
 
 
 
 
 
 

 

Abstract 
 

KIM, NAMJIN. Synthesis and Characterization of Amphiphilic Fe4S4-Core 
Dendrimers as Protein Models. (Under the direction of Professor Christopher B. 
Gorman.) 

 

The ultimate goal of this research is to clarify the structural effects on the rate and 

driving force for electron transfer in amphiphilic iron-sulfur core dendrimers, which 

can eventually be used as protein models. These dendrimers were synthesized by 

ligand exchange reactions, including the synthesis of dendrons via a modular 

synthesis approach. Their structure-property relationships were then investigated 

using electrochemical methods. Three different routes were used to synthesize thiol 

dendrons with both cationic and anionic peripheral units. The first utilized the 

disulfide linkage as a focal and protecting group. However, due to difficulties 

associated with generating free thiol from the disulfide, only partially-substituted 

dendrimers were prepared in ligand exchange reaction. Similar problems were 

encountered with the next two methods, which used thiocarbamate and trityl 

protecting groups, respectively. First generation dendrimers were successfully 

prepared and characterized using the thiocarbamate group; however, low thiol 

concentration resulted in only partially substituted dendrimers for the second 

generation. All synthetic attempts using the trityl focal group resulted in only partial 

substitution. Because the concentration of free thiol was the factor limiting the 



 
 
 
 
 
 

 

synthesis of these amphiphilic iron-sulfur core dendrimers, a protocol was 

established to measure the thiol concentration using Ellman’s reagent test. However, 

this proved to be inaccurate due to oxygen dissolved in solution and then re-

oxidized thiols during the course of the test. The electrochemical properties of these 

cationic and anionic dendrimers were measured and compared to G1-flexible 

dendrimer previously studied by the Gorman Group. G1-cationic dendrimer 

exhibited more effective attenuation of the electron transfer rate than G1-flexible 

dendrimer. This was attributed to the difference of molecular weight in both 

dendrimers. The redox potential in the cationic dendrimer was shifted more 

positively by about 100 mV due to polar microenvironment around the iron-sulfur 

core. Cyclic voltammogram of G1-anionic dendrimer exhibited an unexpected peak 

so other electrochemical properties could not be measured. Only an approximate 

redox potential was obtained and exhibited a positive shift by about 60 mV 

compared to G1-flexible dendrimer. 
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Overview of Dendritic Encapsulation 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 
 
Chapter 1.1. Origin and Structure of Dendrimers                                          2 

1.1. Origin and Structure of Dendrimers 

The chemistry of dendrimers, also known as cascade, arborols, cauliflower, or 

starburst polymers, was started with the study of highly branched macromolecules.1-

6 The field has attracted increased attention over the last two decades due to the 

fascinating structure and unique properties7,8 of these new functional polymers. 

Since the first synthetic reports in 1985 by the Tomalia’s group1 and by Newkome 

and coworkers5, a wide range of dendrimers have been generated resulting in the 

production of numerous research activities in various fields including synthesis, 

characterization and applications.9-22 
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Figure1.1. The primary structure of a dendrimer (2nd generation).
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Dendrimers are globular, highly branched, and three dimensional 

macromolecules. Their structure can be divided into an inner core unit which is 

surrounded by hyperbranched polymeric units called dendrons. The core can be 

composed of small molecules, single metals, metal clusters or polymers. Dendrons 

are consisted of focal units, layers of branched repeat unit, and peripheral units 

(Figure 1.1). By adequate selection of the core and focal units, a strength or type 

between the core and the dendrons can be determined. The repeat units are flexible 

branches that generate the topographic layers within dendrimers. The peripheral 

units are the outer layer of the dendrimers and have an effect on properties such as 

solubility or diffusion coefficient.13,14,21,23-28 

 

1.2. Construction of Dendrimers: Divergent vs. Convergent 

For the synthesis of dendrimers, two general approaches have been used: 

“divergent” and “convergent” (Figure 1.2). The divergent approach was developed 

from the research activities of Tomalia1-3 and Newkome4-6 in the mid of 1980s. This 

approach is initiated at the core and proceeds radially outward by repetitive coupling 

and activation steps. However, as the coupling and activation steps are repeated, the 

number of reactions at the periphery increases exponentially. Excessive reagents are 

required as the synthesis progress. In addition, incomplete reactions and side 

reactions can occur, causing structural flaws and polydispersity in the higher 

generations. To eliminate these problems, the convergent approach was developed 
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by Fréchet and coworkers in 1989-1990.15,22 This approach starts growth at the 

periphery of the dendrimer and proceeds inward to the central core through 

repetition of coupling and activation steps. After synthesis and purification of the 

dendron is complete, the focal unit of the dendron is activated and attached to the 

central core, affording a globular mono-disperse dendrimer. However, in higher 

generations (above the 6th generation), dendrimers are difficult to prepare due to 

steric hindrance, resulting in low yields. 

 

 
Figure1.2. General approaches for dendrimer synthesis. Graphic from Stoddart’s group.29



 
 
 
 
 
 
Chapter 1.3. Encapsulation of Dendritic Core                                            5 

The basic difference between the two approaches is the dendrimer assembly. 

Each method requires a different number of reactions and purification steps. In 

addition, the divergent approach yields poly-disperse dendrimers while products of 

the convergent method are generally mono-disperse.  

 

1.3. Encapsulation of Dendritic Core 

Recent interest in dendrimer research has been geared toward structures that 

exhibit specific functions as functional dendrimers.8,29-44 Specifically, dendrimers 

with photo- and/or redox-active units at the core have potential applications in 

research areas such as electroluminescence and molecular biology.13,17,19,21,24,45-54  
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Figure1.3. General illustration of dendritic encapsulation. 
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Dendrons surrounding a functional core can change the microenvironment 

around it and thus modify its photochemical and/or electrochemical properties.19,46-

49,55-60 Encapsulation is the ability of a dendrimer to shield the core from a 

surrounding environment and is a function of dendrimer generation (Figure 1.3). As 

the dendrimer generation increases, the degree of dendritic shielding increases and 

thus limits the core’s accessibility to the external environment, which includes small 

molecules, electrons, and solvents.23,61,62 Encapsulation can result in the attenuation 

of luminescence quenching of photo-active cores60 and electron transfer rate in 

electro-active cores23,24. 

In this section, the encapsulation of photo- and/or redox-active core dendrimers 

is described.  

 

1.3.1. Cores in Dendrimers 

Two kinds of cores can be used in dendrimer research: “non-functional” and 

“functional”. Non-functional cores exhibit no intrinsic measurable properties and 

serve only as a polyvalent focal unit for dendrimer preparation. Dendrimers 

containing non-functional cores are involved in materials applications such as 

supramolecular construction63, self-assembly64-67, drug delivery68,69, polyvalent 

scaffolds70-72 or solid-state synthesis73. 
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Figure1.4. Examples of core functionalities.54 

 

Functional cores, on the other hand, possess observable physical and/or 

chemical properties in addition to serving as a polyvalent focal unit. Specifically, 

photo- and/or redox-active core dendrimers have been studied dominantly for 

studies of encapsulation effects. Cores can be classified into four groups: 

porphyrins/phthalocyanines, inorganic clusters, ionic complexes/organometallics, 

and fluorescent dyes (Figure 1.4). Porphyrins/phthalocyanines cores54,74,75 have been 

the focus of many studies because they show various observable properties: 

photophysical, electrochemical, and ligand-binding. Inorganic clusters cores are 

used in attempt to mimic the ligand binding and catalytic properties of naturally-

occurring enzymes76,77. Recently cores such as iron-sulfur, Fe4S4
14, rhenium 
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selenide, Re6Se8
78,79, oxymolybdo-sulfur, MoOS4

76, and molybdenum chloride, 

Mo6Cl8
80, have been used in photophysical and electrochemical studies. Ionic and 

organometallic complexes cores81,82 generally contain iron, ruthenium, iridium, 

osmium, and lanthanides and have been useful due to the establishment of various 

synthetic approaches for dendrimer assembly. Finally, fluorescent dyes cores83 have 

been studied for organic light emitting diode applications.  

 

1.3.2. Photo-active Core Dendrimers 

The photophysical properties of dendrimers with photo-active cores can be 

affected by changes in the microenvironment around the core. Because the core is 

shielded from the external environment by encapsulation, changes in the core’s 

absorption and emission properties can be seen with increasing dendrimer 

generation. For example, encapsulation can reduce an inflow of quenching agents 

such as solvent and oxygen to the photo-active core, resulting in higher 

luminescence efficiency.51,53,83,84 The effects of encapsulation on the optical 

properties of dendrimers can be dependent on structure of dendron or size of 

quenching agent and examples to support this are presented. 

Hawker and co-workers prepared the first photophysical probe to study the 

influences of a core’s microenvironment on its absorption properties (Figure 1.5).85 

The absorption maxima of the probe using 4-(N-methylamino)-1-nitrobenzene core 

were shifted as a function of dendrimer generation. The absorption maximum in 
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carbon tetrachloride changed dramatically between generation 3 and generation 4 

(372nm to 379nm). This observation indicated that the microenvironment around 

the core was had a high polarity generated by polyether moieties, resulting in 

shielding effectively the solvent in the higher generation dendrimer.  

 

 

 

 

 

 

 

 

 

Figure1.5. The 1st dendritic encapsulation from Fréchet’s group.85 

 

Aida and co-workers also studied the encapsulation effects of photo-active 

cores. The first zinc-porphyrin core dendrimer up to generation 4 was prepared to 

study fluorescence quenching (Figure 1.6).60 Introduction of a small quencher such 

as vitamin K3 efficiently quenched the fluorescence of the 4th generation dendrimer. 

In contrast, introduction of larger quencher such as the first generation free base 

dendrimer indicated the opposite effect. This behavior indicates that while bulky 
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dendritic units act as a barrier against accessibility of large molecules to the core, 

they behave as a trap for small molecules.   

 

 

 

 

 

 

 

 

 

Figure1.6. Zinc-porphyrin core dendrimers from Aida’s group.86 

 

Kawa and Fréchet prepared self-assembled lanthanide-core dendrimers up to 

generation 4 (Figure 1.7).17 Lanthanide cations (Er3+, Eu33+, and Tb3+) were 

encapsulated by Fréchet-type polyether dendritic ligands with carboxylate anion 

focal units which self-assembled around the core. The measurement of 

luminescence properties both in solution and in the bulk films showed an 

enhancement in luminescence with increasing generation. The result can be 

explained by the site isolation of the Ln3+ core, which prevented mutual interaction 

and thus reduced the rate of self-quenching. It can also be attributed to the antenna 
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effect; the excitation energy transfer from non-conjugated phenyl benzyl ether 

dendritic ligands to the core. 

 

 

 

 

 

 

 

 

 

 

 

Figure1.7. Lanthanide-core dendrimer from Fréchet’s group.17 

 

Balzani, Vögtle, and co-workers studied encapsulation effects for dendrimers 

with a tris(bipyridine)ruthenium core87. The ruthenium metal as a core was 

encapsulated with Newkome-type poly(ether amide) dendrons containing bidentate 

bipyridine focal units up to generation 3 (Figure 1.8). Higher generations of 

dendrimers, in aerated solution, showed a more intense emission, enhanced quantum 

yields, and a longer excited-state life time. This behavior indicates that quenching 
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by molecular oxygen was limited due to effective encapsulation of the core by the 

bulky dendritic units.   

 

 

 

 

 

 

 

 

Figure1.8. Ru(II) bipyridine dendrimer from Vögtle and Balzani’s group.87 

 

Kimura and co-workers performed another study with zinc-phthalocyanine 

core dendrimers containing polyether-amide dendrons (Figure 1.9).88 In this case, 

the dendrons served to prevent core aggregation which alters the optical properties 

of the core unit. The aggregation behavior of these hydrophilic dendrimers was 

monitored using UV and fluorescence spectroscopy. The UV spectra indicated that 

the bulky dendritic units effectively shielded the core and prevented aggregation. 

The absence of a peak in the fluorescence spectra of lower-generation dendrimer 

indicated aggregation had occurred while the strong fluorescence peak observed for 

higher generation dendrimers indicated the larger dendrons had successfully 
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prevented aggregation. 

 

 

 

 

 

 

 

 

 

 

a) R = OLi 

b) R = NHC(CH2OCH2CH2CO2Li)3 

Figure1.9. Phthalocyanine-based dendrimers from Kimura’s group.88 

 

1.3.3. Redox-active Core Dendrimers 

As with photo-active core, the properties of redox-active core dendrimers can 

also be affected by changes in the microenvironment around the core. Thus, the 

electron transfer properties can significantly vary with increasing dendrimer 

generation. Metalloproteins in nature are good standards and they can control the 

rate and driving force of electron transfer to and from a redox core by encapsulating 

the core with polypeptide ligands.89-95 Dendritic structures which mimic the 
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metalloproteins have been studied in order to better understand this process which 

occurs in nature. Electron transfer rate is governed by the distance of electron 

transfer and the properties of dendrons surrounding the core.14,96 The distance can 

be adjusted by increasing the dendrimer generation and/or modifying the dendron 

architecture.   

Dendritic encapsulation of redox-active core can be observed through 

variations in the kinetic and thermodynamic properties of electron transfer to the 

core.13,14,17,19,21,23,24,27,28,57,59,97-114 Kinetic properties are evidenced by changes in the 

heterogeneous electron transfer rate, while thermodynamic properties are evidenced 

by shifts in the redox potential. Attenuation of the heterogeneous electron transfer 

rates between a redox core and an electrode surface via non-conducting branched 

dendritic shell has been studied extensively, affording a better understanding of the 

encapsulation of redox-active cores.14,19,21,23,24,28,57,59,97-110,112-114 However, the 

properties governing the thermodynamics have not been studied thoroughly and 

there has been little understanding of how the dendritic structure affects redox 

potential.13,17,24,27,57,98,111,113  

Numerous molecular encapsulation studies have been reported for redox-active 

core dendrimers. Fréchet and co-workers demonstrated the effect of the dendritic 

environment on the electrochemical properties of a zinc-porphyrin core 

encapsulated with poly(benzyl ether) dendrons (Figure 1.10).102 As the size of the 

dendritic unit increased, the attenuation was observed in the heterogeneous electron 



 
 
 
 
 
 
Chapter 1.3. Encapsulation of Dendritic Core                                            15 

transfer rate. In the higher generation dendrimers, this was attributed to the 

increased distance between the zinc-porphyrin core and the electrode surface created 

by the encapsulating dendrons. 

 

 
Figure1.10. A series of Zinc-porphyrin core dendrimers (left) and cyclic voltammograms (right) 

from Fréchet’s group.102 

 

Chow and co-workers also studied the effects of encapsulation on electron 

transfer using bis(terpyridine) iron(II) core dendrimers encapsulated with 

poly(ether) dendrons up to generation 4 (Figure 1.11).55 Cyclic voltammograms 

indicated that the heterogeneous electron transfer rate was attenuated with 



 
 
 
 
 
 
Chapter 1.3. Encapsulation of Dendritic Core                                            16 

increasing dendrimer generation. This result can also be attributed to the increased 

distance from the core to the electrode surface in higher generation dendrimers. 

 

 

 

 

 

 

 

 

 

 

Figure1.11. Fe (II) –terpyridyl core dendrimer from Chow’s group.55 

 

Balzani28 and Kaifer110 reported studies on a series of 4,4,’-bipyridinium core 

dendrimers covalently encapsulated with Fréchet-type dendrons up to generation 3, 

respectively (Figure 1.12). Electrochemical measurements did not indicate any 

attenuation in the electron transfer rate with increasing generation. This was 

attributed to the loosely packed structure of these dendritic units which was not 

effective for encapsulating the bipyridinium core.  
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Figure1.12. Bipyridinium core dendrimer from Balzani’s28 and Kaifer’s group.110 

 

 

 

 

 

 

 

 

 

 

 

Figure1.13. Ferrocene core asymmetric dendrimers from Kaifer’s group.103 
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Kaifer and co-workers prepared two series of dendrimers containing a single 

ferrocene core unsymmetrically located in their structures with Newkome-type 

dendrons up to generation 3 (Figure 1.13).103 The electrochemical data for these 

dendrimers showed that heterogeneous electron transfer rates and diffusion 

coefficients decreased as the dendrimer generation increased. Diffusion coefficients 

could be reduced due to the increase in molecular weight and the effective radius 

with increasing dendrimer generation. The attenuation of electron transfer rates was 

related to the increase of the distance between the ferrocene core and the electrode 

surface. 

Kaifer and co-workers studied the effects of molecular orientation on 

heterogeneous electron transfer rates with unsymmetrical ferrocene-core dendrimers 

(Figure 1.14).21 This system exhibited a pH dependence on electron transfer. A 

positively charged ammonium-terminated alkyl monolayer was deposited on gold 

electrodes. The carboxylic acid periphery of the dendrimers was protonated or 

deprotonated with changing pH. At low pH, the carboxylic acid groups were 

protonated, the dendrimer exhibited a neutral state and could rotate freely with 

respect to the charged monolayer affording a fast electron transfer rate. However, at 

neutral pH, the carboxylic acid groups were deprotonated, negatively charged and 

interacted with the positively charged monolayer so that the ferrocene core was 

oriented away from the electrode. Because the distance between the core and the 

electrode surface was maximized under these conditions, slow electron transfer rates 
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were observed.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1.14. Interfacial orientation of dendrimers (right) and their experimental and simulated square 

wave voltammetry (SWV) responses (right) from Kaifer’s group: (A) pH 4.2, (B) pH 5.3, (C) pH 6.0, 

(D) pH 7.0.21 
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                        R = COOCH3 

Figure1.15. 3rd zinc-porphyrin core dendrimers from Diederich’s group.57 

 

Diederich and co-workers prepared dendrimers with zinc-porphyrin cores as 

synthetic models for electron transfer proteins such as cytochrome c (Figure 1.15).57 

These dendrimers were surrounded by polyether-amide dendrons and their 

electrochemical properties were investigated using cyclic voltammetry. The redox 

potential of these zinc-porphyrin core dendrimers was clearly affected by the bulky 

dendritic units. With increasing dendrimer generation, the redox potential associated 

with the first reduction process shifted to a more negative value. At the same time, 

the oxidation potential shifted to a less positive value indicating the presence of 

dendrons made the core easier to oxidize. This observation can be explained by the 

electron-rich nature of the dendrons. This increasing electron-rich 
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microenvironment around the porphyrin core with increasing dendrimer generation 

makes the addition of an electron to the core more difficult in reduction process, 

while the removal of electron is more favorable in oxidation process. Therefore, at 

higher generation, the favorable relationship between the electron-rich dendrimer 

and the positively charged zinc-porphyrin oxidation product is easier the oxidation 

process, while the reduction product is harder to be formed. In addition to the 

observed shifts in redox potential, these dendrimers also indicated attenuation in the 

electron transfer rate with increasing dendrimer generation. 

 

 

 

 

 

 

 

 

 

 

Figure1.16. Iron-porphyrin core dendrimers from Diederich’s group.56,57 
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Diederich and co-workers later also prepared a series of iron-porphyrin core 

dendrimers with triethylene glycol monomethyl ether periphery units up to 

generation 2 (Figure 1.16).56 These dendrimers were soluble in non-polar and polar 

solvents and electrochemical studies showed that solvent polarity strongly affected 

the redox potential of the porphyrin core. In a non-polar solvent such as CH2Cl2, the 

redox-potentials of iron-porphyrin core dendrimers did not exhibit a significant shift 

due to be exposed to similar microenvironments. However, in a polar solvent such 

as H2O, the redox potential of these dendrimers shifted to a more positive value. The 

author suggested that, in the first generation dendrimer, the iron-porphyrin core was 

loosely packed with dendritic units, so that the accessibility of water molecules to 

the core was not hindered. However, in the second generation dendrimer, the core 

was densely packed, resulting in shielding of the core from solvent molecules. Thus, 

the effective encapsulation of the core reduced the stability of the oxidized form, 

leading to a shift of the redox potential to a more positive value. As with previous 

studies, attenuation of the electron transfer rate was observed with increasing 

generation. 

 

1.4. Dendritic Encapsulation on Iron-Sulfur Core Dendrimers 

Over the past few years, Gorman and co-workers have systematically studied 

molecular encapsulation effects with redox-active iron-sulfur core 

dendrimers.13,14,23,49,58,59,96,105,115-117 In nature, proteins can control the electron 

transfer rates and redox potentials by encapsulating their redox-active cores with 
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polypeptide ligands. It has been suggested that iron-sulfur core complexes 

mimicking metalloproteins can be used as probes for studies of electron transfer via 

changes of a microenvironment around the core.13,14,118-120 However, the application 

of dendrimers to biomimetic materials requires a better understanding of how 

encapsulation influences properties of the redox core. This requires the 

establishment of structure-property relationships, specifically the thermodynamic 

and kinetic properties of iron-sulfur clusters. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1.17. Flexible iron-sulfur core dendrimers from Gorman’s group.14 
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and dendritic architectures, the attenuation of the electron transfer rate was more  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1.18. Rigid iron-sulfur core dendrimers from Gorman’s group.14 

 

In attempt to explore some of these structure-property relationships, the 

Gorman group synthesized two different types of dendrimers via ligand exchange 

reactions: “flexible” (Figure 1.17) and “rigid” (Figure 1.18).14 The effects of two 

dendritic architectures on the heterogeneous electron transfer rate of the redox-
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active core were compared. The flexible architectures consisted of 4,4′-

bis(hydroxyphenyl)pentanol repeat units of Fréchet type, whereas the rigid 

architectures were composed of stiff phenylacetylene units as used in Moore’s 

group.121,122  

 

 

 

 

 

 

 

 

Figure1.19. Heterogeneous electron transfer rates vs. molecular weight (flexible vs. rigid).14 

 

Both dendrimers exhibited significant differences in the heterogeneous electron 

transfer rates with increasing generation, as expected. The plot of the electron 

transfer rate constant vs. molecular weight shows the attenuation in electron transfer 

with increasing generation was more effective in rigid dendrimers than flexible 

dendrimers (Figure 1.19).14 This observation was attributed to conformational 

differences between these dendrimers. Computer modeling showed that in flexible 

dendrimers, the iron-sulfur core was located at molecular edge, while in rigid 
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dendrimers, the core was at the center. This result can be explained by the core 

mobility with flexible dendrons compared to rigid dendrons. The differences in 

electron transfer properties between both dendrimers could be rationalized by the 

difference of the effective distance from the core to the electrode surface due to the 

core mobility. These results demonstrate the effects of these dendritic architectures 

on the electron transfer rate of the redox-active core. 

 

 

 

 

 

 

 

 

Figure1.20. Heterogeneous electron transfer rates vs. molecular size (flexible vs. rigid).14 

 

However, when the electron transfer rate constants were plotted versus 

molecular radius, the attenuation in electron transfer rates showed an anomalous 

behavior (Figure 1.20).14 The rigid dendrimers did not appear to be more effective 

than the flexible dendrimer in attenuating electron transfer. This observation 

indicates that the distance was not sole factor in the electron transfer. The 
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anomalous behavior may be explained by the large number of π-bonds in the cross-

conjugated phenylacetylene units which more effectively shield the core and could 

also help to transfer electrons via through-bond electron tunneling from the core to 

the electrode surface. Therefore, it was concluded that the attenuation of the electron 

transfer rates was due to both the structure of the dendritic units and distance effects. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1.21. Cyclic voltammograms of iron-sulfur core dendrimer in film (A, flexible / C, rigid) and 

in solution (B, flexible).116  
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While changes were observed in the kinetics of electron transfer with 

increasing generation, no significant changes were observed in the thermodynamic 

redox potential. This indicates that the iron-sulfur core in each dendrimer was 

solvated similarly in solution and the microenvironment was defined by this solvent 

shell. However, in film studies of iron-sulfur core dendrimers cast on a platinum 

electrode surface, significant differences in redox potential was observed with 

increasing dendrimer generation, indicating that the iron-sulfur core in these 

dendrimers was not solvated with solvent (Figure 1.21).116 Specifically, solvent 

exclusion and generation of a less polar microenvironment by the hydrophobic 

dendritic units around the core in film studies led to negative shifts in the redox 

potential of higher generation dendrimers. However, film studies did not exhibit the 

differences in electron transfer kinetics observed in solution. This observation can 

be explained by mobility of the redox core. In films, the redox cores of neighboring 

dendrimers can closely approach each other over the time scale of electron hopping 

through the film even in higher generation dendrimers. Therefore, dendrimer size 

had not a strong effect on the effective distance for electron hopping.  

Recently, Gorman and co-workers synthesized three pairs of constitutional 

isomeric dendrimers to probe the effects of structures on encapsulation: “extended” 

and “backfolded” (Figure 1.22).96 Electrochemical data indicated that backfolded 

dendrimers exhibited more effective encapsulation due to the increase in steric 

congestion around the iron-sulfur core (Figure 1.23). Backfolded dendrimers 
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generated more hydrophobic environments surrounding the core, making the core 

more difficult in reduction and leading to a negative shift in redox potential. 

Backfolded dendrimers also maintained a smaller, more compact conformation 

limiting the mobility of the redox core. Dendrimers in the extended conformation 

allowed for more core mobility. The differences in the effective electron transfer 

distance between the varying architectures have a significant effect on the efficacy 

of encapsulation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure1.22 Structures of constitutional iron-sulfur core dendrimer isomers from Gorman’s group.96 
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Figure1.23. Illustration of the role of core mobility and molecular size on the effective electron 

transfer distance.96 
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Figure1.24. Amphiphilic / water-soluble PEG12 iron-sulfur core dendrimer from Gorman’s group.123 
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More recently, amphiphilic / water-soluble iron-sulfur core dendrimers using 

ethylene glycol group as periphery units were prepared to investigate structural 

effects on redox potential as an iron-sulfur protein model (Figure 1.24).123 

 

1.5. Amphiphilic Dendrimers 

The solubility properties of dendrimers can be changed by adequate selection of 

the peripheral groups. In this aspect, dendrimers are analogous to globular proteins. 

The periphery of water-soluble, globular proteins (e.g., hemoglobin) is tailored with 

amino acids containing polar side chains such as lysine and glutamate.124 Similarly, 

hydrophobic dendrimers can be solubilized in water by introducing charged and/or 

polar peripheries such as triethylene glycol56,125,126, carboxylate21,24,50,56,103,121,127-133, 

and ammonium134-138. These water-soluble dendrimers may be a prerequisite for 

biochemical and pharmaceutical applications. 

