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ABSTRACT 

 The turnovers of a gold(III) chloride catalyst were increased by 3,300% with the 

addition of several equivalents of (2,2,6,6-tretramethyl-piperidin-1-yl)oxy and catalytic 

amounts of copper(II) chloride.  A three component coupling reaction between 

piperidine, phenylacetylene, and benzaldehyde yielded a propargylamine in quantitative 

conversions and isolated yields when gold(III) chloride was added in catalytic amounts, 

but the gold catalyst decomposed and had little to no reactivity when a second set of 

piperidine, phenylacetylene, and benzaldehyde were added after the reaction was 

complete.  The addition of (2,2,6,6-tretramethyl-piperidin-1-yl)oxy and copper(II) 

chloride to reactions with gold(III) chloride maintained the catalytic activity of the gold 

for up to 33 cycles.  This result demonstrates a new way to greatly increase the turnovers 

of a gold(III) chloride catalyst with the addition of inexpensive, commercially available 

reagents.  

 The synthesis and some of the physical properties of the first 

poly(disulfidediamines) are reported.  These polymers were synthesized in high yields 

and with conversions up to >98% by reactions between secondary diamines and a new 

disulfide monomer.  The disulfide monomer was synthesized in two steps without the 

need for column chromatography.  The polymerizations were robust and completed at 

room temperature, under ambient atmospheric conditions, and in solvents that were used 

as purchased.  These polymers were stable, but they rapidly decomposed under acidic, 

aqueous conditions to release hydrogen sulfide.  A method for quantifying the hydrogen 

sulfide released was also developed.  
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CHAPTER 1 

INTRODUCTION 

Importance of polymers in medicine 

Polymers have important and widespread applications in medicine.  

Poly(methylmethacrylate), polyacrylamide, silicone polymers, and various carbonate 

polymers are used to make contact and corrective eyeglass lenses.  More recently, 

polyethylene has been used in total joint replacement because it is less fragile than 

ceramics and does not have the allergy/toxicity issues associated with metals.1  Figure 1 

shows an artificial hip joint with one of the bearing surfaces composed of polyethylene. 

Because of the advantages of polyethylene, it has been steadily replacing metals and 

ceramics in joint replacement. 

 
 

 
 
 
 

Figure 1  Cup and ball hip joint. 
A steel ball (a) and high-density polyethylene cup (b).1 
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Biodegradable polymers have also been studied for numerous medical 

applications.  Unlike polyethylene, biodegradable polymers are designed to decompose 

into small molecules under physiological conditions.  It is useful to illustrate this 

difference by comparing biodegradable poly(lactic acid) (PLA) and chitosan with non-

biodegradable polyethylene (Figure 2).  The ester bonds in PLA can undergo acid 

catalyzed hydrolysis and chitosan contains glycosidic linkages which can be cleaved by 

enzymes.  In contrast, polyethylene has no reactive bonds in its backbone, a useful 

property for long-term treatments such as joint replacement.  However, many medical 

applications for polymers require controlled degradation. 
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Figure 2  Biodegradable and non-biodegradable polymers used in medicine. 
 
 
 

Synthetic, biodegradable polymers have been used in medicine for decades, 

beginning with the introduction of biodegradable poly(glycolic acid) surgical sutures in 

1967.  Further examples include biodegradable implants that do not require surgery to 

remove and have been adopted for use as orthopedic fixation devices,2 anastomosis 

rings,3 and stents.4  In addition to being used as fully biodegradable stents, the coating of 
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metal stents with biodegradable polymers has become the standard treatment for coronary 

artery disease5 (Figure 3).  The coatings contain drugs and release them over time to 

prevent arterial fibrosis. 

 
 

 
 
 
 

Figure 3  Dopamine-mediated heparin coating on a vascular stent.   
White and black arrows indicate coated and non-coated areas respectively.6 

 
 
 

In the field of tissue engineering, biodegradable polymers are used to construct 

scaffolds which support the growth of cells into functional tissue.7  The scaffold 

decomposes as the cells proliferate, arranging them into functional tissue while providing 

physical support.  At the end of the growth process, the scaffold is completely absorbed, 

leaving only tissue.  Scaffolds can be used to grow tissue both in vivo, as seen in Figure 

4, and in vitro.  Biodegradable polymers show promise in the creation of bone,8 nerve,9 

vascular,10 skin,11 ligament,12 and genitourinary tissues.13   
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Figure 4  Poly(ε-caprolactone fumarate) conduit used for nerve regeneration.14 
 
 

Drug delivery 

The field of drug delivery is increasingly important to modern medicine, and it 

will be the focus of the remainder of this introduction.  Biodegradable polymers are 

crucial to this field, as the combination of drugs and polymers allows the release rate of 

the drug to be controlled.  The release rate can be set so that the concentration of a drug is 

at the therapeutic level for a desired amount of time.  The controlled release of a drug 

reduces side effects compared to the use of unbound drug which must be administered at 

initial concentrations far above the therapeutic level.  Polymer-bound drugs can also 

target specific sites in the body by using functional groups which degrade only under 

specific conditions, by targeting groups on the polymer, or by the size of the polymer.  

Targeting allows the use of very high localized concentrations of drugs without the side 

effects that exposing the entire body to those concentrations would cause.  Polymer-based 
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drug delivery is accomplished by using polymer-drug conjugates, micelles, and 

nanoparticles. 

Polymer-drug conjugates 

Polymer-drug conjugates, also called polymeric prodrugs, consist of polymers 

covalently bonded to drug molecules.  Although research into this method of improving 

the efficiency of drugs began in the 1950’s, it was in 1975 that the definitive model for 

pharmacologically-active polymers was proposed by H. Ringsdorf.15  The Ringsdorf 

model (Figure 5) consists of drugs attached to a polymer backbone through a spacer 

group.  Groups intended for targeting can also be attached to the backbone. 
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Figure 5  Poly(N-(2-hydroxypropyl)methacrylamide) copolymer functionalized with 
adriamycin via the peptidyl spacer PK1.16 

 
 
 

The size of the polymeric prodrug interferes in its clearance from the body, 

resulting in slower renal excretion, longer blood circulation, and greater endocytotic 

uptake compared to unbound drugs.17  A passive targeting effect called the ‘enhanced 

permeability and retention’ (EPR) effect also results from the size of the prodrug.18  This 
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effect causes solid tumors to accumulate macromolecules in preference to normal tissue.  

The basis for this effect is the combination of the discontinuous vascular endothelium and 

the poor lymphatic drainage present in tumors.   

The spacer affects the rate of drug release at specific locations in the body.  The 

focus has been on the development of spacers sensitive to either pH or enzymes.  Spacers 

sensitive to pH can be used to release drug preferentially in the acidic lysozome.19  

Enzyme-sensitive oligiopeptide spacers will degrade preferentially in the lysozome of 

cancerous cells.20 

Polymeric prodrugs can be functionalized with antibodies, sugars, or peptides 

which bind to specific target cells expressing the corresponding receptors.  Drugs are then 

released in the vicinity of the targeted cells.  Cancer,21 hepatic,22 and endothelial23 cells 

have been targeted by polymeric prodrugs using this technique.   

Micelles 

Polymeric micelles are self-assembled aggregates of amphiphilic block 

copolymers.24  These copolymers are composed of hydrophobic and hydrophilic sections 

linked together at one end (Figure 6).  Under aqueous conditions, the polymers assemble 

into spheres, with the hydrophilic blocks on the exterior interacting with water and the 

hydrophobic blocks grouped together in the interior.  Drugs are bonded to the 

hydrophobic block through a degradable spacer group, where both are protected in the 

core of the micelle during blood circulation. 
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Figure 6  PEG-p(Asp-Hyd-ADR) block copolymer functionalized with adriamycin via a 
Schiff base spacer.24 

 
 
 

Because micelles have diameters of approximately 100 nanometers, their size 

provides passive targeting of tumors by the EPR effect.  Research in polymer micelles 

has focused on the development of ‘smart’ micelles, capable of stimuli-responsive drug 

release.25,26  Stimuli-responsive micelles undergo a rapid conformational transition in the 

presence of their stimulus.  This transition disrupts the structure of the micelle and 

exposes the bound drug to the environment resulting in a very fast release of the drug.  

Release of drugs can be readily controlled by exposure to the appropriate stimulus upon 

arrival at the target site.  Temperature, pH, glucose, and glutathione have been used to 

affect controlled release using micelles.  An acidic pH is an especially useful stimulus 

due to the increased acidity found in tumors and inflamed tissues.   
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Polymeric nanoparticles 

Polymeric nanoparticles are colloidal particles in which a therapeutic agent can be 

stored by either encapsulation within the polymer matrix or adsorption to the surface.  As 

the polymer degrades, the therapeutic agents are released.  The release rate can be 

controlled by the choice of polymer and the particle preparation method.  Surface 

modification allows for targeted delivery to, for example, the brain, arteries, lungs, 

tumors, liver, or spleen.27  Nanoparticles can also be used for long-term, systemic 

circulation in the body.  

Preparation of nanoparticles 

Polymeric nanoparticles are commonly formed by emulsification of polymers 

rather than by emulsion polymerization of monomers.  In the emulsification-solvent 

evaporation method28 shown in Figure 7, the polymer and drug are dissolved in a water-

insoluble organic solvent.  An aqueous solution containing an emulsifying agent is added 

to the polymer solution with vigorous stirring, forming an oil-in-water emulsion.  

Evaporation of the solvent after stabilization of the emulsion yields nanoparticles.  The 

emulsifier, polymer concentration, and stirring rate all influence the size of the 

nanoparticles formed.  Alternate methods of nanoparticle formation include the solvent 

diffusion method,29 nanoprecipitation,30 and salting out.31 
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Figure 7  Schematic of the emulsification-evaporation technique for the synthesis of 
polymeric nanoparticles.27 

 
 
 

Surface modification 

A problem associated with the use of polymeric nanoparticles in the body is that 

they are removed from circulation by macrophages.  Macrophages are part of the 

mononuclear phagocytic system, which filters and removes any foreign particulate matter 

from the bloodstream.  Surface modification (Figure 8) allows nanoparticles to avoid 

recognition and clearance by the phagocytes and increases the probability of the 

nanoparticles reaching their target.  Surface modification of nanoparticles has proven to 

be critical for their successful applications in vivo.32 
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Figure 8  Surface modification of polymeric nanoparticles. 
a) Size increase of polyhydroxybutyrate nanoparticles after surface modification with 
targeting peptide RGD4C.  b) SEM micrographs of the nanoparticles before (top) and 

after modification (bottom).33 
 
 
 

The grafting or adsorption of poly(ethylene glycol) (PEG) onto the surface of a 

nanoparticle is a common method to modify polymeric nanoparticles.  PEG coating of 

nanoparticles plays an important role in drug delivery by increasing residence time in the 

body, reducing enzymatic degradation, and reducing protein immunogenicity.34  PEG 

addition to nanoparticles is hypothesized to interfere sterically with the coating of the 

surface by serum proteins.35,36  These proteins act as both recognition targets and binding 

enhancers in the process of phagocytosis, and preventing their attachment allows 

nanoparticles to avoid phagocytes.  In addition to PEG, poloxamers, polysorbates, and 

polysaccharides have been used to coat nanoparticle surfaces.37,38 

Drug loading and release 

High drug-loading capacity is a very important characteristic of nanoparticles 

used in medicine, since even biodegradable polymers can exhibit toxicity if their 
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concentrations are high enough.  Drugs are either incorporated into the nanoparticle 

during its formation or added by soaking preformed nanoparticles in a drug-containing 

solution.39  Drugs can be encapsulated in the core of nanoparticles, evenly dispersed in 

the polymer matrix, adsorbed on the surface, or chemically bonded to the polymer chains. 

 
 

 
 
 
 

Figure 9  SEM micrographs of poly(lactic acid-glycolic acid) nanoparticle degradation. 
Condition at pH 7.4 after:  a) 0 days, b) 1 week, c) 2 weeks, d) 3 weeks, e) 4 weeks, f) 5 

weeks.40 
 
 
 

The drug release profile of a nanoparticle is a critically important parameter for 

drug delivery.  Release profiles have two stages, an initial burst release and a much 

slower sustained release.  The burst consists of drug adsorbed at or near the nanoparticle 

surface and typically becomes larger with increased drug loading.  Sustained release rate 

is determined by the combination of drug diffusion through the polymer matrix and the 

bulk erosion of the nanoparticle (Figure 9).41  Control of these factors allows the tuning 
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of the release profile for specific applications.  A small nanoparticle or high drug loading 

favors a large burst release, whereas diffusion and erosion predominate if the drug is 

distributed throughout the polymer. 

Biodegradable polymer functional groups 

Commonly used functional groups used to synthesize biodegradable polymers are 

esters, anhydrides, and orthoesters.  Polymers containing these functional groups exhibit 

useful properties for biomedical applications, especially their degradation by hydrolysis.  

Less frequently used functional groups such as carbonates, phosphoesters, and amides 

will not be discussed here. 

Polyesters 

Polyesters are the most widely used biodegradable polymers in medical 

applications due to their biodegradability and biocompatibility.42  Poly(lactic acid), 

poly(glycolic acid), and poly(caprolactone) (shown in Figure 10) are especially widely 

used because the FDA has approved their use in humans.  Metal-catalyzed ring-opening 

polymerization of cyclic esters is the standard method used to synthesize polyesters.43  

Condensation polymerization of alcohols and carboxylic acids generates low molecular 

weight, polydisperse polymers and requires the removal of water from the reaction 

mixture.  With the use of ring-opening polymerization, polymers of narrow 

polydispersity and controllable molecular weight can be synthesized. 
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Figure 10  Common cyclic esters used to form polyesters by ring-opening 
polymerization.43 

 
 
 

Recent research has focused on the development of polyesters with variable 

pendant groups, allowing for tunable properties including hydrophobicity, rate of 

degradation, and cellular adhesion.  Reactive pendant groups could serve as attachment 

points for drugs or targeting groups.  These functionalized polyesters are prepared by the 

polymerization of cyclic esters bearing a protected functional group followed by 

deprotection.  Polyesters containing carboxyl,44 alcohol,45 amine,46 ketal,47 alkene,48 and 

halogen49 functionalities have been prepared by this method. 

