone into understanding ET reactions and the factors that control 

them. Dissociative electron transfer (DET) theory describes an ET with respect to its 

thermodynamic and kinetic factors. The application of this theory to experimental data is 

of great interest in order to advance this model and provide a deeper understanding of ET 

processes. The findings may also rationalize other previously unexplained phenomena 

regarding ET. 

 The goals of this thesis are i) to investigate the reduction of N-

(arylthio)phthalimides, ii) to investigate N-(arylthio)phthalimides as precursors for SAM 

formation, iii) to investigate the reduction of arylmethylphthalimidosulfonium 

hexachloroantimonate salts and iv) to rationalize the electrochemical data using the DET 

theory. 

 The thesis is divided into six chapters: Chapter one describes electrochemical 

theory and basic surface modification principles. Chapter two describes the results from 

the investigation of the N-(arylthio)phthalimides. Chapter three describes the results from 

the investigation of arylmethylphthalimidosulfonium hexachloroantimonate salts. Chapter 
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four summarizes the results with a conclusion section. Chapter five outlines future work. 

Chapter six outlines the instruments, methods, reagents and synthesis in further detail. 
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Chapter One: Introduction 

1.1 Electrochemistry 

Electrochemistry primarily deals with the thermodynamics, kinetics and 

mechanisms of electron transfer (ET) reactions and the various associated chemical 

processes.1-3 By studying these processes we gain powerful insights into important 

properties which strongly influence chemical reactivity. Many of these processes have far 

reaching implications in fields such as biology,4-8 medicine,9-15 physics16-18 and materials 

science.19-26 Biochemical interactions may often be modelled as electron transfers, making 

electrochemical structure-activity relationships extremely useful for drug development and 

a finer understanding of pharmacological mechanisms.27 Synthetic reagents involving an 

ET may be optimized over an array of different solvents.28 Many advanced functional 

materials for microelectronic, optical or photovoltaic applications require extremely 

precise electrochemical properties, which requires a deep understanding of their electron 

transfer behaviour.19-26 There is a virtually endless list of natural and synthetic processes 

that depend on ET reactions.  

Given this clear importance of electron transfer reactions and electrochemistry 

chemists set out to model and study these reactions in order to better understand the 

corresponding chemical processes. Rudolph Marcus was the first to formulate a theory 

describing the thermodynamics and kinetics of outer sphere ET processes.1 This early 

model for electron transfer was the Marcus model shown in Eqn. 1, with a quadratic driving 

force – activation energy relationship. ∆𝐺‡  represents the activation energy for the 

corresponding ET process. Δ𝐺0 represents the standard driving force for the 

corresponding ET. The Marcus model accounts for the inner and the solvent 
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reorganization energies (𝜆𝑖 and 𝜆𝑜) upon an ET. The lack of bond dissociation energy (𝐷𝑅) 

in this model did not suffice for organic molecules, where substantial molecular 

reorganization and bond cleavage is often observed.  

 

∆𝐺‡ =
𝜆𝑖+𝜆0

4
(1 +

Δ𝐺0

𝜆𝑖+𝜆0
)

2

                                                   (Eqn. 1) 

∆𝐺‡ =
𝐷𝑅+𝜆0

4
(1 +

Δ𝐺0

𝐷𝑅+𝜆0
)

2

                                                 (Eqn. 2) 

  

 In order to model reactions where a bond is cleaved Jean-Michel Savéant 

formulated the Dissociative Electron Transfer (DET) theory to study these electron 

transfers and subsequent chemical behaviour.2-3 This theory is based on a quadratic driving 

force– activation energy relationship shown in Eqn. 2, and takes into account the bond 

dissociation energy (𝐷𝑅) of the cleaved bond of the compound in question. These two 

models can be utilized to describe the thermodynamics and kinetics of two different ET 

mechanisms. Firstly, a stepwise mechanism wherein a radical anion intermediate is 

generated before a further chemical reaction or an ET occurs. This ET is best described by 

the Marcus model as per Eqn. 1, where 𝜆𝑖 represents the inner reorganization energy. 

Secondly a concerted mechanism where the electron injection and bond cleavage are 

simultaneous. This ET is described best by the DET model as per Eqn. 2, where 𝜆0 

represents the solvent reorganization, and 𝐷𝑅 represents the bond dissociation energy. 

The primary difference between the two equations is the dependence on the bond 

dissociation energy. The difference between the free energy for the two mechanisms can 
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be expressed as in Eqn. 3. It can clearly be seen that a weaker bond, a more stable leaving 

group and a smaller standard reduction potential promote a concerted ET mechanism. 

There is also one last mechanism observed in only a select few examples, known as the 

radical/ion pair or ‘sticky’ mechanism.29 These three types of ET reactions are shown in 

Scheme 1.1. 

𝐸𝑅𝑋/𝑅𝑋•−
0 − 𝐸𝑅𝑋/𝑅•+𝑋−

0 = 𝐸𝑅𝑋/𝑅𝑋•−
0 + 𝐷𝑅−𝑋 − 𝐸𝑋•/𝑋−

0 − 𝑇∆𝑆𝑅𝑋/𝑅•+𝑋•        (Eqn.3) 

 

 

 

Scheme 1.1 – Diagram depicting the three potential mechanisms for an ET process. Note 

that for the stepwise ET reversibility can be observed. 

 

 The aim of this thesis is to elucidate details of ET reactions by investigating novel 

organosulfur species. Structurally related compounds, investigated in our laboratory, have 

previously exhibited very interesting electrochemistry, allowing the observation of 

transitions between all three ET mechanisms (concerted, sticky and stepwise).29-31 In 

addition to these mechanistic phenomena they have also exhibited unique behaviour such 

as autocatalysis, regioselectivity and inverse substituent effects.29-31These behaviours also 

lead to interesting reactivity and properties which allow organosulfur compounds to be 

exploited in a vast array of applications from medications for AIDS  and many antibiotics, 

to advanced liquid crystal and photovoltaic materials. The understanding of the factors 
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controlling these various mechanisms is therefore of great importance for continued and 

improved application of organosulfur species. 

1.2 – Marcus Model 

 

Scheme 1.2 – General reaction for a stepwise cathodic electron transfer governed by the 

Marcus Model. R is not necessarily an alkyl group and X is not necessarily a halide. 

 

Δ𝐺0,𝑠
‡ =

𝜆𝑖+𝜆0

4
                                                      (Eqn. 4) 

𝜆0 =
𝑎

3
                                                                 (Eqn. 5) 

Rudolph Marcus developed a model for stepwise ET (Scheme 1.2). Marcus took 

the solvent reorganization shown by Libby and postulated that fluctuations had to occur at 

specific nuclear coordinates. These coordinates are a function of hundreds or thousands of 

relevant coordinates of the system, including molecular orientation and vibrational 

coordinates.32 Marcus postulated that the precursor and successor states may be modelled 

as parabolic potential energy curves of similar dimension, as per Figure 1.1. This allows 

one to geometrically derive a very useful equation linking the thermodynamics and kinetics 

corresponding to the ET process as per Eqn. 4 for a description of the intrinsic barrier.1 

Noel Hush subsequently utilized harmonic oscillator potentials in lieu of parabolic energy 

potentials for the geometric derivation which extended the model to encompass inner 

sphere ET reactions, however it leads to a nearly identical formulation.33 The solvent 

reorganization energy can be expressed as per Eqn. 5, and is typically estimated by 

modelling the ionic molecule as a sphere of radii a.  
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Figure 1.1 – Geometric representation of the Marcus model. The reactant curve is shown 

on the left, and product curve on the right. The gap labelled A corresponds to the driving 

force of the ET, whereas B corresponds to the intrinsic barrier of the ET.  

 

1.3 – Savéant’s Dissociative Electron Transfer Theory 

 

Scheme 1.3 – General scheme for a concerted cathodic electron transfer governed by the 

Dissociative Electron Transfer Model. R is not necessarily an alkyl group and X is not 

necessarily a halide. 

 

The Marcus model fails when simultaneous bond cleavage occurs upon the initial 

ET. This is often the case for biological and organic compounds, which follow a concerted 

process (Scheme 1.3). Jean-Michel Savéant proposed the Dissociative Electron Transfer 

(DET) theory to model these reactions and their subsequent processes.2-3 The formulation 

of the driving force – activation energy relationship for the DET theory is extremely similar 
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to that of the Marcus model but uses Morse Curves to model the precursor and successor 

states (Figure 1.2). The resulting equation involves the dissociation energy of the cleaved 

bond as well as the solvent reorganization energy. The main difference in the concerted 

DET theory and stepwise Marcus theory is the inclusion of the bond dissociation energy 

of the cleaved bond (𝐷𝑅). The DET theory has also been shown to rationalize a variety of 

phenomena on both kinetic and thermodynamic terms. 

 

Figure 1.2 – Morse curve model of the DET. A corresponds to the driving force of the ET, 

B corresponds to the intrinsic barrier of the ET.  

 

The DET theory has also been extended to the dissociation of radical ionic 

intermediates generated from stepwise electron transfers as per Scheme 1.4. If the electron 

remains on the same moiety from injection into the LUMO orbital to the leaving group 

then the dissociation is homolytic and the associated intrinsic barrier is shown in Eqn. 6. 

In the instances where the injected electron must be transferred from the LUMO orbital to 



9 
 

the leaving group through the σ orbital of the cleaved bond the dissociation is heterolytic 

and the associated intrinsic barrier is shown in Eqn. 7. Eqns. 8 & 9 show bond dissociation 

energy for homolytic and heterolytic dissociation respectively. 

 

Scheme 1.4 – Homolytic and heterolytic dissociation mechanisms for a general radical 

anion of the structure R—X. R is not necessarily an alkyl or aryl group and X is not 

necessarily a halide. 

 

𝛥𝐺0,ℎ𝑜𝑚
‡ =

1

4
(𝐷𝑅𝑋 + 𝐸𝑅𝑋/𝑅𝑋•−

0 − 𝐸𝑋•/(𝑋•)•−
0 + 𝑇𝛥𝑆̅) +

𝜆0

4
                   (Eqn. 6) 

 

𝛥𝐺0,ℎ𝑒𝑡
‡ =

1

4
(𝐷𝑅𝑋 + 𝐸𝑅𝑋/𝑅𝑋•−

0 − 𝐸𝑅•/(𝑅•)•−
0 + 𝑇𝛥𝑆̅) +

𝜆0

4
                  (Eqn. 7) 

 

𝐷𝑅𝑋•—,ℎ𝑜𝑚 =  𝐷𝑅𝑋 + 𝐸𝑅𝑋/𝑅𝑋•—
0 − 𝐸𝑋•/(𝑋•)•—

0 + 𝑇(𝑆�̅�𝑋 − 𝑆�̅�𝑋•— + 𝑆(̅𝑋•)•— − 𝑆�̅�•)(Eqn. 8) 

 

𝐷𝑅𝑋•—,ℎ𝑒𝑡 =  𝐷𝑅𝑋 + 𝐸𝑅𝑋/𝑅𝑋•—
0 − 𝐸𝑅•/(𝑅•)•—

0 + 𝑇(𝑆�̅�𝑋 − 𝑆�̅�𝑋•— + 𝑆(̅𝑅•)•— − 𝑆�̅�•) (Eqn. 9) 
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Eqns. 6 to 9 can be used to describe intriguing chemical reactivity. Substituent 

effects for homolytic and heterolytic dissociations are well established for certain organic 

compounds. In aromatic halides, for example, electron withdrawing substituents are known 

to stabilize the intermediate radical anions34. It would be of excellent use to have a better 

understanding of radical ion chemistry, as these intermediates are crucial in a wealth of 

chemical and biological processes including Grignard reagents35 and DNA damage.36 

1.4 – ‘Sticky’ Radical/Ion Pair Dissociative Electron Transfer Theory 

 

Scheme 1.5 - General scheme for a concerted cathodic electron transfer governed by the 

Radical/Ion Pair Model. R is not necessarily an alkyl group and X is not necessarily a 

halide. 