Amphiphilic dendrimers consist of the hydrophobic interiors and hydrophilic 

peripheral units. Hydrophilic polar end groups can impart water-solubility and 

hydrophobic non-polar interiors can solvate hydrophobic molecules.5,6,121,127,128,137-145 

The hydrophilic periphery prevents backfolding, isolating the dendritic interior. These 

dendrimers act as a microenvironment analogous to that which occurs in regular 

micelles and are therefore called “unimolecular micelles”.127,143,146 Dendritic micelles 

resemble the Hartley model of the micelle (globular, with hydrophobic interior and 

hydrophilic exterior) (Figure 1.25)127,128,139,141,147-150 and are able to solubilize organic 
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molecules in aqueous media like micelles. However, dendrimers differ from micelles 

in that they are a single molecule and can not be disintegrated due to covalent linkages, 

while the micelle is dependent on some time scale. Dendrimers maintain their 

structure without regard to the physical environment129, whereas micellar structures 

vary with factors such as concentration, pH, temperature and ionic strength151. 
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Figure1.25. Illustration of Hartley micelle and dendritic unimolecular micelle from Moore’s group.121 

 

Hawker and Newkome prepared amphiphilic dendrimers of two different types 

and showed that the dendrimers exist as a single molecule without any aggregation. 

Thus, they act as unimolecular micelles and the concept of the critical micelle 

concentration has no meaning (Figure 1.26 and Figure 1.27).127,128  
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Figure1.26. Cascade polymers as unimolecular micelle from Newkome’s group.127 

 

 

 

 

 

 

 

 

 

 

Figure1.27. Water-soluble unimolecular dendritic polyether micelle from Hawker’s group.128 
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Vinogradov and coworkers have shown how fluorescence is affected by 

controlling the encapsulation of polyglutamic porphyrins in aqueous solvent by 

changing the pH. They also demonstrated that polyglutamic porphyrins shrink to form 

denser encapsulation around the central core in aqueous solvent restricting the 

diffusion of oxygen.20,152 Similarly, Newkome and coworkers have shown that the 

hydrodynamic radii of amphiphilic dendrimers exhibit a pH dependence.131 Majoral 

and coworkers have demonstrated that the addition of tetrahydrofuran to aqueous 

solutions of water-soluble dendrimers caused swelling and an increase in dendrimer 

size (Figure 1.28).18  

 

 

 

 

 

 

 

 

Figure1.28. Water-soluble hydrophobic dendrimer (5th generation) from Majoral’s group.18 

 

Iron-sulfur core dendrimers have been successfully prepared by ligand exchange 

reactions with hydrophobic dendrons.13,14,25,58,59 With potential applications as an iron-
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sulfur protein model, the peripheral units of hydrophobic dendrons are modified to 

hydrophilic end groups such as triethylene glycol56,125,126, 

carboxylate21,24,50,56,103,121,127-133, and ammonium134-138. These peripheral units may 

exhibit the effects of charge on the rate and/or driving force of electron transfer 

relative to non-ionic & hydrophobic flexible dendrimers.  

Amphiphilic iron-sulfur core dendrimers may show changes in size and 

morphology such as swelling due to micellar encapsulation in aqueous / organic 

mixed solvent. These changes may be measured by electrochemical experiments to 

help the understanding on control of the rate and / or driving force of electron 

transfer. Thus, the effective electron transfer distance or microenvironment around 

the iron-sulfur core may be tuned to study various structure-property relationships. 

For example, electron transfer rate can be attenuated as the hydrodynamic radius is 

systematically altered. 

 

1.6. Perspectives and Goals of Dissertation Research 

There has been recent research interest in dendritic structures containing photo- 

and/or redox-active units at the core due to their many potential applications. In 

dendrimers containing functional cores, the bulky dendritic units are able to change a 

microenvironment around the cores by encapsulation and thus modify their intrinsic 

properties. The concept of encapsulation can be applied to research problems in 

molecular electronics and bio-mimic chemistry. 
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Before amphiphilic iron-sulfur core dendrimers can be applied to mimic iron-

sulfur proteins, the structural effects on the rate and driving force of electron transfer 

need to be further established.  

In chapter 2, the syntheses of two types of amphiphilic iron-sulfur core 

dendrimers are reported: cationic dendrimers containing a tetra-alkyl ammonium 

group as the peripheral units, and anionic dendrimers containing a carboxylate group 

as the peripheral units. The disulfide linkage is used as a focal unit and protecting 

group of the thiols. The disulfide linkage is divided into two types, symmetrical and 

unsymmetrical. Numerous attempts to cleave the disulfide linkage are carried out to 

regenerate the thiols. Attempts are reported to prepare the dendrimers by ligand 

exchange reaction with the resulting, deprotected dendrons. 

In chapter 3, two types of dendrimers are prepared by ligand exchange reaction 

with new focal units and protecting groups, thiocarbamate group and trityl group. To 

quantify the thiol concentration, the Ellman’s reagent test is introduced. To synthesize 

more efficiently the dendrons, a modular synthesis approach is applied following 

chapter 2. 

In chapter 4, electrochemical experiments on two types of dendrimers, G1-

cationic and G1-anionic, are performed in organic solvent to investigate the 

heterogeneous electron transfer rate and the redox potential, comparing with G1-

flexible dendrimer. Then, the electrochemistry of G1-cationic dendrimer in 

organic/aqueous mixed solutions is studied to investigate how this mixed solvent 
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system may affect the stability and morphology of the molecule.  

 

The long-term and ultimate purpose of this research is to explore and clarify the 

structural effects on the rate and driving force for electron transfer in redox-active 

core dendrimers as a model for metalloproteins. In this dissertation, as a part of the 

effort to achieve the goal, the focus is on the challenges in the synthesis of 

amphiphilic cationic and anionic iron-sulfur core dendrimers by ligand exchange 

reaction of the iron-sulfur core with the thiol dendrons, including the synthesis of 

dendrons via a modular synthesis approach. Also, a protocol to quantify the thiol 

concentration by the Ellman’s reagent test after the removal of the protecting groups is 

established and assessed. Finally, the dendrimers resulting from any successful 

syntheses are characterized by electrochemical experiments.  
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2.1. Introduction 

The disulfide linkage is widespread in many artificial and natural products. It 

plays an important role in organic synthesis and biological systems. In organic 

synthesis the disulfide linkage is often useful as a protecting group for thiols. In 

biochemical process thiol-disulfide interchange reactions take place at room 

temperature in aqueous solution, including cleavage and formation of strong, 

covalent disulfide linkage.1-7 

There are several approaches to protect / deprotect the thiol group. Examples 

include the thioether8, thioacetate9, and disulfide linkage8-22. The disulfide linkage is 

ubiquitous in biological systems and a useful protecting group of the thiols.1-7 

Moreover, because these molecules mimic naturally-occurring proteins, the 

disulfide linkage was selected naturally as a protecting group of the thiols like in 

biological systems. In small molecules and aliphatic thiols, the disulfide linkage has 

been used as a good protecting group of thiols. Also, there are many reducing agents 

to reduce the disulfide linkage to the corresponding thiol group.6,10-24 

Basu & coworkers previously employed symmetrical disulfide dendrons to 

prepare metal-cluster core dendrimers. The thiol group or sulfydryl group, SH, was 

protected by oxidizing the thiols to the disulfides. The thiols were regenerated using 

a reducing agent, sodium borohydride. Using this method, dendrimers were 

synthesized successfully.25-27 

In the synthesis of amphiphilic dendrons with more than one type of peripheral 
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group (carboxylate or ammonium) a “modular synthesis approach” is useful. This 

approach involves the synthesis of dendrons with methoxy methyl (MOM)-

protected phenol groups at the periphery. The modular synthesis approach is an 

extension of the double-stage convergent approach first employed by Fréchet and 

coworkers.28 Dendrons with MOM groups can be easily converted under acidic 

conditions to the phenolic dendrons. The advantages of this approach are rapid 

synthesis of various functionalized dendrons and excellent yield within short times. 

This modular synthesis approach will be employed in this study. 

Iron-sulfur core molecules can be synthesized through a ligand exchange 

reaction first described by Holm and coworkers.29-42 In this reaction a coordinated 

alkylthiolate (SR) in form [Fe4S4(SR)4][N(CH3)4]2 exchanges with added aryl thiols 

(R′SH). Gorman group members have previously successfully synthesized flexible 

and rigid iron-sulfur core dendrimers using this method.43-54 However, these 

dendrimers were not amphiphilic or water-soluble but hydrophobic. Hydrophobic 

thiol dendrons are generally found to be relatively stable to oxidation. In this regard, 

they behave like cysteine, which is not oxidized to cystine with iodine very rapidly. 

On the other hand, amphiphilic or water-soluble thiol dendrons are rapidly oxidized 

by iodine.55,56 Thus, new synthetic approaches to prepare amphiphilic iron-sulfur 

core dendrimers which can be used as protein models are required.  

Throughout this chapter, all synthetic efforts for amphiphilic iron-sulfur core 

dendrimers (cationic and anionic) use a modular synthesis approach and the 
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disulfide linkage as a focal group and protecting group. These efforts include the 

synthesis of amphiphilic thiol dendrons using both symmetrical and unsymmetrical 

disulfides.  

 

2.2. Results and Discussion 

2.2.1. Synthesis from Symmetrical Disulfide 

Two classes of amphiphilic iron-sulfur core dendrimers, cationic (ammonium) 

and anionic (carboxylate)), were synthesized using the symmetrical disulfide 

linkage as a focal group. With various reducing agents, the cleavage of the disulfide 

linkage was attempted and ligand exchange reactions were tried with the thiols 

generated. 

 

2.2.1.1. Cationic Dendron containing Symmetrical Disulfide 

The flexible dendritic unit, 4,4′-bis(4′-hydroxyphenylvaleric) acid (1), was 

used to prepare dendrons following previous studies in the Gorman group.43,44,57 

Dendrons were synthesized with slight modifications in the synthetic procedure.  
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Scheme 2.1.a 
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By esterification with thionyl chloride and methanol, the commercially 

available 4,4′-bis(4′-hydroxyphenylvaleric) acid (1) was converted to the methyl 

ester, methyl 4,4-bis(4′-hydroxyphenyl) valerate (2), in high yield (Scheme 2.1). 

Before the reduction of the methyl ester, the two phenolic groups of 2 were 

protected with methoxymethyl (MOM) groups to give G1-Ester-MOM (3). This 

reaction is a starting point for the synthesis of the MOM-protected dendrons called 

the “modular synthesis approach”. G1-Ester-MOM (3) was reduced to G1-OH-

MOM (4) with lithium aluminum hydride (LAH) in high yield. G1-OH-MOM (4) 

was then activated to G1-OMs-MOM (5) in excellent yield using mesylate 
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activating / leaving group for nucleophilic substitution reaction. This approach 

requires at least two protected functional groups and one reactive functional group 

in a dendritic unit like 5. G1-OMs-MOM (5) was converted to G1-MA-MOM (6) by 

refluxing methylamine (40 wt% solution in H2O) in THF in sealed tube. The 

reaction mixture was washed with H2O. The resulting product was pure enough to 

be carried to the next step without further purification. 

 

Scheme 2.2.a 
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The symmetrical disulfide, 4,4′-dithiobenzoic acid (8), focal group was 

prepared by the oxidation of 4-mercatpobenzoic acid (7) with iodine (Scheme 2.2). 

25-27,58 Two dendritic fragments, G1-MA-MOM (6) was then coupled with the 

symmetrical disulfide (8) to form the amide, G1-Sym-Disulfide-MOM (9), in 

acceptable yield via a dicyclohexylcarbodiimide (DCC) mediated coupling reaction 

(Scheme 2.3). The DCC-mediated coupling reaction could be set up simply and 

gave the better yield than an acid chloride-based reaction used previously to prepare 

analogous amides.  
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Scheme 2.3.a 

aReagents and conditions: i) DCC, DMAP, CH2Cl2; ii) MeOH, HCl.
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The MOM group on G1-Sym-Disulfide-MOM (9) could be removed easily by 

refluxing methanol solution with a small amount of concentrated hydrochloric acid 

to give the phenolic dendron, G1-Sym-Disulfide-OH (10). The deprotection reaction 

of MOM should be performed in methanol because THF can cause polymerization 

reactions between the deprotected phenolic dendrons and THF. The solubility of G1-

Sym-Disulfide-MOM (9) in methanol solvent is also satisfactory for the reaction.  
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Scheme 2.4.a 

aReagents and conditions: i) Base, solvent, see Table 2.1.
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The concept of a modular synthesis approach is that the MOM group can be 

easily deprotected with acids and then the phenolic dendrons deprotected can be 

coupled to whatever peripheral unit is required. Two peripheral units were selected, 

ammonium59-63 as a cationic periphery and carboxylate64-76 as an anionic periphery. 

The hydrophobic dendrons prepared by the Gorman group consist of non-polar 

interiors and non-polar peripheries. In contrast, amphiphilic dendrons are composed 

of hydrophobic interiors and hydrophilic peripheries Charged and/or polar end 

groups such as ammonium and carboxylate can impart polarity to periphery units of 

dendrons. The amphiphilic dendrons using charged and/or polar end groups and 

hydrophobic interiors can be regarded as a “unimolecular micelle”.65,77,78 The 

properties from a unimolecular micelle such as a change of hydrodynamic radius in 

different solvents can be measured by electrochemistry experiments. 
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Table 2.1. Several attempts to prepare G1-Sym-Disulfide-MA (11) by reaction of G1-Sym-

Disulfide-OH (10) with N,N-dimethylaminoethyl chloride·HCl. 

Reagents Solvents Temperature 
(°C) 

Time 
(h) 

Yields 
(%) 

K2CO3/ 
18-crown-6 

acetone reflux 24 x 

K2CO3/ 
18-crown-6 

acetone/H2O reflux 34 x 

K2CO3 acetone/DMF 60 22 x 
K2CO3 DMF 70-80 24 x 
KOH ethanol/H2O 85-90 3 30 
NaH DMF 60-70 12 91 

x: no product as determined by 1H NMR. 

 

In the preparation of an amphiphilic cationic dendron, a precursor was required. 

This dendron could be prepared by the nucleophilic substitution reaction of the 

phenolic dendron, G1-Sym-Disulfide-OH (10), with the precursor of periphery unit, 

amine halide (Scheme 2.4). Several reactions used in the literature were attempted 

(Table 2.1). G1-Sym-Disulfide-OH (10) reacted with N,N-dimethylaminoethyl 

chloride·HCl by refluxing acetone suspension including potassium carbonate and a 

catalytic amount of 18-crown-6. However, 1H NMR spectrum showed only starting 

material indicating that the desired product was not produced. In the next approach, 

co-solvents of acetone/water, acetone/DMF, and DMF solvent were used according 

to literature studies.79-81 Nevertheless, 1H NMR spectra showed the same result, 

giving the starting material.  
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As another possible route, the base catalyst was changed from potassium 

carbonate to stronger potassium hydroxide82 and this approach gave the desired 

product, but with unacceptably low yield (30%).  

 

Scheme 2.5.a 

aReagents and conditions: i) CH3I, CH2Cl2.
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To improve the yield, a strong base, NaH, was chosen.83 Under these 

conditions, G1-Sym-Disulfide-MA (11) was prepared successfully with excellent 

yield (91%) (Scheme 2.4). G1-Sym-Disulfide-MA (11) was then methylated with 

methyl iodide59,61,63,84,85 to give amphiphilic cationic dendron containing iodide 

counter ions. The desired product, G1-Sym-Disulfide-Ammonium (12), was 

prepared with excellent yield (99%) (Scheme 2.5). 
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2.2.1.2. Attempts to Reduce the Symmetrical Disulfide and Form the Cationic 

Dendrimer  

To be used as a dendritic ligand, the dendron containing the symmetrical 

disulfide linkage needed to be reduced to give the corresponding thiol (Scheme 2.6). 

The dendritic thiol ligands generated could then participate in the ligand exchange 

reaction with iron-sulfur core, [Fe4S4(SR)4][N(CH3)4]2 (14), generating the 

amphiphilic iron-sulfur core dendrimer (Scheme 2.7). The reaction was performed 

in the dry box because three of them, the thiol generated, the iron-sulfur core, and 

the dendrimer, are oxygen-sensitive. 

 

Scheme 2.6.a  
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Scheme 2.7.a 

aReagents and conditions: i) DMF.
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Table 2.2. Various attempts to reduce the disulfide, G1-Sym-Disulfide-Ammonium (12), and 

form the Cationic Dendrimer (15).  

Reagents Solvents Temperature 
(°C) 

Time 
(h) 

Resultse 

NaBH4 EtOH r.t. 12 x 
NaBH4 MeOH r.t. 20 p 
NaBH4 MeOH 65 2 p 
NaBH4 MeOH 65 13 p 
NaBH4 H2O r.t. 13 x 
NaBH4 H2O 65 12 x 
Zn/HCl H2O r.t. 12 x 

Zn/acetic acid acetic acid reflux 13 p 
DTTa DMF r.t. 12 p 
MEb DMF 100 24 p 

TCEP·HClc H2O r.t. 16 p 
H3PO2/DPDSd MeOH + EtOH 60 12 x 

NaHSe MeOH + EtOH r.t. 5 p 
NaHSe MeOH + EtOH r.t. 16 p 

aDTT: dithiothreitol; bME: 2-mercaptoethanol; cDPDS: diphenyl diselenide; dTCEP·HCl: tri-(2-

carboxyethyl)phosphine hydrochloride; e: the result was determined by 1H NMR after ligand 

exchange reaction of iron-sulfur core with the thiol generated via reduction; x: no product; p: 

partially substituted dendrimer.  

 

Many attempts were carried out with various reducing agents6,10-27 to cleave the 

symmetrical disulfide linkage of the amphiphilic cationic dendron, G1-Sym-

Disulfide-Ammonium (12) (Scheme 2.6 and Table 2.2). NaBH4 was investigated 

first as a reducing agent as Basu and coworkers successfully employed this reagent 

to cleave the symmetrical disulfide dendrons, regenerating the corresponding thiols 
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successfully.25-27 Three different solvents were used ethanol, methanol, and water. 

The Schlenk flasks containing the corresponding products put into the dry box. In 

the dry box, products were dissolved in DMF dried and degassed. Iron-sulfur cores, 

[Fe4S4(S-t-Bu)4][N(CH3)4]2 (14), were also dissolved in DMF in preparation for the 

ligand exchange reaction. The ratio of the dendritic thiol ligand to iron-sulfur core 

was 6 to 1, the optimum condition used in literature.32,33,40 Upon addition, the red-

wine color developed rapidly, indicating that the reaction was proceeding.32,33,40  

 

 

Figure 2.1. 1H NMR of amphiphilic cationic dendrimer, [Fe4S4(S-G1-Ammonium)4][N(CH3)4]2 (15), 

prepared using NaBH4 / methanol / 65 °C to reduce 12 followed by ligand exchange (Scheme 2.6 and 

2.7) (solvent : DMF-d7). 
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Each reaction to form G1-cationic dendrimer, [Fe4S4(S-G1-

Ammonium)4][N(CH3)4]2 (15), was characterized by 1H NMR. The iron-sulfur cores 

used in these reactions are paramagnetic and thus, the thiolate aromatic ring protons 

(A and B) adjacent to the dendrimer core undergo a broadening and a change in 

chemical shift in the 1H NMR spectrum. 

The first attempt to form dendrimer (15) involved reduction of disulfide 

dendron (12) to thiol dendron (13) using NaBH4/methanol followed by immediate 

reaction with cluster (14). The 1H NMR spectrum exhibited only a partially 

substituted dendrimer in the reaction (Figure 2.1). The relative integration of two 

characteristic peaks, the aromatic protons in ortho and meta position (A and B), to 

signal C indicated a ratio of 2.1 : 16 instead of the expected 8 : 16, respectively. 

The second and third attempt to form dendrimer (15) was similar but used 

NaBH4/ethanol and NaBH4/water. The 1H NMR spectra of these reactions did not 

show the two characteristic peaks at all, indicating the ligand exchange reaction did 

not occur. These three results might be explained by the incomplete formation of the 

thiols because the disulfide linkage may be shielded by the relatively large dendritic 

unit, resulting in creating steric hindrance obstructing the generation of the thiols via 

the attack of reducing agent.86 Also, the influence of oxygen may not be negligible 

because the thiols generated can be re-oxidized to the disulfides in the presence of 

oxygen.56 To block the inflow of oxygen, all of them including solvent, reactant and 

glassware were degassed or dried in vacuum line before use and subsequently 
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maintained under N2 purge. However, the reaction mixture in the disulfide cleavage 

might be exposed to oxygen while adding of NaBH4 and HCl methanol solution 

during reaction. Specifically, a rotary evaporator was used to remove the solvent 

after reaction. It was a moment that the reaction mixture can be contacted with air. 

Thus, the exposure to oxygen might lead the formation of the disulfide.  

Then, how could Basu and coworkers25-27 mentioned earlier reduce 

successfully the symmetrical disulfide to the corresponding thiol? It may be 

explained by a hydrophobic dendritic unit used in this study. It is known that 

hydrophobic thiols are relatively stable like cysteine in comparison with amphiphilic 

or water-soluble thiols.55,56 Also, disulfide mobility can be caused. Basu’s dendritic 

unit was relatively more flexible than amphiphilic dendritic unit. Thus, because the 

disulfide focal group can move easily under steric hindrance from bulky dendritic 

unit, it can be easily reduced to the thiols from attack of reducing agent.  

As another possible route, Zn / acid system was considered. Treatment of bis(4-

trimethylammoniumphenyl)disulfide diiodide with Zn / aq. HCl reduced this polar 

disulfide efficiently. The product was collected with precipitation by HPF6 in 

excellent yield.32 Zn / acetic acid system also reduced dithiosalicylic acid to 

thiosalicylic acid in acceptable yield.87 Thus, this reagent has precedent for 

reduction of aromatic thiols similar to G1-Sym-Disulfide-Ammonium (12). The 

ligand exchange reaction in the dry box was performed identically to the previous 

reactions. The red-wine color developed rapidly as observed previously. 
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Unfortunately, when the dendrimer was characterized by 1H NMR, the same results 

were obtained, indicating a partially substituted dendrimer in the reaction. The 

relative integration of two characteristic peaks (A and B) to signal C indicated a 

ratio of 2.3 : 16 instead of the expected 8 : 16, respectively. As the chemical 

functionality on the bis(4-trimethylammoniumphenyl)disulfide diiodide is similar to 

that of G1-Sym-Disulfide-Ammonium (12), the failure of this method was puzzling. 

It is speculated that perhaps the steric hindrance due to the two dendrons around the 

disulfide group were to blame.  

 

 

Figure 2.2. 1H NMR of amphiphilic cationic dendrimer, [Fe4S4(S-G1-Ammonium)4][N(CH3)4]2 (15), 

prepared using ME / DMF / 100 °C to reduce 12 followed by ligand exchange (Scheme 2.6 and 2.7) 

(solvent : DMF-d7). 
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Other possible reducing agents including DTT18,88, ME89, and TCEP·HCl19-21,90 

were tried. These reducing agents are used in biochemistry, especially in reduction 

of cystine groups in proteins and in maintaining thiol groups in reduced states.91-94 

The ligand exchange reaction and the red-wine color phenomenon were identical to 

the previous reaction. However, in each case, the 1H NMR spectrum of the reaction 

product after reduction and ligand exchange showed partially substituted dendrimers 

(Figure 2.2). The relative integration of two characteristic peaks (A and B) to Signal 

C indicated a ratio of 1.8 : 16 instead of the expected 8: 16, respectively. This result 

might be also rationalized by steric hindrance and oxygen like in previous reaction. 

As another attempt, hypophosphorous acid / the diselenides system was 

attempted. The disulfides do not react with hypophosphorous acid alone, but the 

reduction to the corresponding thiols is achieved with a small amount of the 

diselenides.15 The ligand exchange reaction and the red-wine color phenomenon 

were also identical to the previous reaction. However, the 1H NMR spectrum after 

the reduction and ligand exchange sequence was carried out did not show two 

characteristic peaks at all, indicating that ligand exchange reaction was not achieved. 

Finally, sodium hydrongen selenide was tried. It is an effective reagent for 

reduction of alkyl, aryl, and araalky disulfides to thiols under mild conditions.14 

Sodium hydrogen selenide was prepared according to the literature right before 

use.13,14 After reduction and ligand exchange reaction, the development of red-wine 

color and 1H NMR spectra were also identical to the previous reaction, showing 
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only partially substituted dendrimers (Figure 2.3). The relative integration of two 

characteristic peaks to signal C indicated a ratio of 2.0 : 16 instead of the expected 

8 : 16, respectively. 

 

 

Figure 2.3. 1H NMR of amphiphilic cationic dendrimer, [Fe4S4(S-G1-Ammonium)4][N(CH3)4]2 (15), 

prepared using NaHSe / methanol – ethanol / 16hrs to reduce 12 followed by ligand exchange 

(Scheme 2.6 and 2.7) (solvent : DMF-d7). 

 

Thus, although various agents were used to reduce the disulfide to the 

corresponding thiol, all results showed that Fe4S4 clusters were partially and 

incompletely substituted in the ligand exchange reaction. It was suspected that only 
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some of the symmetrical disulfide linkage was reduced while some remained as the 

disulfide linkage. As stated above, this result is surprising. It might be rationalized 

that the shielding of disulfide linkage by the relatively large dendritic unit created a 

steric hindrance obstructing the generation of the thiols via the attack of reducing 

agents. A small amount of the reduced thiols participated in the ligand exchange 

reaction and the red-wine color phenomenon was evidence of the reaction. Also, the 

influence of oxygen may not be negligible. Oxygen should be excluded to block the 

re-oxidation of thiols generated to disulfides. All chemicals and glassware used were 

dried and degassed in vacuum line before use and subsequently maintained under 

positive pressure of N2. However, the reaction did not proceed to completion 

successfully due to insufficient amount of thiol present. 

 

2.2.1.3. Anionic Dendron containing Symmetrical Disulfide 

Amphiphilic and/or water-soluble anionic dendrimers in many cases have been 

prepared with carboxylate as a peripheral unit.64-76 The introduction of hydrophilic 

polar end groups such as carboxylate imparts water-solubility. The solubility is 

sensitive to pH. High pH values are required to deprotonate the carboxylic acid 

because carboxylate salts impart the water-solubility to them. If the pH value in an 

aqueous solution is acidic, the carboxylate is protonated and dendrimers generally 

will precipitate from water. 
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Scheme 2.8.a 

aReagents and conditions: i) K2CO3, 18-crown-6, acetone; ii) KOH, MeOH, THF, H2O.
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In the preparation of the amphiphilic anionic dendron, a precursor was also 

required. This dendron, G1-Sym-Disulfide-COOCH3 (16) could be prepared by the 

nucleophilic substitution reaction of the phenolic dendron prepared by the modular 

synthesis approach, G1-Sym-Disulfide-OH (10), with the precursor of the periphery 

unit, 4-(bromomethyl) benzoate (Scheme 2.8).  