Polyanhydrides 

Polyanhydrides are similar to polyesters in that they degrade by hydrolysis to give 

physiologically-benign products.50  Unlike polyesters, polyanhydrides are commonly 

synthesized from diacids in a high-temperature, solvent-free melt polymerization shown 

in Figure 11.  No purification of the product polymer is needed, as the water produced by 

the condensation of the acids is evaporated by the high temperature of the reaction.  The 
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use of a mixture of aliphatic and aromatic diacid monomers allows control over the 

degradation rate of the resulting copolymer by altering the ratio of the monomers.  The 

rapid degradation of the anhydride functional group is the main advantage of 

polyanhydrides over polyesters, but also results in instability during storage.  Because of 

this, storage of polyanhydrides requires flash freezing with liquid nitrogen and 

subsequent freeze drying.  Despite this limitation, polyanhydrides have found 

applications in drug delivery to organs including the brain,51 bones,52 blood vessels,53 and 

eyes.54  
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Figure 11  Polyanhydrides are synthesized from diacids using a high-temperature, 
solvent-free melt condensation polymerization.55 

 
 
 

Polyorthoesters 

Polyorthoesters have been investigated for use in medicine for over 40 years, but 

have only recently improved sufficiently to be competitive with other biodegradable 

polymers.56  They are synthesized by an acid-catalyzed condensation between a diol and 
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diketene, as seen in Figure 12.57  Atypically, the condensation reaction produces no small 

molecule byproducts.  This allows polyorthoesters to pack tightly in the solid state and to 

form dense, crosslinked matrices by using polyalcohols of functionality greater than two.  

Among biodegradable polymers, only polyorthoesters can form such dense structures.  

As a result of their dense structure, the erosion of bulk polyorthoester is limited to the 

surface layers.  This allows very controlled drug release profile compared to other 

biodegradable polymers which fracture as they decompose.  Taking advantage of these 

unique properties, polyorthoesters are being investigated for the treatment of periodontal 

disease58 and in the management of post-operative pain.59 
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Figure 12  Acid-catalyzed condensation of diols and diketenes yields polyorthoesters.57 
 
 
 

Polysulfenamides 

Polysulfenamides60 are a recent development in the field of synthetic 

biodegradable polymers.  These polymers contain a nitrogen-sulfur bond, which was 

previously unknown in polymer chemistry.  Their synthesis involves a condensation 

reaction between amines and thiosuccinimdes, as seen in Figure 13.  Polysulfenamides 

were synthesized with molecular weights up to 6300 g mol-1 and conversion of 95-98 % 

based on the degree of polymerization of the purified polymers. 
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Figure 13  A mild condensation reaction between diamines and dithiosuccinimides yields 
polysulfenamides.60 

 
 
 

Polysulfenamides decompose rapidly under acidic, aqueous conditions; making 

them candidates for drug delivery applications.  Microparticles were formed by the 

solvent evaporation method and placed in solutions of pH 4.0 and 7.4.  Figure 14 shows 

that the weight loss, and thus degradation, of the microparticles is greater at pH 4.0 than 

pH 7.4.  The degradation of the microparticles can be clearly seen in the before and after 

SEM micrographs.   

 
 

 
 
 
 

Figure 14  pH-sensitive microparticle degradation.   
a) Microparticle weight loss over time.  b) Microparticles before degradation.   

c) Microparticles after 14 days at pH 4.0.60 
 
 
 

Cellular uptake of the polysulfenamide microparticles was demonstrated by 

loading the particles with rhodamine B dye.  The microparticles were then exposed to 
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HEK293 and JAWSII cells.  Confocal microscopy was used to study the uptake of the 

microparticles.  Figure 15 shows that the microparticles had undergone phagocytosis by 

both cell types.  No cytotoxicity was observed in the cells as a result of the 

polysulfenamide microparticles, and in vivo experiments injecting mice with 

polysulfenamide microparticles also resulted in no observed toxic effects. 

 
 

 
 
 
 

Figure 15  Uptake of polysulfenamide microparticles (red) into JAWSII (top) and 
HEK293 (bottom) cells.60 

 
 
 

Polysulfenamides have the right properties to be effective polymers for drug 

delivery applications.  Decomposition under acidic conditions is a property shared by all 

commonly used synthetic biodegradable polymers.  Further, polysulfenamide 

microparticles have demonstrated both uptake into cells and a lack of observed toxicity 

both in vitro and in vivo. 
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Conclusions 

Building on the work done with sulfenamides, both diaminosulfides and 

disulfidediamines have been investigated.  Polymers containing these functional groups 

have potential applications in drug delivery.  Additionally, disulfidediamines show the 

ability to release the potent signaling molecule hydrogen sulfide. 
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CHAPTER 2 

NEW POLYMERS POSSESSING A DISULFIDE BOND IN A UNIQUE 

ENVIRONMENT 

Introduction 

Sulfur has been a critically important atom in polymer chemistry since the 

beginning of the polymer industry.  In the mid 1800’s the discovery of the vulcanization 

of rubber by Charles Goodyear lead to many of the first practical uses of synthetic rubber.  

Here, sulfur was used to cross-link the polymer, and the physical properties of the 

material were mostly set by the cross-linked matrix.  In more recent work, polymers have 

been developed that take advantage of the chemical and physical properties that the 

presence of sulfur adds to the final material.  For example, poly(p-phenylene sulfide) is 

sold industrially as Ryton, Fortron, or Sulfar due to its resistance to acids and bases and 

its stability at high temperatures.61-66  Self-healing polymers have been synthesized with 

either disulfides or trithiocarbonates as the active functional groups that lead to healing 

after the polymer has been scratched or fractured.67-73  Monosulfide and disulfide 

polymers have been studied for their applications in medicine.74,75  For instance, 

polymers with monosulfides have been investigated for their ability to affect the redox 

cycle inside and outside of cells after an injury has taken place.74  Polymers with disulfide 

bonds have been synthesized as new biodegradable polymers for applications in gene and 

drug delivery as well as for biodegradable agents in magnetic resonance contrast imaging 

with Gd(III).67,76-81  Polymers with disulfide bonds are biodegradable because of the 
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presence of disulfide reducing agents, such as glutathione, that degrade polydisulfides 

into small molecules or oligomers that are readily excreted from the body.82  

We were interested in studying the synthesis and properties of polymers 

containing the disulfidediamine functional group (R2NSSNR2) along the backbone.  This 

functional group is very understudied in organic chemistry, and no polymers that contain 

this functional group are known.83-90  The most common use of disulfidediamines is as a 

thermally active cross-linking agent in the rubber industry due to the facile homolytic 

cleavage of its S-S bond at temperatures below 200 oC.91-93  The cross-linking step yields 

functional groups that are different from disulfidediamines.  This functional group has 

also found limited applications in the study of insecticides, fungicides, and as corrosion 

inhibitors in oil.94,95  One interesting aspect of the disulfidediamine functional group is 

that it possesses an S-S bond in a unique environment that leads to a low bond 

dissociation energy.  In a recent report, the stability of the RS-SR bond towards 

homolytic cleavage (resulting in 2 equivalents of RS·) was studied for a variety of 

different molecules.92,96  Interestingly, H2NS-SNH2 had the lowest ∆Ho (43.1 kcal mol-1) 

for homolytic cleavage for all of the molecules that contained only two sulfur atoms.  In 

contrast, CH3SSCH3 (∆Ho = 63.9 kcal mol-1) and even NCS-SCN (∆Ho = 46.6 kcal mol-1) 

had significantly higher values for ∆Ho and higher stabilities.  Despite the low bond 

dissociation energy for the disulfide bond in disulfidediamines, molecules possessing this 

functional group are stable and readily handled using normal techniques.   

Our interest in synthesizing poly(disulfidediamines) was based on their unique 

structure and the presence of a disulfide bond.  Disulfide bonds are common in biology 

and were recently used in the synthesis of new biodegradable polymers and for self-
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healing polymers as previously described.  We hypothesized that poly(disulfidediamines) 

would degrade by two different, complementary routes in the body that would make them 

attractive targets in medicine.  Poly(disulfidediamines) may degrade in a manner similar 

to that of polydisulfides by the action of glutathione on the interior and exterior of 

cells.67,76-80  Also, poly(disulfidediamines) may be readily cleaved under acidic conditions 

that is an important degradation pathway for polymers used in drug and gene delivery.97-

107  Pharmaceutical drugs are often loaded into nanoparticles composed of polyesters that 

are stable in the bloodstream at pH of 7.4, but rapidly degrade after endocytosis into cells.  

These nanoparticles are trafficked to the endosome and lysosome within cells where the 

pH drops to approximately 5.0, which leads to a rapid, acid-catalyzed degradation of 

polyesters and release of a pharmaceutical drug.  Although data in the literature on the 

acid-catalyzed degradation of disulfidediamines was lacking, we anticipated that they 

would rapidly degrade under acidic conditions based on analogy to sulfenamides 

(R2NSR) and diaminosulfides (R2NSNR2).  Both of these functional groups degrade 

within minutes under acidic conditions in water with first-order rate constants of 

approximately 2 x 10-2 s-1.108,109  These rate constants are several orders of magnitude 

faster than the degradation of ester bonds under similar conditions.110   

In related work, we recently reported the synthesis of poly(sulfenamides) and 

poly(diaminosulfides) that are structurally related to poly(disulfidediamines).108,109  These 

three functional groups possess distinctly different reactivities, structures, and reaction 

products (Figure 16).  One way to understand the differences between these functional 

groups is to compare them to esters, anhydrides, and acyl peroxides.  It is well known 

that esters, anhydrides, and acyl peroxides belong to the same class of molecules and are 
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all based on oxygens and carbonyls, but they are well recognized as possessing different 

reactivities and yield different reaction products.  Sulfenamides, diaminosulfides, and 

disulfidediamines are also members of the same class of molecules and are based on 

sulfur and nitrogen, but they have very different reactivities and reaction products.  

Despite the similarities in sulfenamides, diaminosulfides, disulfidediamines, it is the 

differences that are important and lead to different reactivities and products. 
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Figure 16  Sulfenamides, diaminosulfides, and disulfidediamines. 
Polymers based on esters, anhydrides, and diacyl peroxides belong to one class of 

polymers, but these polymers have different reactivities and reaction products.  Similarly, 
polymers based on sulfenamides, diaminosulfides, and disulfidediamines belong to the 

same class of polymers but also have important differences in their reactivities and 
reaction products. 

 
 
 

In this chapter, the first synthesis of poly(disulfidediamines) is reported as well as 

initial work to demonstrate that the disulfidediamine functional group is stable to various 

conditions.  These polymers were briefly studied for their stability at elevated 

temperatures as well as their electrical conductivity.  
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Results and Discussion 

Synthesis and Stability of Disulfide Monomers 

The synthesis of poly(disulfidediamine)s was proposed to occur by the reaction of 

secondary diamines with a disulfide monomer as shown in Figure 17.  Although sulfur 

monochloride (S2Cl2) was commercially available and known to react with amines to 

yield disulfidediamines, it was not chosen for the polymerization reaction due to its 

reactivity with other functional groups such as alcohols and olefins and because HCl 

would be produced.111-113 

 
 

HN R NH + X S S X N R N S S + HXnn 2n
n  

 
 
 

Figure 17  A general reaction scheme for the proposed synthesis of 
poly(disulfidediamines) is shown. 

 
 
 

Disulfide transfer agents based on succinimide and phthalimide were well known 

in the literature (Figure 18) and were investigated for the synthesis of 

poly(disulfidediamines).114-116  The synthesis of molecule A yielded side products that 

were challenging to remove from the final product and limited the scale at which this 

reaction could be completed.  Additionally, it was poorly soluble in organic solvents and 

had an upper limit for solubility of 50 mg mL-1 in methylene chloride.  Although 

molecule B was synthesized in good yield and high purity, it possessed lower solubility 

than molecule A in many organic solvents.  It was believed that the low solubility of 

these molecules would hinder their usefulness in step polymerizations. 
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Figure 18  Disulfur transfer reagent syntheses. 
a) and b) The synthesis of molecules A and B were based on literature procedures.  c) 
The synthesis of a new disulfide monomer D was developed based on inexpensive, 

commercially available starting materials. 
 
 
 

A modified synthesis of a disulfur monomer was developed as shown in Figure 

18c.  The first step was the hydrogenation of tetrahydrophthalimide using Pd/C.  This 

reaction yielded a clean product after simple filtration of the Pd/C and did not require any 

further purification.  The product was reacted with S2Cl2 in the presence of triethylamine 

to yield a solid that was readily purified by crystallization.  Because neither step in the 

synthesis required column chromatography, they could be scaled up to >20 g without any 

limitation.   

The stability of molecule A was studied in C6D6, CDCl3, DMSO-d6, and CD3OD 

under normal atmospheric conditions to investigate any limitations in the use of this class 

of molecules.  The stability of molecule A rather than molecule D was studied because of 

the simplicity of its 1H NMR spectrum made investigating its decomposition clear.  No 

decomposition of molecule A was observed after 61 days in either C6D6 or CDCl3.  
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Approximately 10% of molecule A decomposed after 50 days in DMSO-d6, and 18% of 

it decomposed in CD3OD in 5 h.  

Synthesis and Stability of Disulfidediamines 

The reaction of a disulfide monomer with two molar equivalents of 

benzylmethylamine was investigated to learn the kinetics of this reaction (Figure 19).  

This reaction was conducted in both CDCl3 and C6D6 under dilute conditions to slow the 

reaction so that it could be studied by 1H NMR spectroscopy.   
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Figure 19  The reaction between molecule A and two molar equivalents of molecule E 
was investigated according to this reaction scheme. 

 
 
 

The reaction kinetics were modeled based on the reactions in Figure 19.  The 

differential equations were solved numerically by a fourth-order Runge-Kutta integration 

as described in the experimental section, and a fit to the experimental data is shown in 

Figure 20.117  The values for the rate constants measured in C6D6 (k1 = 7.8 x 10-4 M-1 s-1, 

k2 = 1.9 x 10-4 M-1 s-1, k3 = 3.8 x 10-6 M-1 s-1 ) were slightly slower than the rate constants 

measured in CDCl3 (k1 = 1.3 x 10-3 M-1 s-1, k2 = 2.5 x 10-4 M-1 s-1, k3 = 4.4 x 10-6 M-1 s-1).  
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Inclusion of the side reaction, with rate constant k3, was justified because, when this 

process was not included, the fits of the time courses were coincident at long reaction 

times for benzylmethylamine (molecule E) and the monosubstituted product (molecule 

F).  Inclusion of the side reaction accounts for the observation that the concentrations of 

these two species diverged at long reaction times.  It is important to note that the value 

for k3 is 50 to 295 times smaller than the values for k2 and k1, so the side reaction is very 

minor during polymerization. 

 
 

 
 
 
 

Figure 20  The kinetics of the transamination reaction between molecule A and two molar 
equivalents of molecule E in C6D6. 