 

There is one additional mechanism that is possible, a borderline scenario between 

concerted and stepwise. This mechanism involves a concerted ET process where the 

resultant radical and ion fragments remain associated for some period of time. Through the 

extension of DET Theory to the case of radical/ion pair dissociation an activation energy 

– free energy relationship may be expressed, see Eqn. 10. Although examples of this 

phenomena are not common this model has been shown to be accurate in modelling several 

systems.37 This is a very difficult mechanism to detect, with an abnormally high activation 

energy relative to a stepwise ET it is possible to detect it by comparison of experimental 

data obtained through convolution with theoretical data describing the sticky DET model. 

If a good fit between experimental and theoretical is observed then an ET with a sticky 

mechanism is occurring. It is also possible to help identify this elusive mechanism using 
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theoretical values, including bond length changes and molecular orbital distributions. This 

mechanism has been most elegantly demonstrated in the Houmam group and has been 

shown that even small radical/ion pair interactions can have a significant impact on kinetics 

and therefore reactivity.29 The quadratic activation energy – driving force relationship 

shown in Eqn. 10 describes this mechanism, a new term interaction energy of the 

radical/ion pair (𝐷𝑃) corresponds to the energy binding the radical and ionic fragments 

immediately following ET. 

𝛥𝐺‡ =
(√𝐷𝑅−√𝐷𝑃)

2
+𝜆0

4
(1 +

𝛥𝐺𝑜−𝐷𝑃

(√𝐷𝑅−√𝐷𝑃)
2

+𝜆0

)

2

                        (Eqn. 10) 

 

1.5 – Cyclic Voltammetry 

 Cyclic Voltammetry (CV) is one of the most powerful electrochemical techniques 

that will be extensively used in the present investigation. The premise of this experiment 

is simple. An electroactive analyte and electrolyte are dissolved in an argon saturated 

organic solvent. A working, counter and reference electrodes are used. A potential is 

applied to the working electrode and the current is measured at this same electrode. The 

working electrode is typically a glassy carbon disc electrode, the counter electrode is 

typically a silver wire and the reference electrode is typically a platinum wire. The solvent 

of choice is acetonitrile due to its relatively low volatility and toxicity among organic 

solvents, and the electrolyte used is tetrabutylammonium hexafluorophosphate 

(NnBu4PF6). The typical electrochemical window using this combination of solvent, 

electrolyte and electrode material is approximately -3.0 to +2.0 V. Measurements are 

obtained by varying the potential in a linear fashion to a limit at which point the potential 
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reverses until reaching the second limit. After the second potential limit is reached the 

potential is brought back to its starting value, thus completing one cycle. When the potential 

corresponds to an ET between the working electrode and the electroactive species in 

solution a current is observed at the working electrode. This current forms a peak with 

many measureable characteristics including peak potential 𝐸𝑝, half peak width 𝐸𝑝 − 𝐸𝑝/2, 

and peak current 𝑖𝑝. A great wealth of thermodynamic, kinetic and mechanistic data can be 

obtained by measuring these peak characteristics while increasing the scan rate with each 

successive CV. 

 

 

Figure 1.3 – Reversible cyclic voltammogram. 
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Figure 1.4 shows a typical reversible electron transfer. Reversibility instantly 

implies that a radical anion is formed. The absence of reversibility is not necessarily proof 

of a concerted mechanism. It is possible for radical anions generated through a stepwise 

ET to have lifetimes that are too small to detect electrochemically, giving the illusion of a 

concerted mechanism (Figure 1.4). It is therefore prudent to calculate transfer coefficients 

(α) for irreversible systems to investigate the mechanism with certainty. The transfer 

coefficient, or symmetry factor, is an excellent approximation of the ET mechanism. A 

value much lower than 0.5 indicates a transition state that is product-like, and thus suggests 

a concerted mechanism. A value of 0.5 or higher indicates the transition state is reactant-

like, and thus suggests a stepwise mechanism.38 These values are obtained in two ways 

which should be in good agreement. The first is using Eqn. 11 which requires the half peak 

width, 𝐸𝑝 − 𝐸𝑝/2. The second is to obtain a series of voltammograms at successive scan 

rates and construct a plot of 𝐸𝑝𝑐 vs log (𝑣) and use the slope in Eqn. 12. 

𝛼 =
1.87𝑅𝑇

𝑛𝐹(𝐸𝑝−𝐸𝑝/2)
                                                 (Eqn. 11) 

𝛿𝐸𝑝𝑐

𝛿log (𝑣)
=

−29.5

𝛼
                                                  (Eqn. 12) 

Figure 1.4 –  An example of an irreversible ET (left) that becomes quasi-reversible (centre 

& right) at elevated scan rates. 
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It is sometimes possible to detect radical anions, in certain cases, by increasing the 

scan rate. This would be seen as a sudden but minor onset of reversibility, which becomes 

more reversible as the scan rate continues to increase. Figure 1.4 shows an example of a 

species which is irreversible at scan rates below 5 Vs-1, but reversibility was observed 

starting at about 7 Vs-1 and at 22 Vs-1 the peak is relatively reversible. If this effect is 

observed while analyzing a series of compounds it offers an extremely easy and reliable 

way of investigating the stability of the corresponding radical anions. 

 The first step in the experiment is to dissolve the supporting electrolyte in 

anhydrous acetonitrile. The working electrode is then cleaned very well with diamond paste 

and then immersed in solution. After several seconds of purging with argon a blank control 

scan is obtained to ensure there is no other electroactive impurity with a potential within 

the electrochemical window. The analyte is then dissolved to yield concentrations between 

2-4 mM and the solution is purged well. Scans are conducted to obtain a reproducible 

voltammogram that shows all the ETs. Voltammograms are also obtained where the 

potential is reversed before the next peak is reached. This method is known as peak clipping 

and is extremely useful for identifying reversibility in a system. A radical anion 

intermediate may be consumed in subsequent electrochemical reactions at higher potentials 

or may decompose before the potential is reversed, making peak clipping an excellent 

method to investigate reversibility of specific peaks. The final step is to obtain 

voltammograms at increasingly elevated scan rates to construct an Ep vs log v plot. The 

slope is utilized in Eqn. 12 to calculate the transfer coefficient and is compared to the same 

value calculated using the half peak width Ep-Ep/2 using Eqn. 11.  
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 One additional experiment that should be mentioned is amperometry or more 

simply known as electrolysis. In this experiment a solution is prepared in an identical 

manner to CV, however the counter electrode is separated in a solution of 0.1 M 

tetrabutylammonium hexafluorophosphate and the working electrode is a rectangular 

prism with a large surface area. During the experiment the potential is maintained at a 

constant voltage, typically corresponding to the first ET. The current can be measured 

throughout the process and related to the number of electrons through the total charge 

transferred given in Eqn. 13. Once the solution has been fully electrolyzed all that remains 

are the products of the first ET which can be analyzed using CV, HPLC or NMR. 

                                               

𝑄 = 𝑛𝐹
𝑚

𝑀
                                                      Eqn. (13) 

1.6 – Electron Transfer Reactions of Organosulfur Species 

Organosulfur species are utilized or observed in a wide range and large number of 

processes, both natural and synthetic. This range extends from medicinal applications such 

as HIV medication39 and anti-bacterial compounds,40 biochemical applications such as 

protein structures41-43 and enzyme inhibitors44, industrially as rubber45-47 and agricultural48 

additives, and increasingly so in high technology applications such as liquid crystal 

matrices,49 nanoelectronic and optical materials,50-52 photovoltaic small molecules,53-56 and 

nanoscale medical and pharmacological analytical tools.57-59  
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Figure 1.5 – N-(Arylthio)phthalimides (black) compared to the previously studied and 

structurally similar arene sulfenyl chlorides (red) and N-(arylsulfonyl)phthalimides (blue). 

 

 

Figure 1.6 – Arylmethylphthalimidosulfonium hexachloroantimonate (black). 4-

cyanobenzylmethylphenylsulfonium (red) was studied by Savéant. The dibenzothiophene 

sulfonium derivative (blue) was recently patented for use in OLED devices. 

 

Scheme 1.6 – Arene sulfenyl chlorides exhibit a mechanism that is a function of the 

aromatic substituent. 
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The two main organosulfur species that will be discussed in relevance to this thesis 

are N-(arylthio)phthalimides 4a-e (Figure 1.5) and arylmethylphthalimidosulfonium 

species 8a-c (Figure 1.6). In general sulfide compounds are well studied, particularly 

dialkyl, alkylaryl, diaryl sulfides as well as disulfides. Sulfides with at least one substituent 

that is not a typical alkyl or aryl bond seem to exhibit very interesting behaviour with 

respect to their ET processes, however these species are not investigated as heavily. For 

example, consider arene sulfenyl chlorides29 where the ET has been shown to be highly 

Scheme 1.7 – The radical anions of previously studied N-(arylsulfonyl)phthalimides 

exhibit heterolytic dissociation for the nitro substituent, and homolytic for the methyl 

substituent. 
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sensitive to substituent effects, a transition from a concerted to a sticky DET occurs with 

electron withdrawing substituents (Scheme 1.6). Another intriguing example is N-

(arylsulfonyl)phthalimides which exhibit inverse substituent effects on radical anion 

stability.30 The nitro substituent changes the location of electron injection and therefore the 

radical anion dissociation mechanism (Scheme 1.7). This particular example will be 

explored in more detail later.  

In addition to these unique ET processes observed in these sulfides it is also 

interesting to note that from an electrochemical point of view organosulfur species (Figure 

1.5) are ideal systems for a few key reasons. The sulfur atom does not participate in any π 

bonding, separating the two systems present on either side of the sulfur. Substituent effects 

may easily be studied by altering the substituent on one side of the sulfur to study the ET 

process where it will only affect one of the two aromatic systems. This is particularly useful 

when studying the dissociation of radical anions, as the dissociation is effectively modelled 

as an intramolecular electron transfer. Lastly, the structure is relatively simple allowing 

complex processes to be interpreted and rationalized much easier than a larger more 

arduous chemical structure. This thesis aims at primarily investigating the Sulfur-Nitrogen 

bond and using this system as a tool to understand DET processes. 

 

1.7 – Electron Transfer Reactions of Organosulfonium Species 

In addition to sulfides, sulfonium salts have shown intriguing electrochemical 

behaviour particularly in the fundamental DET studies by Savéant 60 demonstrating a 

passage from concerted to stepwise mechanism as a function of driving force in a series of 

dialkylarylsulfonium salts. There are also numerous electrochemical studies detailing the 
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reactivity of sulfonium salts.61-63 Their unique structure imparts properties which make 

these salts suitable in a variety of applications including biochemical and pharmacological 

roles,64-67 advanced optical materials68 and synthetic processes.69 A recently patented 

sulfonium salt used in OLED displays is shown in Figure 1.6. Sulfonium salts bearing alkyl 

and aryl substituents are relatively well studied, however the more exotic the substituent 

the less literature becomes available. For example there are virtually no detailed 

electrochemical studies focused on sulfonium groups bonded to nitrogen or lactam 

containing heterocycles. It is for these reasons that lactam substituted sulfonium salts were 

also selected as a system to study DET processes as well as to generally expand our 

synthetic capabilities and understanding of novel sulfonium salts.  

1.8 – Surface Modification 

In addition to organosulfur species exhibiting intriguing electrochemistry they are 

also known to interact with gold surfaces. Monocrystalline gold surfaces modified with 

organosulfur species may possess a wide array of physical, electronic and optical 

properties.70 The species utilized as a precursor will change these properties depending on 

the film formed. The film, obtained on the surface, using an organosulfur precursor is 

referred to as a self-assembled monolayer (SAM). The first SAMs were aliphatic thiolates 

made from aliphatic thiol precursors, shown in Figure 1.7.71-72 These SAMs are structural 

stable and have a high packing density. In addition a wide array of terminal substituents 

have been shown to be compatible (R group shown in Figure 1.7). The aliphatic nature of 

the chain does not permit electrons to be passed from the terminal group to the sulfur, so 

although groups may be securely bound to the surface they cannot communicate 

electronically with the sulfur atom. These SAMs find application in many fields, however 
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some of the most intriguing examples were shown by Workentin et al. featuring modified 

nanoparticles for diagnostic and pharmacological applications.73-75 The SAMs constructed 

by Workentin et al. cover Au nanoparticles of various sizes, and feature terminal groups 

that bind to surface proteins expressed on their biological targets as well as either 

fluorescent markers or cell lysing groups. A simplified diagram of this concept can be seen 

in Figure 1.8. 