Subsequently, the methyl group in the precursor, G1-Sym-Disulfide-COOCH3 

(16), was removed with base (potassium hydroxide) in a mixture of methanol / THF 

to give G1-Sym-Disulfide-COOH (17) including polar end groups. However, in this 
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trial the 1H NMR spectrum was not clean because THF initiated a polymerization 

reaction. In spite of containing impurities, the product was used for the next step. 

 

2.2.1.4. Anionic Dendrimer from Symmetrical Disulfide 

To be used as a dendritic thiol ligand, the anionic dendron containing the 

symmetrical disulfide linkage should also be reduced. A number of  attempts were 

carried out with various reducing agents6,10-27 previously explored for the cleavage 

of the symmetrical disulfide linkage in cationic dendron, G1-Sym-Disulfide-

Ammonium (12) (Table 2.2). However, upon reaction of the disulfide (17) with 

these reagents followed by ligand exchange all results showed that dendrimers were 

partially and incompletely substituted. Thus, use of another reducing agent, tri-n-

butyl phosphine,95 was attempted (Scheme 2.9). 

 

Scheme 2.9.a 

aReagents and conditions: i) tri-butylphosphine, acetone.
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Scheme 2.10.a 
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Figure 2.4. 1H NMR of amphiphilic anionic dendrimer, [Fe4S4(S-G1-COOH)4][N(CH3)4]2 (19), 

prepared using tri-n-butylphosphine to reduce 17 followed by ligand exchange (Scheme 2.9 and 

2.10) (solvent : DMF-d7). 

 

In the dry box, ligand exchange reaction of dendritic thiol ligand, G1-SH-

COOH (18), with the iron-sulfur core, [Fe4S4(S-t-Bu)4][N(CH3)4]2 (14), was carried 

out (Scheme 2.10). The reaction and the red-wine color phenomenon were identical 

to in cationic dendrimer. The 1H NMR spectrum of amphiphilic anionic dendrimer, 

[Fe4S4(S-G1-COOH)4][N(CH3)4]2 (19), showed that the dendrimer was 

incompletely substituted like in cationic dendrimer, exhibiting the relative 

integration of two characteristic peaks (A and B) to signal C indicated a ratio of 
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1.1 : 16 instead of the expected 8 : 16, respectively (Figure 2.4). This result might 

also be attributed on low thiol concentration due to steric hindrance obstructing the 

attack of reducing agent as postulated for the cationic dendrimer. Thus, 

unfortunately, first generation dendron disulfides with both tetra-alkyl ammonium 

and carboxylic acid peripheral groups could not successfully be reduced to thiols 

and employed in ligand exchange reactions. 

 

2.2.2. Synthesis from Unsymmetrical Disulfide 

The use of the symmetrical disulfide linkage as a focal and protecting group 

was investigated but it could not be achieved because shielding of the disulfide 

linkage by bulky dendritic unit might obstruct the generation of the thiols. As 

another possible approach, the unsymmetrical disulfide linkage was tried to protect 

aromatic thiols via aliphatic thiols. Because the unsymmetrical disulfide is relatively 

less stable than symmetrical disulfide, the generation of the thiols by reducing 

agents is facile.96-100 Also, it was hoped that any steric hindrance in the symmetrical 

disulfide that possibly obstructed the generation of the thiol would be avoided. Thus, 

the use of the unsymmetrical disulfide potentially has advantages relative to the use 

of the symmetrical disulfide.  
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2.2.2.1. Cationic Dendron containing Unsymmetrical Disulfide 

The synthetic approach for the unsymmetrical disulfide was started from the 

preparation of the alkylthiosulfonate97,101,102, ethyl ethanethiosulfonate (20) (Scheme 

2.11). The unsymmetrical disulfide, p-carboxyphenyl ethyl disulfide (21), was 

prepared by the reaction of aromatic thiol (7) with alkylthiosulfonate (20).96,97  

 

Scheme 2.11.a 

aReagents and conditions: i) CH3COOH, H2O; ii) EtOH, H2O.
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In the next step, the dendritic fragment, G1-MA-MOM (6), was coupled with 

the unsymmetrical disulfide linkage (21) to form the amide, G1-Unsym-Disulfide-

MOM (22) in acceptable yield via DCC-mediated coupling reaction. The MOM 

groups on G1-Unsym-Disulfide-MOM (22) could be removed easily by refluxing 

the methanol solution with concentrated hydrochloric acid.  
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Scheme 2.12.a 

aReagents and conditions: i) DCC, DMAP, CH2Cl2; ii) HCl, MeOH.
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Scheme 2.13.a 
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To introduce tetra-alkyl ammonium59-63,84 as a peripheral unit to the phenolic 

dendron generated by a modular synthesis approach, G1-Unsym-Disulfide-MA (24), 

was prepared by nucleophilic substitution reaction of the phenolic dendron, G1-

Unsym-Disulfide-OH (23), with N,N′-dimethylaminoethyl chloride·HCl (Scheme 

2.13). The molecule G1-Unsym-Disulfide-MA (24) was then methylated with 

methyl iodides59,61-63,84,85 in an attempt to prepare the amphiphilic cationic dendrons 

containing iodide counter ions, G1-Unsym-Disulfide-Ammonium (25). However, 

the 1H NMR spectrum showed that the product generated was not G1-Unsym-

Disulfide-Ammonium (25), but G1-Sym-Disulfide-Ammonium (12). Two 

characteristic peaks from the ethyl group of the unsymmetrical disulfide, CH3 and 

CH2, disappeared on 1H NMR spectrum, indicating the product was G1-Sym-

Disulfide-Ammonium (12). This result may be explained by disproportionation of 

the unsymmetrical disulfide to give the two corresponding symmetrical disulfides.96-

100 The unsymmetrical disulfide is less stable than the symmetrical disulfide and 

thus, the unsymmetrical disulfide may show a tendency toward disproportionation 

leading to the generation of the symmetrical disulfide. Disproportionation may be 

caused by heat, ultra violet radiation, alkali or thiolate ions. Thus, the 

unsymmetrical disulfide rearranged in one of the last 2 steps, 

dimethylaminoethylation and methylation, to the symmetrical disulfide. As this 

unsymmetrical disulfide could not be prepared, there was no opportunity to test its 

utility in the reduction/ligand exchange sequence.



 

 
 
 
 
 
Chapter 2.3. Concluding Remarks                                                     74 

2.3. Concluding Remarks 

Modular synthesis approach was achieved successfully to prepare the phenolic 

dendrons and the peripheral unit desired could be introduced easily to the dendrons. 

The approach became a base to prepare amphiphilic dendrons.  

Many attempts were made to prepare the amphiphilic cationic and anionic 

dendrimers with the symmetrical and unsymmetrical disulfide linkages as focal and 

thiol-protecting groups. However, in the symmetrical disulfide, only a part of the 

disulfide was reduced to the corresponding thiols and thus, the partially substituted 

amphiphilic cationic and anionic dendrimers were generated in ligand exchange 

reaction. This outcome might be explained as the result to the shielding of disulfide 

linkage by the relatively large dendritic unit and this steric hindrance obstructing the 

generation of the thiols via the attack of reducing agents. Also, the influence of 

oxygen may not be negligible. Oxygen should be excluded to block re-oxidation of 

thiols generated to disulfides. Thus, the reaction did not proceed to completion 

successfully due to low thiol concentration. 

On the other hand, in the unsymmetrical disulfide, the amphiphilic dendron 

containing the disulfide could not be prepared. This result is explained by 

disproportionation leading to the generation of the symmetrical disulfide because 

the unsymmetrical disulfide is less stable than the symmetrical disulfide. Thus, the 

unsymmetrical disulfide might be rearranged to the symmetrical disulfide. 

For the further step to prepare the amphiphilic dendrons, a modification to 
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protect/deprotect the thiols should be required and investigated.   
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2.4. Experimental Section 

General considerations.  All chemicals were purchased from Aldrich and Acros and 

were used without further purification unless otherwise indicated. All deuterated 

solvents were purchased from Cambridge Isotope Laboratories. All solvents used in 

the dry box were deoxygenated with a minimum of three freeze-pump-thaw cycles 

before use to remove any dissolved oxygen. Flash chromatography was carried out 

with silica gel 60 Å, 32 – 63 µm (Sorbent technologies). Nuclear Magnetic Resonance 

characterization was performed at 300MHz or 400MHz on Varian spectrometers.  

 

G1-Ester-MOM (4,4-Bis-(4-methoxymethoxy-phenyl) pentanoic acid methyl 

ester) ( 3 ). To a solution of G1-Ester ( 2 ) (10.00 g, 33.3 mmol) and a catalytic 

amount of 4-dimethylaminopyridine in 150 mL of dry CH2Cl2 at 0 °C was added N, 

N-diisopropyl ethyl amine (Hunig’s base) (34.8 mL, 199.8 mmol) with N2. This 

mixture was stirred under N2 for 1 h. Chloromethyl methyl ether (10.1 mL, 133.2 

mmol) was then added dropwise via syringe and this solution was stirred for 

additional 20 min at 0 °C. The reaction mixture was then heated to 40 – 45 °C for 24 h. 

After the reaction mixture was cooled to room temperature, it was washed 3 times 

with saturated NaCl solution, dried with anhydrous magnesium sulfate, and then 

filtered. The filtrate was evaporated to dryness. The crude product was dissolved in 

diethyl ether and passed through basic alumina. The resulting product was pure 

enough to be carried out to the next step without further purification. Yield: 98 % 
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(12.67 g); 1H NMR (CDCl3) δ (ppm) 1.57 (s, 3H), 2.11 (m, 2H), 2.39 (m, 2H), 3.48 (s, 

6H), 3.63 (s, 3H), 5.16 (s, 4H), 6.81 (d, 4H, J = 8 Hz), 7.01 (d, 4H, J = 8 Hz); 13C 

NMR (CDCl3) δ (ppm) 27.90, 30.27, 36.72, 44.77, 51.75, 56.17, 94.60, 115.87, 

128.44, 142.30, 155.40, 174.60. 

 

G1-OH-MOM (4,4-Bis-(4-methoxymethoxy-phenyl) pentanol) ( 4 ). To a 

suspension of lithium aluminum hydride (3.04 g, 80.1 mmol) in 90 mL of dry THF at 

0 °C was added dropwise a solution of G1-Ester-MOM ( 3 ) in 20 mL of dry THF. The 

reaction mixture was allowed to warm to room temperature and stirred for 12 h under 

N2. 13 mL of ethyl acetate was added at 0 °C and stirred for 10 min. 24 mL of 

saturated ammonium chloride solution was then added dropwise. The mixture was 

filtered, and the filter cake was washed 2 times with diethyl ether. The organic layer 

was washed 3 times with saturated NaCl solution, dried with anhydrous magnesium 

sulfate, and then filtered. The filtrate was evaporated to dryness. The resulting product 

was pure enough to be carried out to the next step. Yield: 97 % (9.33 g); 1H NMR 

(CDCl3) δ (ppm) 1.30-1.40 (m, 2H), 1.58 (s, 3H), 2.05-2.11 (m, 2H), 3.47 (s, 6H), 

3.63 (t, 2H), 5.14 (s, 4H), 6.91 (d, 4H, J = 8.8 Hz), 7.10 (d, 4H, J = 9.2 Hz); 13C NMR 

(CDCl3) δ (ppm) 28.11, 28.48, 38.18, 56.22, 63.71, 94.69, 115.79, 128.49 143.22, 

155.28. 

 

G1-OMs-MOM (Methanesulfonic acid 4,4-bis-(4-methoxymethoxy-phenyl) 
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pentyl ester)  ( 5 ). To a solution of G1-OH-MOM ( 4 ) (9.18 g, 25.5 mmol), 

triethylamine (10.6 mL, 76.4 mmol), and a catalytic amount of 4-

dimethylaminopyridine in 100 mL of CH2Cl2 at 0 °C was added dropwise 

methanesulfonyl chloride (5.84 g, 51 mmol). The reaction mixture was allowed to 

warm to room temperature and stirred for 12 h. Water was added to quench the 

reaction. The solution was extracted 3 times with CH2Cl2. The organic layer was 

combined, dried with anhydrous magnesium sulfate, and then filtered. The filtrate was 

evaporated to dryness. The crude product was purified by column chromatography, 

eluting with 15 % ethyl acetate in hexane. Yield: 98 % (10.95 g); 1H NMR (CDCl3) δ 

(ppm) 1.50-1.62 (m, 2H), 1.58 (s, 3H), 2.11-2.20 (m, 2H), 2.96 (s, 3H), 3.47 (s, 6H), 

4.15 (t, 2H), 5.15 (s, 4H), 6.93 (d, 4H, J = 8.4 Hz), 7.08 (d, 4H, J = 8.8 Hz); 13C NMR 

(CDCl3) δ (ppm) 25.07, 28.05, 37.44, 37.80, 44.88, 56.10, 70.66, 94.51, 115.75, 

128.20, 142.34, 155.17. 

 

G1-MA-MOM ([4,4-Bis-(4-methoxymethoxy-phenyl) pentyl] methyl amine)  

( 6 ). Into a sealed tube with a solution of G1-OMs-MOM (7.94 g, 18.1 mmol) in 20 

mL of THF was added methyl amine (40 wt% solution in H2O) (31.3 mL, 36.2 mmol). 

The reaction mixture was then heated to 60 – 70 °C for 5 h. After the reaction mixture 

was cooled to room temperature, water was added to quench the reaction. The 

solution was extracted 3 times with CH2Cl2. The organic layer was combined, dried 

with anhydrous magnesium sulfate, and then filtered. The filtrate was evaporated to 
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dryness. The resulting product was pure enough to be carried out to the next step 

without further purification. Yield: 93 % (6.27 g); 1H NMR (CDCl3) δ (ppm) 1.20-

1.34 (m, 2H), 1.58 (s, 3H), 2.03-2.10 (m, 2H), 2.37 (s, 3H), 2.53 (t, 2H), 3.47 (s, 6H), 

5.14 (s, 4H), 6.91 (d, 4H, J = 9.2 Hz), 7.09 (d, 4H, J = 8.8 Hz). 

 

4, 4′-dithiobenzoic acid ( 8 ).  To a solution of 4-mercaptobenzoic acid ( 7 ) (2.00 g, 

0.013 mol) in 100 mL of ethanol was slowly added a saturated solution of I2 in 95 % 

ethanol. With addition of iodine solution, precipitates formed. The iodine solution was 

continued to add until the color of solution was a light yellow. The crude precipitate 

was collected with filtration and washed with ethanol. The crude product was dried in 

vacuo at 50 °C. Yield: 63 % (1.25 g); 1H NMR (DMSO-D6) δ (ppm) 7.63 (d, 4H, J = 

8.1 Hz), 7.93 (d, 4H, 8.4 Hz)  

 

G1-Sym-Disulfide-MOM ( 9 ). A solution of 4, 4′-dithiobenzoic acid ( 8 ) (1.69 g, 

5.51 mmol), G1-MA-MOM ( 6 ) (4.53 g, 12.13 mmol), 1,3-dicyclohexylcarbodiimide 

(DCC) (2.50 g, 12.13 mmol), and a catalytic amount of 4-dimethylaminopyridine in 

45 mL of CH2Cl2 was stirred under N2 at room temperature for 12 h. The solid residue 

was filtered and the filtrate was evaporated to dryness. The crude product was purified 

by column chromatography, eluting with 10 % ethyl acetate in CH2Cl2. Yield: 73 % 

(4.11 g); 1H NMR (CDCl3) δ (ppm) 1.30 (m, 2H), 1.43 (m, 2H), 1.51 (s, 3H), 1.60 (s, 

3H), 1.79 (m, 2H), 2.09 (m, 2H), 2.75 (s, 3H), 2.92 (s, 3H), 3.13 (m, 2H), 3.47 (s, 
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12H), 3.50 (m, 2H), 5.14 (s, 8H), 6.92 (d, 8H, J = 7.2 Hz), 6.99 (d, 4H, J = 8.4 Hz), 

7.10 (d, 4H, J = 8.0 Hz), 7.20 (d, 2H, J = 7.6 Hz), 7.31 (d, 2H, J = 7.6 Hz), 7.49 (d, 4H, 

J = 8.0 Hz). 

 

G1-Sym-Disulfide-OH ( 10 ). To a solution of G1-Sym-Disulfide-MOM ( 9 ) (1.31 g, 

1.28 mmol) in 10 mL of methanol was slowly added 10 drops of concentrated HCl. 

The solution was refluxed for 2 h. After the reaction mixture was cooled to room 

temperature, the solvent was removed under reduced pressure. The residue was 

dissolved in a minimum amount of THF and precipitated from hexane. The white 

precipitate was filtered, washed with hexane, and dried. Yield: 99 % (1.07 g); 1H 

NMR (CD3COCD3) δ (ppm) 1.38 (m, 4H), 1.49 (s, 3H), 1.55 (s, 3H), 1.78 (m, 2H), 

2.09 (m, 2H), 2.82 (s, 3H), 2.88 (s, 3H), 3.19 (m, 2H), 3.48 (m, 2H), 6.70 (d, 8H, J = 

7.8 Hz), 6.93 (b, 4H), 7.02 (b, 4H), 7.29 (b, 2H), 7.39 (b, 2H), 7.59 (d, 4H, J = 7.5 Hz).  

 

G1-Sym-Disulfide-MA ( 11 ). To a suspension of G1-Sym-Disulfide-OH ( 10 ) (0.5 g, 

0.59 mmol) and sodium hydride (60 wt% in hexane) in 50 mL of DMF was slowly 

added N, N-dimethylaminoethyl chloride·HCl with N2. The mixture was heated to 60 

– 70 °C for 6hrs under N2. After the reaction mixture was cooled to room temperature, 

10 mL of ethanol was added to quench the reaction. The mixture was filtered, and the 

filter cake was washed 2 times with CH2Cl2. The organic layer was washed 3 times 

with saturated NaCl solution, dried with anhydrous magnesium sulfate, and then 
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filtered. The filtrate was evaporated to dryness. The resulting product was pure 

enough to be carried out to the next step. Yield: 91 % (0.61 g); 1H NMR (CD2Cl2) δ 

(ppm) 1.34 (m, 2H), 1.41 (m, 2H), 1.53 (s, 3H), 1.61 (s, 3H), 1.81 (m, 2H), 2.10 (m, 

2H), 2.25 (s, 8H), 2.29 (s, 16H), 2.57 (t, 2H), 2.68 (t, 6H), 2.75 (s, 3H), 2.89 (s, 3H), 

3.08 (t, 2H), 3.17 (m, 2H), 3.46 (m, 2H), 4.02 (t, 6H), 6.80 (d, 8H, J = 8.0 Hz), 7.02 (b, 

4H), 7.11 (b, 4H), 7.20 (b, 4H), 7.31 (d, 4H, J = 8.4 Hz). 

 

G1- Sym-Disulfide-Ammonium ( 12 ). Into a sealed tube with a solution of G1-Sym-

Disulfide-MA ( 11 ) (0.32 g, 0.28 mm0l) in 10 mL of CH2Cl2 was added CH3I (1.41 

mL, 22.6 mmol) dropwise via syringe. The tube was then wrapped with aluminum foil. 

The reaction mixture was stirred at room temperature for 24 h. The precipitated salt 

was filtered and dissolved in methanol to remove insoluble impurity. After micro-

syringe filtration, the filtrate was evaporated to dryness. Yield: 99 % (0.47 g); 1H 

NMR (CD3OD) δ (ppm) 1.33 (m, 2H), 1.42 (m, 2H), 1.52 (s, 3H), 1.62 (s, 3H), 1.82 

(m, 2H), 2.14 (m, 2H), 2.86 (s, 3H), 2.91 (s, 3H), 3.22 (s, 36H), 3.51 (m, 4H), 3.86 (b, 

8H), 4.48 (b, 8H), 6.94 (d, 8H, J = 6.9 Hz), 7.07 (d, 4H, J = 8.4 Hz), 7.18 (d, 4H, J = 

8.1 Hz), 7.29 (d, 2H, J = 8.1 Hz), 7.38 (d, 2H, J = 8.1 Hz), 7.56 (d, 4H, J = 8.4 Hz). 

 

Attempts at in situ preparation of G1-SH-Ammonium ( 13 ). The reaction mixture 

containing G1-Sym-Disulfide-Ammonium ( 12 ), reducing agent and solvent distilled 

and/or degassed were stirred under N2 as follows (see Table 2.2).  
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In the case of NaBH4, into an oven-dried Schlenk flask with a solution of G1-Sym-

Disulfide-Ammonium (12) in solvent distilled and/or degassed at 0 °C, NaBH4 was 

added with N2. Three different solvents were used, ethanol, methanol, and water. In 

the case of ethanol, the reaction mixture was stirred at room temperature for 12 h. In 

methanol, one reaction mixture was stirred at room temperature for 20 h, at 65 °C for 

2 h, and another at 65 °C for 13 h. In water, the mixture was stirred at room 

temperature for 13 h and 65 °C for 12 h. Then, the reaction mixtures were acidified 

with 1N HCl methanol solution and the solvents were removed under reduced 

pressure. The Schlenk flasks containing the products put into dry box.   

In the case of Zn/HCl and Zn/acetic acid, G1-Sym-Disulfide-Ammonium (12) was 

mixed with zinc dust and acetic acid degassed into an oven-dried Schlenk flask with 

N2. The reaction mixture was stirred for 30 min at room temperature, refluxed for 13 h 

and cooled and filtered quickly. In the case of Zn/HCl, zinc dust was added to a 

solution of G1-Sym-Disulfide-Ammonium (12) in 3 N HCl and water degassed with 

N2 and the mixture was stirred at room temperature for 12 h. Each solvent used in two 

reactions was removed in vacuo at 40 °C and the flasks put into the dry box. 

In the case of DTT, ME and TCEP, DTT in the dry box was added directly to a 

solution of G1-Sym-Disulfide-Ammonium (12) in DMF degassed at room 

temperature to perform the ligand exchange reaction. In the case of ME, after addition 

ME into DMF solution degassed, the reaction mixture was heated at 100 °C for 24 h 

with N2. In the TCEP·HCl reaction, water was used as a solvent and the reaction 
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mixture was stirred at room temperature for 16 h. Then, the solvents in the ME and 

TCEP·HCl reaction were removed and put them into the dry box. 

In the case of H3PO2/DPDS, G1-Sym-Disulfide-Ammonium (12) was mixed with 

hypophosphorous acid and diphenyl diselenide in ethanol / methanol distilled, dried, 

and degassed into an oven-dried Schlenk flask with N2. The mixture was stirred and 

heated at 60 °C for 12 h. The solvent was removed under reduced pressure and put it 

into the dry box. 

In the case of NaHSe, G1-Sym-Disulfide-Ammonium (12) methanol solutions were 

added into sodium hydrogen selenide ethanol solutions with N2. One reaction mixture 

was stirred at room temperature for 5 h and another for 16 h. Hydrochloric acid was 

added to the two reaction mixtures which were then stirred for 1 h more. The solvent 

was removed under reduced pressure and put them into the dry box. 

 

Attempt at synthesis of [Fe4S4(S-G1-Ammonium)4][N(CH3)4]2 (15). Into a oven-

dried Schlenk flask with a solution of G1-SH-Ammonium ( 18 ) (6 eq.) in DMF dried 

and degassed was added a solution of [Fe4S4(S-t-Bu)4][N(CH3)4]2 (1 eq.) in DMF 

dried and degassed in dry box. Upon addition, the red-wine color developed rapidly. 

The reaction mixture was stirred and the solvent was removed in vacuo at 40 °C. 

 

G1-Sym-Disulfide-COOCH3 ( 16 ). To a suspension of G1-Sym-Disulfide-OH ( 10 ) 

(0.13 g, 0.154 mmol), anhydrous potassium carbonate (0.085 g, 0.618 mmol), and a 
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catalytic amount of 18-crown-6 in 20 mL of dry acetone was added 4-

(bromomethyl)benzoate (0.15 g, 0.68 mmol). The mixture was refluxed for 12 h and 

stirred vigorously under N2. After the reaction mixture was cooled to room 

temperature, the mixture was filtered. The filtrate was evaporated to remove the 

solvent under reduced pressure. The crude product was purified by column 

chromatography, eluting with the solvent system of 50 % ethyl acetate, 25 % CH2Cl2, 

and 25 % hexane. Yield: 32 % (0.07 g); 1H NMR (CD2Cl2) δ (ppm) 1.27 (m, 2H), 1.38 

(m, 2H), 1.48 (s, 3H), 1.58 (s, 3H), 1.75 (m, 2H), 2.05 (m, 2H), 2.86 (s, 3H), 2.93 (s, 

3H), 3.07 (m, 2H), 3.42 (m, 2H), 3.88 (s, 12H), 5.08 (s, 8H), 6.84 (d, 8H, J = 8.7 Hz), 

6.99 (b, 4H), 7.10 (b, 4H), 7.44 (b, 4H), 7.50 (d, 8H, J = 8.4 Hz), 7.71 (b, 4H), 8.02 (d, 

8H, J = 8.4 Hz). 

 

G1-Sym-Disulfide-COOH ( 17 ). A suspension of G1-Sym-Disulfide-COOCH3 

( 16 ) (0.76 g, 0.53 mmol) and potassium hydroxide (0.25 g, 2.1 mmol) in mixed 

solution of MeOH (33.8 mL), THF (33.8 mL), and H2O (8 mL) was stirred and heated 

to 50 °C for 24 h. After the reaction mixture was cooled to room temperature, 100 mL 

of 1 N HCl solution was added to quench the reaction. The organic layer was washed 

3 times with H2O, dried with anhydrous magnesium sulfate, and then filtered. The 

filtrate was evaporated to dryness. The crude product was used for next reaction 

without further purification. (*NMR was not clean because there was a 

polymerization reaction aided by THF used as a solvent during the reaction.) 
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Attempt at in situ preparation of G1-SH-COOH ( 18 ). Into a oven-dried Schlenk 

flask with a solution of G1-Sym-Disulfide-COOH ( 17 ) (0.05 g, 0.04 mmol) in 

acetone and a small amount of aqueous methanol dried and degassed was added tri-

butylphosphine (0.04 g, 0.2 mmol)with N2. The reaction mixture was stirred for 12 h 

under N2. The solvent was removed in vacuo and put it into dry box.   