 
 
 

Because the disulfidediamine functional group is not well known, the stability of 

a small molecule with this functional group was investigated in a variety of solvents.  The 

stability of disulfidedi(ethylmethylamine) in different organic solvents was investigated 

by its addition to NMR tubes with C6D6, CDCl3, DMSO-d6, and CD3OD followed by 

sealing the NMR tubes.  No evidence of degradation of disulfidedi(ethylmethylamine) 

was observed in any of these solvents after 61 days at room temperature.   
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The stability of this molecule was also investigated in 4/1 (v/v) CD3OD/D2O 

under acidic, neutral, and basic conditions to explore its stability in more challenging 

solvents.118  The decomposition of disulfidedi(ethylmethylamine) with nine molar 

equivalents of acetic acid was rapid with a rate constant of 1.08 x 10-3 s-1; approximately 

95% of it degraded within 42 minutes.  The decomposition of 

disulfidedi(ethylmethylamine) was nearly 10,000 times slower under both neutral and 

basic conditions.  Under neutral conditions the rate constant for decomposition was 2.56 

x 10-7 s-1 and only 68% of it degraded after 40 days.  Under basic conditions (with nine 

molar equivalents of KOH) the rate constant was 5.02 x 10-7 s-1 and 75% of it degraded in 

20 days.  

Synthesis of Poly(disulfidediamines) 

In the polymerization reaction shown in Figure 21, secondary amines can react 

with molecule D to add to a polymer chain, or they can undergo a transamination reaction 

with a disulfidediamine functional group along the backbone of the polymer.  The 

transamination reaction between a diamine monomer and a disulfidediamine functional 

group along the polymer backbone will lead to a broadening of the polydispersity of the 

polymer and affect its final stability if an amine is an end group of the polymer.  The 

kinetics of the transamination reaction shown in Figure 22 were studied in C6D6, CDCl3, 

DMSO-d6, and CD3OD.  The rate constants for the reaction were found to be 

approximately 104 times slower than the rate constants for the polymerization reactions in 

C6D6 and CDCl3 (Table 1).  Thus, the desired polymerization reaction is heavily favored. 

In fact, in comparison to similar transamination reactions for diaminosulfides and 
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sulfenamides, the transamination reactions of disulfidediamines are approximately 102 

times slower in all solvents measured.  
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Figure 21  How poly(disulfidediamines) were synthesized using molecule D as the 
disulfide monomer. 
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Figure 22  Comparison of transamination rate constants. 
The rate constants for the reactions with the disulfidediamine functional group were 

measured in this work.  The rate constants for the reactions with the diaminosulfide and 
sulfenamide functional groups were taken from prior work.108,109 
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Table 1  The rate constants for the reactions shown in Figure 22. 
 

Functional group Solvent Rate constant 
(M-1 s-1) 

Reference 

Disulfidediamine C6D6 <3.75 X 10-9 This chapter 
Diaminosulfide C6D6 5.47 x 10-6 49 

Sulfenamide C6D6 3.80 x 10-6 48 
Disulfidediamine CDCl3 2.84 x 10-8 This chapter 
Diaminosulfide CDCl3 2.79 x 10-5 49 

Sulfenamide CDCl3 4.60 x 10-6 48 
Disulfidediamine DMSO-d6 9.04 x 10-8 This chapter 
Diaminosulfide DMSO-d6 4.89 x 10-5 49 

Sulfenamide DMSO-d6 3.46 x 10-6 48 
Disulfidediamine CD3OD 6.61 x 10-6 This chapter 

Sulfenamide CD3OD 5.06 x 10-4 48 
 
 
 

A series of polymerizations were completed with molecule D as the disulfide 

monomer and secondary diamines as the other monomer (Table 2).  These 

polymerizations were completed in CH2Cl2 at room temperature for 24 h.  The solvent 

was used as purchased without further purification, and the reactions were completed 

under ambient atmospheric conditions.  The polymers were characterized by 1H and 13C 

NMR spectroscopy and size exclusion chromatography (SEC) using a laser light 

scattering apparatus (Figure 23).  These polymers are the first examples of 

poly(disulfidediamines) ever reported in the literature. 
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Table 2  The polymerizations were completed as shown in Figure 21. 
 

Entry Polymer Isolated 
Yield (%) 

Mw 
(g/mol)b 

DPc Conversionc 
(%) 

PDI 

1  N N S S  70 11,400 60 98 1.4 

2  
N

N S S

 

73 5,000 37 97 1.3 

3  
N

N S S

 

75 4,100 31 97 1.2 

4d  N N S S
 

71 - - - - 

5 
N N S S

 

65 3,900 37 97 1.2 

6 
N N S S

 

67 5,300 55 98 1.2 

7 
N N S S

 
70 8,700 60 98 1.8 

aAll reactions performed at ambient atmospheric conditions in CH2Cl2.  
bThe 

measured values for Mw based on the absolute molecular weights calculated from the 
SEC micrographs and using refractive index and laser light scattering detectors.  cThe 
values for the degree of polymerization (DP) and the conversions were calculated 
from Mn.  

d  The solubility of entry 4 was too low to allow for full characterization.  
 
 
 

The reactions to yield polymers went to high conversions of 97-98% based on 

calculations from the values for Mn.  Despite the high conversions, the observed 

molecular weights for the polymers were modest due to the low molecular weights for the 

monomers.  For instance, the disulfide monomer only contributed 64 g mol-1 when added 

to the growing polymer chain.  Furthermore, the values for PDIs were lower than 

expected for step polymerizations for several possible reasons.  The polymers may have 

been fractionated in the isolation steps resulting in a loss of some low molecular weight 
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polymer.  In Table 2 the isolated yields of the polymers are reported to demonstrate that a 

majority, but not all, of the polymer was isolated.  Another possible reason for the lower 

than expected values for PDI was due to the challenge of accurately measuring the PDI 

for low molecular weight polymers.  For instance, low molecular weight polymers have 

higher rates of diffusion than high molecular weight polymers which makes separating 

based on molecular weight and maintaining the separation challenging.  Also, although 

the columns used in the separation were rated to separate polymers with these molecular 

weights, the choice of columns was not optimized for polymers with these molecular 

weights.  It is important to note that although the PDIs were lower than expected, the 

molecular weights were found using refractive index and laser light scattering detectors 

that allowed a determination of the absolute molecular weights.  Thus, the molecular 

weights and conversions found from the isolated polymers are accurate and demonstrate 

that the polymerizations were successful.  
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Figure 23  A SEC chromatograph of the polymer from entry 1 of Table 2. 
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Although small molecule reactions by us and others have shown that the reactions 

between secondary amines and molecules A, B, or D result in disulfidediamines, the 

presence of sulfur in the polymers was not directly probed by 1H or 13C NMR 

spectroscopy.  To provide further evidence for the presence of disulfidediamine 

functional groups, the polymer shown in entry 1 of Table 2 was studied by elemental 

analysis.  The theoretical mass percentages (C: 57.3%, N: 10.3%, S: 23.5%, and H: 8.8%) 

for the repeat unit closely matched the values that were measured (C: 55.3%, N: 9.7%, S: 

23.1%, and H: 8.5%).  The analyzed elements accounted for 97% of the initial mass of 

the sample.   

Thermal Gravimetric Analysis (TGA) 

The polymer shown in entry 1 of Table 2 was studied by TGA (Figure 24). The 

sample was heated at a rate of 1 oC per min under N2.  The polymer was stable at elevated 

temperatures but underwent a sudden loss of weight at 175 oC.  This sudden loss of mass 

was expected based on the use of small molecules possessing disulfidediamines as 

vulcanizing agents in the rubber industry.91-93  
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Figure 24  The TGA of the polymer from entry 1 in Table 2. 
 

Electrically Conducting Poly(disulfidediamines) 

The first inorganic, electrically conducting polymer was polythiazyl, and it was 

first synthesized in 1953 (Figure 25).119-124  In fact, polythiazyl is the only known 

undoped polymer that is superconducting at low temperatures.119,125  Polythiazyl is 

composed entirely of sulfur and nitrogen arranged in an alternating pattern which does 

not allow its electrical properties to be readily changed by varying its molecular structure.  

In contrast, the physical and chemical properties of electrically conducting polymers 

based on organic functional groups (i.e., polythiophene and polyaniline) can be varied by 

the addition of functional groups along the polymeric backbone. 
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Figure 25  The structure of polythiazyl. 
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The interesting electrical properties of polythiazyl led us to investigate whether 

poly(disulfidediamines) were also electrically conducting.  The synthesis of the polymer 

shown in Figure 11 was first attempted using molecule D as the disulfide monomer, but 

no reaction was observed.  Instead, the polymer was synthesized using S2Cl2 as the 

disulfide monomer and triethylamine as a base to remove the HCl by-product.  The 

resulting polymer was characterized by 1H and 13C NMR spectroscopy and SEC using 

laser light scattering.  The value for Mw was 4,300 g mol-1 (PDI = 1.31), which led to a 

calculated degree of polymerization of 42.  This polymer was very interesting because the 

conjugation was through the inorganic disulfidediamine functional group, but the 

aromatic ring bonded to the nitrogen would allow the conjugation to be altered by 

varying the presence of functional groups.  Thus, this polymer combined conductivity 

through inorganic functional groups with the ability to alter the conductivity by the 

presence of organic functional groups. 
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Figure 26  The synthesis of a conjugated poly(disulfidediamine). 
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This polymer was fabricated into a layered device in order to measure its current-

voltage curve in the solid state (Figure 27).  The cross-sectional area was 16.9 x 10-3 mm2 

and the thickness of the poly(disulfidediamine) was 40 nm.  The data in Figure 27 show 

that the polymer possessed diode characteristics and was weakly electrically conducting.  

The conductivity between 9 and 10 V was estimated to be 4.73 x 10-8 S cm-1.  Although 

this value was very low and similar to that of distilled water, it was comparable to values 

for other undoped polymers.  For instance, undoped polythiophene, polyaniline, and 

polyacetylene have conductivities of approximately 10-5 to 10-9 S cm-1.126-130  In contrast, 

insulating polymers such as paraffin wax have conductivities of approximately 10-20 S 

cm-1.  Polythiophene, polyaniline, and polyacetylene must be doped in order to reach 

more desired conductivities of 1-103 S cm-1.  The effect of dopants was briefly studied by 

exposing the device to iodine vapor for 5 min and then immediately measuring the 

conductivity (see Figure 27).  The iodine doping enhanced the electrical conductivity, and 

the measured value was 2.85 x 10-7 S cm-1.  In future work we will study how the 

presence of additives alters the conductivities of poly(disulfidediamines).  
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Figure 27  The current-voltage curve for the polymer synthesized as shown in Figure 26. 
 
 
 

Conclusions 

Poly(disulfidediamines) were unknown prior to this work despite a long-term 

interest in polymers possessing sulfide and disulfide bonds.  To synthesize these 

polymers, a new disulfide monomer was synthesized in two steps in high yield without 

the need for chromatography.  Despite a low bond dissociation energy for the 

disulfidediamine functional group, these polymers were very stable in protic and aprotic 

solvents.  Studies with small molecules showed that the disulfidediamine functional 

group was stable in various solvents, but rapidly decomposed in methanol/water in the 

presence of a carboxylic acid.  These polymers have high stabilities that are desired for 

many applications, they are easy to handle, and they possess no noticeable odor. 

Working with new functional groups offers new opportunities, and two 

opportunities opened up by the synthesis of poly(disulfidediamines) were explored.  In 
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one application, we showed that these polymers were thermally stable, but underwent a 

rapid and nearly complete degradation when heated to 175 oC.  We believe, but have not 

shown, that this degradation was due to the homolytic cleavage of the S-S bond in these 

polymers to yield highly reactive sulfur-based radicals.  In a second opportunity, a 

conducting polymer was synthesized and characterized.  This polymer has conjugation 

through organic and inorganic functional groups and can be considered a “hybrid” 

polymer.  These polymers combine some of the attractive electrical properties of 

polymers based on SN bonds with the ability to tailor electrical properties by varying the 

presence of organic functional groups.  In future work, the opportunities offered by 

working with electrically conducting poly(disulfidediamines) will be pursued.  

Experimental 

Characterization 

1H and 13C NMR spectra were recorded on a Bruker DPX 300 at 300 MHz and 75 

MHz, respectively using CDCl3 as the solvent and were referenced to TMS unless 

otherwise noted.  SEC was performed using chloroform as the mobile phase (1.0 mL min-

1) at 35 ºC.  A Waters 515 HPLC pump and a Waters column (Styragel HR4E) were used.  

A DAWN EOS 18 angle laser light scattering detector from Wyatt Corp. to measure light 

scattering and a Wyatt Optilab DSP to measure changes in refractive index were used to 

measure absolute molecular weights of polymers.  Current-voltage (I-V) measurements 

were performed on a Keithly 2400 source measurement unit.  The polymeric film 

thickness was measured with a Veeco optical profilometer.  Thermal gravimetric analysis 

was performed on a TA Instruments TGA Q5000. 
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Materials 

Phthalimide, cis-1,2,3,6-tetrahydrophthalimide, benzylmethylamine, 

ethylmethylamine, palladium on carbon, acetic acid, potassium hydroxide, and 

triethylamine were purchased from Aldrich or Acros and used as received.  Hydrogen 

was purchased from PraxAir.  Succinimide, 4,4΄-trimethylenedipiperidine, piperazine, 

and trans-2,5-dimethylpiperazine were purchased from Aldrich and purified by 

recrystallization.  N,Ń -Dimethylhexanediamine and N,N΄-dimethyloctanediamine were 

purchased from Aldrich and purified by vacuum distillation.  Sulfur monochloride and 

N,N'-di-sec-butyl-p-phenylenediamine were purchased from Aldrich, purified by vacuum 

distillation, and stored under N2.  HPLC grade chloroform purchased from Acros 

Organics was used as the GPC solvent after filtration through a glass frit.  All other 

solvents were reagent grade and purchased from Acros Organics. 

Synthesis of molecule A 

Succinimide (3.0 g, 30.3 mmol) was added to a round bottom flask containing 

triethylamine (4.5 mL, 32.3 mmol) and THF (75 mL).  This mixture was cooled to 0 °C 

with an ice bath.  Sulfur monochloride (1.2 mL, 15.2 mmol) was added dropwise over 

one min.  The solution was immediately filtered by vacuum and washed with additional 

THF (50 mL).  The solvent was removed under vacuum to yield a light yellow solid.  