  

Figure 1.7 – Typical SAM structures generated using alkane thiols (left) and aromatic 

thiols (right).  
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Some of the 

most important 

applications for 

these monolayers 

involve the detection 

of small scale 

concentrations of 

analytes with very 

high degrees of 

selectivity.76-78 For 

example, consider 

the analytical 

technique of surface 

enhanced laser-

assissted desorption ionization time-of-flight mass spectrometry (SELDI-TOF-MS). It 

allows the direct analysis of a blood matrix for biomarkers related to a variety of cancers 

and other diseases, using a gold plate modified with an organosulfur species (Figure 1.9). 

These highly selective analyses of biological tissue are unimaginably useful in early 

diagnostic techniques, which are the key to successful treatment of a great variety of 

diseases including cancers. In addition it is interesting to note that widely successful and 

commercialized handheld blood sugar monitors for diabetics also utilize monocrystalline 

gold modified with organosulfur species.  

 

Figure 1.8 – General structure for the gold nanoparticles 

developed by Workentin et al.   
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Figure 1.9 - I – Biological sample with analyte (red) and matrix components (green); II – 

Surface coated with affinity agent (enzyme, substrate, antibody, etc) is cleaned and 

immersed into the sample; III – The affinity agent selectively binds the desired analyte; IV 

– The surface is taken out of solution, and cleaned to remove physiadsorbed species; V – 

The surface now only contains the bound analyte; VI – The sample is bombarded with laser 

pulses ionizing some of the bound analyte. 

 

 These SAMs clearly have many applications with great relevance to many aspects 

of human life, therefore understanding their formation and properties is very important. In 

order to achieve more structurally diverse SAMs methods were developed to form aromatic 

thiolate based surfaces. The most successful method that achieved a surface coverage 

similar to that of alkyl thiols used 4-nitrophenylsulfenyl chloride as a precursor.79 The 

resulting SAMs were imaged using scanning tunnelling microscopy. Further examples of 

aromatic thiolate SAM formation are therefore of great interest, particularly those detailing 

substituent and leaving group effects. 

1.9 – Scanning Tunnelling Microscopy 

 Scanning tunnelling microscopy is an analytical method for investigating structural 

and electronic properties of surfaces first developed by IBM Zurich by Gerd Binnig and 

Heinrich Rohrer in 1981.80 The original use of this method was to investigate structural 

and electronic properties of various ultra-thin insulating layers that could permit electron 
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tunnelling.81 This technique was the first one in which it was possible to obtain atomic and 

molecular resolution images. STM has been shown to be able to visualize HOMO and 

LUMO orbitals.82 A voltage is applied between a probe tip and the surface being 

investigated, with the tip slowly brought closer to the surface. This movement is conducted 

by a piezoelectric scanner connected to a feedback loop. Once the tip is close enough a 

minute tunnelling current between the electronic orbitals of the surface and the tip is 

detected. The negative feedback loop causes the piezoelectric scanner to maintain a 

constant height from the surface. The tip is then scanned along the surface, utilizing the 

piezoelectric scanner to ‘trace’ out the surface and generate an image. Typical tips are made 

from tungsten or a platinum-iridium alloy, but novel tips with materials such as carbon 

nanotubes have also been experimented with in other research groups. A basic diagram of 

an STM system is shown in Figure 1.10. 

 

Figure 1.10 – Simplified diagram depicting the process of STM. The tip and feedback loop 

interact by means of a piezoelectric scanner. 
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1.10 – Objectives 

The primary objective of the work detailed in this thesis is to synthesize and utilize 

organosulfur and organosulfonium species as a framework to investigate DET theory, 

followed by surface modification of monocrystalline gold. Two series of compounds were 

studied, N-(arylthio)phthalimides (4a-e) and arylmethylphthalimidosulfonium 

hexachloroantimonate salts (8a-c) (Figure 1.11). All of the series were synthesized, 

purified and characterized. Following characterization the series were subjected to 

electrochemical analysis via cyclic voltammetry (CV) as well as amperometry 

(electrolysis). Lastly, series 4a-e was probed for their potential as precursors for the 

formation of self-assembled monolayers (SAMs) of an aromatic thiolate structure utilizing 

CV and scanning tunnelling microscopy (STM). It is also worth noting that series 8a-c is 

entirely composed of novel compounds using a modified synthetic procedure from the only 

other example of a lactam with an N-sulfonium substituent. 

 

Figure 1.11 – N-(arylthio)phthalimides (4) (left) and arylmethylphthalimidosulfonium 

hexachloroantimonate salts (8) (right). 

 

One of the most intriguing extensions of fundamental DET theory has involved the 

application of the theory to the decomposition of radical anion intermediates. This finding 
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was important as it was previously applied to rationalize inverse substituent effects on 

radical anion stability in N-(arylsulfonyl)phthalimides, a very rare and intriguing 

phenomena. The application of this theory was reinforced by quantum chemical 

calculations of predicted LUMO and SOMO energies and distributions. We hope to 

identify a series of compounds which exhibit this unique phenomena by application of DET 

theory and through computational methods. This would be very useful in the design of 

chemicals that depend on the reactivity of a corresponding radical anion intermediate. This 

encompasses a vast array of reactions but notably many biochemical, pharmacological and 

industrial processes.  

 

Figure 1.12 – Sulfenyl chlorides are well established SAM precursors. N-

(Arylthio)phthalimides bear an analogous structure but have not been studied as SAM 

precursors. 
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The most common SAMs are aliphatic thiolate based, which can be easily produced 

from thiols. Aromatic thiolate based SAMs are very poorly studied with few examples. 

Previous research on nitro substituted aromatic sulfenyl chlorides showed the possibility 

of forming these SAMs.79 Further investigations into the formation of aromatic thiolate 

SAMs would elucidate the details of its formation and structure. This thesis aims to 

investigate aromatic thiolate SAMs using aromatic sulfenyl phthalimides 4a-e to modify 

monocrystalline gold (Figure 1.12). This series of compounds offers the opportunity to 

evaluate the effect the leaving group has upon the formation of monolayers on gold with 

respect to surface modification using previously studied sulfenyl chlorides. The quality, 

rate of deposition, monolayer composition and stability may all be subject to change simply 

by changing the leaving group of the species. 

In addition to the primary focus on exploring DET theory and Surface Modification 

it is worthy to note that the entire series 8a-c are novel chemical species. This structure is 

of great interest for several reasons, notably the structural similarity to sulfonium salts 

studied by Savéant. Another important reason is due to the emerging application of ‘onium 

salts, which include sulfonium species.83-85 A better understanding of their reactivity and 

synthesis would allow new and improved applications. One example of a useful sulfonium 

salt is that of the recently patented compound shown in Figure 1.6, which is a novel 

component of OLED displays.86 The broader field of ‘onium salts has great relevance to 

many biochemical, pharmaceutical and industrial processes.87-89 
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In summary this thesis has 4 primary objectives; 

1. Investigate the electrochemistry of N-(arylthio)phthalimides. 

2. Investigate N-(arylthio)phthalimides as precursors for Au surfaces modification. 

3. Investigate the synthesis and electrochemistry of arylmethylphthalimidosulfonium 

salts. 

4. Rationalize the results using the DET theory and relate these results to previously 

investigated systems. 
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Chapter Two: Electrochemical Reduction and Investigation as Precursors for 

Modifying Gold of N-(Arylthio)phthalimides 

 

 Due to their structure, N-(arylthio)phthalimides are excellent candidates for the 

investigation of the DET theory. The synthesis of these compounds is well established1 and 

a series was hence synthesized with various substituents and their electrochemical 

behaviour as well as their ability of form SAMs on gold surfaces investigated. All 

investigated compounds are all easy to reduce with reduction potentials ranging from about 

-0.8 to -1.5 V vs SCE. The investigation showed that the initial reduction corresponds to a 

stepwise ET which results in dissociation of the S—N bond yielding the phthalimidyl anion 

and the corresponding arylthiyl radical. It was intriguing at first to find out that electron 

withdrawing groups destabilize the radical anion intermediate and electron donating groups 

stabilize the intermediate. In order to further investigate the ET the series was subject to 

computational analysis. The neutral forms of 4a-e were optimized and LUMOs calculated, 

the reduced radical anion forms 4a-e•— were optimized and the SOMOs calculated. An 

interesting result was that the nitro substituent shifted the LUMO from the phthalimidyl 

moiety, from all other investigated compounds, to the aromatic moiety for the nitro 

derivative. This results in a change in dissociation mechanism of the intermediate radical 

anion, where the substituent effect behaves opposite to what is expected. This behaviour 

was rationalized on the basis of DET theory through Eqns. 6 & 7. 
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The experimental investigations in this chapter include; 

1. Synthesis of the series of N-(arylthio)phthalimides according to literature 

methods. 

2. Electrochemical investigation of the series utilizing CV and electrolysis. 

3. Computation analysis of the series and the corresponding radical anions. 

4. Investigation as precursors for the modification of Au (111) 

 

2.1 – Synthesis of N-(arylthio)phthalimides 

The synthesis of series was accomplished using a modified existing literature 

method.1 The primary scheme involves the synthesis of a sulfenyl chloride (2) from either 

a corresponding disulfide (1) or thiol (1’), followed by addition of the sulfenyl chloride to 

an immiscible solution of phthalimide (3). This results in a biphasic reaction that produces 

the corresponding N-(arylthio)phthalimide (4a-e). The general synthesis is given below in 

Scheme 2.1. 

 

Scheme 2.1 – General scheme for the synthesis of N-(arylthio)phthalimides 4a-e with the 

exception of R = F where the corresponding thiol was used in lieu of the disulfide. 
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 To a solution of anhydrous dichloromethane 0.5 equivalents of the corresponding 

disulfide (or 1.0 equivalents of corresponding thiol) and a few drops of triethylamine were 

dissolved. The solution was cooled to approximately -5 oC in an acetone-ice bath and then 

purged with argon. To a second solution of anhydrous dichloromethane 1.1 equivalents of 

sulfuryl chloride (SO2Cl2) was dissolved under argon. The sulfuryl chloride solution was 

added dropwise to the thiol (or disulfide) solution under argon at -5 oC, with the solution 

rapidly changing to an orange-yellow colour. After 30 minutes of mixing at 300 rpm under 

argon maintained at -5 oC the solution was concentrated in vacuo. The resulting oil was 

dissolved in anhydrous pentane under argon and slowly added to a solution of 

dimethylformamide (DMF) containing 1.0 equivalents each of phthalimide and 

triethylamine. The biphasic solution was mixed at 600 rpm under argon for 1 hour or until 

the colour faded from the pentane layer. Cold water was added to the solution and it was 

filtered off to afford a crude solid. The solid was recrystallized from tetrahydrofuran (R = 

H, CH3, OCH3, F) or from acetonitrile (R = NO2) and dried under vacuum before 

characterization using melting point, 1H and 13C NMR spectroscopy. 

2.2 – Electrochemical Investigation of N-(Arylthio)phthalimides 

The series of 4a-e was subject to electrochemical investigation. Cyclic voltammetry 

was conducted in anhydrous argon saturated acetonitrile in the presence of 0.1 M 

tetrabutylammonium hexafluorophosphate (NnBu4PF6) as an electrolyte. The working 

electrode was a glassy carbon disc electrode, the counter electrode was a silver wire and 

the reference electrode was a platinum wire. Between each scan the working electrode was 

washed with ultrapure water, polished with 6 micron diamond paste for 30 seconds, rinsed 

with ultrapure water, anhydrous ethanol and then dried with pressurized air. Firstly a full 
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cyclic voltammogram was obtained for a cathodic scan, followed by assessing the 

reversibility of the initial ET, by CV clipping. Lastly voltammograms at gradually 

increasing scan rates were obtained. The data obtained includes the peak potential (Ep), 

peak current (ip) and the half peak width (Ep-Ep/2).  