 

Attempt at preparation of [Fe4S4(S-G1-COOH)4][N(CH3)4]2 ( 19 ). Into a oven-

dried Schlenk flask with a solution of G1-SH-COOH ( 18 ) (0.05 g, 0.07 mmol) in 5 

mL of DMF dried and degassed was added a solution of [Fe4S4(S-t-Bu)4][N(CH3)4]2 

(0.01 g, 0.01 mmol) in 8 mL of DMF dried and degassed in dry box. Upon addition, 

the red-wine color developed rapidly. The reaction mixture was stirred and the solvent 

was removed in vacuo at 30 – 40 °C. 

 

Ethyl Ethanethiolsulfonate ( 20 ). To a solution of ethane thiol (15.0 mL, 200 mmol) 

and acetic acid (5.8 mL, 100 mmol) in 40 mL of CH2Cl2 at 0 °C was slowly added 

sulfuryl chloride (24.4 mL, 300 mmol) over 3 h. The reaction mixture was stirred 

vigorously for 1 h and allowed to warm to room temperature. Water (4.5 mL, 250 

mmol) was then added dropwise via syringe for 15 min. The mixture was stirred 

overnight. The organic layer was washed 3 times with H2O, dried with anhydrous 

magnesium sulfate, and then filtered. The filtrate was evaporated to dryness. The 

resulting product was pure enough to be carried out to the next step. Yield: 49 % (15.2 



 

 
 
 
 
 
Chapter 2.4. Experimental Section                                                     86 

g); 1H NMR (CDCl3) δ (ppm) 1.42 (t, 3H), 1.46 (t, 3H), 3.15 (q, 2H), 3.31 (q, 2H). 

 

p-Carboxyphenyl Ethyl Disulfide ( 21 ). To a solution of 4-mercaptobenzoic acid 

( 7 ) (1.54 g, 9.99 mmol) in 50 mL of 95 % ethanol was added Ethyl 

ethanethiolsulfonate ( 20 ) (1.54 g, 9.98 mmol). The reaction mixture was stirred for 1 

h at room temperature. Iced water was added to quench the reaction at 0 °C. 

Precipitate was filtered. The crude product was dissolved in methanol and filtered to 

remove insoluble impurity. The solution was precipitated from H2O. The resulting 

product was filtered and dried in vacuo at 45 °C. Yield: 49 % (1.04 g); 1H NMR 

(CDCl3) δ (ppm) 1.33 (t, 3H), 2.81 (q, 2H), 7.67 (d, 2H, J = 8.4 Hz), 8.06 (d, 2H, J = 

8.4 Hz).  

 

G1-Unsym-Disulfide-MOM ( 22 ). A solution of p-Carboxyphenyl ethyl disulfide 

( 21 ) (0.77 g, 3.61 mmol), G1-MA-MOM ( 6 ) (1.55 g, 4.15 mmol), 1,3-

dicyclohexylcarbodiimide (0.86 g, 4.15 mmol), and a catalytic amount of 4-

dimethylaminopyridine in 30 mL of CH2Cl2 was stirred under N2 at room temperature 

for 12 h. The solid residue was filtered and the filtrate was evaporated to dryness. The 

crude product was purified by column chromatography, eluting with 10 % ethyl 

acetate in CH2Cl2. Yield: 78 % (1.58 g); 1H NMR (CDCl3) δ (ppm) 1.31(t, 3H), 1.35 

(m, 1H), 1.44 (m, 1H), 1.52 (s, 1.5H), 1.61 (s, 1.5H), 1.80 (m, 1H), 2.10 (m, 1H), 2.73 

(q, 2H), 2.78 (s, 1.5H), 2.94 (s, 1.5H), 3.17 (m, 1H), 3.47 (s, 6H), 3.60 (m, 1H), 5.15 
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(s, 4H), 6.93 (d, 4H, J = 6.3 Hz), 7.01 (d, 2H, J = 5.7 Hz), 7.11 (d, 2H, J = 5.7 Hz), 

7.22 (d, 1H, J = 5.7 Hz), 7.33 (d, 1H, J = 4.8 Hz), 7.54 (d, 2H, J = 6.3 Hz). 

 

G1- Unsym-Disulfide-OH ( 23 ). To a solution of G1-Unsym-Disulfide-MOM ( 22 ) 

(1.58 g, 2.77 mmol) in 30 mL of methanol was slowly added 30 drops of concentrated 

HCl. The solution was refluxed for 4 h. After the reaction mixture was cooled to room 

temperature, the solvent was removed under reduced pressure. The residue was 

dissolved in acetone and filtered to remove insoluble impurities. The solution was 

evaporated to dryness. The resulting product was pure enough to be carried out to the 

next step. Yield: 99 % (1.34 g); 1H NMR (CD3COCD3) δ (ppm) 1.30(t, 3H), 1.41 (m, 

2H), 1.51 (s, 1.5H), 1.56 (s, 1.5H), 1.83 (m, 1H), 2.09 (m, 1H), 2.82 (q, 2H), 2.85 (s, 

1.5H), 2.87 (s, 1.5H), 3.33 (m, 1H), 3.48 (m, 1H), 6.73 (m, 4H), 6.98 (b, 2H), 7.10 (b, 

2H), 7.30 (b, 1H), 7.38 (b, 1H), 7.59 (m, 2H).     

 

G1-Unsym-Disulfide-MA ( 24 ). To a suspension of G1- Unsym-Disulfide-OH ( 23 ) 

(0.3 g, 0.62 mmol), anhydrous potassium carbonate (2.58 g, 18.6 mmol), and a 

catalytic amount of 18-crown-6 in 50 mL of dry acetone was slowly added N, N-

dimethylaminoethyl chloride·HCl with N2. The mixture was refluxed for 4 h and 

stirred vigorously under N2. After the reaction mixture was cooled to room 

temperature, the mixture was filtered. The solution was washed 3 times with H2O, 

dried with anhydrous magnesium sulfate, and then filtered. The filtrate was 
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evaporated to dryness. Yield: 99 % (0.39 g). 

 

Attempt at preparation of G1-Unsym-Disulfide-Ammonium ( 25 ). Into a sealed 

tube with a solution of G1-Unsym-Disulfide-MA ( 24 ) (0.39 g, 0.63 mm0l) in 10 mL 

of CH2Cl2 was added CH3I (1.63 mL, 26.3 mmol) dropwise via syringe. The tube was 

wrapped with aluminum foil. The reaction mixture was stirred at room temperature 

for 24 h. The precipitated salt was filtered and dissolved in methanol to remove 

insoluble impurity. After micro-syringe filtration, the filtrate was evaporated to 

dryness. (* NMR showed this product was not G1-Unsym-Disulfide-Ammonium, but 

G1-Sym-Disulfide-Ammonium) 
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3.1. Introduction 

The amphiphilic dendrons containing the disulfide linkage were successfully 

prepared to protect the thiols from oxidation in Chapter 2. Various agents to reduce 

the disulfides were considered and ligand exchange reactions to prepare dendrimers 

were performed. However, dendrimers could not be prepared due to incomplete 

reduction of the disulfide to form the thiol and, as a result a thiol to iron-sulfur 

cluster stoichiometry that was too low. 

In Chapter 3, two alternate thiol protecting groups, the thiocarbamate group1-6 

and the trityl group7-15, are explored. The thiocarbamate group has been used in 

previous work in the Gorman group to prepare successfully hydrophobic aromatic 

thiol dendrons.2,16-20 These aryl thiocarbamates are stable in acidic and neutral 

solutions and are removed by basic hydrolysis with sodium hydroxide or potassium 

hydroxide.21  

The trityl group was also explored as a protecting group. Wang and coworkers 

prepared hydrophilic, aliphatic thiol dendrons containing amide linkages as repeat 

units and hydroxyl groups as peripheral units with the deprotection of the trityl 

group.10,14 The trityl group is stable in weak acid, neutral solution, and weak base in 

the range of approximately pH 2 – 12.21 Deprotection occurs with strong acid such 

as trifluoroacetic acid containing trialkylsilanes.  

As discussed in Chapter 2, a modular synthesis approach was taken to prepare 

the phenolic dendrons containing protecting groups. Using this method, peripheral 
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units including ammonium (cationic)22-26 and carboxylate (anionic)27-39 were easily 

introduced to the phenolic dendrons generated via the approach.  

In the last chapter, it was speculated that formation of the thiol from the 

disulfide was incomplete and this result lead to the subsequent problems in ligand 

exchange and formation of the amphiphilic, iron-sulfur core dendrimers. Thus, it 

was of interest to quantitate the concentration of thiol. Two methods were employed 

here, the use of Ellman’s reagent and integration of the proton on the free thiol using 

1H NMR.  

 

3.2. Results and Discussion 

3.2.1. Synthesis from Thiocarbamate Protecting Group 

Amphiphilic cationic and anionic dendrimers containing ammonium and 

carboxylate as peripheral units were prepared using the thiocarbamate group as a 

focal and protecting group. This work includes the synthesis of thiol dendrons and 

the measurement of thiol concentration by Ellman’s reagent test. 

 

3.2.1.1. Cationic Dendrons containing Thiocarbamate 

The flexible dendritic unit, 4,4′-bis(4′-hydroxyphenylvaleric) acid (1, Chapter 

2) was employed to prepare dendrons and the dendritic fragment (6, Chapter 2) was 

prepared identically to that shown Scheme 2.1.  
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Scheme 3.1.a 
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The thiocarbamate, 4-dimethylthiocarbamoylsulfanyl benzoic acid (28), was 

prepared in high yield via 3 reactions (Scheme 3.1). 4-dimethylthiocarbamoyloxy 

benzoic acid methyl ester (26) was previously prepared by former group members. 

4-dimethylthiocarbamoyloxy benzoic acid methyl ester (26) was rearranged to 4-

dimethylthiocarbamoylsulfanyl benzoic acid methyl ester (27) at high temperature. 

The methyl ester (27) was converted to the carboxylic acid (28) by trimethylsilyl 

iodide. 

The dendritic fragment, G1-MA-MOM (6, Chapter 2) could be coupled with 

the thiocarbamate (28) as shown in Scheme 3.2. The Gorman group has previously 

shown the utility of the thiocarbamate group in the preparation of flexible thiol 

dendrons.2,17,20 The thiocarbamate group was stable in the further steps when the 

compound was subjected to acidic and weakly basic conditions. This behavior 

indicated that the thiocarbamate group can be employed without decomposition in 

reactions for the preparation of amphiphilic dendrons using similar reaction 
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conditions.  

 

Scheme 3.2.a 

i

aReagents and conditions: i) DCC, DMAP, CH2Cl2; ii) HCl, MeOH.
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The dendritic fragment, G1-MA-MOM (6, Chapter 2) was coupled with the 

thiocarbamate (28) to give the amide, G1-Thiocarbamate-MOM (29), in excellent 

yield via DCC mediated coupling reaction. The MOM protecting groups were 

removed easily by refluxing methanol solution with concentrated hydrochloric acid 

to give G1-Thiocarbamate-OH (30) (Scheme 3.2)  

Before introducing the tetra-alkyl ammonium groups to the molecule, a test 

reaction was performed to check the stability of the thiocarbamate group in the 

compound 27 in the presence of phenols (Scheme 3.3) as this group possibly could 

be susceptible to nucleophilic attack by phenolic alcohols. In the reaction mixture 

shown, the generation of dimethylcarbamic acid p-tolyl ester (31) would indicate 



 
 
 
 
 
 
Chapter 3.2. Results and Discussion                                                   99 

that 4-methylphenol reacted with the thiocarbamate group in compound 27 and that 

this sequence would not facilitate the introduction of tetra-alkyl ammonium 

peripheral unit onto the phenolic dendron. However, 4-methylphenol reacted with 1-

bromomethyl-4-nitrobenzene to give 32 and 4-dimethylthiocarbamoylsulfanyl 

benzoic acid methyl ester (27) was recovered. This result indicated that the 

thiocarbamate group was stable against nucleophilic attack by phenolic alcohols. 

This outcome was determined via TLC and 1H NMR spectroscopy. Thus, the 

preparation of benzylic bromine compound containing tetra-alkyl ammonium as the 

peripheral unit was attempted. 

 

Scheme 3.3.a 

aReagents and conditions: i) K2CO3, 18-crown-6, acetone.
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Scheme 3.4.a 

aReagents and conditions: i) CH3I, (EtO)2; ii) see Table 3.1.
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Table 3.1. Attempts to prepare (4-bromomethylphenyl) trimethylammonium iodide (34) by 

reaction of trimethyl-l-tolylammonium iodide (33) with bromine reagents. 

Reagent Solvent Temperature 
(°C) 

Method of 
Heating 

Time 
(h) 

aNBS / bAIBN CH2Cl2 reflux eo.b. 12 
NBS / AIBN CHCl3 reflux o.b. 12 
NBS / AIBN CHCl3 reflux o.b. 48 
NBS / AIBN DMF r.t. o.b. 12 
NBS / AIBN CHCl3 *

d fs.l. 18 
NBS CHCl3 100 gm.w. 3 
NBS -c 180 m.w. 3 

aNBS: N-Bromosuccinimide; bAIBN: 2,2’-azobisisobutyronitrile; -c: no solvent; *
d : no heating; 

eo.b.: oil bath; fs.l.: sun lamp; gm.w.: micro wave; the result of reactions was determined by 1H NMR 

and no product was prepared in all reactions. 
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N,N-dimethyl-p-toluidine was methylated with methyl iodide to give trimethyl-

l-tolylammonium iodide (33) containing iodide counter ions in an acceptable yield 

(Scheme 3.4). The free radical halogenation of ammonium iodide (33) was carried 

out with NBS under heat or light (Table 3.1).40 An NBS / AIBN system was used as 

a bromine source and an oil bath as a heat source in the preparation of (4-

bromomethylphenyl) trimethylammonium iodide (34) in CH2Cl2, CHCl3, and 

DMF.41,42 However, 1H NMR spectra showed that the product, (4-

bromomethylphenyl) trimethylammonium iodide (34), was not generated. No 

product was formed in four different sets of reaction conditions. In other attempts, 

the heat source was changed from an oil bath to a sun lamp41 and a microwave 

reactor43,44. However, 1H NMR spectra exhibited only the starting material (33). 

This observation could be explained by the quenching of the radicals with ionic 

species (tetra-alkyl ammonium).  

 

Scheme 3.5.a 
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Scheme 3.6.a 
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As a new approach to prepare compound 34, the starting material was changed 

to 4-dimethylaminobenzaldehyde (Scheme 3.5). The benzaldehyde was reduced to 

the benzylic alcohol, (4-dimethylaminophenyl) methanol (35), with sodium 

borohydride.45 The benzylic alcohol (35) was methylated with methyl iodide to give 

(4-hydroxymethylphenyl) trimethylammonium iodide (36) in an acceptable yield. 

The bromination of the ammonium iodide (36) was attempted using different 

bromine sources such as NBS46, CBr4
47-49, and PBr3

50-55. A NBS / PPh3 system was 

tried to prepare (4-bromomethylphenyl) trimethylammonium iodide (34) in DMF 

and THF. 1H NMR spectra displayed that the reactions were not successful and 

yielded the starting material (36). As other attempts, the bromine source was 

changed from NBS to CBr4 and PBr3. However, 1H NMR spectra showed only the 

starting material (36), not the product (34). Finally, the halide source was changed 

from bromine to iodine, HI (Scheme 3.6).56 However, the 1H NMR spectrum of the 
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reaction mixture was identical to that obtained in the previous reaction and exhibited 

only starting material (36). This result could be explained by the increase in positive 

charge in the transition state via a strong electron-withdrawing group, tetra-alkyl 

ammonium.  

 

Scheme 3.7.a 
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Another approach to the tetra-alkyl ammonium substituted dendron was 

attempted. In this case, the approach abandoned the aromatic ammonium and 

instead involved the preparation of an aliphatic, tetra-methyl ammonium group 
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(Scheme 3.7). N,N-dimethylaminoethyl chloride was methylated with methyl iodide 

to give (2-chloroethyl)trimethylammonium iodide (38). Nucleophilic substitution of 

the aliphatic ammonium iodide (38) with the phenolic dendron, G1-Thiocarbamate-

OH (30), was performed and monitored by TLC. However, the product (40) was not 

generated, possibly because of the poor leaving group.40,57 

 

Scheme 3.8.a 

i

aReagents and conditions: i) K2CO3, 18-crown-6, acetone; ii) CH3I, CH2Cl2.
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As an alternate approach to introduce the tetra-alkyl ammonium groups, the 

phenolic dendron, G1-Thiocarbamate-OH (30) reacted with the precursor of 

peripheral unit, N,N-dimethylaminoethyl chloride·HCl, using nucleophilic 

substitution reaction to give G1-Thiocarbamate-MA (39) (Scheme 3.8). G1-

Thiocarbamate-MA (39), was then methylated with methyl iodides23-26,58,59 to give 

amphiphilic cationic dendron containing iodide counter ions. The amphiphilic 
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cationic dendron, G1-Thiocarbamate-ammonium (40), was prepared successfully in 

acceptable yield.  

 

Scheme 3.9.a 
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With the successful preparation of the G1-cationic dendron, the G2 dendron 

was prepared by a convergent strategy and a modular synthesis approach using core 

unit. The core unit, 4,4-bis(4′-hydroxyphenyl)pentanol (41) was prepared from the 

reduction of the methyl ester, methyl 4,4-bis(4′-hydroxyphenyl) valerate (2, 

Chapter 2) (Scheme 3.9). Then, G2-OH-MOM (42) was prepared by the reaction of 

G1-OMs-MOM (5, Chapter 2) with triol (41) (Scheme 3.10). The remainder of the 

procedure to synthesize the G2-dendron was identical to that used for the G1-

dendron. The dendritic alcohol (42) was activated to the dendritic mesylate, G2-

OMs-MOM (43) with excellent yield. The dendritic mesylate (43) was converted to 

G2-MA-MOM (44) with refluxing methyl amine.  
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Scheme 3.10.a 

79%

aReagents and conditions: i) K2CO3, 18-crown-6, acetone; ii) MsCl, DMAP, TEA, CH2Cl2; iii) CH3NH2, THF.
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The dendritic fragment, G2-MA-MOM (44), was coupled with 4-

dimethylthiocarbamoylsulfanylbenzoic acid (28) to give G2-Thiocarbamate-MOM 

(45) (Scheme 3.11). The phenolic dendron, G2-Thiocarbamate-OH (46) was 

prepared by the deprotection of G2-Thiocarbamate-MOM (45) with refluxing 

hydrochloric acid in methanol solution.  
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Scheme 3.11.a 

i

aReagents and conditions: i) DCC, DMAP, CH2Cl2; ii) HCl, MeOH.
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The phenolic dendron, G2-Thiocarbamate-OH (46) reacted with the precursor 

of peripheral unit, N,N-dimethylaminoethyl chloride·HCl, to give G2-

Thiocarbamate-MA (47) (Scheme 3.12). G2-Thiocarbamate-MA (47), was then 
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methylated with methyl iodide23-26,58,59. Amphiphilic G2-cationic dendrons, G2-

Thiocarbamate-ammonium (48), was also prepared in an acceptable yield. 

 

Scheme 3.12.a 

i

aReagents and conditions: i) K2CO3, 18-crown-6, acetone; ii) CH3I, CH2Cl2.
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3.2.1.2. Cationic Dendrimer from Thiocarbamate 

With the successful preparation of thiol protected dendrons (40 and 48), 

deprotection and dendrimer synthesis was attempted. Hydrophobic iron-sulfur core 

dendrimers were previously prepared by the Gorman group2,16-20,60-65 via a ligand 

exchange reaction originally described by Holm and coworkers66-79. In the reaction, 

aromatic thiols added were exchanged with aliphatic thiols coordinated on the iron-

sulfur core of the form [Fe4S4(SR)4]2-. With a slight modification of the reaction, the 

preparation of amphiphilic iron-sulfur core dendrimer was attempted.  

Before its use as a dendritic ligand, the dendron containing the thiocarbamate 

group needed to be deprotected. This deprotection was performed by basic 

hydrolysis with sodium hydroxide to the corresponding thiol, G1-SH-Ammonium 

(49) (Scheme 3.13). As we were concerned about adventitious oxidation of 49 to the 

disulfide, the reaction mixture to form 49 was used directly without purification or 

in initial attempts, characterization. Amphiphilic G1-cationic dendrimer, [Fe4S4(S-

G1-Ammonium)4][N(CH3)4]2 (50), was prepared by the ligand exchange reaction of 

the cationic thiol ligand (49) with the iron-sulfur core, [Fe4S4(S-t-Bu)4][N(CH3)4]2 

(14). Due to the oxygen-sensitivity of the thiol generated, the iron-sulfur core, and 

the dendrimer, the reaction was carried out in the dry box. The ratio of dendron 

ligand to iron-sulfur core was 6 to 1, optimum condition reported in the 

literature.66,79,80 Upon addition of the core solution to the ligand solution, a red-wine 

color developed rapidly, indicating the reaction was being successfully achieved.  
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Scheme 3.13.a 

aReagents and conditions: i) NaOH, THF, MeOH; ii) DMF.
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The product, G1-cationic dendrimer (50), was characterized by 1H NMR 

spectroscopy and MALDI-TOF (Matrix-Assisted Laser Desorption Ionization-Time 

Of Flight) mass spectrometry. The iron-sulfur core is paramagnetic and thus, the 

thiolate aromatic ring protons (A and B) adjacent to the dendrimer core undergo a 
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broadening and change in chemical shift in 1H NMR spectrum. Two characteristic 

peaks (A and B) of the protons on aromatic ring in 1H NMR spectrum showed that 

the iron-sulfur cluster was fully substituted in the ligand exchange reaction, 

indicating the generation of G1-cationic dendrimer (Figure 3.1). The integration of 

two characteristic peaks showed the expected relative integration of 8 protons 

compared to signal C of 16 protons, respectively.  

 

 

Figure 3.1. 1H NMR spectrum of amphiphilic G1-cationic dendrimer, [Fe4S4(S-G1-

Ammonium)4][N(CH3)4]2 (50), prepared using NaOH / methanol / reflux to deprotect 40 followed by 

ligand exchange (Scheme 3.13) (Solvent : DMF-d7). 
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Figure 3.2. MALDI-TOF measurement of amphiphilic G1-cationic dendrimer, [Fe4S4(S-G1-

Ammonium)4][N(CH3)4]2 (50) (Matrix : dithranol). 

 

MALDI-TOF measurements were obtained in positive mode and using 

dithranol as a matrix. These data indicated that the mass of the dendrimer was 3541 

(Figure 3.2) and the mass calculated was 3884. A value of 3541 could be calculated 

and explained as the species: [M + [N(CH3)4] - CH3I - I- + H]+ = 3541 (Figure 3.3). 

Counter ions (iodide and tetramethyl ammonium) forming weak bonds with 

substrate (dendron or dendrimer) and methyl group could be cleaved during sample 

ionization. Although this fragmentation pattern is unusual, the m/z ratio of the peak 
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observed is inconsistent with the starting material or incompletely ligand substituted 

cluster as these species would have lower m/z values. 
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Figure 3.3. Calculation of a mass of G1-cationic dendrimer, [Fe4S4(S-G1-Ammonium)4][N(CH3)4]2 

(50) (M indicates the part that counter ions (tetramethylammonium) are excepted from dendrimer). 
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Scheme 3.14.a 

aReagents and conditions: i) NaOH, THF, MeOH; ii) DMF.
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Figure 3.4. 1H NMR spectrum of amphiphilic G2-cationic dendrimer, [Fe4S4(S-G2-

Ammonium)4][N(CH3)4]2 (52), prepared using NaOH / methanol / reflux to deprotect 48 followed by 

ligand exchange (Scheme 3.14) (Solvent : DMF-d7). 

 

With the successful preparation and characterization of the G1-cationic 

dendrimer (50), the ligand exchange reaction of the G2 dendron was tried. The 

reaction conditions were identical to those for the G1-dendrimer. G2-SH-

Ammonium (51) generated by deprotection of G2-Thiocarbamate-ammonium (48) 

(Scheme 3.14) participated in the ligand exchange reaction, generating amphiphilic 

G2-cationic dendrimer, [Fe4S4(S-G2-Ammonium)4][N(CH3)4]2 (52) with the red-
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wine color phenomenon. However, the 1H NMR spectrum exhibited only a partially 

substituted dendrimer in the reaction. The relative integration of two characteristic 

peaks to signal C indicated a ratio of 2.3 : 32 instead of the expected 4 : 32 (Figure 

3.4). This result might be explained by the disulfides generated due to oxygen 

remaining in the reaction mixture during deprotection of the thiocarbamates, 

yielding low thiol stoichiometry. Also, the use of heat (refluxing of methanol 

solution) and base catalyst (sodium hydroxide) under such condition may be 

positive factor in the generation of the disulfide. Specifically, in order to remove the 

solvent, a rotary evaporator was used after deprotection. It was a moment that the 

reaction mixture can be exposed to air.81-85  

Another possibility is that the G2-thiolate ions were formed in sufficient 

amount but were less reactive for ligand exchange. In the preparation of flexible G2 

dendrimer, there was not a problem for hydrophobic dendrons as evidenced by our 

earlier results. However, in this case, perhaps the amphiphilic nature of the dendrons 

results in a conformational bias that shields the thiol. This can be occurred because 

the number of peripheral units increased exponentially from G1 to G2 dendron.  

Another possibility is that the G2-thiolate ions were generated in insufficient 

amount in the deprotection due to the same reason above. The thiocarbamate group 

can be shielded by bulkier amphiphilic dendritic unit than G1-dendron. The attack 

of the thiocarbamate via base catalyst may be limited. Also, even if the thiols are 

generated, the exposure to oxygen mentioned above can increase the amount of the 



 
 
 
 
 
 
Chapter 3.2. Results and Discussion                                                   117 

disulfide.  

In addition to the concerns raised above, thiol oxidation involves proton loss, 

and is going to be facilitated in a hydrogen-bond accepting solvent. Solvation of 

nucleophilic anion (thiolate ions) influences its reactivity. The polar protic solvent 

(methanol) used in this deprotection solvate thiolate ions by hydrogen bonding 

interactions. These solvated species are more stable and less reactive than the 

unsolvated ions. Also, this solvent effect is more addressed for small basic anions 

than for large weakly basic anions.40,57 Thus, as the generation of dendron increases, 

the anions are not solvated and thus are more reactive, resulting in forming the 

disulfides.  