This solid was dissolved in a minimal amount of CH2Cl2 to which an excess of hexanes 

was added.  The colored impurities precipitated from the solution and the liquid was 

removed and concentrated under vacuum to yield a white crystalline solid (6.2 g, 46%).  

1H NMR δ 2.86 (s); 13C NMR δ 175.7, 29.0.  HREIMS calculated for C8H8N2O4S2: 

259.9926. Found: 259.9931. 
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Synthesis of molecule B 

This molecule was synthesized by modification of a literature procedure.114-116  

Phthalimide (2.9 g, 19.7 mmol) was dissolved in THF (40 mL) and triethylamine (4 mL).  

The mixture was cooled in a salt ice bath, and then sulfur monochloride (0.8 mL, 10 

mmol) was added dropwise to the cooled mixture.  The solution was stirred for one h, and 

then quenched with 70 mL H2O.  The resulting precipitate was filtered and washed with 

diethyl ether.  Crystallization from 2:1 (v:v) CHCl3:CH3OH yielded white crystals (3.5 g, 

98%).  1H NMR δ 7.94-7.98 (m, 4H), 7.81-7.85 (m, 4H); 13C NMR δ 167.2, 136.5, 132.5, 

125.1.   

Synthesis of molecule C 

cis-1,2,3,6-Tetrahydrophthalimide (25 g, 165 mmol) was dissolved in CH2Cl2 

(150 mL) and added to a metal Parr reactor.  Palladium (10% wt. on carbon, 500 mg) was 

added to this solution.  The reactor was pressurized with H2 (1000 psi) and stirred at 25 

°C for 24 h.  The palladium on carbon was removed by filtration, and the solvent was 

removed under vacuum to yield a white solid (22 g, 88%).  1H NMR  δ 7.79-8.02 (s, 1H), 

2.87-2.95 (m, 2H), 1.75-1.89 (m, 4H), 1.45-1.49 (m, 4H); 13C NMR δ 181.0, 41.1, 23.8, 

21.9.   

Synthesis of molecule D 

Molecule C (31.5 g, 209 mmol) was dissolved in 500 mL CH2Cl2 and 

triethylamine (43.5 mL, 312 mmol).  The mixture was cooled to -78 °C.  Sulfur 

monochloride (8.5 mL, 104 mmol) was added slowly over 20 min using a pressure-

equalizing addition funnel.  The solution was stirred for 10 min at -78 °C then washed 
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with two 500-mL portions of sat. NaCl followed by two 500-mL portions of 0.2 M 

NaOH.  The solution was dried with MgSO4 and the solvent removed under vacuum.  

The resulting solid was crystalized from 8:3 (v:v) hexanes:EtOAc yielding a white solid 

(27.3 g, 71%).  1H NMR  δ 2.99 (m, 4H), 2.05 (m, 8H), 1.5 (m, 8H); 13C NMR δ 177.4, 

40.6, 25.4, 23.9, 22.1.  HREIMS calculated for C16H20N2O4S2: 368.0865. Found: 

368.0864.  

Procedure for Table 2, entry 1 

Molecule D (3.5 g, 9.5 mmol) was combined with 4, 4΄-trimethylenedipiperdine 

(2.0 g, 9.5 mmol) in 50 mL of CH2Cl2.  The reaction mixture was stirred for 24 h, and 

then precipitated from CH3OH to yield a white solid (1.8 g, 70%).  1H NMR δ 2.96-2.99 

(m, 4H), 2.58-2.64 (m, 4H), 1.67-1.70 (m, 4H), 1.19-1.28 (m, 12H); 13C NMR δ 57.2, 

36.7, 34.5, 33.8, 24.1.     

Procedure for Table 2, entry 2 

Molecule D (5 g, 13.4 mmol) was combined with N,N΄-dimethylhexanediamine 

(1.93 g, 13.4 mmol) in 50 mL of CH2Cl2.  The reaction mixture was stirred for 48 h, then 

extracted with three 50 mL portions of 4 M KOH and dried with MgSO4.  Evaporation of 

the solvent yielded a yellow oil (2.0 g, 72%).  1H NMR δ 2.62 (m, 5H), 1.45-1.65 (m, 

2H), 1.23-1.44 (m, 2H); 13C NMR δ 59.5, 46.9, 28.3, 26.9. 

Procedure for Table 2, entry 3 

Molecule D (2.5 g, 6.86 mmol) was combined with N,N΄-dimethyloctanediamine 

(1.18 g, 6.86 mmol) in 50 mL CH2Cl2.  The reaction mixture was stirred for 48 h, then 

extracted with three 50 mL portions of 4 M KOH and dried with MgSO4.  Evaporation of 
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the solvent yielded a yellow oil (1.2 g, 75%).  1H NMR δ 2.53-2.58 (t, 2H), 2.43 (s, 3H), 

1.45-1.49 (m, 2H), 1.30 (m, 4H); 13C NMR δ 59.3, 46.6, 29.5, 28.2, 26.8. 

Procedure for Table 2, entry 4 

Molecule D (5.36 g, 14.4 mmol) was combined with piperazine (1.24 g, 14.4 

mmol) in 50 mL of CH2Cl2.  The reaction mixture was stirred for 24 h, and then 

precipitated from CH3OH.  The white solid was collected by filtration and dried under 

vacuum (1.55 g, 71%).  1H NMR δ 2.85-2.97 (s). 

Procedure for Table 2, entry 5 

Molecule D (4.86 g, 13.2 mmol) was combined with trans-2,5-dimethylpiperazine 

(1.5 g, 13.2 mmol) in 40 mL of CH2Cl2.  The reaction mixture was stirred for 24 h, then 

extracted with six 200-mL portions of 4 M KOH and dried with MgSO4.  Evaporation of 

the solvent yielded a white solid (1.5 g, 65%).  1H NMR δ 2.96 (m, 4H), 2.40-2.70 (m, 

2H), 1.17-1.04 (m, 6H); 13C NMR δ 64.1, 57.8, 18.8, 17.9.  

Procedure for Table 2, entry 6 

Molecule D (10.15 g, 27.6 mmol) was combined with 2-methylpiperazine (2.7 g, 

27.6 mmol) in 100 mL of CH2Cl2.  The reaction mixture was stirred for 24 h, then 

extracted with nine 200-mL portions of 4 M KOH and dried with MgSO4.  Evaporation 

of the solvent yielded a white solid (2.9 g, 67%).  1H NMR δ 3.08-2.76 (m, 6H), 2.61-

2.46 (m, 1H), 1.20-1.04 (m, 3H); 13C NMR δ 63.9, 56.9 51.7, 46.8, 18.6, 17.9. 



42 
 

Procedure for Table 2, entry 7 

Molecule D (4.2 g, 11.4 mmol) was combined with homopiperazine (1.14 g, 11.4 

mmol) in 50 mL of CH2Cl2.  The reaction mixture was stirred for 24 h, then extracted 

with four 200-mL portions of 4 M KOH and dried with MgSO4.  Evaporation of the 

solvent yielded a white solid (1.3 g, 70%).  1H NMR δ 3.25-3.11 (m, 8H), 1.95-1.87 (m, 

2H); 13C NMR δ 61.0, 59.2, 30.4. 

Stability of disulfidedisuccinimide (molecule A) 

Molecule A was dissolved in C6D6 at a conc. of 15 mg mL-1, and in CDCl3, 

DMSO-d6, or CD3OD at a conc. of 30 mg mL-1.  Decomposition was monitored by 1H 

NMR spectroscopy of the succinimide protons at δ 2.55.  Succinimide was the only 

decomposition product identifiable by 1H NMR. 

Transamination kinetics/Runge-Kutta integration 

The reaction of molecule A with two molar equivalents of molecule E was 

modeled according to the reaction scheme in Figure 28.  Reaction progress was 

monitored by 1H NMR of the benzyl protons in molecule E (δ 3.76 in CDCl3, δ 3.52 in 

C6D6), molecule F (δ 4.01 in CDCl3, δ 3.97 in C6D6), and molecule I (δ 3.91 in CDCl3, δ 

3.82 in C6D6). 
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Figure 28  Runge-Kutta intergration. 
 
 
 

The corresponding differential rate equations are as follows: 

 

d[A]/dt = – 2k1[A][E] 

d[E]/dt = – 2k1[A][E] – k2[F][E] – 2k3[G][E] 

d[F]/dt = 2k1[A][E] – k2[F][E] 

d[I]/dt = k2[F][E] 

d[G]/dt = 2k1[A][E] + k2[F][E] – 2k3[G][E] 

 

The factor of two in the differential elements 2k1[A][E] and 2k3[G][E] are due to 

a statistical factor that arises from two identical reaction sites in A and the fact that the 

side product H is produced by parallel pathways.  Figure 29 shows the fits that arise from 

this analysis for the reaction that was run using CDCl3 as the solvent.  In the main text of 

the chapter, the data and the fit when the reaction was run in C6D6 are shown.  
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Figure 29  Transamination rates. 
 
 
 

The differential rate equations for the reaction were obtained numerically using 

fourth-order Runge-Kutta integration.  For example, the following equations are obtained 

for the time course for the disappearance of E, as measured by the percent integrated 

intensity of the benzyl protons in the 1H NMR spectrum: 

E1j  =  {–2k1[A] j-1[E] j-1 – k2[F] j-1[E] j-1 – 2k3[G] j-1[E] j-1} x ∆t  

E2j  =  {–2k1([A] j-1 + A1j/2)([E] j-1 + E1j/2) – k2([F] j-1 + F1j/2)( [E] j-1 + E1j/2) –  

           2k3([G] j-1 + G1j/2)( [E] j-1 + E1j/2)} x ∆t 

E3j  =  {–2k1([A] j-1 + A2j/2)([E] j-1 + E2j/2) – k2([F] j-1 + F2j/2)( [E] j-1 + E2j/2) –  

           2k3([G] j-1 + G2j/2)( [E] j-1 + E2j/2)} x ∆t 

E4j  =  {–2k1([A] j-1 + A3j)([E] j-1 + E3j) – k2([F] j-1 + F3j)( [E] j-1 + E3j) –  

           2k3([G] j-1 + G3j)( [E] j-1 + E3j)} x ∆t 

[E] j  =  [E] j-1 + (E1j + 2E2j + 2E3j + E4j)/6 

The first equation is the finite difference analog of the differential equation for E, 

and is used to calculate the concentration increment E1j from the concentrations of A, E, 
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F, and G one ∆t earlier, i.e. [A] j-1, [E] j-1, [F] j-1 and [G] j-1.  A discrete time differential of 

∆t = 5 min was used in all calculations.  The second through fourth equations calculate 

concentration increments of E that allow for a more accurate extrapolation of the change 

in [E] over ∆t.  The final equation then calculates the concentration of E at time j from 

that at time j-1 (one ∆t earlier) as a weighted average over the concentration increments 

E1j through E4j.  These calculations are repeated over the time domain of the reaction 

time course.  Similar procedures were used to calculate the time courses for the other 

species F, I, G, and H.  The first concentration extrapolation in the time course for E is 

from time 0 to 5 min.  For this calculation [E] j-1 = 100 in % integrated intensity units.  

Similarly, initial values for A, F, I, G, and H were 50, 0, 0, 0 and 0, respectively. 

A computer program was written to perform the Runge-Kutta integrations, and a 

component of the input was a set of initial estimates of the rate constants k1, k2 and k3.  

From these estimates the program generated a 11 x 11 x 11 grid of rate constant 

estimates.  The numerical integration was performed for each rate constant set in the grid, 

and for each set the summed-squared-variance (SSV) was calculated from the following 

equation: 

 

For a set of n measured %I values, this equation calculates the sum of the squares 

of the differences between the calculated and observed values.  The rate constant set in 

the grid that gave the minimum value of SSV was taken as the set of best estimates of 

rate constants.  A course initial grid was searched in this way, and the best estimates of 

the rate constants so calculated were used to seed a second grid search over a narrower 
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range of rate constants.   This process was repeated again – a third grid search – and the 

rate constants of the final best estimate set are accurate to three significant figures.  

Stability of disulfidedi(ethylmethylamine) 

Disulfidedi(ethylmethylamine) was dissolved in C6D6, CDCl3, DMSO-d6, or 

CD3OD at a conc. of 30 mg mL-1.  Decomposition was monitored by 1H NMR 

spectroscopy of the N-methyl protons (δ 2.66 in CDCl3, δ 2.45 in C6D6, δ 2.57 in DMSO-

d6, δ 2.63 in CD3OD) and the N-ethyl (δ 2.71 in CDCl3, δ 2.51 in C6D6, δ 2.65 in DMSO-

d6, δ 2.71 in CD3OD).   

Stability of disulfidedi(ethylmethylamine) in CD3OD:D2O 

Acidic Conditions. Disulfidedi(ethylmethylamine) (20.6 mg, 0.11 mmol) and 

acetic acid (60 mg, 1 mmol) were dissolved in a 4:1 (v:v) mixture of CD3OD:D2O.  tert-

Butanol (11.7 mg, 0.16 mmol) was added as an internal standard.   

Neutral Conditions. Disulfidedi(ethylmethylamine) (21.2 mg, 0.12 mmol) was 

dissolved in a 4:1 (v:v) mixture of CD3OD:D2O.  tert-Butanol (12.4 mg, 0.17 mmol) was 

added as an internal standard.   

Basic Conditions. Disulfidedi(ethylmethylamine) (20.7 mg, 0.11 mmol) and 

potassium hydroxide (56 mg, 1 mmol) were dissolved in a 4:1 (v:v) mixture of 

CD3OD:D2O.  tert-Butanol (10.7 mg, 0.15 mmol) was added as an internal standard.   

Decomposition under all three conditions was monitored by 1H NMR 

spectroscopy of the N-methyl signal at δ 2.68 relative to the methyl signal of the tert-

butanol internal standard at δ 1.22.  N-ethylmethylamine was the only decomposition 
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product identifiable by NMR.  The decomposition results under neutral and basic 

conditions are shown in Figure 30.   

 
 

 
 
 
 

Figure 30  Decomposition of disulfidedi(ethylmethylamine). 
 
 
 

Transamination kinetics 

The reaction between disulfidedi(ethylmethylamine) and two molar equivalents of 

benzylmethylamine was studied in four solvents (Figure 31). These reactions were slow, 

so the kinetics of replacement of one ethylmethylamine with one benzylmethylamine was 

studied. Rate constants for all solvents were determined using conversions obtained by 

1H NMR spectroscopy of the benzyl signals in benzylmethylamine (δ 3.72 in CDCl3, δ 

3.43 in C6D6, δ 3.69 in DMSO-d6, δ 3.68 in CD3OD) and the product (δ 3.85 in CDCl3, 

no decomposition in C6D6, δ 3.89 in DMSO-d6, δ 3.85 in CD3OD). 
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Figure 31  Transamination kinetics 
 
 
 

Disulfidedi(ethylmethylamine) (56.3 mg, 0.325 mmol) was combined with 

methylbenzylamine (75.2 mg, 0.65 mmol) in 1 mL of C6D6.  