 

Figure 2.1 - Cyclic voltammogram of 3.50 mM N-(phenylthio)phthalimide (4a) in 

acetonitrile + NnBu4PF6 (0.1 M) at a glassy carbon electrode at a scan rate v = 0.2 Vs-1 and 

temperature T = 20 oC. The inlay shows CVs of the initial ET obtained at scan rates of 2.3-

7.0 Vs-1.  

 

Figure 2.1 displays the CV 

corresponding to the reduction of N-

(phenylthio)phthalimide (4a). The first 

reduction peak is observed at Ep1 = - 1.17 

V vs SCE. It is irreversible at this scan Figure 2.2 – Epc vs log v plot of N-

(phenylthio)phthalimide (4a). 
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rate (0.2 Vs-1) and corresponds to the exchange of one electron per molecule when 

measured relative to the monoelectronic wave of ferrocene. Clipping experiments indicated 

a lack of reversibility so the transfer coefficient had to be determined. The slope of the Epc 

vs log v plot (Figure 2.2) was 55 mV, and the half peak width was 90 mV leading to transfer 

coefficients of 0.54 and 0 .52 respectively. These values are consistent with a stepwise 

mechanism. This shows that the reduction of 4a generates first a radical anion which 

decomposes preventing the observation of reversibility. At scan rates above 3.2 Vs-1 

reversibility was observed for the first ET (inlay of Figure 2.1). The second reduction peak 

occurs at Ep2 = -1.54 V vs SCE and corresponds to the reduction of diphenyl disulphide 

(2), confirmed by comparison with an authentic sample and previously reported peak 

potentials.29 This indicates the formation of the disulfide probably through a nucleophilic 

SN2 attack on the parent molecule. The final peak is at Ep3 = -2.19 V vs SCE and 

corresponds to the reduction of the phthalimidyl anion, comfirmed through addition of an 

authentic sample.30 The electrolysis of compound 4a at -1.17 V vs SCE yielded full 

conversion to phthalimidyl anion as well as disulfide and traces of thiol. The formation of 

disulfide and the production of the phthalimide anion confirmed that the first ET resulted 

in the cleavage of the S―N bond. Yields from electrolyses are displayed in Table 2.1. 
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Table 2.1 – Products and corresponding yields for the electrolyses of N-

(arylthio)phthalimides determined by subjecting the electrolyzed solution to HPLC 

analysis. 

 

Substituent Phth- (3) Disulfide (1) Thiol (1’) 

H 96 36 20 

NO2 98 43 7 

CH3 96 44 12 

OCH3 100 41 11 

F 99 44 8 

 

 

 

Figure 2.3 - Cyclic voltammogram of 3.56 mM N-(4-nitrophenylthio)phthalimide (4b) in 

acetonitrile + NnBu4PF6 (0.1 M) at a glassy carbon electrode at a scan rate v = 0.2 Vs-1 and 

temperature T = 20 oC. The inlay shows CVs of the initial ET obtained at scan rates of 8.0-

22.5 Vs-1. 



34 
 

Figure 2.3 displays the CV corresponding to the reduction of N-(4-

nitrophenylthio)phthalimide (4b). The first reduction peak is observed at Ep1 = - 0.78 V vs 

SCE. It is irreversible at this scan rate (0.2 Vs-1) and corresponds to the exchange of one 

electron per molecule when measured relative to the monoelectronic wave of ferrocene. 

The slope of the Epc vs log v plot was 52 mV, and the half peak width was 75 mV leading 

to transfer coefficients of 0.57 and 0.63 respectively. These values are consistent with a 

stepwise mechanism, however at scan rates up to 100 Vs-1 no reversibility was observed 

indicating a very short-lived radical anion intermediate (inlay of Figure 2.3). It is intriguing 

to note that the radical anion intermediate generated from reducing the nitro derivative is 

less stable than that of the unsubstituted species. This is opposite to what has been seen for 

the reduction of aryl halides and other organic compounds.36 The second reduction peak 

occurs at Ep2 = -1.44 V vs SCE and corresponds to the reduction of bis(4-nitrophenyl) 

disulfide, confirmed through addition of an authentic sample.90 This indicates the formation 

of the disulfide probably through a nucleophilic SN2 attack on the parent molecule. The 

final peak is at Ep3 = -2.19 V vs SCE and corresponds to the reduction of the phthalimidyl 

anion. 
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Figure 2.4 - Cyclic voltammogram of 3.94 mM N-(4-methylphenylthio)phthalimide (4c) 

in acetonitrile + NnBu4PF6 (0.1 M) at a glassy carbon electrode at a scan rate v = 0.2 Vs-1 

and temperature T = 20 oC. The inlay shows CVs of the initial ET obtained at scan rates of 

2.0-7.0 Vs-1. 

 

Figure 2.4 displays the CV corresponding to the reduction of N-(4-

methylphenylthio)phthalimide (4c). The first reduction peak is observed at Ep1 = - 0.99 V 

vs SCE. It is irreversible at this scan rate (0.2 Vs-1) and corresponds to the exchange of one 

electron per molecule when measured relative to the monoelectronic wave of ferrocene. 

The slope of the Epc vs log v plot was 57 mV, and the half peak width was 82 mV leading 

to transfer coefficients of 0.52 and 0.56 respectively. These values are consistent with a 

stepwise mechanism, however only at scan rates above 2.3 Vs-1 reversibility could be 

observed. It is intriguing to note that the radical anion intermediate generated by reducing 

the methyl derivative is more stable than that of the unsubstituted compound. This 

reactivity is therefore consistent with the typical substituent effects according to the DET 
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theory. The second reduction peak occurs at Ep2 = -1.58 V vs SCE and corresponds to the 

reduction of bis(4-methylphenyl) disulfide, which was confirmed with an authentic sample 

and comparison to literature peak potential values.29 .The final peak is at Ep3 = -2.19 V vs 

SCE and corresponds to the reduction of the phthalimidyl anion. 

 

Figure 2.5 - Cyclic voltammogram of 1.89 mM N-(4-methoxyphenylthio)phthalimide (4d) 

in acetonitrile + NnBu4PF6 (0.1 M) at a glassy carbon electrode at a scan rate v = 0.2 Vs-1 

and temperature T = 20 oC. The inlay shows CVs of the initial ET obtained at scan rates of 

1.8-5.0 Vs-1. 

 

Figure 2.5 displays the CV corresponding to the reduction of N-(4-

methoxyphenylthio)phthalimide (4d). The first reduction peak is observed at Ep1 = - 1.45 

V vs SCE. It is irreversible at this scan rate (0.2 Vs-1) and corresponds to the exchange of 

one electron per molecule when measured relative to the monoelectronic wave of 

ferrocene. The slope of the Epc vs log v plot was 42 mV, and the half peak width was 68 

mV leading to transfer coefficients of 0.69 and 0.66 respectively. These values are 
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consistent with a stepwise mechanism, however only at scan rates above 2.3 Vs-1 

reversibility could be observed. Once again the radical anion intermediate bearing an 

electron donating group as in 4c is more stable than the unsubstituted 4a and the nitro 

substituted 4b species. The second reduction peak occurs at Ep2 = -1.75 V vs SCE and 

corresponds to the reduction of bis(4-methoxyphenyl) disulfide. The final peak is at Ep3 = 

-2.19 V vs SCE and corresponds to the reduction of the phthalimidyl anion. 

 

Figure 2.6 - Cyclic voltammogram of 1.98 mM N-(4-fluorophenylthio)phthalimide (4e) 

in acetonitrile + NnBu4PF6 (0.1 M) at a glassy carbon electrode at a scan rate v = 0.2 Vs-1 

and temperature T = 20 oC. The inlay shows CVs of the initial ET obtained at scan rates 

of 7.0-15.0 Vs-1. 

 

Figure 2.6 displays the CV corresponding to 4e. The first reduction peak is observed 

at Ep1 = - 1.49 V vs SCE. It is irreversible at this scan rate (0.2 Vs-1) and corresponds to the 

exchange of one electron per molecule when measured relative to the monoelectronic wave 

of ferrocene. The slope of the Epc vs log v plot was 59 mV, and the half peak width was 68 
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mV leading to transfer coefficients of 0.69 and 0.50 respectively. These values are 

consistent with a stepwise mechanism, however only at scan rates above 7 Vs-1 reversibility 

could be observed. The slight electron withdrawing group interestingly destabilizes the 

radical anion intermediate. The second reduction peak occurs at Ep2 = -1.69 V vs SCE and 

corresponds to the reduction of bis(4-fluorophenyl) disulfide. The final peak is at Ep3 = -

2.19 V vs SCE and corresponds to the reduction of the phthalimidyl anion. 

 

Table 2.2 – Electrochemical data for the series of N-(arylthio)phthalimides. All potentials 

are reported vs SCE. 

 

Substituent Epc1 

(V) 

Ep-p/2 

(mV) 

Slope (mv) αwidth αslope Epc2 

(V) 

Epc3 

(V) 

H -1.17 90 55 0.52 0.54 -1.54 -2.19 

NO2 -0.78 75 52 0.57 0.63 -1.44 -2.19 

CH3 -0.99 82 57 0.56 0.52 -1.58 -2.19 

OCH3 -1.45 68 42 0.69 0.66 -1.75 -2.19 

F -1.49 68 59 0.69 0.50 -1.69 -2.19 

 

 It is clear from the electrochemical data that all compounds can be readily reduced. 

In all cases the initial ET is stepwise according to the calculated transfer coefficients and 

observed reversibility at elevated scan rates. The first peak is associated with the 

dissociation of the S—N bond, as indicated by the compound corresponding to the 2nd peak 

as well as the electrolyses results. Upon dissociation of the S—N bond either an arylthiolate 

or a phthalimide anion could potentially be generated alongside a radical fragment, as 
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shown in Scheme 2.2.  Using thermodynamic arguments on the basis of the DET theory it 

can be shown which fragment will bear the anionic charge upon the S—N bond cleavage. 

The dissociation leading to the more stable products is the one taking place. Since the 

oxidation of the phthalimide anion (𝐸𝑜𝑥 
0 ≥ 2.0 V) is far more difficult than that of the 

arylthiyl anion (𝐸𝑜𝑥 
0 ≈ 0.0 V)  then the dissociation of the radical anions will always lead to 

Scheme 2.2 - Products resulting from the decomposition of the radical anion 

intermediates of 4. 

Scheme 2.3 – General electrochemical reduction mechanism for the initial ET of the N-

(arylthio)phthalimides (4a-e).  



40 
 

the phthalimidyl anion and arylthyil radical. The entire reduction mechanism for the first 

ET is shown in Scheme 2.3.  

2.3 – Computational Analysis 

 In order to rationalize the electrochemical data obtained for series 4a-e quantum 

chemical calculations were conducted using Gaussview 6.0 utilizing a DFT model at the 

B3LYP level with a 6-31G+(d,p) basis set. Optimized structures of all investigated N-

(arylthio)phthalimides (4a-e) were obtained and the corresponding LUMOs calculated. 

Structures of the radical anions, 4•—, were also optimized and the corresponding SOMOs 

were calculated. All the calculated molecular orbitals are shown in Figure 2.7. The S―N 

bond lengths, before and after one electron transfer, as well as the dissociation energies for 

all compounds are reported in Table 2.3. The optimized structures of the reduced forms 

correspond to true radical anions. The results show that the S―N chemical bond lengths 

are approximately the same (from about 1.72 to about 1.71 Å) upon going from the neutral 

to the reduced forms (Table 2.3) and no dissociation is seen. 