 

3.2.1.3. Anionic Dendron containing Thiocarbamate 

After the successful synthesis and characterization of amphiphilic G1-cationic 

dendrimer, the synthesis of anionic dendron and dendrimer was attempted. A 

carboxylate polar end group27-39 was used as an anionic peripheral unit to impart 

water-solubility, which is sensitive to pH. High pH values are required to 

deprotonate the carboxylic acid to carboxylate salts which is water-soluble. At low 

pH, the carboxylate is protonated and dendrimers will precipitate from water. 
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Scheme. 3.15.a  
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aReagents and conditions: i) t-BuOK, t-BuOH, THF; ii) NBS, AIBN, CH2Cl2.
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Scheme 3.16.a 
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The benzylic bromide precursor of the peripheral unit was prepared (Scheme 

3.15). The t-butyl group was used as a protecting group of the carboxylic acid.86 4-

Methyl benzoic acid tert-butyl ester (53) was prepared with a coupling of p-toluoyl 

chloride with potassium t-butoxide in acceptable yield. Then, the benzyl bromide, 4-
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bromomethyl benzoic acid t-butyl ester (54), was synthesized by free radical 

bromination of the t-butyl ester (53) and NBS.41 

To introduce the peripheral unit to the phenolic dendron prepared by a modular 

synthesis approach, G1-Thiocarbamate-OH (30) was reacted with the benzyl 

bromide (54) to give G1-Thiocarbamate-t-Bu (55), (Scheme 3.16). The t-butyl 

group was removed with an excess amount of trifluoroacetic acid21,86, yielding 

amphiphilic G1-anionic dendron, G1-Thiocarbamate-COOH (56). 

 

3.2.1.4. Anionic Dendrimers from Thiocarbamate 

Prior to the synthesis of the G1-anionic dendrimer, G0-anionic model 

compound was prepared. 4-Mercaptobenzoic acid (7) was generated by basic 

hydrolysis of 4-dimethylthiocarbamoylsulfanyl benzoic acid (28) (Scheme 3.17). 

Ligand exchange of the iron-sulfur core, [Fe4S4(S-t-Bu)4][N(CH3)4]2 (14), with 28 

yielded G0-anionic dendrimer, [Fe4S4(S-G0-COOH)4][N(CH3)4]2 (57). The ratio of 

dendron ligand to iron-sulfur core was 5 to 1. Also, using commercially obtained 4-

mercaptobenzoic acid (7), G0-anionic dendrimer was prepared. The results of both 

ligand exchange reactions were compared. The results indicated problems which 

can occur in deprotection. 
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Scheme 3.17.a 
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Dendrimers prepared by both routes were characterized by 1H NMR 

spectroscopy and MALDI-TOF. The 1H NMR spectra of the two G0-anionic 

dendrimers (57) were compared (Figure 3.5). Two characteristic peaks (A and B) 

indicated the expected 8 protons compared to signal C of 24 protons, respectively. 

However, in addition to the desired dendrimer, residual disulfide was observed when 

the dendrimer was prepared after the deprotection of the thiocarbamate group. Due 

to oxygen remaining in the reaction mixture during deprotection, disulfides may be 

generated. Also, in the presence of even a small amount of oxygen, the use of heat 

(refluxing of methanol solution) and base catalyst (sodium hydroxide) may generate 
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the disulfide. Specifically, in order to remove the solvent, the use of a rotary 

evaporator after deprotection did allow some exposure to air.81-85 Because the 

disulfides present for G0, this can be a significant problem for G1 and G2. In this 

aspect, G2-cationic dendrimer might not be prepared due to high disulfide 

concentration. 

 

 

Figure 3.5. 1H NMR spectra of G0-anionic dendrimers. (a) G0-dendrimer [Fe4S4(S-G0-

COOH)4][N(CH3)4]2 (57) prepared via commercially obtained 7 (solvent : DMSO-d6), (b) G0-

dendrimer [Fe4S4(S-G0-COOH)4][N(CH3)4]2 (57) prepared via 7 generated by basic hydrolysis of the 

thiocarbamate (Scheme 3.17) (solvent : DMF-d7), (* indicates a peak due to disulfide). 

 



 
 
 
 
 
 
Chapter 3.2. Results and Discussion                                                   122 

In MALDI-TOF mass spectrometry with dithranol used as a matrix, 

dendrimers (57) synthesized by both routes indicated a mass of 1037 in negative 

mode, while the calculated mass was 1111 (Figure 3.6). A value of 1037 could be 

calculated as the species: [M + [N(CH3)4]]- = 1037. However, there were several 

unknown peaks with m/z values of less than 950. These peaks might be generated 

by the reaction of dendrimer with matrix during measurement. 

 

 

Figure 3.6. MALDI-TOF measurement of amphiphilic G1-anionic dendrimer, [Fe4S4(S-G0-

COOH)4][N(CH3)4]2 (57) (Matrix : dithranol). 
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Scheme 3.18.a 

aReagents and conditions: i) NaOH, THF, MeOH; ii) DMF.
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With the successful preparation of G0-anionic dendrimer, the synthesis of G1-

anionic dendron was attempted. G1-Thiocarbamate-COOH (56) was deprotected by 

basic hydrolysis to the corresponding thiol, G1-SH-COOH (59), (Scheme 3.18). In 
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this deprotection, it was found that reaction temperature and the amount of sodium 

hydroxide were important. The product was not generated when the reaction 

mixture was refluxed with more than 3.5 equivalents of sodium hydroxide. 

Presumably due to the attack of the base catalyst on the benzyl linkages in the 

dendron, a fragmented product was obtained. 

 

 

Figure 3.7. 1H NMR spectrum of amphiphilic G1-anionic dendrimer, [Fe4S4(S-G1-COOH)4][N(CH3)4]2 

(59), prepared using NaOH / methanol / reflux to deprotect 56 followed by ligand exchange (Scheme 

3.18) (solvent : DMF-d7). 
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After the formation of anionic thiol ligand (58), the ligand exchange reaction 

was performed. The red-wine color phenomenon was observed like with the G1-

cationic dendrimer (50), generating amphiphilic G1-anionic dendrimer, [Fe4S4(S-

G1-COOH)4][N(CH3)4]2 (59). The G1-anionic dendrimer (59) was also 

characterized by 1H NMR spectroscopy and MALDI-TOF. The 1H NMR spectrum 

indicated the fully substituted dendrimer, showing complete ligand exchange 

reaction occurred (Figure 3.7). The integration of two characteristic peaks (A & B) 

exhibited the expected relative integration of 8 protons compared to signal C of 16 

protons, respectively. 

 

 

Figure 3.8. MALDI-TOF measurement of amphiphilic G1-anionic dendrimer, [Fe4S4(S-G1-

COOH)4][N(CH3)4]2 (59) (Matrix : dithranol). 
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MALDI-TOF was measured in both positive mode and negative mode with 

dithranol as a matrix (Figure 3.8). However, multiple peaks as several unknown 

peaks seen in G0-anionic dendrimer (57) were observed. This could indicate that the 

dendrimer reacted with the matrix during measurement like in G0-anionic dendrimer. 

The matrix was then changed from dithranol into 2,5-dihydroxybenzoic acid (DHB), 

trans-3-indoleacrylic acid (IAA), and 2-(4-hydroxyphenylazo)benzoic acid (HABA), 

respectively. MALDI-TOF measurements were repeated but, the results were the 

same. In these spectra, a reoccurring peak was observed at 3201 in positive mode 

and the exact mass calculated was 3252. A value of 3201 could be calculated as the 

species: [M + [N(CH3)4] + Na + H]+ = 3201 and thus, G1-anionic dendrimer (59) 

was also prepared and characterized successfully.  

 

3.2.1.5. Ellman’s Reagent Test 

Disulfides are inevitably generated in the process of a deprotection reaction. 

The thiocarbamate group was deprotected by refluxing (heat) in methanol in the 

presence of sodium hydroxide (base catalyst). Under these conditions, disulfides 

might be generated if any oxygen is present as an oxidizing agent. Disulfides are 

less reactive with the iron-sulfur cluster for ligand exchange. Thus, the relative 

amount of disulfide present along with the thiols produced during deprotection is 

likely a critical variable in ligand exchange reactions to prepare dendrimer.  
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Scheme 3.19. 
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For this reason, it was considered important to find a way to determine the 

amount of thiol present after the deprotection was performed. The thiol 

concentration was measured using Ellman’s reagent test.87-89 Ellman’s reagent test is 

the most popular method for quantitating both protein and non-protein thiols. The 

test is based on the thiol-disulfide interchange reaction.89 The thiolate anion (RS-) 

from thiols such as the G1-cationic thiol dendron (49) reacts with excessive 

Ellman’s reagent [5,5′-dithiolbis(2-nitrobenzoic acid), DTNB] at pH 7 – 8. It rapidly 

forms a mixed disulfide (RS-TNB) and releases TNB thiolate anion (5-thio-2-

nitrobenzoate, TNB-) which is colored (Scheme 3.19). Ellman87 determined the 

molar extinction coefficient of 4-nitrophenylthiolate (13.6 × 103 cm-1 M-1 at 412 nm 
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in 50 % aqueous acetone solution containing 20 mM phosphate, pH 8) and used this 

number for TNB thiolate anion. If 1.1 mL of solution is taken and mixed with 10 µL 

of 100 mM Ellman’s reagent, the thiol concentration is calculated using the formula 

below: 

 

mM  of  Thiol    =
∆A412 × 1.1mL

13,600  ×  0.4mL
×  1000

  (Equation 3.1.) 

 

where ∆A412 is the corrected absorbance value, and 13,600 is the molar 

extinction coefficient (cm-1 M-1) of TNB thiolate anion. 

 

Table 3.2. Measurements of concentration of several thiols via Ellman’s reagent tests. 

Thiols Expected 
concentration 

(mM) 

Concentration 
determined using 
Ellman’s reagent 

(mM) 

Percentage
(%) 

cysteine 0.1 0.093 93 
4-methoxythiophenol 0.1 0.0002 0 

4-mercaptobenzoic acid (7) 0.1 0.090 90 
G1-SH-Ammonium (49) 0.1 0.049 49 

G1-SH-COOH (58) 0.1 0.046 46 
G2-SH-Ammonium (51) 0.1 0.034 34 
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Tests of several thiols, particularly those generated during deprotection 

reactions, were performed with Ellman’s reagent to quantitate the amount of free 

thiols present (Table 3.2). The first two compounds, cysteine and 4-

methoxythiophenol, were measured to ensure that the test worked adequately on 

stock solutions of known concentration. In the case of cysteine, commercially 

available, 99% cysteine was used. The thiol concentration was calculated to 93%. 

The 6% reduction can be attributed to either the oxidation or some experimental 

error. In the case of commercially available 4-methoxythiophenol, this molecule was 

insoluble in Buffer A, an acetate solution of pH 4.7. The test was performed on the 

suspension with mixing, but no thiol was detected under these conditions, indicating 

that thiol must be dissolved. The 4-mercaptobenzoic acid dissolved in Buffer A after 

changing the hydrogen into potassium in 1N potassium carbonate aqueous solution. 

The molecule was reported to be 95 % pure by the supplier, and a reasonable value 

within experimental error of 90 % was obtained from the Ellman’s test. 

The G1-SH-Ammonium (41) and G1-SH-COOH (58) dendrons were 

deprotected with sodium hydroxide and Ellman’s test on the resulting reaction 

products indicated percentage of thiol of 49% and 46%, respectively. In separate 

trials, G1-cationic and G1-anionic dendrimers were prepared successfully using the 

ratio of 6 to 1 (thiol ligand to iron-sulfur core) and characterized. However, a 

complete ligand exchange reaction could not occur with this ratio unless at least 

65 % of the starting material was converted to the thiol. This result led to the 
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concern that some of the thiol (in this case ca. 20%) might have been oxidized 

during the Ellman’s reagent test. Keeping this caveat in mind, when 

deprotection/Ellman’s test was run to produce G2-SH-Ammonium (51), the 

percentage of thiol was determined to be 34%. This lower amount of thiol obtained 

explains why ligand exchange reaction for G2-cationic dendrimer was not complete. 

Even if 20% of the thiol was oxidized during the test, the original amount would not 

have been 65%.  

After detecting disulfide using Ellman’s reagent test, HPLC was used in 

attempt to separate the disulfide from the G1-SH-Ammonium (41). C8 and C18 

reverse phase columns were used with methanol, H2O, and CH3CN. The 

chromatogram for G1-SH-Ammonium (41) was compared to that of G1-Sym-

Disulfide-Ammonium (12, Chapter 2). However, the peaks associated with both the 

compounds were broad and overlapped, indicating the same retention time. Many 

attempts were made to improve the resolution. These included variations in the flow 

rate, solvent system, and buffer solution. DTT was added in attempt to prevent 

oxidation of the thiol. However, none of these conditions were effective in disulfide 

separation.  

 

In the case of aliphatic thiols and small molecules, Ellman’s tests were 

successfully carried out with the generation of only a small amount of disulfide. 

However, in amphiphilic G1 & G2 thiol dendrons, the thiol concentration was lower 
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than expected, leading to the suspicion that some of the thiol may have been 

oxidized to the disulfide during the course of the tests.90,91 This result could be due 

to the large surface area of dendrons containing hydrophilic groups, which may 

show a high affinity for water. Oxygen dissolved in the water solution may oxidize 

thiols to disulfides. Also, because the test solutions exposed to air during 

measurement of UV, thiols might be oxidized. Thus, Ellman’s reagent test may show 

a limitation in measurements of the amount of thiol produced during deprotection of 

polar dendrons.  

 

3.2.2. Synthesis from Trityl Protecting group 

G1-cationic and G1-anionic dendrimers were prepared successfully and 

characterized. However, G2 dendrimer could not be prepared due to a low amount 

of thiol during deprotection. The deprotection of the thiocarbamates using heat and 

base catalyst might be negative factors in the generation of amphiphilic thiol 

dendrons.81-85 Thus, as a new approach, a trityl group was employed. Trityl thiols 

can be deprotected with acid catalyst and at room temperature.7-13,15,21,34 Since thiol 

oxidation to disulfide involves loss of two protons and two electrons, this process 

should be less favorable as the pH is lowered. Thus, it was expected that the extent 

of thiol oxidation in acidic conditions would be reduced and compared to that 

observed in basic conditions. 

In this section, the preparation of amphiphilic cationic and anionic dendrimers 
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containing ammonium22-26 and carboxylate27-39 peripheral units and a trityl thiol 

focal group is described. This work includes the synthesis of amphiphilic thiol 

dendrons and the measurements of the amount of thiol produced during deprotection 

by 1H NMR spectra and Ellman’s reagent test87-89. 

 

3.2.2.1. Cationic Dendron containing Trityl 

The synthesis of cationic dendrons containing the trityl group was started from 

the flexible dendritic unit, 4,4′-bis(4′-hydroxyphenylvaleric) acid (1, Chapter 2) 

and the dendritic fragment (6, Chapter 2) prepared identically as shown in Scheme 

2.1.  

 

Scheme 3.20.a 
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aReagents and conditions: i) TFA.
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4-Tritylsulfanyl benzoic acid (60) was prepared by the reaction of 4-

mercaptobenzoic acid (7) with triphenyl methanol in excess amount of 

trifluoroacetic acid in acceptable yield (Scheme 3.20). 
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Scheme 3.21.a 
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The procedure to synthesize the G1-cationic dendron was identical to that for 

G1-dendron from the thiocarbamates. The dendritic fragment, G1-MA-MOM (6, 

Chapter 2) was coupled with 4-Tritylsulfanyl benzoic acid (60) using the 

convergent strategy (Scheme 3.21). The DCC mediated coupling reaction produced 

the amide, G1-STr-MOM (61), in excellent yield. The phenolic dendron, G1-STr-

OH (62) was prepared by the deprotection of G1-STr-MOM (61) with hydrochloric 

acid in methanol solution. In this step, it was important to use gentle heat because 

the trityl group can be deprotected with hydrochloric acid. 
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Scheme 3.22.a 
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The phenolic dendron prepared by modular synthesis approach, G1-STr-OH 

(62) reacted with the precursor of peripheral unit, N,N-dimethylaminoethyl 

chloride·HCl, to give G1-STr-MA (63) (Scheme 3.22). G1-STr-MA (63) was then 

methylated with methyl iodide23-26,58,59 to give the amphiphilic cationic dendron, 

G1-STr-ammonium (64). 

 

3.2.2.2. Cationic Dendrimer from Trityl-protected Thiol Dendron 

To be used as a dendritic ligand, the G1-STr-ammonium (64) containing the 

trityl group was deprotected in the mixture of an excessive amount of trifluoroacetic 

acid and a small amount of triethylsilane, affording the corresponding thiols, G1- 

SH-Ammonium (49) (Scheme 3.23).7-15 The percentage of thiol formed was 
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measured by Ellman’s reagent test87-89 and found to be 40%. Unfortunately, the 

value was not higher than that of the thiocarbamates. It might suggest that the 

catalytic conditions were not important in the generation of disulfides. 

 

Scheme 3.23.a 

aReagents and conditions: i) TFA, Et3SiH; ii) DMF.
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Despite the low yield of thiol in the deprotection of 64, a ligand exchange 

reaction was run with this reaction mixture. In the dry box, amphiphilic G1-cationic 

dendrimer, [Fe4S4(S-G1-Ammonium)4][N(CH3)4]2 (50), was prepared by the ligand 

exchange reaction of the cationic dendron ligand (49) with iron-sulfur core, 

[Fe4S4(S-t-Bu)4][N(CH3)4]2 (14). The red-wine color was observed. The ratio of 

dendron ligand to iron-sulfur core was 6 to 1. The 1H NMR spectrum showed only 

partially substituted dendrimer in the ligand exchange reaction which is attributed to 
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insufficient thiol for complete exchange (Figure 3.9). The relative integration of two 

characteristic peaks (A and B) to signal C indicated a ratio of 2.6 : 16 instead of the 

expected 8 : 16. 

 

 

Figure 3.9. 1H NMR spectrum of amphiphilic G1-cationic dendrimer, [Fe4S4(S-G1-

Ammonium)4][N(CH3)4]2 (50), prepared using Et3SiH / CF3COOH / room temp. to deprotect 64 

followed by ligand exchange (Scheme 3.23) (Solvent : DMF-d7). 
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3.2.2.3. Anionic Dendron containing Trityl 

The procedure to synthesize the G1-anionic dendron was similar to that used in 

the G1-cationic dendron. The phenolic dendron, G1-STr-OH (62), was reacted with 

the benzyl bromide (54) to give G1-STr-t-Bu (65) by nucleophilic substitution 

reaction (Scheme 3.24). This sequence nicely illustrates the efficiency of the 

modular synthesis approach used here. 
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3.2.2.4. Anionic Dendrimer from Trityl-protected Thiol Dendron  

Before deprotection and dendrimer formation using molecule 65, a G0-trityl 

compound was synthesized and deprotected as a model study for the preparation of 
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the G1-anionic thiol. The molecule 4-mercaptobenzoic acid (7) was prepared by the 

deprotection of 4-tritylsulfanyl benzoic acid (60) with trifluoroacetic acid and 

triethylsilane (Scheme 3.25). The thiol concentration in Ellman’s reagent test87-89 

was 82% compared to 90% measured for commercially obtained 4-mercaptobenzoic 

acid (7). The difference of about 10% between them is attributed to disulfide 

formation during deprotection, impurities, and experimental error. On the other hand, 

the 1H NMR spectrum in DMSO showed the thiol concentration of 7 was 88%. This 

suggests that 1H NMR spectroscopy could be used as an alternative to the Ellman’s 

reagent test to measure the thiol concentration. However, in this trial, there was no 

effort to eliminate water and oxygen present in the NMR solvent. These impurities 

should ideally be removed, adding some effort to this methodology. 

 

Scheme 3.25.a 
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Scheme 3.26.a 

aReagents and conditions: i) TFA, Et3SiH; ii) DMF.
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Figure 3.10. 1H NMR spectrum of amphiphilic anionic thiol dendron, G1-SH-COOH (58), prepared 

using Et3SiH / CF3COOH / room temp. to deprotect 65 (Scheme 3.26) (solvent : CD2Cl2). 
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With the deprotection of the G0-trityl compound, G1-STr-t-bu (65) was also 

deprotected with the addition of small amount of triethylsilane in an excess amount 

of trifluoroacetic acid (Scheme 3.26). This procedure yielded the corresponding 

thiol, G1-SH-COOH (58).7-15 The percentage of thiol was measured by 1H NMR 

and Ellman’s reagent test.87-89 The Ellman’s reagent test indicated 29% thiol and the 

1H NMR spectrum indicated 43% thiol in CD2Cl2 solvent (Figure 3.10). The higher 

thiol concentration measured by 1H NMR spectroscopy might be explained by the 

fact that the NMR solvent, CD2Cl2, was exposed to less oxygen than the samples 

that underwent Ellman’s reagent test. As with the G1-cationic dendron (49), the 

measured thiol concentration for the anionic dendron prepared with the trityl group 

was less than that for dendrons protected by thiocarbamates. It might also indicate 

that catalytic conditions were not important in generation of the disulfides like 

mentioned in G1-cationic dendron (49). 

The difference in the relative amount of thiol when comparing the deprotection 

of G0-SH-COOH (82%) and G1-SH-COOH (29%) can be explained by the same 

rationale suggested for the G2-SH- Ammonium (51). Due to oxygen remaining in 

the reaction mixture during deprotection of the trityl, the generated thiols may be re-

oxidized. Also, by a larger amphiphilic dendritic unit than G0-dendron the trityl 

group can be shielded. The deprotection of the trityl group might be sterically 

hindered, yielding small amount of thiol. 

Another possibility is that thiol oxidation is related proton loss, and that is 
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facile in a hydrogen-bond accepting solvent. Solvation of nucleophilic anion 

(thiolate ions) influences its reactivity. The thiolate ions are solvated by hydrogen 

bonding interactions in polar protic solvent (methanol) used in this deprotection. 

These solvated species are more stable and less reactive than the unsolvated ions. 

Also, this solvent effect is more pronounced for small basic anions than for large 

weakly basic anions.40,57 Therefore, as the generation of dendron increases from G0 

to G1, the anions are solvated a little and thus are more reactive, resulting in 

generating the disulfides. 

In the dry box, amphiphilic G1-anionic dendrimer, [Fe4S4(S-G1-

COOH)4][N(CH3)4]2 (59) was prepared with the red-wine color as was seen in the 

cationic dendrimer. The 1H NMR spectrum exhibited partially substituted dendrimer 

which is attributed to low thiol concentration (Figure 3.11). The relative integration 

of two characteristic peaks (A and B) to signal C indicated a ration of 2.4 : 16 

instead of the expected 8 : 16. 
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Figure 3.11. 1H NMR spectrum of amphiphilic G1-anionic dendrimer, [Fe4S4(S-G1-

COOH)4][N(CH3)4]2 (59), prepared using Et3SiH / CF3COOH / room temp. to deprotect 65 followed 

by ligand exchange (Scheme 3.26) (solvent : DMF-d7). 

 

The protecting group was changed from the thiocarbamate group into the trityl 

group because the conditions for deprotection were predicted to yield a lower 

concentration of disulfide. However, this did not increase the percentage of thiol 

produced during deprotection. Ellman’s reagent test indicated 40% for G1-SH-

Ammonium dendron (49), 82% for G0-SH-COOH (7), and 29% for G1-SH- COOH 

(58). Also, the 1H NMR spectrum showed 88% for G0-SH-COOH (7) and 43% for 

G1-SH-COOH (58). Due to low thiol concentration, G1-cationic and anionic 
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dendrimers (50 and 59) were incompletely substituted in their respective ligand 

exchange reactions. The new method using the trityl group, which can be 

deprotected in acidic condition and at room temperature, was not effective in the 

generation of the thiols. 

 

3.3. Concluding Remarks 

The modular synthesis approach was effective in the preparation of 

amphiphilic cationic and anionic dendrons. The ammonium and carboxylate as 

peripheral units could be easily introduced to the phenolic dendron in high yields. 

Two different protecting groups, thiocarbamate and trityl, were used to 

synthesize amphiphilic dendrons and dendrimers. 

Deprotection of thiocarbamate group required heat and base catalyst. Using 

this protecting group, amphiphilic G1-cationic dendrimer (50), G0-anionic 

dendrimer (57), and G1-anionic dendrimer (59) were prepared successfully and 

characterized with 1H NMR spectroscopy and MALDI-TOF. However, G2-cationic 

dendrimer (52) could not be prepared successfully due to a low percentage of thiol 

produced from the deprotection. The thiol concentration was measured using 

Ellman’s reagent test. 

The protocol to quantitate the thiol concentration by Ellman’s reagent test was 

established. In G1-SH-Ammonium (49), G2-SH-Ammonium (51) and G1-SH-

COOH (58) dendrons, the measured thiol concentrations were 49%, 34%, and 46%, 
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respectively. However, it was speculated that in the amphiphilic G1 & G2 dendrons 

the thiols were oxidized rapidly to the disulfides in the process of Ellman’s reagent 

test due to oxygen dissolved in solution. Thus, Ellman’s reagent test exhibited 

limitations in measuring concentrations of polar dendrons.  

The second protecting group, trityl, could be deprotected in acid catalyst at 

room temperature. After the deprotection, the thiol concentration measured in 

Ellman’s reagent test was not higher than that the dendrons prepared with 

thiocarbamate. The result was 40% in G1-SH-Ammonium dendron (49), 82% in 

G0-SH-COOH (7), and 29% in G1-SH-COOH dendron (58). Also, the thiol 

concentration from the 1H NMR spectrum showed 88% in 7 and 43% in 58. It 

suggested that 1H NMR spectroscopy could be used along with Ellman’s reagent test 

to measure thiol concentrations.  

In G1-cationic and anionic dendrimers (50 and 59), iron-sulfur clusters were 

incompletely substituted due to low yield of thiol as the result of deprotection, 

respectively. Neither protecting group was effective in regeneration of thiols. 
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3.4. Experimental Section 

General considerations.    All chemicals were purchased from Aldrich and Acros 

and were used without further purification unless otherwise indicated. 4-

Mercaptobenzoic acid was purchased from TCI Chemicals. All deuterated solvents 

were purchased from Cambridge Isotope Laboratories. All solvents used in the dry 

box were deoxygenated with a minimum of three freeze-pump-thaw cycles before use 

to remove any dissolved oxygen. Flash chromatography was carried out with silica gel 

60 Å, 32 – 63 µm (Sorbent technologies). Nuclear Magnetic Resonance 

characterization was performed at 300 MHz or 400 MHz on Varian spectrometers. 