Disulfidedi(ethylmethylamine) (52.8 mg, 0.30 mmol) was combined with 

methylbenzylamine (71.0 mg, 0.60 mmol) in 1 mL of CDCl3. 

Disulfidedi(ethylmethylamine) (54.0 mg, 0.31 mmol) was combined with 

methylbenzylamine (72.2 mg, 0.62 mmol) in 1 mL of DMSO-d6.  

Disulfidedi(ethylmethylamine) (52.6 mg, 0.29 mmol) was combined with 

methylbenzylamine (70.4 mg, 0.58 mmol) in 1 mL of CD3OD.   

Thermal gravimetric analysis 

The polymer from Table 2, entry 1 (2.97 mg, 3.67x10-4 mmol) was added to a 

platinum balance.  The temperature was increased from ambient to 500 °C at a rate of 1 

°C per min while under N2. 

Synthesis of the conjugated poly(disulfidediamine) 

Aniline (1.0 mL, 12.5 mmol) and triethylamine (5.2 mL, 37.4 mmol) were 

combined in 11 mL of freeze-pump-thawed CH2Cl2 under N2.  After the mixture was 

cooled to -78 ºC, sulfur monochloride (1.0 mL, 12.5 mmol) was added dropwise over 10 

min.  The solution was stirred for 35 min and then poured into 40 mL of cold MeOH to 
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induce precipitation of the polymer.  The resulting precipitate was filtered and washed 

with an excess of MeOH to yield an orange powder (420 mg, 22%).  1H NMR (CDCl3): δ 

7.32 (s, 5H).  

Diode fabrication 

The diode devices fabricated on Si wafers covered with 300 nm of thermal oxide.  

The wafers were diced into 12.5 X 9 mm2 pieces, washed in several solvents, and finally 

cleaned in an oxygen plasma cleaner.  All these steps were performed in a class 1000 

clean room.  A 2-nm-thick Cr seed layer was deposited by electron-beam evaporation 

through a shadow mask in high vacuum at a rate of 0.1 nm/s and covered by a 15-nm-

thick Au layer, also deposited by e-beam evaporation as the bottom electrode.  Then a 60 

nm thick layer of the conducting polymer poly(3,4-ethylenedioxythiophene)-

poly(styrene-sulfonate) (PEDOT) was spincoated to enhance the hole injection.  The 

polymeric film of the polydisulfidediamine was fabricated by spincoating from 

chloroform solution (concentration was 5 mg/ml) at 1500 rpm and then transferred into 

and kept in a high-vaccum chamber for 60 hours to extract any solvent remaining from 

the spin-coating process.  Finally, the top electrode calcium (15 nm), and a capping layer 

of aluminum (30 nm) layers were deposited by thermal evaporation.  Calcium serves as 

the cathode for the diode devices.  The device area was 0.13 mm X 0.13 mm. 

Current-voltage (I-V) measurements were performed by Keithley 2400 source 

measurement unit and the polymeric film thickness was measured by Veeco optical 

profilometer. 
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For I-V measurements of iodine doped devices, we exposed the pristine devices to 

iodine vapor for 5 minutes and the I-V measurements were taken right after the doping 

process. 

1H NMR Spectra   

 
 

 
 
 
 

Figure 32  NMR spectra of molecule A. 
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Figure 33  NMR spectra of molecule B. 
 
 
 

 
 
 
 

Figure 34  NMR spectra of molecule C. 
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Figure 35  NMR spectra of molecule D. 
 
 
 

 
 
 
 

Figure 36  NMR Spectra of Table 2, entry 1. 
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Figure 37  NMR spectra of Table 2, entry2. 
 
 
 

 
 
 
 

Figure 38  NMR spectra of Table 2, entry 3. 
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Figure 39  NMR spectra of Table 2, entry 5. 
 
 
 

 
 
 
 

Figure 40  NMR spectra of Table 2, entry 6. 
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Figure 41  NMR spectra of Table 2, entry 7. 
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CHAPTER 3 

HYDROGEN SULFIDE GENERATION FROM DISULFIDEDIAMINES UNDER 

AQUEOUS CONDITIONS 

Introduction 

Hydrogen sulfide (H2S) has recently been shown to have a prominent role in the 

physiology of mammals.  Along with nitric oxide and carbon monoxide, hydrogen sulfide 

belongs to the class of molecules called ‘gasotransmitters’.131  These small signaling 

molecules function by diffusing through cell membranes rather than relying on 

membrane transport or receptor systems.  Gasotrasmitters are also generated 

enzymatically in the body; for instance, H2S in mammals is mainly produced from 

cysteine by the enzymes cystathione beta-synthase, cystathione gamma-lyase, and 3-

mercaptopyruvate sulfurtransferase.132  These enzymes generate H2S in many tissues, 

including the vasculature, heart, liver, kidney, brain, nervous system, lung and airway 

tissues, upper and lower GI tract, reproductive organs, skeletal muscle, pancreas, synovial 

joints, connective tissues, cochlea, and adipose tissues.133  The correlation between low 

levels of H2S and/or H2S-generating enzymes and disease states including hypertension, 

diabetes, Alzheimer’s, cirrhosis, asthma, and cancer suggests the importance of H2S to 

human health.134  

H2S has many important effects in the body including antioxidant, anti-apoptotic, 

and anti-inflammatory effects.  It also has metabolic, vasoactive, and cytoprotective 

effects on normal cells.  These properties are being exploited for the treatment of a large 

number of diseases, as shown in Figure 42.  Cancer can also be effectively treated by H2S 
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due to the strong prooxidant and apoptotic effects it has upon cancerous cells.  H2S-

releasing prodrugs have the potential to be effective against a broad range of cancer types 

while exhibiting minimal toxic side-effects. 

 
 

 
 
 
 

Figure 42  Theraputic targets for hydrogen sulfide (H2S).135 
 
 
 

The use of H2S in the treatment of disease in animal models has relied heavily on 

administration of intravenous NaHS or Na2S solutions or gaseous H2S.135  While 

sufficient for demonstrating the treatment efficacy of H2S, the combination of short half-

life and inconvenient administration routes ensure that other molecules will need to be 

used for human patients.  Many small organic molecules are used to release H2S in the 

body.  Two examples of the H2S precursors, organic polysulfides found in garlic,136 are 

shown in Figure 43.  Because they need to undergo enzymatic degradation, organic H2S 

precursors release H2S more slowly than sulfide salts.137 
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Figure 43  Diallylpolysulfides are endogenous sources of H2S present in garlic.137 
 
 
 

Recently, H2S-releasing moieties have been incorporated into other drugs.  L-3,4-

Dihoydroxyphenylalanine (L-DOPA) is used in the treatment of Parkinson’s disease 

symptoms, but cannot prevent the loss of neurons which underlie the symptoms.  

However, the inflammation and oxidative stress which cause the neuron loss can be 

controlled by the prodrugs shown in Figure 44.  These molecules are converted to L-

DOPA and H2S in vivo, and have shown increased neuroprotective activity compared to 

L-DOPA alone.  Additionally, some of the adverse side-effects of nonsteroidal anti-

inflammatory drugs (NSAID) can be ameliorated by releasing H2S from the drug.138  The 

H2S-releasing NSAID S-dicloferac (Figure 45) has been shown to cause less 

gastrointestinal, cardiac, and pulmonary injury and more anti-inflammatory activity 

compared to diclofenac.  
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Figure 44  L-DOPA derivatives with various H2S-releasing functionalities are being 
investigated for the treatment of Parkinson’s.134 

 
 
 

The most recent work in H2S delivery is the development of H2S precursors 

which are capable of releasing H2S slowly over time.  Slow release is an important 

objective for the use of H2S in medicine, as many of the conditions treatable by H2S are 

chronic.  A 400 µM solution of the H2S precursor GYY4137 (Figure 45) maintained H2S 

at a low concentration of <20 µM over a period of 7 days.  In contrast, NaHS release all 

of its H2S within 2 hours under the same conditions.  In addition to GYY4137, the class 

of molecules called dithiolethiones has proven to release H2S in a controlled manner.  

Members of this class of molecules include S-diclofenac (Figure 44), S-asprin, S-

sidenafil, and ACS67.139  
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Figure 45  S-diclofenac and GYY4137 were developed for the slow release of H2S.140 
 
 
 

In this chapter we describe the generation of H2S from the acid-catalyzed 

decomposition of molecules containing the disulfidediamine functional group.  This is the 

first report of the use of disulfidediamines as H2S precursors.  Further, this result may 

lead to H2S generation from poly(disulfidediamines), which would be the first use of a 

polymer as a H2S precursor.  We have also studied the products of disulfidediamine 

decomposition, as well as the effect of acid strength on the composition of those 

products. 

Experimental 

Materials 

Morpholine, sulfur monochloride, 4-morpholineethanesulfonic acid, acetic acid, 

hydrochloric acid, sodium sulfide, and solvents were purchased from Aldrich or Acros 

and used as received.  Lead(II) acetate was purchased from Mallinkrodt and purified by 

filtration of the aqueous solution. 
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Characterization 

1H NMR spectra were acquired using a Bruker Avance-400 at 400 MHz and were 

referenced to TMS.  X-Ray diffraction measurements were made using a Nonius 

KappaCCD diffractometer by Dr. Dale Swenson of the University of Iowa. 

Synthesis of dimorpholinedisulfide 

Morpholine (53.5 mL, 620 mmol) and CH2Cl2 (500 mL) were combined in a 1 L 

round-bottom flask and cooled with an ice bath.  Sulfur monochloride (10 mL, 124 

mmol) was added slowly to the RBF while stirring the solution.  After one hour, the 

reaction mixture was extracted three times with 300 mL of saturated NaCl solution.  

Evaporation of the solvent yielded a white/yellow wax.  Recrystallization from a mixture 

of hexanes and ethyl acetate yielded white needles (19.0 g, 65.8 %).  1H NMR δ 3.75-

3.72 (m, 4H), 2.85-2.81(m, 1H). 

Release of H2S from Na2S 

Pb(OAc)2 (1.5 g, 3.96 mmol) was dissolved in H2O (10 mL) and degassed by 

bubbling with N2 for 10 min in a Schlenk tube.  Na2S (135 mg, 0.56 mmol) was placed in 

a small vial and added to the Schlenk tube under N2.  Acetic acid (0.5 mL, 8.75 mmol) 

was added to the Na2S via syringe, under N2.  The reaction was stirred for 24 h.  The PbS 

precipitate in the Pb(OAc)2 solution was collected by filtration and washed with 200 mL 

of H2O.  The filter paper was dried for 12 h at 45 °C in an oven.  The mass of the PbS 

was 131.0 mg, accounting for 97 % of the sulfur in the Na2S. 
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Release of H2S from dimorpholinedisulfide with HCl 

Pb(OAc)2 (1.5 g, 3.96 mmol) was dissolved in H2O (10 mL) and degassed by 

bubbling with Ar for 10 min in a Schlenk tube.  Dimorpholinedisulfide (111 mg, 0.47 

mmol) was placed in a small vial, dissolved in 5:3 H2O:THF (2 mL), and added to the 

Schlenk tube under Ar.  Hydrochloric acid (190 µL, 5.6 mmol) was added to the 

dimorpholinedisulfide via syringe, under Ar.  The reaction was stirred for 24 h.  The PbS 

precipitate in the Pb(OAc)2 solution was collected by filtration and washed with 200 mL 

of H2O.  The filter paper was dried for 12 h at 45 °C in an oven.  The mass of the PbS 

was 43.5 mg, accounting for 20 % of the sulfur in the dimorpholinedisulfide. 

Release of H2S from dimorpholinedisulfide with HOAc 

Pb(OAc)2 (1.5 g, 3.96 mmol) was dissolved in H2O (10 mL) and degassed by 

bubbling with Ar for 10 min in a Schlenk tube.  Dimorpholinedisulfide (135 mg, 0.57 

mmol) was placed in a small vial, dissolved in 5:3 H2O:THF (2 mL), and added to the 

Schlenk tube under Ar.  Acetic acid (300 µL, 8.8 mmol) was added to the 

dimorpholinedisulfide via syringe, under Ar.  The reaction was stirred for 24 h.  The PbS 

precipitate in the Pb(OAc)2 solution was collected by filtration and washed with 200 mL 

of H2O.  The filter paper was dried for 12 h at 45 °C in an oven.  The mass of the PbS 

was < 20 mg, accounting for < 7 % of the sulfur in the dimorpholinedisulfide. 

Results and discussion 

In previous work we smelled the odor of H2S coming from decompositions of 

disulfidediamines under acidic conditions and were interested in the potential 

applications of a H2S-releasing polymer.  Our first objective was to quantify the amount 
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of H2S released by the disulfidediamine functional group, since the fraction of sulfur 

which would be release as H2S was uncertain.  This knowledge would be essential to 

guide any applications in vivo.  To make the results of the decomposition experiments 

relevant to biological applications, dimorpholinedisulfide (Figure 46) was chosen for the 

decompositions because of its greater water solubility than the disulfidediamines which 

had been synthesized in previous work.     

 
 

O N S S N OO NH S2Cl2
CH2Cl2

0 °C
Excess +

 
 
 
 

Figure 46  Synthesis of dimorpholinedisulfide. 
 
 
 

To detect the H2S that was released during decomposition, a new detection 

method was developed based on the formation of PbS from Pb(OAc)2, a reaction 

commonly used in H2S test strips.  The apparatus used (Figure 47) consists of a Schlenk 

tube containing an aqueous, degassed solution of Pb(OAc)2 and a vial containing a sulfur 

source.  An acid is added to the interior of the vial under inert atmosphere and the 

Schlenk tube is immediately sealed.  The H2S generated in the vial diffuses into the 

Pb(OAc)2 solution where the two compounds react to form water-insoluble PbS.  When 

H2S generation has stopped, the PbS is collected by filtration, dried, and weighed to 

determine the amount of H2S generated. 
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Figure 47  H2S detection method using Pb(OAc)2. 
 
 
 

In this detection method only H2S will react with Pb(OAc)2 to form PbS.  Because 

direct contact between the contents of the vial and the Pb(OAc)2 solution is prevented, 

only gaseous sulfur-containing compounds are able to enter the Pb(OAc)2 solution.  