 The calculated LUMOs represent the molecular orbitals where the extra electron 

would be injected upon reduction. For all compounds except the nitro substituted 4b the 

LUMO is located on the phthalimidyl moiety. In the case of 4b the LUMO is located over 

the aryl moiety, indicating a change in the location of the electron injection. The calculated 

SOMOs are representative of the location of the injected electron in the radical anion 

intermediate, following the initial ET. The SOMOs for all species except 4b indicates the 

injected electron remains on the phthalimidyl moiety. In the case of 4b the SOMO extends 

from the aryl moiety to the phthalimidyl moiety. These calculations provide hence some 

important results that help understand the substituent effect in the ET to these compounds. 
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For all compounds except 4b the electron is injected into the phthalimidyl moiety and 

simply stays there, resulting in a homolytic radical anion dissociation mechanism. For the 

nitro-substituted species the electron is injected into the aromatic moiety and must be 

transferred to the phthalimidyl leaving group during the S—N bond dissociation. Unlike 

the rest of the series this will result in a heterolytic dissociation mechanism for 4b•—. This 

Figure 2.7 - Optimized structures of 4a-e. LUMOs corresponding to the neutral forms of 

4a-e, and SOMOs corresponding to the reduced forms, 4a-e•—.  
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is a very important result and may help understand the intriguing kinetics observed for the 

dissociation of this radical anion since the two mechanisms are described by two distinct 

activation energy expressions as previously explained.  

Table 2.3 – Bond dissociation energies of the S―N bond and bond length for the neutral 

and reduced forms of 4a-e.  

 

 

Table 2.3 shows the S―N bond dissociation energies of the investigated 

compounds calculated by subtracting the total energies of the neutral radical arylthiyl and 

phthalimidyl fragments from the total energy of the neutral compound 4. All of these 

computations were conducted using Gaussview 6.0 with a DFT model at the B3LYP level 

with a 6-31G +(d,p) basis set. The results suggest there is no significant substituent effect 

on the calculated bond dissociation energy. 

Theoretical calculated LUMOs indicate that the initial electron injection is into the 

phthalimidyl moiety for 4a,c-e, however the strong electron withdrawing group present in 

4b completely changes the LUMO and therefore the electron is injected to the aryl moiety. 

The result of this change is a transition in dissociation mechanism from homolytic for 4a,c-

e to heterolytic for 4b. The observed substituent effect for the heterolytic cleavage disobeys 

typical trends where a nitro substituent would be expected to stabilize the radical anion.36  

Substituent H NO2 CH3 OCH3 F 

DS–N (kcalmol-1) 64.67 65.76 64.07 59.04 64.43 

dS-N (Å) 1.73 1.72 1.72 1.73 1.79 

dS-N•— (Å) 1.71 1.73 1.71 1.72 1.70 
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From all the electrochemical and theoretical results and using the DET theory as in 

the discussion, the reduction mechanisms of the investigated N-(arylthio)phthalimide 

compounds can be written. 

For the nitro substituted compound (4b), the initial ET transfer leads to a radical 

anion, where the electron is located on the nitrophenyl moiety which decomposes through 

a heterolytic cleavage yielding a nitrophenylthiyl radical and a phthalimide anion (Scheme 

2.4).  

 

 

The radical is then reduced to the corresponding thiolate, since these radical are easier to 

reduce than their parent structure. The produced 4-nitrophenylthiolate attacks the initial 

compound (4b) to generate the corresponding disulfide and ejecting a phthalimidyl anion. 

This produced disulfide is reduced at the second reduction peak as shown in our 

electrochemical data. The electrochemical reduction of diaryl disulfides are well 

understood as they were previously investigated.91 The phthalimidyl anion is responsible 

for the last peak in the CV of compound (4b) (Scheme 2.5). 

 

 

Scheme 2.4 – Heterolytic dissociation mechanism for N-(arylthio)phthalimide radical 

anion intermediates. Ar represents the corresponding aromatic moiety and Phth represents 

phthalimide. 
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For all other compounds the initial ET transfer leads to a radical anion where the 

electron is located on the phthalimidyl moiety which decomposes through a homolytic 

cleavage yielding an arylthiyl radical and a phthalimidyl anion (Scheme 2.6).  

 

 

The radical is then reduced to the corresponding thiolate, since these radicals are easier to 

reduce than their parent structure. The produced arylthiolate attacks the initial compound 

to generate the corresponding disulfide and ejecting a phthalimidyl anion. This produced 

Scheme 2.6 – Homolytic dissociation mechanism for N-(arylthio)phthalimide radical 

anion intermediates. Ar represents the corresponding aromatic moiety and Phth represents 

phthalimide. 

 

Scheme 2.5 – General electrochemical reduction mechanism for N-(arylthio)phthalimides 

(4a-e). 
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disulfide is reduced at the second reduction peak as shown in our electrochemical data. The 

electrochemical reduction of diaryl disulfides are well understood as they were previously 

investigated.91 The phthalimidyl anion is responsible for the last peak in the CV of 

compound (Scheme 2.5). 

This is analogous to the methyl and nitro derivatives of N-

(arylsulfonyl)phthalimides which display this inverse substituent effect resulting from a 

change in LUMO (Scheme 1.7). The series was rationalized in the same manner, wherein 

a substituent induced change in the LUMO resulted in a change in electron injection 

location and thus a change in radical anion dissociation mechanism. These rare examples 

are completely consistent with each other and show the ability of DET to rationalize and 

interpret unexpected chemical properties. This change in mechanism from homolytic to 

heterolytic cleavage can be studied through the extension of the DET theory applicable to 

decomposition of radical anions (Eqns. 6 & 7).31,91  

2.4 – Surface Modification 

The production of aromatic thiolate based SAMs on gold is of great interest. There 

are very few examples of this type of surface modification currently known. The most well-

established precursor is 4-nitrophenylsulfenyl chloride.79 The goal was to investigate a 

structure analogous to the previously studied sulfenyl chlorides. N-(arylthio)phthalimides 

provide this opportunity while allowing the investigation of the effect of the leaving group 

on SAM formation and quality. All compounds of the synthesized N-

(arylthio)phthalimides series (4a-e) were hence investigated as precursors for the formation 

of SAMs on gold. The SAM formation was initially investigated by stripping voltammetry, 

where a polycrystalline gold electrode was incubated in a solution containing the precursor 
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and analyzed by cyclic voltammetry for potential adsorption peaks. The electrodes 

modified using the N-(4-nitrophenylthio)phthalimide (4b) yielded stripping CVs that 

indicate the extremely rapid formation of a layer. The observed CV peaks are similar to 

those previously obtained for nitrophenylthiolate SAMs obtained with the 4-

nitrophenylsulfenyl chloride.35 Monocrystalline Au (111) samples were also incubated in 

a solution containing the N-(4-nitrophenylthio)phthalimide (4b) and then analyzed with 

scanning tunnelling microscopy (STM). Images were obtained clearly showing the 

formation of a well ordered SAM and conforming the electrochemical data.  

  Based on the previous successful use of the nitro substituted aromatic sulfenyl 

chlorides in forming aromatic thiolate SAMs on gold surfaces, the compounds of the series 

4a-e was investigated as precursors for the formation of aromatic SAMs. The modification 

procedure was similar for all precursors. 

  

 

 

 

 

 

 

 



47 
 

A 10 mM solution of 4 was prepared in an anhydrous 1:1 tetrahydrofuran/methanol 

and purged for 10 minutes. A polycrystalline gold electrode was rinsed with ultrapure water 

and then polished with 3 micron diamond paste for 10 seconds. The electrode was then 

electrochemically cleaned in aqueous 0.1 M NaOH, washed with anhydrous ethanol and 

dried with a stream of argon. The electrode was then submerged in the 10 mM solution and 

left for times ranging from a few seconds to days. Following incubation the electrode was 

washed with ultrapure water and submerged in an argon saturated 0.5 M KOH solution. 

With a silver wire as counter electrode and platinum disc electrode as a reference electrode 

the polycrystalline gold was subject to a cathodic scan. Any peaks observed in this CV 

correspond to the reduction of any species adsorbed to the surface during incubation. 

Figure 2.8 – Stripping voltammetry of a polycrystalline gold electrode in an argon 

saturated 0.5 M KOH solution, which was incubated in a 10 mM solution of (4b) for 10 s, 

10 min and 120 min. 
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 Of the whole series the only compound to show significant modification results 

during stripping experiments was the nitro substituted 4b (Figure 2.8). Stripping 

experiments were conducted for incubation times of 10 seconds, 10 minutes and 120 

minutes. This data was used to calculate surface coverage using Eqn. 14, the curve can be 

seen in Figure 2.9. A clear reduction peak was observed upon the cathodic scan in the 0.5 

M KOH aqueous solution at approximately -0.9 V. It was very surprising to see that the 

deposition was nearly complete after only 10 seconds. This stripping voltammetric data 

was a strong indicator that some form of surface modification occurred for the 

polycrystalline electrode, and it was therefore decided to investigate this compound further 

using monocrystalline Au (111) surfaces to try and have more details about the structure 

of the obtained film mainly through the use of scanning tunnelling microscopy. 

 

𝑄 = 𝑛𝐹𝑚                                                    (Eqn. 14)  
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In order to acquire images of this monolayer a good quality and defect free SAM 

had to be deposited on flat Au(111) samples. First a glass slide with Au(111) deposited on 

the surface was cleaned with ultrapure water, chromosulfuric acid, ultrapure water again 

and lastly anhydrous ethanol prior to being dried by a stream of argon. The surface was 

then place in a 10 mM solution of anhydrous 1:1 tetrahydrofuran/methanol of 4b that was 

purged for 20 minutes. After 48 hours of incubation under argon the gold surface was 

removed and washed with a solution of 1:1 tetrahydrofuran/methanol. The surface was then 

subject to scanning tunnelling microscopy at scan sizes between 120 x 120 nm2 to 10 x 10 

nm2, at a tip bias of 0.100 V, a tunnelling current of 0.45 nA and a scan rate of 4.1 liness-

1. 

Figure 2.9 – Surface coverage versus deposition time for a polycrystalline gold electrode 

modified with N-(4-nitrophenylthio)phthalimide using 1:1 THF/MeOH. 
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Figure 2.10 – STM images obtained for Au(111) surfaces modified with N-(4-

nitrophenylthio)phthalimide (4b). areas of; A = 10 x 10 nm, B = 15x15 nm, C = 20 x 20 

nm, D = 20 x 20 nm, E = 30 x 30 nm and F = 30 x 30 nm. 
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 STM images were obtained, showing a highly modified SAM (Figure 2.10). The 

reported surface modification suggests the formation of a well-ordered and highly packed 

monolayer as was seen for the SAM obtained using 4-nitrophenyl sulfenyl chloride. The 

structure of this film seem however different than the one obtained with the latter 

compound. While a more detailed investigation is needed, it is possible to suggest that 

difference between the two SAM structures may be caused by the difference in the leaving 

groups (chlorine atom vs phthalimidyl group).This would also explain the lack of 

hexagonal features, which were suggested to be a result of high density packing (Figure 

Figure 2.11 – STM images of 5.7 x 8.2 nm areas of Au(111) modified with N-(4-

nitrophenylthio)phthalimide (left) and the previously studied 4-nitrophenyl sulfenyl 

chloride (right). 
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2.11). The SAMs will be further investigated using x-ray photoelectron spectroscopy to 

confirm the elemental composition of the monolayer. Variation in concentrations, solvent 

systems and incubation times will be investigated. 
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Chapter Three: Synthesis and Electrochemical Reduction of 

Arylmethylphthalimidosulfonium Hexachloroantimonate Salts 

 

 Arylmethylphthalimidosulfonium hexachloroantimonate salts (8a-c) are a more 

complex system relative to N-(arylthio)phthalimides. The series were novel compounds 

synthesized using an existing procedure for the synthesis of 

arylmethylsuccinimidosulfonium salts.93 After synthesis and purification the series was 

subject to electrochemical investigation. It was observed that all the sulfonium salts were 

reduced very easily between -0.4 and +0.4 V vs SCE. Electrolysis was conducted to 

investigate the products resulting from the initial ET. Upon electrochemical reduction the 

unsubstituted and methyl substituted species (8a-b) showed a S+—N cleavage, and the 

nitro substituted species (8c) showed a S+—CH3 cleavage. In order to rationalize this 

regioselectivity the series was investigated using gas phase quantum chemical calculations. 