UV-VIS spectra were recorded using a Hewlett Packard 8452A diode array 

spectrometer. MALDI-MS (Matrix Assisted Laser Desorption Ionization–Mass 

Spectrometry) Investigations were performed using a Bruker Proflex + (Bruker 

Daltonics, Billerica, MA) linear MALDI-TOF (Time Of Flight) instrument with 1.2 m 

flight tube. DHB (2,5-dihydroxy benzoic acid), trans-3-indole acrylic acid or dithranol 

was used as a matrix.   

 

4-dimethylthiocarbamoylsulfanyl benzoic acid methyl ester ( 27 ). 4-

dimethylthiocarbamoyloxy benzoic acid methyl ester ( 26 ) (27.94 g, 116.8 mmol) 

was put into a sealed tube and heated to 220 – 230 °C for 2 h. Yield: 99% (27.67g); 1H 

NMR (CDCl3) δ (ppm) 3.03 (s, 3H), 3.09 (s, 3H), 3.90 (s, 3H), 7.55 (d, 2H, J = 6.3 

Hz), 8.00 (d, 2H, J = 6.3 Hz). 
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4-dimethylthiocarbamoylsulfanyl benzoic acid ( 28 ). 4-

dimethylthiocarbamoylsulfanyl benzoic acid methyl ester ( 27 ) (20.0 g, 83.6 mmol) 

and iodotrimethyl silane (23.8 mL, 167.2 mmol) were stirred and heated to 100 °C for 

2 h under N2. After the reaction mixture was cooled to room temperature, it was 

diluted with diethyl ether. To the reaction mixture was slowly added 10 % NaOH aq. 

solution and washed 3 times. The combined water layer was acidified with 6N HCl aq. 

solution and then extracted 3 times with CH2Cl2. The organic layer was combined, 

dried with anhydrous magnesium sulfate, and then filtered. The filtrate was 

evaporated to dryness. The resulting product was pure enough to be carried out to the 

next step without further purification. Yield: 72% (13.5g); 1H NMR (CDCl3) δ (ppm) 

3.00 (s, 3H), 3.11 (s, 3H), 7.61 (d, 2H, J = 8.4 Hz), 8.04 (d, 2H, J = 8.4 Hz). 

 

G1-Thiocarbamate-MOM ( 29 ). A solution of 4-dimethylthiocarbamoylsulfanyl 

benzoic acid ( 28 ) (1.90 g, 8.45 mmol), G1-MA-MOM (6, Chapter 2 ) (3.47 g, 9.30 

mmol), 1,3-dicyclohexylcarbodiimide (1.92 g, 9.30 mmol), and a catalytic amount of 

4-dimethylaminopyridine in 50 mL of CH2Cl2 was stirred under N2 at room 

temperature for 12 h. The solid residue was filtered and the filtrate was evaporated to 

dryness. The crude product was purified by column chromatography, eluting with 

20 % ethyl acetate in hexane. Yield: 98% (4.80g); 1H NMR (CDCl3) δ (ppm) 1.34 (m, 

1H), 1.46 (m, 1H), 1.54 (s, 1.5H), 1.62 (s, 1.5H), 1.84 (m, 1H), 2.12 (m, 1H), 2.72 (q, 

2H), 2.86 (s, 1.5H), 2.99 (s, 1.5H), 3.02 (s, 3H), 3.11 (m, 1H), 3.41 (s, 6H), 3.44 (m, 
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1H), 5.09 (s, 4H), 6.86 (d, 4H, J = 10.0Hz), 6.96 (d, 2H, J = 10.0 Hz), 7.05 (d, 2H, J = 

10.0 Hz), 7.22 (d, 1H, J = 10.0 Hz), 7.31 (d, 1H, J = 10.0 Hz), 7.45 (d, 2H, J = 10.0 

Hz); 13C NMR (CDCl3) δ (ppm) 22.49 (23.96), 28.00, 32.77, 37.13 (37.39), 38.46 

(38.96), 45.01, 47.69, 51.73, 56.17, 115.83, 127.20 (127.50), 128.43, 130.51, 135.58, 

137.40, 142.69 (143.08), 155.30, 166.47, 171.31. 

 

G1-Thiocarbamate-OH ( 30 ). To a solution of G1-Thiocarbamate-MOM ( 29 ) 

(5.67 g, 9.77 mmol) in 70 mL of methanol was slowly added 60 drops of concentrated 

HCl. The solution was refluxed for 4 h. After the reaction mixture was cooled to room 

temperature, the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography, eluting with 20 % ethyl acetate in hexane. Yield: 

99% (4.76g); 1H NMR (CD3OD) δ (ppm) 1.27 (m, 2H), 1.41 (s, 1.5H), 1.50 (s, 1.5H), 

1.72 (m, 1H), 2.03 (m, 1H), 2.73 (s, 1.5H), 2.86 (s, 1.5H), 2.95 (s, 3H), 3.05 (s, 3H), 

3.13 (t, 1H), 3.43 (t, 1H), 6.60 (d, 4H, J = 8.6 Hz), 6.86 (d, 2H, J = 8.7 Hz), 6.96 (d, 

2H, J = 8.7 Hz), 7.19 (d, 1H, J = 7.8 Hz), 7.32 (d, 1H, J = 8.1 Hz), 7.47 (d, 2H, J = 8.1 

Hz); 13C NMR (CD3COCD3) δ (ppm) 22.51 (23.93), 27.55, 32.11, 36.29 (36.79), 

38.52 (38.98), 44.54, 47.45, 51.46, 114.82, 127.19 (127.38), 128.26, 130.65, 135.39, 

137.84, 140.68 (140.92), 155.30, 165.04, 170.20 (170.60). 

 

Test Reaction (see Scheme 3. 3). 4-methylphenol (0.02 g, 0.16 mmol) was added to a 

solution of 4-dimethylthiocarbamoylsulfanyl benzoic acid methyl ester (27) (0.04 g, 
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0.16 mmol) and 1-bromethyl-4-nitrobenzene (0.04 g, 0.16 mmol) containing 

potassium carbonate (0.09 g, 0.65 mmol) and a catalytic amount of 18-crown-6 in 

acetone. The reaction mixture was stirred and refluxed for 12 h. Then, the mixture 

was cooled to room temperature and filtered. The solvent was removed under reduced 

pressure. The crude product was purified by column chromatography, eluting with 

5 % ethyl acetate in hexane. The products were determined by TLC and 1H NMR 

spectroscopy. 

 

Trimethyl-l-tolylammonium iodide (33). Methyl iodide (31.5 g, 220 mmol) was 

added to N,N-dimethyl-p-toluidine (3.00 g, 22 mmol) in diethyl ether and stirred at 30 

-35 °C for 24 h. The crude product was filtered and washed with diethyl ether. The 

product was dissolved in methanol and precipitated from ethyl acetate. Yield: 78% 

(4.78g); 1H NMR (CDCl3) δ (ppm) 2.39 (s, 3H), 3.99 (s, 9H), 7.38 (d, 2H, J = 8.1 Hz), 

7.84 (d, 2H, J = 8.1 Hz). 

 

Attempt at synthesis of (4-bromomethylphenyl) trimethylammonium iodide (34) 

(see Table 3.1).  

- Using an oil bath as heat source 

A catalytic amount of AIBN was added to a solution of the ammonium iodide (33) 

(0.5 g, 1.8 mmol) and NBS (0.32 g, 1.8 mmol) in CH2Cl2. The reaction mixture 

was stirred and refluxed for 12 h in oil bath. Also, in CHCl3 solvent, the same 
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reactions were performed for 12 h and 48 h, respectively. The mixture in DMF was 

stirred at room temperature for 12 h without heat or light.  

- Using a sun lamp as heat source 

The mixture in CHCl3 was stirred for 18 h under sun lamp. 

- Using a microwave reactor as heat source 

The reaction mixtures were reacted in CHCl3 at 100 °C for 3 h and without solvents 

at 180 °C for 3 h. 

 

(4-dimethylaminophenyl) methanol (35). Into a solution of 4-

dimethylaminobenzaldehyde (10.00 g, 67 mmol) in methanol was added NaBH4 and 

stirred at 60 °C for 24 h. The reaction mixture was cooled to room temperature and the 

solvent was removed under reduced pressure. The crude product was purified by 

column chromatography, eluting with 15 % ethyl acetate in hexane. Yield: 94% 

(9.51g); 1H NMR (CDCl3) δ (ppm) 2.95 (s, 6H), 4.57 (s, 2H), 6.73 (d, 2H, J = 8.8 Hz), 

7.25 (d, 2H, J = 8.4 Hz). 

 

(4-hydroxymethylphenyl) trimethylammonium iodide (36). Methyl iodide (45.6 g, 

320 mmol) was added to (4-dimethylaminophenyl) methanol (35) (4.86 g, 32 mmol) 

in CH2Cl2 and stirred for 24 h. The reaction mixture was filtered and washed with 

CH2Cl2. The crude product was dissolved in methanol and precipitated from ethyl 

acetate. Yield: 87% (8.18g); 1H NMR (CD3OD) δ (ppm) 3.68 (s, 9H), 4.69 (s, 2H), 
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7.62 (d, 2H, J = 7.6 Hz), 7.89 (d, 2H, J = 9.2 Hz). 

 

Attempt at synthesis of (4-bromomethylphenyl) trimethylammonium iodide (34) 

(see Scheme 3.5). 

- NBS/PPh3 system 

NBS (0.45 g, 2.5 mmol) was added to a solution of ammonium iodide (36) (0.5 g, 

1.7 mmol) and triphenylphosphine in DMF and THF dried under N2, respectively. 

The reaction mixtures were stirred at room temperature for 12 h and the solvent was 

removed. 

- CBr4/PPh3 system 

CBr4 (0.85 g, 2.5 mmol) was added to a solution of ammonium iodide (36) (0.5 g, 

1.7 mmol) and triphenylphosphine in DMF and CH3CN dried under N2 at 0 °C, 

respectively. The reaction mixtures were stirred at room temperature for 12 h and the 

solvent was removed. 

- PBr3 system 

PBr3 (0.10 g, 0.4 mmol) was added to a solution of ammonium iodide (36) (0.3 g, 

1.0 mmol) and triphenylphosphine in DMF dried under N2 at 0 °C, respectively. The 

reaction mixtures were stirred at room temperature for 12 h and the solvent was 

removed. 

Attempt at synthesis of (4-iodomethylphenyl) trimethylammonium iodide (37). 

Before using HI, the hydroiodic acid was purified 3 times by shaking with the 
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mixture of tributylphosphine and chloroform. The ammonium iodide (36) (1.0 g, 3.4 

mmol) was added to HI (4.36 g, 3.4 mmol) and stirred at room temperature for 2 

days. The product generated was filtered and washed with acetone. 

 

(2-chloroethyl)trimethylammonium iodide (38). Methyl iodide (12.54 g, 88 mmol) 

was added to N,N-dimethylaminoethyl chloride (1.1 g, 10 mmol) in CH2Cl2 and 

stirred at room temperature for 24 h. The reaction mixture was filtered, washed with 

CH2Cl2, and dried in vacuo. Yield: 88% (2.23g); 1H NMR (CD3OD) δ (ppm) 3.24 (s, 

9H), 3.81 (t, 2H), 4.06 (t, 2H).  

 

Attempt at synthesis of G1-Thiocarbamate-Ammonium ( 40 ) (see Scheme 3.7). 

(2-chloroethyl)trimethylammonium iodide (38) (0.39 g, 1.6 mmol) was added to G1-

Thiocarbamate-OH (30) (0.35 g, 0.5 mmol), anhydrous potassium carbonate (0.39 g, 

2.8 mmol), and a catalytic amount of 18-crown-6 in 50 mL of dry acetone. The 

mixture was refluxed for 5 h and stirred vigorously under N2. (According to TLC 

monitoring, the product was not generated, indicating starting material.) 

 

G1-Thiocarbamate-MA ( 39 ). To a suspension of G1-Thiocarbamate-OH ( 30 ) (0.1 

g, 0.20 mmol), anhydrous potassium carbonate (0.14 g, 1.01 mmol), and a catalytic 

amount of 18-crown-6 in 50 mL of dry acetone was slowly added N, N-

dimethylaminoethyl chloride·HCl (73.1 mg, 0.51 mmol) with N2. The mixture was 
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refluxed for 5 h and stirred vigorously under N2. After the reaction mixture was 

cooled to room temperature, the mixture was filtered. The solution was washed 3 

times with H2O, dried with anhydrous magnesium sulfate, and then filtered. The 

filtrates were evaporated to dryness. Yield: 99% (0.13g); 1H NMR (CD2Cl2) δ (ppm) 

1.34 (m, 1H), 1.44 (m, 1H), 1.53 (s, 1.5H), 1.62 (s, 1.5H), 1.84 (m, 1H), 2.12 (m, 1H), 

2.28 (s, 12H), 2.67 (t, 4H), 2.79 (s, 1.5H), 2.91 (s, 1.5H), 3.02 (s, 3H), 3.08 (s, 3H), 

3.17 (t, 1H), 3.49 (t, 1H), 4.02 (t, 4H), 6.81 (d, 4H, J = 7.2 Hz), 7.02 (d, 2H, J = 8.4 

Hz), 7.12 (d, 2H, J = 8.1 Hz), 7.27 (d, 1H, J = 7.5 Hz), 7.37 (d, 1H, J = 7.8 Hz), 7.51 

(d, 2H, J = 8.4 Hz). MALDI-TOF MS (matrix: dithranol); m/z Cald 634.36; found 

635.85. 

 

G1-Thiocarbamate-Ammonium ( 40 ). Into a sealed tube with a solution of G1-

Thiocarbamate-MA ( 39 ) (0.39 g, 0.61 mm0l) in 10 mL of CH2Cl2 was added CH3I 

(1.8 mL, 29.0 mmol) dropwise via syringe. The tube was wrapped with aluminum foil. 

The reaction mixture was stirred at room temperature for 24 h. The precipitated salts 

were filtered and dissolved in methanol to remove insoluble impurities. After micro-

syringe filtration, the filtrates were evaporated to dryness. Yield: 71% (0.40g); 1H 

NMR (CD3OD) δ (ppm) 1.34 (m, 1H), 1.47 (m, 1H), 1.53 (s, 1.5H), 1.62 (s, 1.5H), 

1.86 (m, 1H), 2.15 (m, 1H), 2.84 (s, 1.5H), 2.93 (s, 1.5H), 3.02 (s, 3H), 3.13 (s, 3H), 

3.22 (t, 1H), 3.28 (s, 18H), 3.50 (t, 1H), 3.86 (s, 4H), 4.47 (s, 4H), 6.93 (d, 4H, J = 6.6 

Hz), 7.08 (d, 2H, J = 8.4 Hz), 7.18 (d, 2H, J = 8.4 Hz), 7.28 (d, 1H, J = 8.1 Hz), 7.39 
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(d, 1H, J = 8.1 Hz), 7.54 (d, 2H, J = 5.4 Hz). MALDI-TOF MS (matrix: DHB); m/z 

Cald 918.21; found 791.35. 

 

G1-SH-Ammonium ( 49 ) (See Scheme 3.13). G1-Thiocarbamate-Ammonium ( 40 ) 

(27.8 mg, 0.03 mmol) and solid NaOH (3.6 mg, 0.09 mmol) put into a flame-dried 

Schlenk flask and placed under vacuum for one hour. The flask was sealed under 

vacuum and transferred to a nitrogen line and placed under nitrogen for 1 h. The flask 

was fitted with a reflux condenser sealed with a rubber septum under N2. Into the 

flask was added 5 mL of methanol and 0.1 mL of THF distilled, dried, and degassed 

via syringe. Nitrogen was purged for 30 min more using an outlet needle in the 

septum until sodium hydroxide dissolved. The septum was exchanged with a greased 

glass stopper and the flask fitted with a reflux condenser was sealed fully. The 

nitrogen purge was then stopped. The contents of the flask were refluxed as a sealed 

system for 12 h. After the reaction mixture was cooled to room temperature, 3 drops 

of concentrated HCl was added to quench the reaction and stirred for 5 min. The 

reflux condenser was dissembled and via a rotary evaporator the solvent was removed 

from the Schlenk flask directly. The residue was dried more in vacuo for 24 h and put 

it into the dry box for the next step.  

 

[Fe4S4(S-G1-Ammonium)4][N(CH3)4]2 ( 50 ) (See Scheme 3.13). Into the Schlenk 

flask with a solution of G1-SH-Ammonium ( 49 ) (25.6 mg, 0.03 mmol) in 6 mL of 
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DMF dried and degassed was slowly added a solution of [Fe4S4(S-t-Bu)4][N(CH3)4]2 

(4.3 mg, 0.005 mmol) in 10 mL of DMF in dry box. Upon addition, the red-wine color 

developed rapidly. After the reaction mixture was stirred for 15 min, the flask was 

sealed and removed from the dry box. The solvent was then removed in vacuo at 

40 °C for 5 h. The flask put into the dry box. The product was dissolved in 4 mL of 

DMF dried and degassed. The solution was transferred into a Falcon tube sealed with 

a rubber septum. The tube was centrifuged to remove insoluble parts including 

sodium chloride. The tube put into the dry box. Only the soluble parts was transferred 

into a new Falcon tube and precipitated from 8 mL of acetone distilled, dried, and 

degassed. The tube put into centrifugal separator in the outside and the solution was 

separated again. In the dry box the supernatant was removed and the precipitates were 

dried in vacuo at 40 °C for 2 days. Yield: 80% (15.6mg); 1H NMR (DMF-d7) δ (ppm) 

1.38 (m, 8H), 1.58 (s, 12H), 1.89 (m, 8H), 3.47 (s, 96H), 4.12 (s, 16H), 4.61 (s, 16H), 

5.95 (br, 8H), 6.95 (s, 16H), 7.12 (s, 16H), 8.20 (s, 8H). MALDI-TOF MS (matrix: 

dithranol); m/z Cald 3884; found 3541. 

 

G2-OH-MOM ( 42 ). A suspension of G1-OMS-MOM ( 5 ) (11.73 g, 26.7 mmol), 

4,4-bis(4’-hydroxyphenyl) pentanol ( 41 ) (3.39 g, 12.4 mmol), anhydrous potassium 

carbonate (8.60 g, 62.2 mmol), and a catalytic amount of 18-crown-6 in 100 mL of 

dry acetone was stirred under N2. The mixture was refluxed for 12 h. After the 

reaction mixture was cooled to room temperature, the mixture was filtered. The 
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filtrate was evaporated to dryness. The crude product was dissolved in CH2Cl2. The 

solution was washed 3 times with H2O, dried with anhydrous magnesium sulfate, and 

then filtered. The filtrates were evaporated to dryness. The resulting product was pure 

enough to be carried out to the next step without further purification. Yield: 79% 

(9.57mg); 1H NMR (CDCl3) δ (ppm) 1.31 – 1.55 (m, 6H), 1.58 (s, 3H), 1.62 (s, 6H), 

2.09 (m, 2H), 2.19 (m, 4H), 3.48 (s, 12H), 3.59 (t, 2H), 3.86 (t, 4H), 5.15 (s, 8H), 6.73 

(d, 4H, J = 8.4 Hz), 6.91 (d, 8H, J = 8.7 Hz), 7.06 (d, 4H, J = 8.4 Hz), 7.11 (d, 8H, J = 

8.7 Hz). 

 

G2-OMs-MOM ( 43 ). To a solution of G2-OH-MOM ( 42 ) (7.74 g, 7.95 mmol), 

triethylamine (3.32 mL, 23.9 mmol), and a catalytic amount of 4-

dimethylaminopyridine in 80 mL of CH2Cl2 at 0 °C was added methanesulfonyl 

chloride (1.82 g, 15.9 mmol) dropwise. The reaction mixture was allowed to warm to 

room temperature and stirred for 12 h. Water was added to quench the reaction. The 

solution was extracted 3 times with CH2Cl2. The organic layer was combined, dried 

with anhydrous magnesium sulfate, and then filtered. The filtrates were evaporated to 

dryness. The crude product was purified by column chromatography, eluting with 

25 % ethyl acetate in hexane. Yield: 91% (7.49g); 1H NMR (CD2Cl2) δ (ppm) 1.40 – 

1.52 (m, 9H), 1.85 (m, 2H), 2.15 (m, 4H), 2.88 (s, 3H), 3.39 (s, 12H), 3.82 (t, 4H), 

4.08 (t, 2H), 5.08 (s, 8H), 6.70 (d, 4H, J = 8.4 Hz), 6.86 (d, 8H, J = 8.7 Hz), 7.01 (d, 

4H, J = 8.4 Hz), 7.07 (d, 8H, J = 8.7 Hz). 
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G2-MA-MOM ( 44 ). Into a sealed tube with a solution of G2-OMs-MOM ( 43 )(2.98 

g, 2.88 mmol) in 10 mL of THF was added methyl amine (40 wt% solution in H2O) 

(5.0 mL, 57.6 mmol). The reaction mixture was then heated to 60 – 70 °C for 5 h. 

After the reaction mixture was cooled to room temperature, water was added to 

quench the reaction. The solution was extracted 3 times with CH2Cl2. The organic 

layer was combined, dried with anhydrous magnesium sulfate, and then filtered. The 

filtrates were evaporated to dryness. The resulting product was pure enough to be 

carried out to the next step without further purification. Yield: 97% (2.70g); 1H NMR 

(CD2Cl2) δ (ppm) 1.24 (m, 2H), 1.50 – 1.60 (m, 7H), 1.62 (s, 6H), 1.83 (m, 1H), 2.05 

(m, 1H), 2.21 (m, 4H), 2.32 (s, 3H), 2.50 (t, 2H), 3.45 (s, 12H), 3.88 (t, 4H), 5.14 (s, 

8H), 6.75 (d, 4H, J = 6.9 Hz), 6.93 (d, 8H, J = 6.6 Hz), 7.07 (d, 4H, J = 7.7 Hz), 7.14 

(d, 8H, J = 6.6 Hz). 

 

G2-Thiocarbamate-MOM ( 45 ). A solution of 4-dimethylthiocarbamoylsulfanyl 

benzoic acid ( 28 ) (0.60 g, 2.53 mmol), G2-MA-MOM ( 44 ) (2.70 g, 2.78 mmol), 

1,3-dicyclohexylcarbodiimide (0.57 g, 2.78 mmol), and a catalytic amount of 4-

dimethylaminopyridine in 50 mL of CH2Cl2 was stirred under N2 at room temperature 

for 20 h. The solid residue was filtered and the filtrate was evaporated to dryness. The 

crude product was purified by column chromatography, eluting with 20 % ethyl 

acetate in hexane. Yield: 67% (1.99g); 1H NMR (CDCl3) δ (ppm) 1.26 (m, 1H), 1.33 

(m, 1H), 1.42 – 1.62 (m, 13H), 1.74 (m, 1H), 2.08 (m, 1H), 2.13 (m, 4H), 2.70 (s, 
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1.5H), 2.84 (s, 1.5H), 3.00 (s, 6H), 3.09 (m, 1H), 3.41 (s, 12H), 3.46 (m, 1H), 3.80 (t, 

3H), 5.08 (s, 8H), 6.68 (d, 4H, J = 8.1 Hz), 6.86 (d, 8H, J = 9.0 Hz), 6.92 (d, 2H, J = 

7.2 Hz), 6.99 (m, 2H), 7.06 (d, 8H, J = 8.7 Hz), 7.25 (m, 1H), 7.29 (m, 1H), 7.45 (d, 

2H, J = 7.8 Hz). 

 

G2-Thiocarbamate-OH ( 46 ). To a solution of G2-Thiocarbamate-MOM ( 45 ) 

(3.31 g, 2.81 mmol) in 70 mL of methanol was slowly added 60 drops of concentrated 

HCl. The solution was refluxed for 6 h. After the reaction mixture was cooled to room 

temperature, the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography, eluting with 20 % ethyl acetate in CH2Cl2. Yield: 

88% (2.46g); 1H NMR (CD3COCD3) δ (ppm) 1.35 – 1.70 (m, 15H), 1.84 (m, 1H), 

2.12 (m, 1H), 2.20 (m, 4H), 2.78 (s, 1.5H), 2.93 (s, 1.5H), 3.00 – 3.08 (s, 6H), 3.20 (m, 

1H), 3.46 (m, 1H), 3.88 (t, 4H), 6.70 (d, 4H, J = 9.0 Hz), 6.78 (d, 8H, J = 9.0 Hz), 

6.95 – 7.05 (m, 12H), 7.20 - 7.33 (m, 1H), 7.34 - 7.44 (m, 1H), 7.48 (d, 2H, J = 9.0 

Hz). 

 

G2-Thiocarbamate-MA ( 47 ). To a suspension of G2-Thiocarbamate-OH ( 46 ) 

(0.44 g, 0.44 mmol), anhydrous potassium carbonate (1.22 g, 8.8 mmol), and a 

catalytic amount of 18-crown-6 in 50 mL of dry acetone was slowly added N, N-

dimethylaminoethyl chloride·HCl (1.27 g, 8.8 mmol) under N2. The mixture was 

refluxed for 5 h and stirred vigorously under N2. After the reaction mixture was 
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cooled to room temperature, the mixture was filtered. The solution was washed 3 

times with H2O, dried with anhydrous magnesium sulfate, and then filtered. The 

filtrates were evaporated to dryness. Yield: 58% (0.33g); 1H NMR (CDCl3) δ (ppm) 

1.30 – 1.58 (m, 15H), 1.75 (m, 1H), 2.03 (m, 1H), 2.11 (m, 4H), 2.43 (s, 16H), 2.70 (s, 

1.5H), 2.86 (m, 9.5H), 2.97 (s, 3H), 3.01 (s, 3H), 3.10 (m, 1H), 3.44 (m, 1H), 3.79 (t, 

4H), 4.10 (t, 8H), 6.67 (d, 4H, J = 8.1 Hz), 6.73 (d, 8H, J = 9.0 Hz), 6.91 (d, 2H, J = 

8.1 Hz), 7.00 (m, 2H), 7.03 (d, 8H, J = 9.0 Hz), 7.25 (m, 1H), 7.29 (m, 1H), 7.44 (d, 

2H, J = 7.5 Hz). 