Further, only sulfide-containing compounds react with Pb(OAc)2 to form PbS, 

compounds containing oxidized sulfur are unreactive.  From these considerations we can 

say with confidence that the sulfur in the PbS comes only from H2S.  With a Ksp of 

9.04x10-29 solid PbS can be easily purified from water-soluble Pb(OAc)2 and HOAc by 

washing with water, meaning that the measured weight results from only PbS despite the 

use of excess Pb(OAc)2.   

Other methods of detecting H2S have been reported but were unsuitable for this 

work.  Dye-based detection methods require basic conditions to promote sulfide 

nucleophilicity and are incompatible with acids.  The use of H2S gas sensors requires the 
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H2S to remain in the gas phase, but in our decompositions the H2S would partition 

between the gas phase and the liquid in the vial.  Without knowing the fraction of H2S in 

the liquid we cannot trust the concentration readings to be an accurate measure of the 

total amount of H2S present in the Schlenk tube.  In addition, H2S is a reactive compound 

and could undergo oxidation or other side reactions.  Our method minimizes the effect of 

side reactions because the H2S is quickly converted into unreactive PbS. 

The detection method was tested using Na2S as the source of H2S, since the 

reaction of Na2S with acid is well known and reliable.  An average of 92 % of the sulfur 

added as Na2S was recovered as PbS over a total of four separate experiments (Table 3, 

entry 1).  When dimorpholinedisulfide was decomposed only a small amount of the total 

sulfur was recovered as PbS and a yellow precipitate was generated in the vial which we 

assumed to be elemental sulfur.  Initial results indicated that HCl generated more H2S and 

generated it faster than HOAc, but these findings may be subject to future change. 

 
 

Table 3  Recovery of generated H2S as PbS. 
 

Entry Sulfur source Acid pKa Reaction time 
(h) 

Sulfur recovered 
as PbS (%) 

1 Na2S HOAc 4.76 24 92 (avg) 

2 dimorpholinedisulfide HOAc 4.76 24 Trace 

3 dimorpholinedisulfide HCl -8.00 24 20 
aNot enough PbS collected to measure an accurate weight. 

 
 
 

Conclusion 

We have developed a reliable method to quantify the amount of H2S released 

during the decomposition of disulfidediamines by weighing the resulting solid PbS.  The 
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results of these and future experiments will provide insight into the decomposition 

mechanism of the disulfidediamine functional group under acidic conditions.  This 

knowledge will be essential for guiding future experiments with applications of 

disulfidediamines in vivo. 
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CHAPTER 4 

EXTENDED LIFETIMES OF GOLD(III) CHLORIDE CATALYSTS USING 

COPPER(II) CHLORIDE AND (2,2,6,6-TETRAMETHYL-PIPERIDIN-1-YL)OXYL 

Introduction 

Previously thought to be catalytically inactive, homogeneous gold catalysts have 

received increasing attention in recent years due to the discovery of new reactions that 

they catalyze and successful efforts to yield enantiomerically enriched products.141-153  

These catalysts complete numerous different types of reactions including those requiring 

Lewis acid activation of alkynes and alkenes, insertion into the C-H bond of alkynes, 

oxidation of alkenes or alcohols, and reductive silylation of alcohols.154-172  Asymmetric 

versions of homogeneous gold catalysts have been reported including recent work with 

chiral ligands or with chiral counterions that greatly increased the enantioselectivities of 

gold catalysts.173-178  As the reactions and applications of gold catalysts increase, the need 

to decrease the loadings of gold and increase their turnovers has become an important 

consideration requiring further development.  For instance, both AuCl3 ($28,800 per mole 

at 99% purity from Sigma-Aldrich) and AuCl ($29,800 per mole at 99.9% purity from 

Sigma Aldrich) are expensive compounds so efforts to decrease the amounts required for 

catalysis are important.  In this paper, we show unprecedented stabilization of AuCl3 

using a combination of 2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) and low levels of 

CuCl2 that allowed a Au(III) catalyst to be recycled up to 33 times.  

Homogeneous gold catalyzed reactions are typically run at loadings of one to five 

mole percent catalyst because it is readily reduced to colloidal Au(0) which decreases its 
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turnovers (Figure 48a).166,179-181  Initial strategies to increase the lifetime of Au catalysts 

involved reduction in the concentration of gold species because the rate of decomposition 

is proportional to the square of the concentration of the gold species.  Unfortunately, this 

method also slowed the desired reaction and lead to incomplete reactions.  In more recent 

work, bulky ligands were employed to stabilize the catalyst by preventing gold atoms 

from coming into contact.  N-Heterocyclic carbene ligands stabilized Au catalysts from 

decomposition and increased catalytic activity via sterics and significant electron 

donation by the carbene.182-185  In a recent paper by Che et al., a pyridine-based ligand 

[Au(C^N)Cl2] bonded to gold salts increased the lifetime of the catalyst in the reaction 

shown in Figure 48b.186   When AuCl3 was used as the catalyst without additional ligand, 

it decomposed after one cycle and no further activity was observed.  In reactions with the 

ligand shown in Figure 48c, the catalyst was recycled up to ten cycles.  The recycling 

reactions were run for 24 h after which the conversion was checked by 1H NMR 

spectroscopy and a new set of substrates were added.186  Although 812 out of a possible 

1,000 turnovers were reached through ten cycles, the reaction did not go to completion 

after the second cycle and the conversion on the last cycle was only 60%.  Catalyst 

decomposition limited the turnovers and conversions that could be obtained.  
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Figure 48  Gold-catalyzed three-component coupling. 
a) The decomposition of Au(I) to yield colloidal Au(0). b) The three component reaction 

that was studied in this article.  c) The structure of Au(C^N)Cl2. d) The structure of 
TEMPO. 

 
 
 

We discovered that although this reaction was successful at loadings of 0.1 to 5 

mol% AuCl3, the catalyst decomposed during the reaction.  In a typical reaction, the 

substrates were allowed to react for 12 h during which a dark solid precipitate was 

observed to form along the glass walls and in the bottom of the reaction flask.  This 

precipitate was believed to be colloidal Au(0) that is commonly formed in Au catalyzed 

reactions.  When more of the alkyne, aldehyde, and amine were added at the end of the 

reaction, no further conversion was observed due to the decomposition of the Au catalyst.  

Although the reactions were completed faster with higher loadings of AuCl3, the 

decomposition of the catalyst was also accelerated. 
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Figure 49  Lifetime extension of AuCl3. 
a) Three reactions that were completed at 5 mol% loadings of AuCl3, at 5 mol% AuCl3 
and 0.25 mol% CuCl2, and at 5 mol% AuCl3, 0.25 mol% CuCl2, and 60 mol% TEMPO. 
b) This figure shows the same three reactions as in a) but up to 33 cycles for the reaction 
with AuCl3, CuCl2, and TEMPO.  The dip at the thirteenth cycle corresponds to when the 
reaction slowed and each cycle time was increased to 24 h at the 15th cycle.  At cycle 20 

the reaction time was increased to 36 h. 
 
 
 

We discovered that when CuCl2 and TEMPO were added to 5 mol% loadings of 

AuCl3 catalyst, the number of cycles where the catalyst was active greatly increased 

(Figure 49).  In these and all subsequent reactions, the catalysts were added at the 

beginning of the first cycle with the amine, aldehyde, and alkyne and the reaction was 

heated to 70 oC.  After 12 h an aliquot of the organics was removed to check the 

conversion by 1H NMR spectroscopy and an additional set of amine, aldehyde, and 

alkyne were added.  The reaction was heated to 70 oC and the conversion was checked by 

1H NMR spectroscopy after 12 h and a new set of amine, aldehyde, and alkyne were 
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added.  Each cycle corresponded to the addition of one set of the amine, aldehyde, and 

alkyne and 12 h of heating at 70 oC.  Thus, the highest conversion after one cycle was 

100%, after two cycles it was 200%, and after three cycles it was 300%. 

When no TEMPO or CuCl2 were added with 5 mol% AuCl3, the reaction went to 

quantitative conversion after one cycle and then no further turnover was observed upon 

the addition of more reagents (Figure 49).  When 0.25 mol% of CuCl2 was added (Au:Cu 

ratio of 20:1) the reaction yielded quantitative turnovers for four cycles and then the 

catalyst was decomposed by the end of the 7th cycle for a total conversion of 510%.  

When 60 mol% TEMPO and 0.25 mol% CuCl2 were added with AuCl3, the reaction 

yielded quantitative conversions through 33 cycles.  Thus, the number of cycles and 

turnovers of the AuCl3 catalyst were increased by a factor of 33 with catalytic amounts of 

TEMPO and CuCl2. 

 
 

Table 4  Effect of CuCl2 and TEMPO on the lifetimes of AuCl3. 
 

Entry AuCl3 
(mol%) 

CuCl2 

(mol%) 
Au:Cu TEMPO 

(mol%) 
Conversiona 

(%) 
Cycles 

1 5 0.25 20:1 0 510 8 
2 5 0.125 40:1 0 280 4 
3 5 0.0625 80:1 0 100 2 
4 5 0.125 40:1 60 360 4 
5 5 0.0625 80:1 60 370 4 
6 5 0.042 120:1 60 290 4 
7 5 0.025 200:1 60 100 2 
8 5 0.0625 80:1 15 100 4 
9 5 0.0625 80:1 5 90 4 

aEach reaction run at 70 oC for 12 h.  After 12 h the conversion was 
checked by 1H NMR spectroscopy and a new set of substrates were 
added.  The maximum conversion after cycle “n” would be 100 
multiplied by n.  
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A study of the amount of CuCl2 and TEMPO needed to increase the lifetime of 

the AuCl3 catalyst at 5 mol% loadings was undertaken (Table 4).  The addition of CuCl2 

with no TEMPO added increased the number of cycles and overall conversions of the 

AuCl3 catalyst even at AuCl3:CuCl2 loadings as low as 40:1.  When the AuCl3:CuCl2 

loading was increased to 80:1, the reaction stopped after the first cycle when no TEMPO 

was present.  In contrast, when 60 mol% TEMPO was added, the catalyst was active over 

four cycles at AuCl3:CuCl2 loadings as low as 120:1. 

 
 

Table 5  Control reactions to study how O2 and different  
amounts of Au, Cu, and TEMPO affected this reaction. 

 
Entry AuCl3 

(mol%) 
CuCl2 

(mol%) 
TEMPO                 
(mol%) 

Conversion 
(%) 

Cycles 

1a 5 0.25 0 95 2 
2 0 0.25 0 0 1 
3 0 0 130 0 1 
4 0 0.25 60 0 1 
5 5 0 60 110 2 

aReaction completed under an atmosphere of O2. 
 
 
 

A series of control experiments were completed to further study this reaction 

(Table 5). In entry 1 of Table 5 an experiment to probe whether O2 could act as the 

oxidant rather than TEMPO is described.  This reaction had Au and Cu loadings identical 

to Entry 1 of Table 1 that resulted in a conversion of 510% after eight cycles when the 

reaction was run under an atmosphere of N2.  When the same reaction was completed 

under an atmosphere of O2 the conversion reached 95% after one cycle but no further 

conversion was observed.  An atmosphere of O2 poisoned the AuCl3 such that the copper 

had no noticeable effect on the lifetime of the Au catalyst.  
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Copper was a poor catalyst for this reaction and at loadings used here no 

conversion was observed by 1H NMR spectroscopy in experiments without AuCl3 but 

with CuCl2, TEMPO, or a combination of TEMPO and CuCl2 (entries 2-4 in Table 5).  In 

addition, the control experiment with AuCl3 and TEMPO showed only modest 

conversion after the first cycle (entry 5 in Table 5), which demonstrated that copper was 

needed to increase the lifetime of the catalyst.  In summary, at 5 mol% of AuCl3 the 

addition of CuCl2 increased the lifetime of the Au catalyst and the addition of both CuCl2 

and TEMPO lead to a greater increase in the lifetime of the catalyst.   

It is always desirable to use less of an expensive catalyst such as AuCl3, so the 

three component reaction was studied at 1 and 0.1 mol% loadings of AuCl3.  Reactions 

with less than 0.1 mol% of AuCl3 did not go to completion so they were not studied.  

Control experiments with only 1 or 0.1 mol% AuCl3 and no CuCl2 or TEMPO were 

carried out for five cycles (entries 1 and 7 in Table 6).  These reactions had quantitative 

conversions after the first cycle, but they only reached 140 - 150% conversion after five 

cycles.  These reactions demonstrated that the Au catalyst decomposed rapidly after the 

first cycle.  A control reaction was completed with a Au:TEMPO ratio of 1:12 and the 

conversion was 200% after five cycles which demonstrated that TEMPO by itself had 

little effect on the lifetime of the Au catalyst (entry 2 in Table 6).  
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Table 6  Reactions at 1 and 0.1 mol% AuCl3. 
 

Entrya AuCl3 
(mol%) 

CuCl2 
(mol%) 

TEMPO 
(mol%) 

Conversion Cycles 

1 1 0 0 140 5 
2 1 0 12 200 5 
3 1 0.5 24 930(980)b 10 
4 1 0.05 12 910(990)c 10 
5 1 0.5 0 850(980)d 10 
6 1 0.05 0 840(980)d 10 
7 0.1 0 0 150 5 
8 0.1 0.1 24 400 5 
9 0.1 0.02 24 400 5 
10 0.1 0.005 24 330 5 
11 0.1 0.1 0 820 10 
12 0.1 0.02 0 400 5 
13 0.1 0.005 0 320 5 

aReactions at 1 mol% AuCl3 were run for 12 h for each cycle and reactions at 
0.1 mol% AuCl3 were run for 24 h for each cycle.  bThe number in parenthesis 
is the conversion after the reaction was allowed to run for 48 h after the end of 
the tenth cycle. cThe number in parenthesis is the conversion after the reaction 
was allowed to run for 36 h after the end of the tenth cycle. dThe number in 
parenthesis is the conversion after the reaction was allowed to run for 60 h 
after the end of the tenth cycle. 

 
 
 

Reactions completed at one mol% AuCl3 had high conversions for ten cycles 

when CuCl2 was added at mole ratios of Au:Cu of 2:1 and 20:1 (entries 3 to 6 in Table 6).  

These reactions were not complete after ten cycles, but when the reactions were allowed 

to proceed for an additional 36 to 60 h after the tenth cycle all of the reactions went to 

quantitative conversions.  The additional time was necessary due to dilution of the 

reagents and catalysts at later cycles.  No organic solvent was used in these reactions so 

the product acted as a solvent for subsequent cycles and diluted the catalyst and reagents. 