The structures of the cationic salts were optimized and the corresponding LUMOs 

calculated. The structure of the reduced forms were also optimized and the corresponding 

SOMOs calculated. The calculations showed that, for compounds for the 8a-b, the LUMO 

was located on the phthalimidyl moiety, indicating that the S+—N is the closest accessible 

bond of the sulfonium group and hence the one expected to be cleaved. In the case of the 

nitro substituted compound 8c the LUMO is centered on the sulfonium atom itself, 

meaning that any of the three sulfonium bonds may be cleaved and that a rigorous analysis 

needed to be performed to explain the observed S+—CH3 cleavage. Bond dissociation 

energies of all bonds involving the S atom for all investigated compounds where thus 

calculated to have better insights into the regioselective bond cleavage behaviour. The 
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calculations showed that the S+—CH3 bond had the lowest BDE indicating it would 

preferentially be cleaved for the sulfonium salt 8c. 

The experimental investigations in this chapter include; 

1. Synthesis of a series of novel arylmethylphthalimidosulfonium 

hexachloroantimonate salts according to literature methods. 

2. Electrochemical investigation of the series utilizing CV and electrolysis. 

3. Computation analysis of the series and the corresponding radical anions. 

 

3.1 – Synthesis of Arylmethylphthalimidosulfonium Hexachloroantimonate Salts 

The synthesis of series 8a-c was accomplished using a modified procedure of that 

used for the synthesis of succinimidosulfonium salts.93 The initial reaction between the 

corresponding arylmethylsulfide (5) and N-chlorophthalimide (6) yields the 

arylmethylphthalimidosulfonium chloride salt (7a-c), which is not stable above 0 oC. 

Antimony (V) chloride was added to change the counteranion from Cl- to SbCl6
- and thus 

stabilize the salt (8a-c). The scheme for this synthesis is shown in Scheme 3.1. 
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Scheme 3.1 – General scheme for the synthesis of arylmethylphthalimidosulfonium 

hexachloroantimonate salts 8a-c. 

  

To a solution of anhydrous dichloromethane 1.0 equivalent of N-chlorophthalimide 

was dissolved under argon. To a second solution of anhydrous dichloromethane 1.0 

equivalent of the corresponding arylmethylsulfide was dissolved under argon. The 

arylmethylsulfide solution was added dropwise to the initial solution under argon at -10 oC 

and mixed for one hour, it was then cooled to -45 oC. To a third solution of anhydrous 

dichloromethane 1.0 equivalent of antimony (V) chloride was dissolved and then added 

dropwise to the mixture at -45 oC under argon. Immediately a strong orange-red colour 

appears upon dropwise addition of the antimony (V) chloride. The resulting solution was 

mixed for 30 minutes and then allowed to warm to room temperature followed by solvent 

evaporation. The crude solid was then washed with copious amounts of anhydrous diethyl 

ether three times and dried under vacuum before being characterized with 1H and 13C NMR 

spectroscopy. 
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3.2 – Electrochemical Investigation of Arylmethylphthalimidosulfonium 

Hexachloroantimonate Salts 

 

The series of 8a-c was subject to electrochemical investigation with CV and 

electrolysis. The analyses were conducted in anhydrous argon saturated acetonitrile in the 

presence of 0.1 M tetrabutylammonium hexafluorophosphate (NnBu4PF6) as an electrolyte. 

The working electrode was a glassy carbon disc electrode, the counter electrode was a 

silver wire and the reference electrode was a platinum wire. Between each scan the working 

electrode was washed with ultrapure water, polished with 3 micron diamond paste for 20 

seconds, rinsed with ultrapure water, anhydrous ethanol and then dried with pressurized 

air. Firstly a full cyclic voltammogram was obtained for a cathodic scan, followed by 

assessing the reversibility of the initial ET by CV clipping. Lastly voltammograms for 

gradually increasing scan rates were obtained to construct an 𝐸𝑝 vs log v plot. The 

sulfonium salts were then subject to scans in the presence of equimolar 

hexafluorophosphoric acid (HPF6). The data obtained includes the peak potential (𝐸𝑝), 

peak current (𝑖𝑝) and half peak width (𝐸𝑝 − 𝐸𝑝/2). All of these values are displayed in 

Table 3.1. 
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Figure 3.1 – Cyclic voltammogram of 1.69 mM phenylmethylphthalimidosulfonium 

hexachloroantimonate (8a) in acetonitrile + NnBu4PF6 (0.1 M) at a glassy carbon electrode 

at a scan rate v = 0.2 Vs-1 and temperature T = 20 oC. 

 

Figure 3.1 displays the CV corresponding to the reduction of 

phenylmethylphthalimidosulfonium hexachloroantimonate (8a). The first peak, observed 

at Epc1 = -0.42 V vs SCE, is irreversible and corresponds to two electrons by reference to a 

ferrocene monoelectronic peak. The electrolysis of 8a at -0.4 V vs SCE yielded phthalimide 

anion and thioanisole, all the electrolysis yields are reported in Table 3.2. The electrolysis 

results indicate thus that the reduction of 8a leads to the cleavage of the S+—N bond. 

Electrolytic yields are shown in Table 3.2. The slope of the Epc vs log v plot (Figure 3.2) 

for the initial ET was 81 mV, and the half peak width was 96 mV leading to transfer 

coefficients of 0.36 and 0.24, respectively. These values are consistent with a concerted 

mechanism. The second reduction peak occurs at Epc2 = -0.70 V vs SCE and corresponds 

to the reduction of the corresponding ylide (9a). This ylide formation is common for 
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sulfonium salts and is due to a deprotonation of the parent sulfonium by a produced anion 

intermediate (Scheme 3.2). Addition of equimolar amount of HPF6 caused the 

disappearance of this second peak. The second peak is followed by two close peaks 

corresponding to the reduction of N-(methylthio)phthalimide (10) and N-

phenylphthalimide (11) at Epc3 = -1.44 V vs SCE and Epc4 = -1.53 V vs SCE respectively. 

This was confirmed by addition of authentic samples. It was proposed that N-

phenylphthalimide is produced from the nucleophilic attack of the phenyl anion on the 

parent structure or possibly by a rearrangement of the sulfonium salt (Scheme 3.3). The 

last reduction peak corresponds to the reversible reduction of phthalimide at Epc5 = 2.16 V 

vs SCE, confirmed by addition of an authentic sample.  

 

Scheme 3.2 – Ylide reaction for a general sulfonium salt. X represents the anionic fragment 

generated in the initial ET. 

 

 It was noted that significant cleaning was required to obtain reproducible 

voltammograms. This could be due to electrode fouling that occurs during scanning or it 

could be attributed to modification of the surface. A simple analysis of the slope of a log 

ipc vs log v can help distinguish between an adsorption and a diffusion controlled 

mechanism. A slope of approximately 0.5 indicates a diffusion controlled mechanism, and 

a slope of 1.0 indicates an adsorption controlled mechanism. The results show that slope 
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of the log ipc vs log v is approximately 0.5 therefore any observed changes to the CVs 

occur as a result of chemical processes and not adsorption. 

 

Figure 3.2 – An Epc vs log v plot is shown on the left, the slope is utilized to calculate the 

transfer coefficient, α. A log ipc vs log v plot is shown on the right.  

 

 

Figure 3.3 - Cyclic voltammogram of 1.57 mM (4-

methylphenyl)methylphthalimidosulfonium hexachloroantimonate (8b) in acetonitrile + 

NnBu4PF6 (0.1 M) at a glassy carbon electrode at a scan rate v = 0.2 Vs-1 and temperature 

T = 20 oC. 
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Figure 3.3 displays the CV corresponding to the reduction of (4-

methylphenyl)methylphthalimidosulfonium hexachloroantimonate (8b). The first peak is 

observed at Epc1 = -0.34 V vs SCE, it corresponds to two electrons and is completely 

irreversible. The electrolysis of 8b at -0.34 V vs SCE yielded equimolar phthalimide anion 

and 4-methylthioanisole, confirming the cleavage of the S+—N bond. The slope of the Epc 

vs log v plot for the initial ET was 91 mV, and the half peak width was 98 mV leading to 

transfer coefficients of 0.32 and 0.24 respectively. These values are consistent with a 

concerted ET mechanism. The second peak is observed at Epc2 = -0.87 V vs SCE and 

corresponds to the reduction of the corresponding ylide this was confirmed through the 

disappearance of the peak upon addition of HPF6. Third peak encompasses two smaller ET 

corresponding to the reduction of N-(methylthio)phthalimide (10) and N-tolylphthalimide 

(11) at Epc3 = -1.40 V vs SCE and Epc4 = -1.49 V vs SCE respectively. The last reduction 

peak corresponds to the reversible reduction of phthalimide at Epc5 = 2.16 V vs SCE, once 

again confirmed by addition of an authentic sample. Electrolysis of the compound at -0.3 

V yielded equimolar 4-methylthioanisole and the phthalimidyl anion, corresponding to an 

S+—N cleavage. Compounds 8a-b both follow the same initial ET mechanism (concerted) 

and bond cleavage. 
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Figure 3.4 - Cyclic voltammogram of 2.00 mM (4-

nitrophenyl)methylphthalimidosulfonium hexachloroantimonate (8c) in acetonitrile + 

NnBu4PF6 (0.1 M) at a glassy carbon electrode at a scan rate v = 0.2 Vs-1 and temperature 

T = 20 oC. 

 

Figure 3.4 displays the CV corresponding to the reduction of (4-

nitrophenyl)methylphthalimidosulfonium hexachloroantimonate (8c). The first peak 

occurs at Epc1 = 0.43 V vs SCE and is completely irreversible. Electrolysis was carried out 

for 8c at +0.4 V and yielded equimolar N-(4-nitrophenylthio)phthalimide. These products 

indicate a S+—CH3 cleavage, different from the bond cleavage associated with the initial 

ET of the rest of the series. The slope of the Epc vs log v plot for the initial ET was 89 mV, 

and the half peak width was 75 mV leading to transfer coefficients of 0.34 and 0.33 

respectively. These transfer coefficients are consistent with a concerted mechanism. The 

second reduction peak occurs at Epc2 = 0.01 V vs SCE and corresponds to the reduction of 

the corresponding ylide, confirmed by the disappearance of the peak upon addition of 
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equimolar HPF6. The phthalimidyl group is cleaved from the ylide, yielding deprotonated 

4-nitrothioanisole and phthalimide. The third peak encompasses the reduction of N-(4-

nitrophenylthio)phthalimide at Epc3 = -0.73 V vs SCE, compared to an authentic sample. 

The fourth peak corresponds to the reduction of bis(4-nitrophenyl)disulfide at Epc4 = -1.44 

V vs SCE. The last reduction peak corresponds to the reversible reduction of phthalimidyl 

anion at Epc5 = 2.19 V vs SCE.  

Table 3.1 – Electrochemical data obtained from the reduction of the sulfonium salts 8a-c. 

 

Substituent Epc1 (V) Ep-p/2 (mV) Slope (mv) αwidth αslope 

H -0.42 96 81 0.24 0.36 

NO2 0.43 75 88 0.34 0.33 

CH3 -0.34 98 91 0.24 0.32 

 

The proposed general electrochemical reduction mechanism for 8a-b is shown in 

Scheme 3.3. The cleavage of the S+—N bond yields the corresponding thioanisole and 

phthalimidyl radical. The phthalimidyl radical is immediately reduced at the electrode to 

the phthalimidyl anion. This anion deprotonates the parent molecule, forming a ylide 

(Scheme 3.2) and protonated phthalimide. This ylide is further reduced yielding the aryl 

anion and an N-(methylthio)phthalimide carbanion. The aryl anion attacks the parent 

molecule, yielding N-arylphthalimide as well as the corresponding thioanisole. The N-

(methylthio)phthalimide as well as N-arylphthalimide are reduced in the third peak. The 

final reduction peak corresponds to phthalimide being reduced to the phthalimidyl radical 

anion.  