 

G2-Thiocarbamate-Ammonium ( 48 ). Into a sealed tube with a solution of G2-

Thiocarbamate-MA ( 47 ) (0.16 g, 0.12 mm0l) in 10 mL of CH2Cl2 was added CH3I 

(0.39 mL, 6.2 mmol) dropwise via syringe. The tube was then wrapped with 

aluminum foil. The reaction mixture was stirred at room temperature for 24 h. The 

precipitated salts were filtered and dissolved in methanol to remove insoluble 

impurities. After micro-syringe filtration, the filtrates were evaporated to dryness. 

Yield: 60% (0.14g); 1H NMR (CDCl3) δ (ppm) 1.26 (m, 2H), 1.36 – 1.60 (m, 13H), 

1.74 (m, 1H), 2.05 (m, 1H), 2.15 (m, 4H), 2.74 (s, 1.5H), 2.87 (s, 1.5H), 2.94 (s, 3H), 

3.03 (s, 3H), 3.12 (m, 1H), 3.24 (s, 36H), 3.43 (m, 1H), 3.78 (m, 8H), 3.82 (m, 4H), 

3.82 (m, 4H), 4.44 (m, 8H), 6.69 (m, 4H), 6.85 (d, 8H, J = 9.0 Hz), 6.91 (d, 2H, J = 

8.4 Hz), 7.03 (d, 2H, J = 8.1 Hz), 7.11 (d, 8H, J = 8.4 Hz), 7.32 (d, 1H, J = 7.2 Hz), 

7.38 (d, 1H, J = 7.8 Hz), 7.48 (d, 2H, J = 7.5 Hz). 
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Attempt at synthesis of G2-SH-Ammonium ( 51 ) (See Scheme 3.14). G2-

Thiocarbamate-Ammonium ( 48 ) (0.14 g, 0.07 mmol) and solid NaOH (7.4 mg, 0.18 

mmol) put into a flame-dried Schlenk flask and placed under vacuum for one hour. 

The flask was sealed under vacuum and transferred to a nitrogen line and placed 

under nitrogen for 1 h. The flask was fitted with a reflux condenser sealed with a 

rubber septum under N2. Into the flask was added 10 mL of methanol and 0.5 mL of 

THF distilled, dried, and degassed via syringe. Nitrogen was purged for 30 min more 

using an outlet needle in the septum until the sodium hydroxide dissolved. The 

septum was exchanged for a grease glass stopper and the flask fitted with a reflux 

condenser was sealed fully. The nitrogen purge was then stopped. The contents of the 

flask were refluxed as a sealed system for 12 h. After the reaction mixture was cooled 

to room temperature, 4 drops of concentrated HCl was added to quench the reaction 

and the mixture was stirred for 5 min. The reflux condenser was dissembled and via a 

rotary evaporator the solvent was removed from the Schlenk flask directly. The 

residue was dried more in vacuo for 24 h and put it into the dry box for the next step. 

 

Attempt at synthesis of [Fe4S4(S-G2-Ammonium)4][N(CH3)4]2 ( 52 ) (See Scheme 

3.14). Into the Schlenk flask with a solution of G2-SH-Ammonium ( 51 ) (0.13 g, 0.07 

mmol) in 6 mL of DMF dried and degassed was slowly added a solution of [Fe4S4(S-

t-Bu)4][N(CH3)4]2 (10.5 mg, 0.01 mmol) in 10 mL of DMF in dry box. Upon addition, 

the red-wine color developed rapidly. After the reaction mixture was stirred for 15 
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min, the flask was sealed and removed from the dry box. The solvent was then 

removed in vacuo at 40 °C for 5 h. The flask put into the dry box. The product was 

dissolved in 4 mL of DMF dried and degassed. The solution was transferred into a 

Falcon tube sealed with a rubber septum. The tube was centrifuged to remove 

insoluble parts including sodium chloride. In the dry box only the soluble parts were 

transferred into a new Falcon tube. The solvent was removed and dried in vacuo at 

40 °C for 2 days.  

 

4-Methyl benzoic acid tert-butyl ester ( 53 ). A solution of potassium t-butoxide 

(3.27 g, 29.14 mmol) in a mixed solvent of THF (35 mL) and t-butanol (35 mL) was 

stirred for 30 min. To the solution was added p-toluoyl chloride (2.6 mL, 19.40 mmol) 

dropwise. The reaction mixture was refluxed for 12 h under N2. After the solution was 

cooled to room temperature, the solvents were removed under reduced pressure. The 

crude product was dissolved in ethyl acetate. The solution was washed 2 times with 

H2O, washed 2 times with saturated Na2CO3 aqueous solution. The organic layer was 

combined and dried with anhydrous magnesium sulfate, and then filtered. The filtrates 

were evaporated to dryness. The resulting product was pure enough to be carried out 

to the next step without further purification. Yield: 77% (2.82g); 1H NMR 

(CD3COCD3) δ (ppm) 1.60 (s, 9H), 2.41 (s, 3H), 7.26 (d, 2H, J = 9.0Hz), 7.84 (d, 2H, 

J = 9.0Hz)). 
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4-Bromomethyl benzoic acid tert-butyl ester ( 54 ). To a solution of 4-Methyl 

benzoic acid tert-butyl ester ( 53 ) (3.94 g, 20.51 mmol) and N-Bromosuccinimide 

(3.29 g, 18.37 g) in 50 mL of CH2Cl2 was added a catalytic amount of 2, 2’-

azobisisobutyronitrile to initiate free radical reaction. The reaction was refluxed for 48 

h under N2. After the solution was cooled to room temperature, the solvents were 

removed under reduced pressure. The crude product was dissolved in ethyl acetate. 

The solution was washed 2 times with H2O, washed 2 times with saturated Na2CO3 

aqueous solution. The organic layer was combined and dried with anhydrous 

magnesium sulfate, and then filtered. The filtrates were evaporated to dryness. The 

resulting product was pure enough to be carried out to the next step. Yield: 97% 

(4.84g); 1H NMR (CD3COCD3) δ (ppm) 1.60 (s, 9H), 4.70 (s, 2H), 7.58 (d, 2H, J = 

9.0Hz), 7.95 (d, 2H, J = 9.0Hz)). 

 

G1-Thiocarbamate-t-Bu ( 55 ). To a suspension of G1-Thiocarbamate-OH ( 30 ) 

(0.10 g, 0.2 mmol), anhydrous potassium carbonate (0.17 g, 1.22 mmol), and a 

catalytic amount of 18-crown-6 in 20 mL of dry acetone was added 4-Bromomethyl 

benzoic acid tert-butyl ester ( 54 ) (0.12 g, 0.45 mmol). The mixture was refluxed for 

12 h and stirred vigorously under N2. After the reaction mixture was cooled to room 

temperature, the mixture was filtered. The filtrates were evaporated to remove the 

solvent under reduced pressure. The crude product was purified by column 

chromatography, eluting with the solvent system of 30 % ethyl acetate in hexane. 
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Yield: 96% (0.17g); 1H NMR (CD2Cl2) δ (ppm) 1.35 (m, 1H), 1.44 (m, 1H), 1.55 (s, 

1H), 1.60 (s, 18H), 1.63 (s, 1H), 1.85 (m, 1H), 2.14 (m, 1H), 2.79 (s, 1.5H), 2.92 (s, 

1.5H), 3.01 (s, 3H), 3.08 (s, 3H), 3.18 (m, 1H), 3.50 (m, 1H), 5.12 (s 4H), 6.79 (d, 4H, 

J = 7.8 Hz), 7.00 (d, 2H, J = 8.1 Hz), 7.04 (d, 2H, J = 7.8 Hz), 7.23 (d, 1H, J = 8.1 Hz), 

7.31 (d, 1H, J = 7.8 Hz), 7.41 (d, 4H, J = 7.8 Hz), 7.46 (br s, 2H), 7.93 (d, 4H, J = 7.5 

Hz); 13C NMR (CDCl3) δ (ppm) 22.50 (23.92), 27.94, 28.37, 32.76, 37.12, 38.45 

(38.58), 44.96, 47.64, 51.72, 69.52, 81.21, 114.41, 127.02, 127.23 (127.48), 128.38, 

129.85, 130.47, 131.68, 135.56, 137.41, 141.99 (142.39), 156.62, 165.09, 170.77 

(171.35). MALDI-TOF MS (matrix: DHB); m/z Cald 872.41; found 895.51. 

 

G1-Thiocarbamate-COOH ( 56 ). To a solution of G1-Thiocarbamate-t-Bu ( 55 ) 

(0.62 g, 0.71 mmol) in 7 mL of CH2Cl2 at 0 °C was slowly added trifluoroacetic acid 

(7.5 mL, 97.4 mmol) via syringe. The reaction mixture was allowed to warm to room 

temperature and stirred for 8 h. The solvent and trifluoroacetic acid were removed 

under reduced pressure. The crude product was dissolved in CH2Cl2. The solution was 

washed 3 times with H2O. The organic layer was combined and dried with anhydrous 

magnesium sulfate, and then filtered. The filtrates were evaporated to dryness. Yield: 

92% (0.5g); 1H NMR (CD2Cl2) δ (ppm), 1.54 (s, 1.5H), 1.58 (s, 1.5H), 1.84 (m, 1H), 

2.06 (m, 1H), 2.92 (s, 1.5H), 2.95 – 3.14 (m, 7.5H), 3.18 (t, 1H), 3.38 (t, 1H), 5.15 (s 

4H), 6.86 (d, 4H, J = 8.0 Hz), 7.04 (d, 2H, J = 8.0 Hz), 7.11 (d, 2H, J = 8.8 Hz), 7.27 

(d, 1H, J = 7.6 Hz), 7.33 (d, 1H, J = 8.4 Hz), 7.51 (d, 4H, J = 7.2 Hz), 7.55 (d, 4H, J = 
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9.6 Hz), 8.03 (d, 2H, J = 8.4 Hz), 8.09 (d, 2H, J = 8.0 Hz); 13C NMR (CD2Cl2) δ 

(ppm) 22.26 (23.90), 27.65, 32.79, 37.00, 38.65 (38.78), 45.01, 47.90, 51.82, 69.30, 

114.45, 127.08, 127.25, 128.41, 129.19, 130.36, 130.78, 135.50, 137.31, 142.21 

(142.47), 143.49, 156.38 (156.59), 166.53, 170.42, 170.85. MALDI-TOF MS (matrix: 

dithranol); m/z Cald 760.28; found 761.23. 

 

G0-SH-COOH (4-mercaptobenzoic acid) ( 7 ) (See Scheme 3.17). 4-

dimethylthiocarbamoylsulfanyl benzoic acid ( 28 ) (26.5 g, 0.12 mmol) and solid 

NaOH 12.4 mg, 0.31 mmol) put into a flame-dried Schlenk flask and placed under 

vacuum for one hour. The flask was sealed under vacuum and transferred to a nitrogen 

line and placed under nitrogen for 1 h. The flask was fitted with a reflux condenser 

sealed with a rubber septum under N2. Into the flask was added 8 mL of methanol and 

0.2 mL of THF distilled, dried, and degassed via syringe. Nitrogen was purged for 30 

min more using an outlet needle in the septum until sodium hydroxide dissolved. The 

septum was exchanged into a glass stopper pasted with grease and the flask fitted with 

a reflux condenser was sealed fully. Nitrogen purge was then stopped. The flask with 

a fully sealed system was heated to 55 °C for 12 h. After the reaction mixture was 

cooled to room temperature, 6 drops of concentrated HCl was added to quench the 

reaction and stirred for 5 min. The reflux condenser was dissembled and via a rotary 

evaporator the solvent was removed from the Schlenk flask directly. The residue was 

dried more in vacuo for 24 h and put it into the dry box for the next step. 
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[Fe4S4(S-G0-COOH)4][N(CH3)4]2 ( 57 ) (See Scheme 3.17). Into the Schlenk flask 

with a solution of G0-SH-COOH ( 7 ) (18.1 mg, 0.12 mmol) in 5 mL of DMF dried 

and degassed was slowly added a solution of [Fe4S4(S-t-Bu)4][N(CH3)4]2 (16.8 mg, 

0.02 mmol) in 10 mL of DMF in dry box. Upon addition, the red-wine color 

developed rapidly. After the reaction mixture was stirred for 15 min, the flask was 

sealed and removed from the dry box. The solvent was then removed in vacuo at 

40 °C for 5 h. The flask put into the dry box. The product was dissolved in 4 mL of 

DMF dried and degassed. The solution was transferred into a Falcon tube sealed with 

a rubber septum. The tube was centrifuged to remove insoluble parts including 

sodium chloride. In the dry box only the soluble parts were transferred into a new 

Falcon tube. The solvent was removed and dried in vacuo at 40 °C for 2 days. 1H 

NMR (DMF-d7) δ (ppm) 3.38 (s, 24H), 6.16 (br s, 8H), 8.86 (br s, 8H); MALDI-TOF 

MS (matrix: dithranol); m/z Cald 1111.83; found 1037.11. 

 

[Fe4S4(S-G0-COOH)4][N(CH3)4]2 ( 57 ) (See Scheme 3.17). Into the Schlenk flask 

with a solution of G0-SH-COOH (4-mercaptobenzoic acid from TCI Chemicals) ( 7 ) 

(50.0 mg, 0.32 mmol) in 5 mL of DMF dried and degassed was slowly added a 

solution of [Fe4S4(S-t-Bu)4][N(CH3)4]2 (56.0 mg, 0.06 mmol) in 10 mL of DMF in the 

dry box. Upon addition, the red-wine color developed rapidly. After the reaction 

mixture was stirred for 15 min, the flask was sealed and removed from the dry box. 

The solvent was then removed in vacuo at 40 °C for 5 h and dried more in vacuo at 
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40 °C for 2 days. 1H NMR (DMSO-d6) δ (ppm) 3.08 (s, 24H), 5.97 (br s, 8H), 8.74 (br 

s, 8H); MALDI-TOF MS (matrix: dithranol); m/z Cald 1111.83; found 1036.48. 

 

G1-SH-COOH ( 58 ) (See Scheme 3.18). G1-Thiocarbamate-COOH ( 56 ) (0.03 g, 

0.04 mmol) and solid NaOH (4.7 mg, 0.12 mmol) put into a flame-dried Schlenk flask 

and placed under vacuum for one hour. The flask was sealed under vacuum and 

transferred to a nitrogen line and placed under nitrogen for 1 h. The flask was fitted 

with a reflux condenser sealed with a rubber septum under N2. Into the flask was 

added 4 mL of methanol and 0.1 mL of THF distilled, dried, and degassed via syringe. 

Nitrogen was purged for 30 min more using an outlet needle in the septum until the 

sodium hydroxide dissolved. The septum was exchanged for a grease glass stopper 

and the flask fitted with a reflux condenser was sealed fully. The nitrogen purge was 

then stopped. The contents of the flask were heated as a sealed system to 55 °C for 12 

h. After the reaction mixture was cooled to room temperature, 4 drops of concentrated 

HCl was added to quench the reaction and stirred for 5 min. The reflux condenser was 

dissembled and via a rotary evaporator the solvent was removed from the Schlenk 

flask directly. The residue was dried more in vacuo for 24 h and put it into the dry box 

for the next step. 

 

[Fe4S4(S-G1-COOH)4][N(CH3)4]2 ( 59 ) (See Scheme 3.18). Into the Schlenk flask 

with a solution of G1-SH-COOH ( 58 ) (27.2 mg, 0.03 mmol) in 5 mL of DMF dried 
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and degassed was slowly added a solution of [Fe4S4(S-t-Bu)4][N(CH3)4]2 (5.6 mg, 

0.006 mmol) in 8 mL of DMF in dry box. Upon addition, the red-wine color 

developed rapidly. After the reaction mixture was stirred for 15 min, the flask was 

sealed and removed from the dry box. The solvent was then removed in vacuo at 

40 °C for 5 h. The flask put into the dry box. The product was dissolved in 4 mL of 

DMF dried and degassed. The solution was transferred into a Falcon tube sealed with 

a rubber septum. The tube was centrifuged to remove insoluble parts including 

sodium chloride. In the dry box only the soluble parts were transferred into a new 

Falcon tube. The solvent was removed and dried in vacuo at 40 °C for 2 days. (* 

Attempts to purify the dendrimer was performed by precipitation, dialysis, and 

diafiltration. However, these works changed significantly solubility of the dendrimer. 

After purification, the dendrimer was partially-soluble. 1H NMR spectrum of this 

molecule purified was totally different from that of the G1-anionic dendrimer. Thus, 

the G1-anionic dendrimer was employed without purification.) 

 

4-Tritylsulfanyl benzoic acid ( 60 ). To a solution of 4-mercaptobenzoic acid ( 7 ) 

(0.5 g, 3.24 mmol) in 10 mL of trifluoroacetic acid was added a solution of triphenyl 

methanol (1.01 g, 3.88 mmol) in 10 mL of trifluoroacetic acid. The reaction mixture 

was stirred and heated at 40 °C for 2.5 h. After the mixture was cooled to room 

temperature, trifluoroacetic acid was removed under reduced pressure. The residual 

solid was dissolved in ethyl acetate and filtered to remove insoluble parts. The 
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filtrates were evaporated to dryness. The crude product was purified by column 

chromatography, eluting with the solvent system of 12 % ethyl acetate in hexane. 

Yield: 82% (1.05g); 1H NMR (CD3COCD3) δ (ppm) 7.01 (d, 2H, J = 8.4 Hz), 7.12 – 

7.29 (m, 9H), 7.30 – 7.42 (m, 6H), 7.60 (d, 2H, J = 8.4 Hz); 13C NMR (CD2Cl2) δ 

(ppm) 71.17, 127.75, 128.67, 129.50, 129.55, 130.05, 131.80, 141.40, 144.10, 167.38. 

G1-STr-MOM ( 61 ). A solution of 4-Tritylsulfanyl benzoic acid ( 60 ) (1.05 g, 2.65 

mmol), G1-MA-MOM ( 6 ) (1.14g, 3.05 mmol), 1,3-dicyclohexylcarbodiimide (0.63 

g, 3.05 mmol), and a catalytic amount of 4-dimethylaminopyridine in 100 mL of 

CH2Cl2 was stirred under N2 at room temperature for 12 h. The solid residue was 

filtered and the filtrate was evaporated to dryness. The crude product was purified by 

column chromatography, eluting with 20 % ethyl acetate in hexane. Yield: 68% 

(1.36g); 1H NMR (CDCl3) δ (ppm) 1.37 (m, 2H), 1.51 (s, 1.5H), 1.58 (s, 1.5H), 1.72 

(m, 1H), 2.05 (m, 1H), 2.65 (s, 1.5H), 2.87 (s, 1.5H), 3.03 (m, 1H), 3.44 (m, 1H), 3.48 

(s, 6H), 5.15 (s, 4H), 6.86 - 7.02 (m, 8H), 7.04 – 7.10 (m, 3H), 7.14 – 7.29 (m, 12H), 

7.40 (d, 4H, J = 7.5 Hz); 13C NMR (CDCl3) δ (ppm) 22.47 (24.04), 32.79, 38.62, 

44.96, 47.65, 51.70, 71.12, 94.66, 126.49 (126.76), 127.02, 127.94, 128.29, 130.15, 

133.57, 135.57, 136.79, 142.66 (143.09), 144.43, 155.46, 171.47. 

 

G1-STr-OH ( 62 ). To a solution of G1-STr-MOM ( 61 ) (1.36 g, 1.80 mmol) in 50 

mL of methanol was slowly added 15 drops of concentrated HCl. The solution was 

gently heated to 55 °C for 6 h. After the reaction mixture was cooled to room 
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temperature, the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography, eluting with 20 % ethyl acetate in hexane. Yield: 

80% (0.92g); 1H NMR (CD3OD) δ (ppm) 1.31 (m, 2H), 1.40 (s, 1.5H), 1.47 (s, 1.5H), 

1.63 (m, 1H), 1.94 (m, 1H), 2.58 (s, 1.5H), 2.80 (s, 1.5H), 2.99 (m, 1H), 3.33 (m, 1H), 

3.48 (s, 6H), 6.59 (d, 4H, J = 8.7 Hz), 6.74 – 6.86 (m, 4H), 6.88 – 7.02 (m, 3H), 7.04 – 

7.24 (m, 12H), 7.33 (d, 4H, J = 7.8 Hz); 13C NMR (CD3COCH3) δ (ppm) 22.53 

(23.19), 27.53, 31.91, , 38.72, 44.50, 47.26, 51.29, 71.20, 114.71, 126.62, 127.04, 

127.61, 127.96, 128.23, 130.00, 134.03, 135.73, 136.79, 140.71, 144.58, 155.23, 

170.40. MALDI-TOF MS (matrix: dithranol); m/z Cald 663.28; found 665.62. 

 

G1- STr -MA ( 63 ). To a suspension of G1-STr-OH ( 62 ) (0.3 g, 0.45 mmol), 

anhydrous potassium carbonate (1.87 g, 13.6 mmol), and a catalytic amount of 18-

crown-6 in 50 mL of dry acetone was slowly added N, N-dimethylaminoethyl 

chloride·HCl (0.98 g, 6.78 mmol) with N2. The mixture was refluxed for 4 h and 

stirred vigorously under N2. After the reaction mixture was cooled to room 

temperature, the mixture was filtered. The solution was washed 3 times with H2O, 

dried with anhydrous magnesium sulfate, and then filtered. The filtrates were 

evaporated to dryness. Yield: 99% (0.36g); 1H NMR (CDCl3) δ (ppm) 1.41 (m, 2H), 

1.54 (s, 1.5H), 1.61 (s, 1.5H), 1.77 (m, 1H), 2.10 (m, 1H), 2.38 (s, 12H), 2.68 (s, 

1.5H), 2.77 (t, 4H), 2.90 (s, 1.5H), 3.07 (m, 1H), 3.48 (m, 1H), 4.08 (t, 4H), 6.84 (d, 

4H, J = 8.1 Hz), 6.98 – 7.06 (m, 4H), 7.07 – 7.16 (m, 3H), 7.18 – 7.34 (m, 12H), 7.45 
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(d, 4H, J = 6.9 Hz). MALDI-TOF MS (matrix: dithranol); m/z Cald 805.43; found 

807.00. 

 

G1- STr -Ammonium ( 64 ). Into a sealed tube with a solution of G1- STr -MA ( 63 ) 

(0.39 g, 0.61 mm0l) in 12 mL of CH2Cl2 was added CH3I (1.4 mL, 22.49 mmol) 

dropwise via syringe. The tube was wrapped with aluminum foil. The reaction 

mixture was stirred at room temperature for 24 h. The precipitated salts were filtered 

and dissolved in methanol to remove insoluble impurities. After micro-syringe 

filtration, the filtrates were evaporated to dryness. Yield: 42% (0.21g); 1H NMR 

(CD3OD) δ (ppm) 1.22 (m, 2H), 1.44 (s, 1.5H), 1.54 (s, 1.5H), 1.70 (m, 1H), 2.04 (m, 

1H), 2.80 (s, 1.5H), 2.86 (s, 1.5H), 3.11 (m, 1H), 3.22 (s, 18H), 3.38 (m, 1H), 3.79 (s, 

4H), 4.40 ( s, 4H), 6.76 – 6.88 (m, 4H), 7.00 – 7.02 (m, 4H), 7.04 – 7.20 (m, 9H), 7.24 

– 7.38 (m, 6H), 7.54 (d, 4H, J = 8.4 Hz). MALDI-TOF MS (matrix: dithranol); m/z 

Cald 1089.28; found 963.34. 

 

Attempt at synthesis of G1-SH-Ammonium ( 49 ) (See Scheme 3.23). G1- STr -

Ammonium ( 64 ) (50.0 mg, 0.05 mmol) put into a flame-dried Schlenk flask and 

placed under vacuum for 1 h. The flask was sealed under vacuum and transferred to a 

nitrogen line and placed under nitrogen for 1 h. To the flask at 0 °C was added 7 mL of 

trifluoroacetic acid distilled, dried, and degassed via syringe. The reaction mixture 

was stirred for 30 min under N2 and allowed to warm to room temperature (But, G1- 
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STr -Ammonium ( 64 ) was not dissolved yet). To the flask was then slowly added 

triethyl silane degassed (0.5 mL, 3.13 mmol). The reaction mixture started to dissolve 

in 10 min. The flask was sealed and was stirred for 2 h. Trifluoroacetic acid was 

removed under reduced pressure. The residual solid was washed 3 times with hexane 

distilled, dried, and degassed. The resulting product was dried in vacuo for 12 h and 

put into the dry box for the next step. 

 

Attempt at synthesis of [Fe4S4(S-G1-Ammonium)4][N(CH3)4]2 ( 50 ) (See Scheme 

3.23). Into the Schlenk flask with a solution of G1-SH-Ammonium ( 49 ) (38.9 mg, 

0.05 mmol) in 6 mL of DMF dried and degassed was slowly added a solution of 

[Fe4S4(S-t-Bu)4][N(CH3)4]2 (6.6 mg, 0.007 mmol) in 10 mL of DMF in dry box. Upon 

addition, the red-wine color developed rapidly. After the reaction mixture was stirred 

for 15 min, the flask was sealed and removed from the dry box. The solvent was then 

removed in vacuo at 40 °C for 5 h and the resulting product was dried more in vacuo 

at 40 °C for 2 days. 

 

G1- STr -t-Bu ( 65 ). To a suspension of G1-STr-OH ( 62 ) (0.30 g, 0.45 mmol), 

anhydrous potassium carbonate (0.37 g, 2.71 mmol), and a catalytic amount of 18-

crown-6 in 30 mL of dry acetone was added 4-Bromomethyl benzoic acid t-butyl ester 

( 44 ) (0.27 g, 0.99 mmol). The mixture was refluxed for 12 h and stirred vigorously 

under N2. After the reaction mixture was cooled to room temperature, the mixture was 
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filtered. The filtrates were evaporated to remove the solvent under reduced pressure. 