Interestingly, the presence of TEMPO lead to only a small increase in the conversion at 

the end of the tenth cycle but no difference in conversion when the reactions were 

allowed to go to completion after the tenth cycle.    
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 The same result was seen for reactions completed with 0.1 mol% AuCl3 

(entries 8 to 13 in Table 3).  In these reactions the presence of 24 mol% TEMPO had no 

observable effect on the conversions after 5 cycles.  Surprisingly, very low concentrations 

of CuCl2 had an effect.  In the reaction with a CuCl2 loading of 0.005 mol% the 

conversions was 330%, but without CuCl2 the conversion was only 150%.  Clearly, small 

amounts of CuCl2 had pronounced effects on the turnovers and conversions. 

This reaction was complicated to study because Au, Cu, and TEMPO each existed 

in three oxidation states and the reaction was biphasic with different solubilities for each 

oxidation state of the molecules in water and the organic phases.  In addition, the amines 

used in the reaction could coordinate to Au and Cu and change their oxidation 

potentials.187,188  Because of these difficulties, it was not possible to completely 

disentangle the exact mechanism responsible for the long lifetime of the Au catalyst, but 

a proposed mechanism is outlined in Figure 50. 

 



76 
 

 
 
 
 

Figure 50  Mechanism for the increased lifetime of AuCl3. 
a) and b) Two proposed cycles for how Au, Cu, and TEMPO interact to increase the 

lifetime of the Au catalyst where both TEMPO and O2 oxidize Cu(I) to Cu(II). 
 
 
 

In the original mechanism proposed by Li for this AuCl3 coupling reaction, the 

active Au catalyst was Au(I).189  A limitation of Au(I) catalysis is the well known 

reduction of Au(I) to colloidal Au(0) by the reaction shown in Figure 48a.  We believe 

that Cu(II) oxidized Au(0) to Au(I) which increased the number of turnovers.  The Cu(I) 

was oxidized back to Cu(II) by O2 or TEMPO.  These reactions were run conditions 

where most, but not all, of the O2 was removed from the reaction vessel so low levels of 

O2 were present.  This mechanism is consistent with the observation that CuCl2 was 

necessary to observe an increase in turnover of the AuCl3 catalyst.  
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To further investigate this effect, two different sets of three-component coupling 

reactions were studied (Figure 51).  These reactions were completed at loadings of 1 

mol% AuCl3 with and without 1 mol% of CuCl2.  In the control experiments with AuCl3 

and without CuCl2, the reactions went to conversions of 80% for the reaction with 

morpholine and 140% for the reaction with m-bromobenzaldehyde over three cycles.  

When AuCl3 and CuCl2 were added to the reactions they went to 460 and 470% 

conversions for five cycles.  The increase in conversions by the addition of CuCl2 was 

clearly not substrate dependent but successful for three different examples of the three-

component coupling reaction.  

 
 

 
 
 
 

Figure 51  Additional reactions investigated. 
a) and b) Three-component reactions that were investigated.  c) A hydroarylation reaction 

that was studied for the effect of added CuCl2. 
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A second reaction was also studied to investigate whether CuCl2 would increase 

the turnovers in a reaction where the Au is proposed to act as a Lewis acid.  In the three-

component reaction shown in Figure 48b, the Au catalyst was proposed to insert into the 

C-H bond of the acetylene and then react with the imine formed by the condensation of 

the aldehyde and amine.178  In the reaction shown in Figure 51c, the Au is proposed to act 

as a Lewis acid to activate mesitylene for nucleophilic attack by phenylacetylene.190  This 

reaction has been reported by Sommer to proceed with AuCl3 as the catalyst for a variety 

of substrates, but our work demonstrated that it does not proceed with CuCl2 which was 

only partially soluble in the solvent (Table 4).190 

Multiple reactions with phenylacetylene, mesitylene, and 1 mol% AuCl3 were 

completed, and highest conversion was only 20% which was consistent with the report by 

Sommer.  When CuCl2 was added with AuCl3, the highest conversion increased to 36%.  

More surprising results were found when 4-ethynyltoluene was used as the substrate.  

The reaction with only AuCl3 reached 50% conversion but the reaction with AuCl3 and 

CuCl2 reached 79% conversion.  Although the effect of the addition of CuCl2 was much 

more modest than in the three-component coupling reaction, these experiments 

demonstrated that CuCl2 increased the conversions in a second reaction where the Au 

catalyst has a significantly different role in the catalytic cycle. 
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Table 7  Effect of AuCl3 and CuCl2 on the hydroarylation reactions  
shown in Figure 51c.   

 
Entrya -R AuCl3 

(mol %) 
CuCl2 

(mol %) 
Conversionb 

(%) 
1 H 1 1 34 
2 H 1 0 16 
3 H 0 1 0 
4 CH3 1 1 79 
5 CH3 1 0 50 
6 CH3 0 1 0 

aReactions were completed for 24 h and no further turnover was 
observed for longer reaction times.  bThe conversions were 
measured by 1H NMR spectroscopy at the completion of the 
reaction.  

 
 
 

This work demonstrated a remarkable stabilization of AuCl3 catalysts using 

catalytic amounts of CuCl2.  The effect was robust at loadings of AuCl3 that ranged by 50 

fold and allowed up to 33 cycles to be completed.  Impressively, the lifetime of the AuCl3 

catalyst at a loading of 5 mol% increased from 12 h to over 792 h when 0.25 mol% CuCl2 

and 60 mol% TEMPO were added.  In fact, limitations in determining the conversions 

rather than catalyst decomposition prevented further study of this reaction.   

This research represents one approach to lowering the costs of homogeneous Au 

catalysts for use in academic or industrial labs.  A low loading of AuCl3 catalyst is 

desired because of its high cost, but low loadings result in slow reactions or low 

conversions to product.  What is desired is to use a high loading of AuCl3 so the reactions 

are rapid, but the AuCl3 catalysts should be recycled to keep the costs low.  Common 

approaches to solving this problem have been to develop new ligands to accelerate the 

reaction rate or to find new, cheaper catalysts with higher reactivities.  Another solution – 

the one described in this paper – was to find a method to prevent the Au catalyst from 
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decomposing such that it could be used in high concentrations and be recycled.  In 

contrast to the high cost of AuCl3, the cost for CuCl2 ($18 per mole for 97% purity from 

Sigma-Aldrich) and TEMPO ($1,030 per mole for 98% purity from Sigma-Aldrich) are 

modest and can be added to increase the conversions and lifetimes of a AuCl3 catalyst. 

Because CuCl2 and TEMPO do not require any ligands on the AuCl3 to be effective, this 

method may prove to be applicable to more reactions and will be studied for such 

activity. 

Experimental 

Materials and Methods 

AuCl3 was purchased from Sigma-Aldrich at 99% purity.  CuCl2 was purchased 

from Acros at 99% purity.  TEMPO was purchased from Sigma-Adrich and purified by 

sublimation.  Nitromethane was purchased from Acros and dried over sieves.  All other 

reagents were purchased from Sigma-Adrich at their highest purity and used as received.  

All NMR spectra were recorded on a Bruker Avance 300 (1H: 300 MHz, 13C: 75 MHz) in 

CDCl3 and referenced to TMS unless otherwise noted. 

1H NMR analysis of three-component coupling reactions 

For the compound synthesized in Table 4, entry 1, the conversion was determined 

by comparing the integration of the propargyl signal (δ 4.81, 1H, s) for the product to the 

aldehyde signal (δ 10.02, 1H, s) of the benzaldehyde starting material. The product 

shown in Figure 49a possessed a chemical shift of δ 4.78 for the propargyl hydrogen. The 

product shown in Figure 49b possessed a chemical shift of δ 4.81 for the propargyl 
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hydrogen and the hydrogen on the aldehyde in the starting material possessed a chemical 

shift of δ 9.94.  

Procedure for Table 4, Entry 2 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 26.1 mg of CuCl2 in 4.3 mL of H2O.  28 µL 

(0.17 mg, 1.3x10-3 mmol) of this solution was added to the organics.  AuCl3 (15 mg, 

5.0x10-2 mmol) was taken from a glove box and added to the Schlenk tube in 2.0 mL of 

H2O under flowing N2.  The reaction mixture was then heated at 70 °C and stirred in an 

oil bath.  After 12 h an aliquot of the organic phase was removed to study the conversion 

by 1H NMR spectroscopy.  Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 

µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were added at this time.  

Heating was resumed and the conversion was studied every 12 h.  This process was 

repeated for a total of four cycles.  1H NMR (300MHz, CDCl3): δ 7.67-7.62 (m, 2H), 

7.55-7.50 (m, 2H), 7.40-7.26 (m, 6H), 4.81 (s, 1H), 2.61-2.50 (m, 4H), 1.70-1.50 (m, 

4H), 1.50-1.40 (m, 2H). 

Procedure for Table 4, Entry 3 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 21.4 mg of CuCl2 in 12.6 mL of H2O.  50 µL 

(8.5x10-2 mg, 6.25x10-4 mmol) of this solution was added to the organics.  AuCl3 (15 mg, 

5.0x10-2 mmol) was taken from a glove box and added to the Schlenk tube in 2.0 mL of 
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H2O under flowing N2.  The reaction mixture was then heated at 70 °C and stirred in an 

oil bath.  After 12 h an aliquot of the organic phase was removed to study the conversion 

by 1H NMR spectroscopy.  Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 

µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were added at this time.  

Heating was resumed and the conversion studied every 12 h.  This process was repeated 

for two cycles. 

Procedure for Table 4, Entry 4 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10.0 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 21.4 mg of CuCl2 in 12.6 mL of H2O.  100 µL 

(0.17 mg, 1.25x10-3 mmol) of this solution was added to the organics.  TEMPO (90 mg, 

6.0x10-1 mmol) was added to the Schlenk.  AuCl3 (15 mg, 5.0x10-2 mmol) was taken 

from a glove box and added to the Schlenk tube in 2.0 mL of H2O under flowing N2.  The 

reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h an aliquot 

of the organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 12 h.  This process was repeated for a total of four cycles. 

Procedure for Table 4, Entry 5 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 21.4 mg of CuCl2 in 12.6 mL of H2O.  50 µL 
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(0.085 mg, 6.3x10-4 mmol) of this solution was added to the organics.  TEMPO (90 mg, 

6.0x10-1 mmol) was added to the Schlenk.  AuCl3 (15 mg, 5.0x10-2 mmol) was taken 

from a glove box and added to the Schlenk tube in 2.0 mL of H2O under flowing N2.  The 

reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h an aliquot 

of the organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 12 h.  This process was repeated for a total of four cycles. 

Procedure for Table 4, Entry 6 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 26.1 mg of CuCl2 in 4.4 mL of H2O.  10 µL 

(0.060 mg, 4.2x10-4 mmol) of this solution was added to the organics.   TEMPO (90 mg, 

0.60 mmol) was added to the Schlenk.  AuCl3 (15 mg, 5.0x10-2 mmol) was taken from a 

glove box and added to the Schlenk tube in 2.0 mL of H2O under flowing N2.  The 

reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h an aliquot 

of the organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 12 h.  This process was repeated for a total of four cycles. 



84 
 

Procedure for Table 4, Entry 7 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 24.7 mg of CuCl2 in 7.3 mL of H2O.  100 µL 

(0.034 mg, 2.5x10-4 mmol) of this solution was added to the organics.  TEMPO (90 mg, 

0.60 mmol) was added to the Schlenk.  AuCl3 (15 mg, 5.0x10-2 mmol) was taken from a 

glove box and added to the Schlenk tube in 2.0 mL of H2O under flowing N2.  The 

reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h an aliquot 

of the organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 12 h.  This process was repeated for a total of two cycles. 

Procedure for Table 4, Entry 8 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of  CuCl2 was made by dissolving 22.7 mg of CuCl2 in 14.0 mL of H2O.  50 µL 

(0.085 mg, 6.3x10-4) of this solution was added to the organics.  TEMPO (23.4 mg, 0.150 

mmol) was added to the Schlenk by dissolving 24.0 mg in 490 µL of phenylacetylene and 

adding 160 µL of the acetylene.  AuCl3 (15 mg, 5.0x10-2 mmol) was taken from a glove 

box and added to the Schlenk tube in 2.0 mL of H2O under flowing N2.  The reaction 

mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h an aliquot of the 

organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 
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phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 12 h.  This process was repeated for a total of four cycles. 

Procedure for Table 4, Entry 9 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 22.7 mg of CuCl2 in 14.0 mL of H2O.  50 µL 

(0.085 mg, 6.3x10-4) of this solution was added to the organics.  TEMPO (8 mg, 0.05 

mmol) was added to the Schlenk.  AuCl3 (15 mg, 5.0x10-2 mmol) was taken from a glove 

box and added to the Schlenk tube in 2.0 mL of H2O under flowing N2.  The reaction 

mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h an aliquot of the 

organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 12 h.  This process was repeated for a total of four cycles. 

Procedure for Table 5, Entry 1 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 26.2 mg of CuCl2 in 7.7 mL of H2O.  100 µL 

(0.34 mg, 2.5x10-3 mmol) of this solution was added to the organics.  AuCl3 (15 mg, 

5.0x10-2 mmol) was taken from a glove box and added to the Schlenk tube in 2.0 mL of 

H2O.  The Schlenk was fitted with a reflux condenser topped with a balloon filled with 

O2.  The reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h 



86 
 

an aliquot of the organic phase was removed to study the conversion by 1H NMR 

spectroscopy.  Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 

mmol), and phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was 

resumed and the conversion studied every 12 h.   This process was repeated for two 

cycles. 

Procedure for Table 5, Entry 2 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 25.2 mg of CuCl2 in 7.4 mL of H2O.  100 µL 

(0.34 mg, 2.5x10-3 mmol) of this solution was added to the organics.  The reaction 

mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h an aliquot of the 

organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Procedure for Table 5, Entry 3 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  TEMPO (200 

mg, 1.3 mmol) was added to the Schlenk.  The reaction mixture was then heated at 70 °C 

and stirred in an oil bath.  After 12 h an aliquot of the organic phase was removed to 

study the conversion by 1H NMR spectroscopy.    

Procedure for Table 5, Entry 4 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 25.2 mg of CuCl2 in 7.4 mL of H2O.  100 µL 
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(0.34 mg, 2.5x10-3 mmol) of this solution was added to the organics.  TEMPO (90 mg, 

0.60 mmol) was added to the Schlenk.  The reaction mixture was then heated at 70 °C 

and stirred in an oil bath.  After 12 h an aliquot of the organic phase was removed to 

study the conversion by 1H NMR spectroscopy.   