63 
 

Table 3.2 – Electrolysis yields for 8a-c determined by subjecting the electrolysed solutions 

to HPLC analysis. Structures A-E correspond to the potential products shown below. 

 

 

Substituent A B C D E 

H 88 92 2 1 2 

CH3 93 98  0 2  0 

NO2 0 0 100 0 0 

The reduction 8c follows a different mechanistic pathway, shown in Scheme 3.3. 

The initial bond cleavage is the S+—CH3 cleavage, yielding the methyl radical as well as 

N-(4-nitrophenylthio)phthalimide. The methyl radical is immediately reduced to form the 

methyl carbanion The methyl carbanion deprotonates a parent molecule, resulting in the 

corresponding ylide. This ylide is then reduced cleaving the S+—N bond, yielding the 

phthalimidyl anion as well as the deprotonated thioanisole. The third peak includes both 

the first reduction peak for N-(4-nitrophenylthio)phthalimide as well as the reduction of 

nitrobenzene. The fourth peak corresponds to the reduction of the 4-Nitrophenyl disulfide, 

and the final peak corresponds to the reduction of the phthalimidyl anion. The main 

difference in this mechanism arises from the initial bond cleavage being the sulfur-

phthalimidyl bond in the case of 8a-b, but the sulfur-methyl bond in the case of 8c.  



64 
 

 

Scheme 3.3 – Proposed electrochemical reduction mechanism for compounds 8a and 8b. 

R = H or CH3. 
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Scheme 3.4 – Proposed electrochemical reduction mechanism for compound 8c.  
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3.3 – Computational Analysis 

 In order to help rationalize the regioselective bond cleavage observed in the 

electrochemical reduction of the sulfonium salts (8a-c) gas-phase quantum chemical 

calculations were conducted using a DFT model at the B3LYP level with a 6-31G +(d,p) 

basis set. The cationic structures of 8a-c were optimized and the corresponding LUMOs 

calculated. The corresponding reduced forms of (8a-c•) were optimized and their SOMOs 

were calculated. Bond dissociation energies were calculated using the neutral forms of 8a-

c and the radical and neutral fragments corresponding to a homolytic cleavage reduced 

form. The total energies of the two fragments were subtracted from that of the neutral 

starting structure. All the calculated molecular orbitals are shown in Figure 3.5. 

 

Figure 3.5 – Optimized structures of 8a-c (left), calculated LUMO distributions for the 

corresponding cations (centre), and calculated SOMO distributions of the optimized 

reduced reduced species 
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The LUMOs clearly show that for both the unsubstituted and the methyl substituted 

derivatives (8a-b) the LUMO is located solely on the phthalimidyl moiety. This indicates 

the initial electron will be injected into the phthalimidyl moiety during the concerted ET. 

The LUMO for the nitro substituted derivative (8c) spans the entire sulfonium atom, so it 

is possible for the electron to reach and thus cleave any of the three sulfonium bonds. The 

SOMOs are all highly delocalized across the entire molecule indicating the electron will 

not be stabilized by an intermediate, which is expected for species that undergo a concerted 

mechanism. These calculated molecular orbitals indicate the only possible cleavage for 8a-

b is the S+—N bond based on the location of electron injection. They also indicate that for 

8c the injected electron could potentially break any of the sulfonium bonds. In order to 

investigate which of the three bonds would be cleaved bond dissociation energies (BDEs) 

were calculated (Table 3.3). The calculations indicated the S+—CH3 bond had the lowest 

bond dissociation energy of all the sulfonium bonds.  

 

Table 3.3 - Bond dissociation energies of all three sulfonium bonds for 8a-c in kcal/mol. 

 

Substituent DS—CH3 DS—Phth DS—Ar 

H 13.24 29.05 49.90 

CH3 18.24 56.62 80.21 

NO2 17.05 54.47 77.09 

 

 The experimental and theoretical data for the investigated sulfonium slats (8a-c) 

show an intriguing regioselective bond cleavage upon their electrochemical reduction. The 
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reduction leads to the cleavage of either the S+—CH3 or the S+—N chemical bond 

depending on the nature of the substituent on the phenyl group. The following can be 

written regarding this regioselectivity. 

The CV and electrolysis data indicate the unsubstituted and methyl derivatives (8a-

b) undergo a S+—N bond dissociation (Scheme 3.5). The LUMOs of the corresponding 

sulfonium cations are centered over the phthalimidyl moiety, indicating the electron will 

only be able to reach the S+—N upon the immediate dissociation following the ET. The 

calculated LUMO surfaces easily explain the S+—N dissociation observed for the 

concerted ET of 8a-b. 

 

Scheme 3.5 – The initial ET resulting in the S+—N bond dissociation. R = H or CH3. 

 

The CV and electrolysis data indicate that the nitro derivative (8c) undergoes a S+—

CH3 bond dissociation upon reduction (Scheme 3.6). The LUMO of the sulfonium cation 

is distributed all around the sulfonium atom, implying any of the three bonds may be 

cleaved. Calculated bond dissociation energies show that the S+—CH3 bond is the weakest 

and will be cleaved preferentially. A combination of both the calculated LUMO surface 

and bond dissociation energies of the sulfonium bonds can explain the S+—CH3 

dissociation observed for the concerted ET of 8c. 
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Scheme 3.6 – The initial ET resulting in the S+—CH3 bond dissociation. 

 

Substituent dependent regioselectivity was also observed in the previously studied 

benzylthiocyanates,31 where a change bond dissociation was observed upon addition of a 

nitro substituent. The regioselectivity for this series was not explained in the same way. 

The rationalization for the benzylthiocyanates was based on the change in initial ET 

mechanism from concerted (methyl derivative), to stepwise (nitro derivative). The stepwise 

mechanism has a far lower intrinsic barrier and was therefore more sensitive to the 

influence of the competing radical anion dissociation pathways.  The current investigation 

demonstrates the ability of the DET theory to successfully rationalize regioselectivity in 

two different ways for two different systems.  
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Chapter Four: Conclusion 

 The electrochemical reduction of N-(arylthio)phthalimides followed 

stepwise mechanism for the initial ET. The series of compounds showed that electron 

withdrawing substituents destabilize the corresponding radical anion intermediate, and 

electron donating substituents stabilize the radical anion which is intriguing.  Interestingly 

theoretical calculations showed that while the LUMOs of all investigated compounds were 

located on the phthalimidyl moiety, that of the nitro derivative 4b had shifted to the aryl 

moiety. This indicates that the radical anion of the nitro-substituted compound dissociates 

following a heterolytic dissociation mechanism. For this mechanism one would expect the 

nitro group to stabilize the radical anion, however an opposite effect is observed. The 

intrinsic barrier of the heterolytic dissociation of 4b was found to be lower than that of the 

homolytic dissociation. The application of the extension of the DET theory to the 

decomposition of radical intermediates in combination with theoretical molecular orbital 

investigations allowed the rationalization of this unexpected reactivity.  

 The surface modification investigation has shown that N-(4-

nitrophenylthio)phthalimide (4b) is an excellent precursor for the formation of SAMs. 

Stripping voltammetry and scanning tunnelling microscopy show the surface resembles 

SAMs derived from 4-nitrophenylsulfenyl chloride. The SAMs look dense and well 

ordered. It is proposed that the bulky phthalimide leaving group affects the SAM 

characteristics. Further investigation of the obtained SAMs using STM and x-ray 

photoelectron spectroscopy is still needed to better understand the quality of the SAM and 

the deposition process. 
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The synthesis and characterization of three novel sulfonium salts was completed. 

They were then subject to electrochemical analysis, where their reduction followed a 

concerted mechanism. A regioselective bond cleavage was observed upon reduction as the 

dissociated bond for the nitro substituted compound was different than that for the other 

two compounds. Theoretical calculations were performed to rationalize this 

regioselectivity. Upon addition of a nitro substituent the LUMO shifts from the 

phthalimidyl moiety to being spread out across the molecule. This suggests the electron 

will be injected into the phthalimidyl moiety for 4a-b, and will only be able to cleave the 

S+—N bond.  For 4c the spread out LUMO allows the electron to be injected into any of 

the sulfonium bonds. The bond dissociation energies were then calculated using 

computational methods. The most favourable bond cleavage according to theoretical 

calculations was the S+—CH3 bond, which is consistent with the observed bond cleavage. 

 The LUMO shifts were observed for both series 4 and 8, yet the chemical effects 

were very different. In one case the resulting chemical phenomena was inverse substituent 

effects, and in the second case it was a change in regioselectivity. 4 followed a stepwise 

mechanism, allowing the injected electron to be transferred to the most favourable leaving 

group. This ensured the same bond was being cleaved, however it also changed the radical 

anion dissociation mechanism according to DET theory. 8 followed a concerted 

mechanism which did not allow the electron to be transferred back to the favourable 

leaving group through the radical anion dissociation mechanism according to the DET 

theory. The injected electron therefore simply cleaves a bond near where it is injected. This 

thesis highlights the important relationship between the LUMO location and the ET 

process, and demonstrates the ability of DET to rationalize these phenomena. 
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Chapter Five: Future Work 

5.1 – N-(Arylthio)phthalimides and Succinimides 

 The electrochemistry of this series is well understood and can be rationalized based 

on the extension of DET theory regarding radical anion dissociation. The main interest 

driving further investigation of these species is their application as precursors for surface 

modification of Au(111). It is clear a monolayer is rapidly formed that resembles 4-

nitrophenylthiolate based SAMs.79,94 The lack of the hexagonal features was attributed to 

the bulky phthalimidyl leaving group. The elemental composition to be obtained through 

XPS analysis of this monolayer would be confirmation of a 4-nitrophenylthiolate SAM. 

Further STM studies involving the effects of concentration, incubation time and solvent 

systems would be useful for studying the modification process. By analyzing the surface 

using different conditions it may be possible to alter the resultant monolayer. 

 It would also be interesting to study the photochemical initiated reduction of this 

series using laser flash photolysis (LFP). This would change the initiation mode for the ET 

and the driving force of the reaction. It would be worthwhile to investigate the radical 

anions generated photochemically, to see how the ET process differs from thermal initial 

modes. The extension of the DET theory from thermal to photoinitiated reactions has led 

to important conclusions. For example it was previously thought concerted photochemical 

ET would correspond to a quantum yield of one, however Savéant’s application of the DET 

theory to photochemical ET proved this was not necessarily true.36 It would be intriguing 
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to apply the DET theory to the dissociation of photochemically generated N-

(arylthio)phthalimide radical anions. 

 The final motivation for further research 

is the structurally similar N-

(arylthio)succinimides (Figure 5.1). It would be 

interesting to investigate the effect of the loss of 

the aromatic ring of the phthalimide has on the 

ET mechanism. The new expected leaving group 

(succinimide) does not have a suitable π* orbital to accept incoming electrons. This could 

lead to opposite substituent effects if the electron is now injected into the aromatic moiety 

or a mechanism change from stepwise to concerted if there is no possible stable radical 

anion. More importantly it would be interesting to investigate N-(arylthio)succinimides as 

precursors for surface modification. The leaving group has an apparent effect on the quality 

of the monolayer, observed upon changing the leaving group from chloride to the 

phthalimidyl anion. 

5.2 – Arylmethylphthalimidosulfonium Hexachloroantimonate Salts 

 The investigation of the novel arylmethylphthalimidosulfonium 

hexachloroantimonate salts has only just begun. The initial ET of the series is well 

understood, but a more detailed investigation of the ylide behaviour would be useful. 

Extending the number of substituents studied would also provide more data regarding the 

regioselectivity exhibited for its reduction. In addition to studying more substituents the 

entire structure could be modified. 