The crude product was purified by column chromatography, eluting with the solvent 

system of 20 % ethyl acetate in hexane. Yield: 92% (0.44g); 1H NMR (CDCl3) δ 

(ppm) 1.32 (m, 2H), 1.44 (s, 1.5H), 1.53 (s, 18H), 1.63 (s, 1.5H), 1.85 (m, 1H), 1.98 

(m, 1H), 2.57 (s, 1.5H), 2.80 (s, 1.5H), 3.00 (m, 1H), 3.37 (m, 1H), 5.02 (s, 4H), 6.77 

(d, 4H, J = 7.5 Hz), 6.86 – 6.96 (m, 5H), 6.98 – 7.06 (m, 2H), 7.08 – 7.25 (m, 12H), 

7.33 (d, 4H, J = 6.9 Hz), 7.40 (d, 4H, J = 8.1 Hz), 7.93 (d, 4H, J = 8.1 Hz); 13C NMR 

(CDCl3) δ (ppm) 22.49 (24.03), 28.03, 32.82, 38.62 (38.89), 44.91, 47.66, 51.70, 

69.53, 71.12, 81.24, 126.50 (126.76), 127.02, 127.94, 128.10, 128.32, 128.43, 129.05, 

129.87, 130.14, 133.51, 135.53, 136.82, 141.94 (142.37), 144.41, 156.67, 165.68, 

170.92 (171.46). MALDI-TOF MS (matrix: DHB); m/z Cald 1043.48; found 1066.37. 

 

G0-SH-COOH (4-mercaptobenzoic acid) ( 7 ) (See Scheme 3.25). 4-Tritylsulfanyl 

benzoic acid ( 60 ) (46.4 mg, 0.12 mmol) put into a flame-dried Schlenk flask and 

placed under vacuum for 1h. The flask was sealed under vacuum and transferred to a 

nitrogen line and placed under nitrogen for 1 h. To the flask at 0 °C was added 10 mL 

of trifluoroacetic acid distilled, dried, and degassed via syringe. The reaction mixture 

was stirred for 10 min under N2 and allowed to warm to room temperature. To the 

flask was then slowly added triethyl silane degassed (0.2 mL, 1.25 mmol). The flask 

was sealed and stirred for 2 h. Trifluoroacetic acid was removed under reduced 

pressure. The residual solid was washed 4 times with hexane distilled, dried, and 
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degassed. The resulting product was dried in vacuo for 12 h and put into the dry box. 

1H NMR (DMSO-d6) δ (ppm) 5.93 (s, 1H), 7.39 (d, 2H, J = 6.6 Hz), 7.78 (d, 2H, J = 

6.9 Hz). 

 

Attempt at synthesis of G1-SH-COOH ( 58 ) (See Scheme 3.26). G1- STr -t-Bu 

( 65 ) (43.6 mg, 0.04 mmol) was put into a flame-dried Schlenk flask and placed 

under vacuum for 1h. The flask was sealed under vacuum and transferred to a 

nitrogen line and placed under nitrogen for 1 h. To the flask at 0 °C was added 10 mL 

of trifluoroacetic acid distilled, dried, and degassed via syringe. The reaction mixture 

was stirred for 8 h under N2 and allowed to warm to room temperature. To the flask 

was then slowly added triethyl silane degassed (0.5 mL, 3.13 mmol). The flask was 

sealed and stirred for 12 h. Trifluoroacetic acid was removed under reduced pressure. 

The residual solid was dissolved in ethyl acetate distilled, dried, and degassed and 

precipitated from hexane distilled, dried, and degassed. The precipitates were washed 

3 times with hexane. The resulting product was dried in vacuo for 12 h and put into 

the dry box for the next step.  

 

Attempt at synthesis of [Fe4S4(S-G1-COOH)4][N(CH3)4]2 ( 59 ) (See Scheme 3.26). 

Into the Schlenk flask with a solution of G1-SH-COOH ( 58 ) (28.8 mg, 0.04 mmol) 

in 6 mL of DMF dried and degassed was slowly added a solution of [Fe4S4(S-t-

Bu)4][N(CH3)4]2 (6.0 mg, 0.007 mmol) in 10 mL of DMF in dry box. Upon addition, 
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the red-wine color developed rapidly. After the reaction mixture was stirred for 15 

min, the flask was sealed and removed from the dry box. The solvent was then 

removed in vacuo at 40 °C for 5 h and the resulting product was dried more in vacuo 

at 40 °C for 2 days. 

 

Ellman’s Reagent Test.  

Ellman’s reagent test consists of three parts: reagent preparation, measurement, and 

calculation.  

The first step is the preparation of four different solutions, Buffer A, Buffer B, 

Ellman’s reagent solution, DTNB, and stock solution of the thiol. In Buffer A, sodium 

acetate (5 mM, 41 mg) and sodium chloride (50 mM, 292 mg) were dissolved in 

deionized water (80 mL). 1 mL of EDTA (50 mM, pH 8.0) was added and the pH was 

adjusted to 4.7 with 1N HCl. Deionized water was added more to bring the volume to 

100 mL. In Buffer B, sodium phosphate monohydrate (40 mM 0.55 g) was dissolved 

in deionized water (80 mL). 4 mL of EDTA (50 mM, pH 8.0) was added and the pH 

was adjusted to 7.6 with 1N NaOH. Deionized water was also added more to set the 

volume to 100 mL. In Ellman’s reagent solution preparation, DTNB (100 mM, 10 mg) 

was dissolved in 250 µL in DMSO. In the preparation of stock solution, the thiol (100 

mM) was dissolved in Buffer A. All solutions generated should be degassed 

thoroughly before use. Otherwise, the thiols added can be oxidized to the disulfides by 

oxygen dissolved in solutions. The solutions were degassed on ice with a vacuum for 
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30 minutes and then degassed for an additional 30 minutes right before use.  

The second step of the Ellman’s reagent test is measurement. The thiol working 

solution (0.1 mM, 5.0 mL) was prepared by a dilution of degassed stock solution (100 

mM, 5 µL) into 5 mL of degassed Buffer A. Degassed Buffer B (0.69 mL) was added 

to each of two clean vials capped with rubber septum. The thiol working solution (0.1 

mM, 0.4 mL) was added to one of the vials and Buffer A (0.4 mL) was added to the 

other vial to serve as a control. Ellman’s reagent (100 mM, 10 µL) was added to each 

vial and the solutions were mixed well at room temperature for 5 minutes. The above 

procedures were performed under nitrogen. The absorbance of the two solutions at 

412 nm was measured. The absorbance of the control at 412 nm was subtracted from 

the absorbance of the thiol solution. This is the corrected absorbance value (∆A412).  

The last step was the calculation of thiol concentration. The thiol concentration of the 

thiol working solution was calculated using the equation 3.1.  
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4.1. Introduction 

Dendritic encapsulation of the iron-sulfur core has been investigated as 

variations in the kinetics and thermodynamics of electron transfer to the redox-

active iron-sulfur cluster core.1-29 Variation in the kinetics of electron transfer is 

evidenced as changes in the heterogeneous electron transfer rate, while variations in 

the thermodynamics of electron transfer are evidenced as shifts of the redox 

potential of the iron-sulfur cluster. Attenuation of the electron transfer rate between 

a redox core and an electrode surface via non-conducting branched dendritic shell 

has been studied extensively. These studies have indicated that the electron transfer 

rate can be governed by the distance of electron transfer and the properties of 

dendrons surrounding the core.1-9,11,12,14,15,17-26,28-30 However, the properties 

governing the thermodynamics have not been studied thoroughly and there has been 

little understanding of how the dendritic structure affects redox 

potential.2,4,6,10,13,16,23,27 

The electrochemical behavior of iron-sulfur core dendrimers containing 

flexible and rigid structures was studied by the Gorman group.11,31 Attenuation of 

the electron transfer rate in solution and the shifts of the redox potential to more 

negative potential in film study were also observed with increasing generation. This 

research contributed to better understanding structure-property relationship affecting 

electron transfer reactions in dendrimer encapsulated redox centers. 

Synthesis and study of amphiphilic iron-sulfur core dendrimers is an extension 
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of flexible dendrimer studied as a protein model. The hydrophobic peripheral units 

in the flexible series of dendrimers were modified into the hydrophilic charged and 

polar end groups including ammonium and carboxylate. The resulting amphiphilic 

iron-sulfur core dendrimers were essentially unimolecular micelles. These 

peripheral units may indicate the effects of charge on the rate and/or driving force of 

electron transfer relative to non-ionic and hydrophobic flexible dendrimers.  

Amphiphilic iron-sulfur core dendrimers may undergo changes in size and 

morphology by swelling via micellar encapsulation of small, non-polar molecules in 

aqueous or aqueous/organic mixed solvent. These changes can be measured by 

electrochemical experiments in attempt to understand the effects of dendritic 

structure on the rate and driving force of electron transfer. Thus, effective electron 

transfer distance or the microenvironment surrounding the iron-sulfur core of this 

dendrimer model may be tuned. In this way, structure-property relationships may be 

studied via micellar encapsulation. Attenuation of electron transfer rates due to the 

change of hydrodynamic radius or relationship of the effective electron transfer 

distance and molecular size may be observed.   

In this chapter, electrochemical experiments of two types of dendrimers in 

organic solvent, G1-cationic and G1-anionic, are described and compared with the 

G1-flexible dendrimer. Then, the effects on the morphology and the stability of G1-

cationic dendrimer in an organic/aqueous mixed solution are studied.
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4.2 Results and Discussion 

4.2.1 Cationic Dendrimer 

Both cyclic voltammetry (CV) and Osteryoung square wave voltammetry 

(OSWV) were measured to investigate the electrochemical properties of G1-cationic 

dendrimer. In cyclic voltammetry, peak separation (∆Ep) provided qualitative kinetic 

information and redox potential (E1/2), determined from the half wave potential of 

both cathodic and anodic peaks, provided thermodynamic information. 

 

Table 4.1. Diffusion coefficient (Do) obtained from Chronoamperometry (CA), corresponding 

Stokes-Einstein Radius (RH), heterogeneous electron-transfer rate constant (k0), reduction 

potential (E1/2), and transfer coefficient (α) for the one-electron redox couple [Fe4S4(S-G1-Flex)4]2-

/3-, [Fe4S4(S-G1-Ammonium)4]2-/3- (50), and [Fe4S4(S-G1-COOH)4]2-/3- (59) in DMF. 

 CA CV OSWV 

Structure Do 

(x106 

cm2/s) 

RH 

(Å) 

ko 

(x103 

cm/s) 

E1/2 

(mV) 

ko 

(x103 

cm/s) 

E1/2 

(mV) 

　α 

G1-Flex 3.47 7.75 8.36 -1360 6.15 -1359 0.54 

G1-Cat 3.44 8.07 4.72 -1261 3.42 -1256 0.55 

G1-Ani - - - -1320 - - - 

* G1-Flex: G1-Flexible dendrimer; G1-Cat: G1-Cationic dendrimer (50); G1-Ani: G1-Anionic 

dendrimer (59). 
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Figure 4.1. Cyclic voltammograms for G1-cationic dendrimer (50) and flexible dendrimer (1mM 

dendrimer solution, scan rate 100mV/s, 100mM tetraethylammonium tetrafluoroborate supporting 

electrolyte, platinum as working electrode).  

 

Moreover, the quantitative heterogeneous electron transfer rate (k0) for quasi-

reversible system could be calculated using the diffusion coefficient measured from 

chronoamperometry (CA) and the Nicholson analysis relating peak separation (∆Ep) 

to a kinetic parameter, Ψ.32-35  

The electrochemical behavior measured for G1-cationic dendrimer (50) was 

compared with that of G1-flexible dendrimer (Figure 4.1 and Table 4.1). A plot of 

peak current obtained from CV versus the square root of the scan rate showed linear 
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behavior, indicating no adsorption of the macromolecular species onto the electrode 

and freely diffusing molecules (Figure 4.2). 

 

-150

-100

-50

0

50

100

150

0 5 10 15 20

(scan rate)
1/2

 (v) (V/s)

C
u
rr
e
n
t 
/ 

A
re

a
 (

μ
A
/c

m
 2 )

cathodic

anodic

 

Figure 4.2. Plots of current versus the square root of scan rate. This linear relationship indicates a 

freely diffusing species. 

 

The Nicholson analysis is adequate for quasi-reversible systems. However, in 

very fast and slow electron-transfer regimes, the electron transfer rate can not be 

accurately calculated. The kinetic parameter, Ψ, varies too greatly with ∆E for peak 

separations of ∆Ep < 70 mV and varies very little for peak separations of ∆Ep > 150 

mV. Thus, use of ∆Ep in these regimes to compute a rate is not desiable as the error 

in the determination is large in each case.  
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Figure 4.3. Osteryoung square wave voltammogram for G1-cationic dendrimer (50). 

 

OSWV is highly sensitive and useful in slow rate regime and thus, could be 

used to determine accurate electron-transfer rate constants. This method uses a 

square wave superimposed on a staircase waveform to reduce the background 

charging currents, affording enhanced sensitivity in comparison with CV. Its 

current-voltage response is able to be fitted iteratively to display heterogeneous 

electron transfer rate constant. The results for G1-cationic dendrimer (50) are shown 

in Table 4.1 and Figure 4.3.  

Diffusion coefficients (D0) for dendrimers were measured by CA and used to 

calculate their heterogeneous electron transfer rate constants (Table 4.1). This 

method uses a potential step technique and the current response is monitored as a 
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function of time. By plotting the time-dependent current versus 1 / t1/2, the diffusion 

coefficient was calculated using the Cottrell equation.32 Moreover, diffusion 

coefficients could be used to determine the effective size of the dendrimers in 

solution. By the Stokes-Einstein equation, the hydrodynamic radii (RH) of the 

dendrimers were calculated (Table 4.1) 11,36 

 

RH   =
kbT

6πηD0             (Equation 4.1) 

 

where kb is the Boltzmann constant, T is temperature, and η is the viscosity of the 

medium. 

According to Table 4.1, the heterogeneous electron transfer rate constant of 

G1-cationic dendrimer measured with both CV and OSWV was 1.8 times smaller 

than that of the G1-flexible dendrimer. Initially it was thought that perhaps the big 

molecular size of G1-cationic dendrimer could explain the smaller rate constant. 

However, diffusion coefficients measured via CA exhibited only a slight difference 

between the two dendrimers. Hydrodynamic radius calculations based on the 

diffusion coefficients also showed only slight differences. The only structural 

difference between the dendrimers was the peripheral units (Figure 4.4). In DMF, 

the salvation of these peripheral units presumably is similar and thus the 

hydrodynamic radii of them are similar. Because the differences in diffusion 
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coefficients and hydrodynamic radii are small, the difference in relative electron 

transfer rates between these molecules could not be explained by differences in 

molecular size.  

 

 
Figure 4.4. Structures of G1-flexible dendrimer (left) and G1-cationic dendrimer (right).  

Circled D’s represent additional arms identical to that fully drawn out.  

 

Because the differences in electron transfer rates could not be attributed to 

differences in dendrimer size, the electrochemical data was examined more closely. 

The peak separation between the anodic and cathodic peaks was different for the 

two dendrimers. Quantitative heterogeneous electron transfer rate constants for 

quasi-reversible system can be calculated by the Nicholson analysis. This analysis is 

based on a relationship between peak separation and a kinetic parameter. In a quasi-
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reversible system, the rate of electron transfer is too slow to maintain the surface 

concentrations of redox couple at the equilibrium values required by Nernst 

equation as the potentials are changed. The slow electron transfer is indicated by the 

increase in peak separation in CV as the scan rate is increased. Slow electron 

transfer can be due to intramolecular structural changes and/or variations in the 

solvent coordination sphere accompanying electron transfer.37  
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Figure 4.5. Heterogeneous electron transfer rates vs. molecular weight (flexible vs. cationic). 

 

Also, another possibility is that the molecular weight of the dendrimers affects 

the electron transfer rate (Figure 4.5). While the size of both dendrimers is 

approximately the same, the G1-cationic dendrimer has a larger molecular weight. 

This difference could contribute to the attenuation in the heterogeneous electron 
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transfer rate.  

On the other hand, redox potential of the G1-cationic dendrimer was positively 

shifted around 100mV compared to that of G1-flexible dendrimer. The only 

structural difference between cationic and flexible dendrimers was the peripheral 

units, strong electron-withdrawing groups (NMe3
+) and weak electron-donating 

groups (phenyl), respectively. According to the work of Holm and co-workers, the 

introduction of an electron withdrawing group to synthetic iron-sulfur clusters could 

lead to positive shift in redox potential.38 This result indicated that the electron 

withdrawing character of these substituents impeded the oxidation process. Also, in 

the case of these molecules, the electron withdrawing groups could only affect the 

redox potential inductively as no direct resonance interaction between these groups 

and the iron-sulfur cluster exists. However, the inductive effect may not be relevant 

in the G1-cationic dendrimer because the effect weakens continuously with 

increasing distance from the substituents. Probably, the positive shift in redox 

potential of the G1-cationic dendrimer is because the iron-sulfur core is 

encapsulated in dendrimer microenvironment that is more polar than the solvent due 

to polar peripheral units (NMe3
+). This change around the core makes reduction 

more favorable and the electron-releasing tendency of the ligand more difficult, 

resulting in showing positive shift in redox potential.  
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Figure 4.6. Cyclic voltammogram of G1-cationic dendrimer in DMF/H2O = 70/30 solution. (1mM 

dendrimer solution, scan rate 100mV/s, 100mM tetraethylammonium tetrafluoroborate supporting 

electrolyte added to both the DMF and H2O, platinum as working electrode). 

 

After the electrochemical properties of G1-cationic dendrimer were measured 

in DMF solution, the addition experiment was performed in a solution of H2O and 

DMF. This experiment was done to study the effects of water on the electrochemical 

properties of the dendrimer. The water could possibly have effects on the dendrimer 

morphology as a unimolecular micelle and also the stability of the iron-sulfur cluster. 

This electrochemical experiment was carried out in a nitrogen-filled Vacuum 

Atmospheres glovebox at room temperature. Distilled water was used after three 

cycles of boiling and cooling with nitrogen followed by vacuum for 1 hr with 

stirring. This procedure was performed to remove oxygen dissolved in water. 
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However, the CV of G1-cationic dendrimer for 70% DMF / 30% H2O solution 

indicated that other chemical reactions might be occurring in solution (Figure 4.6). 

It appeared that the iron-sulfur core dendrimer was decomposed upon 

electrochemical oxidation or reduction in the presence of water. 

Generally, the iron-sulfur core in electron transfer proteins is found in 

hydrophobic cavities including bulky surrounding materials. These bulky 

hydrophobic units shield the core from water, preventing decomposition during 

oxidation and reduction. The fact that the G1-cationic dendrimer did decompose 

could be attributed to its size. The G1-cationic dendron was probably not big 

enough to encapsulate the iron-sulfur core. The core was more accessible to water 

compared to cores shielded by bulkier dendritic units, resulting in decomposition. 

Therefore, in order to observe the redox behavior of iron-sulfur core dendrimer in 

water, the synthesis of higher generation dendrimers is required.  

 

4.2.2 Anionic Dendrimer 

Cyclic voltammetry was measured to investigate the electrochemical properties 

of the G1-anionic dendrimer compared to the G1-cationic dendrimer. However, an 

unexpected cathodic peak was observed at around -1700mV in the cyclic 

voltammogram of this molecule (Figure 4.7). This peak was attributed to impurities 

in the dendrimer. Attempts to purify the dendrimer included precipitation, dialysis, 

and diafiltration and followed by vacuum drying. These procedures drastically 
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changed the dendrimer solubility. After the first purification, the dendrimer was 

partially-soluble and after the second, it was completely insoluble. Therefore, the 

CV of G1-anionic dendrimer was measured without purification. The peak at -1700 

mV might be attributed to impurities. Ellman’s reagent test indicated the less than 

the expected amount of thiol during deprotection and ligand exchange reactions 

used to form the dendrimer. Presumably, some of the thiol formed could have 

formed disulfide upon thiol-deprotection, and this disulfide impurity was not 

removed. The peak at -1700 mV in Figure 4.8 could correspond to the reduction of 

the disulfide in the small molecule, disulfide dicarboxylic acid (8). This molecule 

(8) is the core of the disulfide, G1-anionic dendron (17, Chapter 2). Cyclic 

voltammogram of this disulfide molecule was measured and compared to G1-

anionic dendrimer. The peak at 1700 mV was observed in both small molecule (8) 

and G1-anionic dendrimer. This peak leads to uncertainty regarding the 

electrochemical properties of the dendrimer. Only an approximate value of the redox 

potential was obtained (Table 4.1). It appears that the G1-anionic dendrimer 

exhibited a positive shift of 60mV compared to that of G1-flexible dendrimer11. As 

with the G1-cationic dendrimer, this result is most likely explained by the properties 

of the peripheral units. The carboxylate is also polar peripheral unit. Perhaps, the 

positive shift in redox potential is because the iron-sulfur core is encapsulated in 

dendrimer microenvironment that is more polar than the solvent due to polar 

peripheral units, COOH. This is supported by the fact that the G1-cationic 
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dendrimer contained a strong polar group (NMe3
+) and was shifted more positively 

than G1-anionic dendrimer. 
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Figure 4.7. Cyclic voltammograms for G1-anionic dendrimer (59) (1mM dendrimer solution, scan 

rate 100mV/s, 100mM tetraethylammonium tetrafluoroborate supporting electrolyte, platinum as 

working electrode). 
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Figure 4.8. Cyclic voltammograms for disulfide dicarboxylic acid (8) (1mM solution, scan rate 

100mV/s, 100mM tetraethylammonium tetrafluoroborate supporting electrolyte, platinum as working 

electrode). 

 

4.3. Concluding Remarks 

The attenuation of heterogeneous electron transfer rate in G1-cationic 

dendrimer compared with G1-flexible dendrimer was observed. This observation 

could be explained by the difference of molecular weight in both dendrimers. The 

increase in molecular weight of the G1-cationic dendrimer compared to the G1-

flexible dendrimer contributed to the attenuation of the electron transfer rate in the 

G1-cationic dendrimer.  

The redox potential in the G1-cationic dendrimer was positively shifted by 

about 100mV compared to that of the G1-flexible dendrimer. This difference could 
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be attributed to the differing properties of the peripheral units in each molecule. 

Probably, the positive shift is because the iron-sulfur core is encapsulated in 

dendrimer microenvironment that is more polar than the solvent due to polar 

peripheral units (NMe3
+). This change around the core makes reduction more 

favorable and the electron-releasing tendency of the ligand more difficult, resulting 

in showing positive shift in redox potential. 

Cyclic voltammograms of the G1-cationic dendrimer in 30:70 H2O/DMF 

solution indicated that iron-sulfur core dendrimer was decomposing upon 

electrochemical oxidation or reduction. This result can be explained by the 

dendrimer size; unlike the situation found in proteins, the G1-cationic dendron was 

not big enough to encapsulate the iron-sulfur core. In order to observe the redox 

behavior in water, higher generation dendrimers capable of shielding the iron-sulfur 

core from water likely are required. 

Cyclic voltammograms of the G1-anionic dendrimer showed an unexpected 

cathodic peak at around -1700mV. This peak might be explained by the reduction of 

disulfide dendron impurities in solution. Due to the existence of this peak, other 

electrochemical properties could not be measured. Only an approximate redox 

potential was obtained and exhibited a positive shift of 60mV compared to that of 

the G1-flexible dendrimer. This shift could also be explained by the differing 

properties of peripheral units containing a polar group. Also, by polarity nature of 

these substituents, G1-cationic dendrimer containing strong electron-withdrawing 
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group (NMe3
+) was shifted more positively than G1-anionic dendrimer. 

These studies provide into on how dendritic structure affects electron transfer 

rate. However, amphiphilic dendrimers for eventual use as protein model will 

require; (a) higher generation dendrimers not including disulfide impurities and (b) 

purification methods that do not affect dendrimer solubility. 
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4.4. Experimental Section 

General considerations.11,36  Electrochemical experiments were performed on a 

Bioanalytical Systems CV-50W Voltammetric Analyzer. The three-electrode cell was 

composed of a platinum disk working electrode with a geometric area of 0.0201 cm2, 

a Pt auxiliary electrode, and a homemade non-aqueous Ag/AgNO3 reference electrode 

(Ag wire contacting a DMF solution of 10 mM AgNO3 and 100 mM supporting 

electrolyte, tetraethylammonium tetrafluoroborate (TEABF4)). Millimolar 

concentrations of the analytes were dissolved in DMF, which contained 100 mM 

TEABF4 supporting electrolyte. Pt disk working electrodes were polished, 

conditioned, and referenced to a dendrimer standard solution previously studied in 

Gorman group. All electrochemical experiments except the addition experiment of 

H2O to dendrimer solution were performed in a nitrogen-filled Vacuum Atmospheres 

drybox at room temperature. The electrochemical experiment on the addition of H2O 

was carried out in a nitrogen-filled Vacuum Atmospheres glovebox at room 

temperature. 

 

Cyclic Voltammetry.  Heterogeneous electron transfer rate constants (k0) were 

calculated using the Nicholson analysis based on relationships between the peak 

separation (∆Ep) and scan rate.32-35 The rate constant was determined by the following 

equation: 
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k0  =  Ψ  D0 π ν
nF

RT

1/2

              (Equation 4.2) 

 

where Ψ is the kinetic parameter related to ∆Ep which is tabulated elsewhere,35 D0 is 

the diffusion coefficient (cm2/s), ν is the scan rate (V/s), n is the number of electrons 

passed, F is Faraday’s constant, R is the gas constant, and T is the cell temperature. 

Scan rates ranged from 25 to 400 mV/s for analytes exhibiting quasi-reversible 

electrochemical behavior.  

 

Osteryoung Square Wave Voltammetry.  Osteryoung Square Wave Voltammetry 

was carried out using a step height of 4 mV, a sweep width amplitude of 25 mV, and a 

frequency of 15 Hz. Difference current was iteratively fit using FSQPLT software39 to 

determine the transfer coefficient α and log (k / (td)1/2). Electron transfer rate constant 

was calculated from the relation,  

 

log  k =  log
k0

D0
√ td√ td

       (Equation 4.3) 

 

where td is the experimental pulse period, D0 is the diffusion coefficient, and k 

is the reduced rate constant.40 



 
 
 
 
 
 
Chapter 4.4. Experimental Section                                                    200 

Chronoamperometry.  Chronoamperometry was performed using a pulse width 

of 800, 900, and 1000 ms. This technique employs a potential step to generate a 

diffusion limited current response as a function of time. Time dependent current is 

plotted versus t-1/2 by BAS CW 50 software. In pulse width of 800 ms, the time 

range of 160 – 800 ms was used. In pulse width of 900 ms and 1000 ms, 180 – 900 

ms and 200 – 1000 ms were used, respectively. A diffusion coefficient was 

calculated from the slope of this plot (Cottrell plot).32  

 

i(t)   =
nFAD0

1/2C0

π1/2t1/2            (Equation 4.4) 

 

where n is the number of electron, F is the Faraday’s constant, A is the area of the 

electrode, and C is the concentration of the measured molecule.
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Appendix 
 

 

The selected 1H and 13C NMR Spectra 
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