Figure 5.1 – N-(arylthio)succinimides. 
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There are a vast number of structural modifications that would be intriguing to 

achieve and electrochemically investigate. This would be very useful in the design of 

sulfonium species which are being used in increasingly intricate technology applications.95-

98 It would be particularly interesting to investigate cyclic sulfonium systems such as those 

recently patented for use in OLED86 displays by the worlds largest OLED research 

company, Universal Display Corporation. These compounds require extremely precise 

electrochemical properties, so their synthesis and electrochemical investigation is of great 

interest. Other emerging optical applications such as organic photovoltaic materials utilize 

sulfonium systems, which also require precise understanding of the thermodynamics and 

kinetics of their ET reactions. 

Figure 5.2 – N-sulfonium substituted phthalimides derived from thiophene (blue), 

benzothiophene (red), dibenzothiophene (green) and thianthrene (purple). 
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 Potential cyclic systems include thiophene, benzothiophene, dibenzothiophene and 

thianthrene (Figure 5.2). In addition to changing the sulfonium structure it is worthwhile 

to investigate the effects of changing the phthalimidyl group to succinimide, indole, 

indoline, isatin and pyrrolidine (Figure 5.3). It is interesting to view these compounds not 

as sulfonium species with many applications in electronic and optical devices but as N-

substituted lactams. Lactam containing compounds are generally potent 

pharmacophores,99-103 with biological activity a function of their substituents.104-108 It has 

also been shown that ‘onium salts can be potent pharmaceuticals.  

There is a lack of available pharmacophore frameworks bearing sulfonium 

substituents. By investigating these structures it is hoped that more frameworks with lactam 

Figure 5.3 – N-sulfonium substituted pharmacophores such as pyrolidine (blue), 

succinimide (gold), isatin (red), indole (green) and indoline (purple). 
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pharmacophores bearing sulfonium substituents may be identified. These new frameworks 

may then be analyzed electrochemically. 
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Chapter Six: Experimental 

6.1 – Instruments and Methods 

 Electrolysis was performed by first electrolyzing a solution under argon. 

Calibration curves were obtained for the concentration of all suspected products with a 

Waters 1525 binary HPLC pump used with a Waters C18 5 µm 3.9x150 mm column and 

a Waters 2998 photodiode array detector. The electrolyzed solution was then injected and 

product concentrations were determined (Figure 6.1). An Eco-Chemie Autolab 

PGSTAT30 potentiostat was used to conduct all electrochemical measurements (Figure 

6.2). All anhydrous solvents were obtained from an LC Technologies solvent dispensing 

system. 1H and 13C NMR spectra were recorded using a Bruker Advance-400 spectrometer, 

with tetramethlsilane as the internal reference standard. 

The electrolyte tetrabutylammonium hexafluorophosphate (Sigma-Aldrich, 

≥99.0%) was used as received or recrystallized from anhydrous ethanol to remove water. 

The platinum (Alfa Aesar, 99.997%) and silver (Alfa Aesar 99.9%) wire were used as 

received. The glassy carbon and gold disc electrodes (CH Instruments) were polished with 

diamond paste (Beta Diamond Products, 3 & 6 micron). 
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Figure 6.1 – Chromatograms of a solution of N-(phenylthio)phthalimide (4b) before 

(left) and after (right) electrolysis. 

 

Figure 6.2 – Current vs time plot for the electrolysis of N-(phenylthio)phthalimide (4b) 
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6.2 – N-(Arylthio)phthalimides 

 Chemicals: Sulfuryl chloride (Sigma-Aldrich, 97 %), triethylamine (Sigma-

Aldrich, ≥99 %), diphenyl disulfide (TCI America, ≥99.0 %) bis(4-methylphenyl) disulfide 

(Sigma-Aldrich, 98 %), bis(4-nitrophenyl)disulfide (Sigma-Aldrich, 99 %), 4-

fluorothiophenol (Sigma-Aldrich, 96 %),  4-methoxythiophenol (Sigma-Aldrich, 96 %) 

and phthalimide (Sigma-Aldrich, ≥99 %) were all used as received.  

 Synthesis of N-(arylthio)phthalimides: 0.5 equivalent of the corresponding 

disulfide or thiol was dissolved in 100 mL of anhydrous dichloromethane under argon. 5 

mol% (cat.) triethylamine was added to the dichloromethane solution, which was then 

cooled to 0 ºC. 1.1 equivalents of sulfuryl chloride was dissolved in 25 mL anhydrous 

dichloromethane and added dropwise to the initial solution. Immediately a colour change 

is noticed to a pale yellow which darkens to an orange. The solution is mixed at 300 rpm 

for 45 before a vacuum is applied to remove excess sulfuryl chloride, triethylamine and 

concentrate the solution. 1.0 equivalent of phthalimide and of triethylamine are dissolved 

in 10 mL of anhydrous DMF. The concentrated solution is then diluted in anhydrous 

pentane and then added dropwise to the DMF solution. The biphasic mixture is stirred at 

600 rpm for about 1 hour or until the colour faded from the pentane layer. The addition of 
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50 mL of ice-cold water to the solution caused the product to precipitate. The resulting 

solid was filtered off and washed with cold water (3x25 mL). The crude solid was 

recrystallized from tetrahydrofuran or acetonitrile (R = NO2) and then dried in vacuo for at 

50 ºC for 24 hours. The stoichiometry of the syntheses is given in Table 6.1. 

Table 6.1 – Stoichiometric data for the synthesis of the N-(arylthio)phthalimides. a the 

corresponding thiol was used instead of the disulfide. 

 

 

N-(phenylthio)phthalimide (4a). 1H NMR (400 MHz, CD3CN) δ 7.93-7.91 (2H, m), 7.86-

7.84 (2H, m), 7.41-7.27 (5H, m). 13C NMR (400 MHz, CD3CN) δ 168.7, 136.9, 135.9, 

133.0, 130.3, 129.1, 128.3, 124.7.  

N-(4-nitrophenylthio)phthalimide (4b). 1H NMR (400 MHz, CD3CN) δ 8.14-8.11 (2H, d. 

9.2 Hz), 8.00-7.97 (2H, m), 7.92-7.90 (2H, m), 7.43-7.40 (2H, d, 9.2 Hz). 13C NMR (400 

MHz, CD3CN) δ 168.2, 147.5, 146.4, 136.3, 132.9, 125.3, 125.0, 124.9.  

N-(4-methylphenylthio)phthalimide (4c). 1H NMR (400 MHz, CD3CN) δ 7.91-7.89 (2H, 

m), 7.85-7.82 (2H, m), 7.38-7.36 (2H, d, 8.0 Hz), 7.18-7.16 (2H, d, 8.4 Hz), 2.29 (3H, s). 

Compound Disulfide 

(mmol) 

SO2Cl2 

(mmol) 

Triethylamine 

(mmol) 

Phthalimide 

(mmol) 

Product 

(mmol) 

4a 2.57 5.00 5.00 5.48 3.90 

4b 1.29 2.50 2.50 2.51 3.10 

4c 2.51 5.00 5.00 5.12 3.15 

4da 5.00 5.00 5.00 5.11 2.95 

4ea 5.00 5.00 5.00 5.09 3.17 
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13C NMR (400 MHz, CD3CN) δ 168.7, 140.2, 135.8, 133.2, 133.0, 130.9, 130.2, 124.6, 

21.0.  

N-(4-methoxyphenylthio)phthalimide (4d). 1H NMR (400 MHz, CD3CN) δ 7.87-7.85 (2H, 

m), 7.82-7.79 (2H, m), 7.60-7.58 (2H, d, 9.2 Hz), 6.91-6.89 (2H, d, 8.8 Hz), 3.75 (3H, s). 

13C NMR (400 MHz, CD3CN) δ 168.76, 162.0, 135.7, 135.4, 133.0, 126.8, 124.5, 115.6, 

56.1.  

N-(4-fluorophenylthio)phthalimide (4e). 1H NMR (400 MHz, CD3CN) δ 7.91-7.89 (2H, 

m), 7.85-7.83 (2H, m), 7.58-7.54 (2H, m), 7.12-7.08 (2H, t, 8.0 Hz). 13C NMR (400 MHz, 

CD3CN) δ 168.6, 135.9, 133.3, 133.2, 133.0, 124.6, 117.4, 117.1. 

6.3 – Arylmethylphthalimidosulfonium Hexachloroantimonate Salts 

Chemicals: Thioanisole (Sigma-Aldrich, ≥99 %), 4-methylphenylmethylsulfide (Sigma-

Aldrich, 99 %), 4-nitrophenylmethylsulfide (Sigma-Aldrich, 96 %), N-chlorophthalimide 

(Sigma-Aldrich, 96 %), antimony (V) chloride (Sigma-Aldrich 99.99 %) and 

hexafluorophosphoric acid (55 % wt in H2O) were used as received. 

Synthesis of Arylmethylphthalimidosulfonium Hexachloroantimonate Salts: 1.0 

equivalent of N-chlorophthalimide was dissolved in 100 mL of anhydrous dichloromethane 

under argon and then cooled to -5 ºC. 1.0 equivalent of the corresponding thioanisole was 

dissolved in 20 mL of anhydrous dichloromethane and added dropwise to the cooled 

solution. The mixture was stirred at 300 rpm for 1 hour at -5 ºC under argon before being 

cooled to -45 ºC. 1.0 equivalents of antimony (V) chloride was dissolved in 20 mL of 

anhydrous dichloromethane and cooled to -45 ºC. The antimony solution was then added 

dropwise via cannula to the original mixture under argon. Immediately a deep red-orange 
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colour is observed. The mixture is stirred for 30 minutes at 300 rpm and then isolated using 

vacuum filtration. The crude solid is washed with anhydrous diethyl ether (5x30 mL) and 

dried under vacuum for 4 hours. The resulting solid was subject to 1H and 13C NMR 

spectroscopy for structural confirmation. The stoichiometry for the given reactions is 

shown in Table 6.2. 

Table 6.2 – Stoichiometric data for the synthesis of the arylmethylphthalimidosulfonium 

hexachloroantimonate salts. 

 

 

 

 

 

Phenylmethylphthalimidosulfonium Hexachloroantimonate (8a). 1H NMR (400 MHz, 

CD3CN) δ 8.20-8.18 (2H, d, 6.4 Hz), 8.03-7.96 (4H, m), 7.89-7.87 (1H, t, 7.2 Hz), 7.79-

7.75 (2H, t, 7.6 Hz), 4.00 (3H, s). 13C NMR (400 MHz, CD3CN) δ 163.5, 136.7, 136.5, 

131.4, 130.9, 130.8, 125.2, 124.4, 26.6.  

 4-Methylphenylmethylphthalimidosulfonium Hexachloroantimonate (8b). 1H NMR (400 

MHz, CD3CN) δ 8.09-8.07 (2H, d, 8.8 Hz), 8.01-7.95 (4H, m), 7.59-7.57 (2H, d, 8.0 Hz), 

3.97 (3H, s), 2.47 (3H, s). 13C NMR (400 MHz, CD3CN) δ 163.6, 148.8, 136.7, 131.6, 

131.5, 130.9, 125.2, 120.7, 26.8.  

4-Nitrophenylmethylphthalimidosulfonium Hexachloroantimonate (8c). 1H NMR (400 

MHz, CD3CN) δ 8.13-8.11 (2H, d, 8.8 Hz), 8.05-8.01 (4H, m) 7.98-7.96 (2H, d, 8.8 Hz). 

Compound Thioanisole 

(mmol) 

N-Chloro 

Phthalimide 

(mmol) 

Antimony 

(V) 

Chloride 

(mmol) 

Product 

(mmol) 

8a 2.00 2.06 2.00 1.44 

8b 2.00 1.98 2.00 1.38 

8c 2.24 2.19 2.00 1.74 
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13C NMR (400 MHz, CD3CN) δ 163.5, 136.8, 135.2, 135.1, 130.8, 125.2, 118.5, 118.2, 

27.1.  
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Appendix 

1H NMR Spectra 
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