Procedure for Table 5, Entry 5 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  TEMPO (90 

mg, 0.60 mmol) was added to the Schlenk.  AuCl3 (15 mg, 5.0x10-2 mmol) was taken 

from a glove box and added to the Schlenk tube in 2.0 mL of H2O under flowing N2.  The 

reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h an aliquot 

of the organic phase was removed to study the conversion by 1H NMR spectroscopy.   

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 12 h.  This process was repeated for a total of two cycles.  

Procedure for Table 6, Entry 1 

Benzaldehyde (130 µL, 1.3 mmol), piperidine (140 µL, 1.4 mmol), and 

phenylacetylene (220 µL, 2.0 mmol) were added to a 10 mL Schlenk tube.  AuCl3 (5.0 

mg, 0.013 mmol) was taken from a glove box and added to the Schlenk tube in 2.0 mL of 

H2O under flowing N2.  The reaction mixture was then heated at 70 °C and stirred in an 

oil bath.  After 12 h an aliquot of the organic phase was removed to study the conversion 

by 1H NMR spectroscopy.  Additional benzaldehyde (130 µL, 1.3 mmol), piperidine (140 

µL, 1.4 mmol), and phenylacetylene (220 µL, 2.0 mmol) were added at this time.  
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Heating was resumed and the conversion studied every 12 h.  This process was repeated 

for a total of five cycles. 

Procedure for Table 6, Entry 2 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  1.6 mL of 

H2O was added to the Schlenk.  TEMPO (20 mg, 0.12 mmol) was added to the Schlenk.  

An aqueous solution of AuCl3 was made by dissolving 35.2 mg of AuCl3 in 4.7 mL of 

H2O.  400 µL (3.0 mg, 0.010 mmol) was added to the Schlenk tube under flowing N2.  

The reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h an 

aliquot of the organic phase was removed to study the conversion by 1H NMR 

spectroscopy.  Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 

mmol), and phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was 

resumed and the conversion studied every 12 h.  This process was repeated for a total of 

five cycles. 

Procedure for Table 6, Entry 3 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 26.2 mg of CuCl2 in 7.7 mL of H2O.  200 µL 

(0.70 mg, 5.0x10-3 mmol) of this solution was added to the organics.   TEMPO (40 mg, 

0.24 mmol) was added to the Schlenk.  An aqueous solution of AuCl3 was made by 

dissolving 150 mg of AuCl3 in 10 mL of H2O.  200 µL (3.0 mg, 0.010 mmol) was added 

to the Schlenk tube under flowing N2.  The reaction mixture was then heated at 70 °C and 
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stirred in an oil bath.  After 12 h an aliquot of the organic phase was removed to study the 

conversion by 1H NMR spectroscopy.  Additional benzaldehyde (100 µL, 1.0 mmol), 

piperidine (110 µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were added at 

this time.  Heating was resumed and the conversion studied every 12 h.  This process was 

repeated for a total of ten cycles.  Heating was continued for 48 h, with a 1H NMR 

spectrum taken every 12 h. 

Procedure for Table 6, Entry 4 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  1.9 mL of 

H2O was added to the Schlenk.  An aqueous solution of CuCl2 was made by dissolving 

22.1 mg of CuCl2 in 13.0 mL of H2O.  40 µL (0.068 mg, 5.0x10-4 mmol) of this solution 

was added to the organics.  TEMPO (20 mg, 0.12 mmol) was added to the Schlenk.  An 

aqueous solution of AuCl3 was made by dissolving 99.8 mg of AuCl3 in 13.2 mL of H2O.  

40 µL (3.0 mg, 0.010 mmol) was added to the Schlenk tube under flowing N2.  The 

reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 12 h an aliquot 

of the organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 12 h.  This process was repeated for a total of ten cycles.  

Heating was continued for an additional 36 h, with a 1H NMR spectrum taken every 12 h. 
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Procedure for Table 6, Entry 5 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  0.5 mL of 

H2O added to Schlenk.  An aqueous solution of CuCl2 was made by dissolving 26.1 mg 

of CuCl2 in 20.0 mL of H2O.  500 µL (0.68 mg, 5.0x10-3 mmol) of this solution was 

added to the organics.  An aqueous solution of AuCl3 was made by dissolving 54.1 mg of 

AuCl3 in 18.0 mL of H2O.  1 mL (3.0 mg, 0.010 mmol) was added to the Schlenk tube 

under flowing N2.  The reaction mixture was then heated at 70 °C and stirred in an oil 

bath.  After 12 h an aliquot of the organic phase was removed to study the conversion by 

1H NMR spectroscopy.  Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 

µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were added at this time.  

Heating was resumed and the conversion studied every 12 h.  This process was repeated 

for a total of ten cycles.  Heating was continued for 36 h, with a 1H NMR spectrum taken 

every 12 h. 

Procedure for Table 6, Entry 6 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  An aqueous 

solution of CuCl2 was made by dissolving 26.1 mg of CuCl2 in 20.0 mL of H2O.  1.0 mL 

of this solution was diluted to 19.0 mL with H2O.  1.0 mL (0.068 mg, 5.0x10-4 mmol) of 

this solution was added to the organics.  An aqueous solution of AuCl3 was made by 

dissolving 54.1 mg of AuCl3 in 18.0 mL of H2O.  1.0 mL (3.0 mg, 0.010 mmol) was 

added to the Schlenk tube under flowing N2.  The reaction mixture was then heated at 70 

°C and stirred in an oil bath.  After 12 h an aliquot of the organic phase was removed to 
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study the conversion by 1H NMR spectroscopy.  Additional benzaldehyde (100 µL, 1.0 

mmol), piperidine (110 µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were 

added at this time.  Heating was resumed and the conversion studied every 12 h.  This 

process was repeated for a total of ten cycles.  Heating was continued for 36 h, with a 1H 

NMR spectrum taken every 12 h. 

Procedure for Table 6, Entry 7 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  1.9 mL of 

H2O was added to the Schlenk.  An aqueous solution of AuCl3 was made by dissolving 

68.0 mg of AuCl3 in 22.6 mL of H2O.  100 µL (0.30 mg, 1.0x10-3 mmol) was added to 

the Schlenk tube under flowing N2.  The reaction mixture was then heated at 70 °C and 

stirred in an oil bath.  After 24 h an aliquot of the organic phase was removed to study the 

conversion by 1H NMR spectroscopy.  Additional benzaldehyde (100 µL, 1.0 mmol), 

piperidine (110 µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were added at 

this time.  Heating was resumed and the conversion studied every 24 h.  This process was 

repeated for a total of five cycles. 

Procedure for Table 6, Entry 8 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  1.9 mL of 

H2O added to Schlenk.  An aqueous solution of CuCl2 was made by dissolving 28.7 mg 

of CuCl2 in 2.1 mL of H2O.  10 µL (0.14 mg, 1.0x10-3 mmol) of this solution was added 

to the organics.  TEMPO (40 mg, 0.24 mmol) was added to the Schlenk.  An aqueous 
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solution of AuCl3 was made by dissolving 68.0 mg of AuCl3 in 22.6 mL of H2O.  100 µL 

(0.30 mg, 1.0x10-3 mmol) was added to the Schlenk tube under flowing N2.  The reaction 

mixture was then heated at 70 °C and stirred in an oil bath.  After 24 h an aliquot of the 

organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 24 h.  This process was repeated for a total of five cycles.  

Heating was continued for 72 h, with a 1H NMR spectrum taken every 24 h. 

Procedure for Table 6, Entry 9 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  1.8 mL H2O 

was added to the Schlenk.  An aqueous solution of CuCl2 was made by dissolving 20.9 

mg of CuCl2 in 10.0 mL of H2O.  100 µL (0.027 mg, 2.0x10-4 mmol) of this solution was 

added to the organics.  TEMPO (40 mg, 0.24 mmol) was added to the Schlenk.  An 

aqueous solution of AuCl3 was made by dissolving 34.5 mg of AuCl3 in 11.5 mL of H2O.  

200 µL (0.30 mg, 1.0x10-3 mmol) was added to the Schlenk tube under flowing N2.  The 

reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 24 h an aliquot 

of the organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 24 h.  This process was repeated for a total of five cycles.  

Heating was continued for 72 h, with a 1H NMR spectrum taken every 24 h. 
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Procedure for Table 6, Entry 10 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  1.8 mL of 

H2O added to the Schlenk.  An aqueous solution of CuCl2 was made by dissolving 20.9 

mg of CuCl2 in 12.3 mL of H2O.  100 µL (6.8x10-3 mg, 5.0x10-5 mmol) of this solution 

was added to the organics.  TEMPO (40 mg, 0.24 mmol) was added to the Schlenk.  An 

aqueous solution of AuCl3 was made by dissolving 34.5 mg of AuCl3 in 11.5 mL of H2O.  

100 µL (0.30 mg, 1.0x10-3 mmol) was added to the Schlenk tube under flowing N2.  The 

reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 24 h an aliquot 

of the organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 24 h.  This process was repeated for a total of five cycles.  

Heating was continued for 72 h, with a 1H NMR spectrum taken every 24 h. 

Procedure for Table 6, Entry 11 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  1.8 mL of 

H2O was added to the Schlenk tube.  An aqueous solution of CuCl2 was made by 

dissolving 21.0 mg of CuCl2 in 10.0 mL of H2O.  63 µL (0.14 mg, 1.0x10-3 mmol) of this 

solution was added to the organics.  An aqueous solution of AuCl3 was made by 

dissolving 31.3 mg of AuCl3 in 10.4 mL of H2O.  100 µL (0.30 mg, 1.0x10-3 mmol) was 

added to the Schlenk tube under flowing N2.  The reaction mixture was then heated at 70 

°C and stirred in an oil bath.  After 24 h an aliquot of the organic phase was removed to 
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study the conversion by 1H NMR spectroscopy.  Additional benzaldehyde (100 µL, 1.0 

mmol), piperidine (110 µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were 

added at this time.  Heating was resumed and the conversion studied every 24 h.  This 

process was repeated for a total of ten cycles.  Heating was continued for 144 h, with a 1H 

NMR spectrum taken every 24 h. 

Procedure for Table 6, Entry 12 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  1.9 mL of 

H2O was added to the Schlenk.  An aqueous solution of CuCl2 was made by dissolving 

21.2 mg of CuCl2 in 20.0 mL of H2O.  1.0 mL of this solution was diluted to 4.0 mL with 

H2O.  100 µL (0.027 mg, 2.0x10-4 mmol) of this solution was added to the organics.  An 

aqueous solution of AuCl3 was made by dissolving 35.2 mg of AuCl3 in 4.7 mL of H2O.  

40 µL (0.30 mg, 1.0x10-3 mmol) was added to the Schlenk tube under flowing N2.  The 

reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 24 h an aliquot 

of the organic phase was removed to study the conversion by 1H NMR spectroscopy.  

Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was resumed and 

the conversion studied every 24 h.  This process was repeated for a total of five cycles.  

Heating was continued for 72 h, with a 1H NMR spectrum taken every 24 h. 

Procedure for Table 6, Entry 13 

Benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  1.9 mL of 
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H2O was added to the Schlenk.  An aqueous solution of CuCl2 was made by dissolving 

21.2 mg of CuCl2 in 20.0 mL of H2O.  1.0 mL of this solution was diluted to 4.0 mL with 

H2O.  100 µL (6.8x10-3 mg, 5.0x10-5 mmol) of this solution was added to the organics.  

An aqueous solution of AuCl3 was made by dissolving 35.2 mg of AuCl3 in 4.7 mL of 

H2O.  40 µL (0.30 mg, 1.0x10-3 mmol) was added to the Schlenk tube under flowing N2.  

The reaction mixture was then heated at 70 °C and stirred in an oil bath.  After 24 h an 

aliquot of the organic phase was removed to study the conversion by 1H NMR 

spectroscopy.  Additional benzaldehyde (100 µL, 1.0 mmol), piperidine (110 µL, 1.1 

mmol), and phenylacetylene (160 µL, 1.5 mmol) were added at this time.  Heating was 

resumed and the conversion studied every 24 h.  This process was repeated for a total of 

five cycles.  Heating was continued for 72 h, with a 1H NMR spectrum taken every 24 h. 

1H NMR analysis of the hydroarylation reactions 

For the compound synthesized in Table 4 (entries 1-3) the conversion was 

determined by comparing the integration of the product’s vinyl signal (δ 5.95, 1H, d) and 

(δ 5.09, 1H, d) to the alkyne signal of the phenylacetylene reagent (δ 3.06, 1H, s).  For 

entries 4-6 in Table 4, the vinyl signal (δ 5.91, 1H, d) and (δ 5.03, 1H, d) and the alkyne 

signal (δ 3.03, 1H, s) were compared to find the conversions.     

Procedure for Figure 51a with AuCl3 and CuCl2 

Benzaldehyde (100 µL, 1.0 mmol), morpholine (95 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  0.9 mL of 

H2O was added to the Schlenk.  An aqueous solution of CuCl2 was made by dissolving 

22.9 mg of CuCl2 in 3.0 mL of H2O.  100 µL (0.75 mg, 5.0x10-3 mmol) of this solution 
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was added to the organics.  An aqueous solution of AuCl3 was made by dissolving 45 mg 

of AuCl3 in 15 mL of H2O.  1.0 mL (3.0 mg, 0.010 mmol) was added to the Schlenk tube 

under flowing N2.  The reaction mixture was then heated at 70 °C and stirred in an oil 

bath.  After 12 h, an aliquot of the organic phase was removed to study the conversion by 

1H NMR spectroscopy.  Additional benzaldehyde (100 µL, 1.0 mmol), morpholine (95 

µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were added at this time.  

Heating was resumed and the conversion studied every 12 h.  This process was repeated 

for a total of five cycles.  Heating was continued for an additional 24 h, with a 1H NMR 

spectrum taken every 12 h.  1H NMR spectroscopy: (300 MHz, CDCl3): δ 7.63 (d, 2H), 

7.50 (d, 2H), 7.36–7.31 (m, 6H), 4.78 (s, 1H), 3.71–3.64 (m, 4H), 2.62–2.56 (m, 4H). 

Procedure for Figure 51a in the absence of CuCl2 

Benzaldehyde (100 µL, 1.0 mmol), morpholine (95 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  0.9 mL of 

H2O was added to the Schlenk.  An aqueous solution of AuCl3 was made by dissolving 

45 mg of AuCl3 in 15 mL of H2O.  1.0 mL (3.0 mg, 0.010 mmol) of this solution was 

added to the Schlenk tube under flowing N2.  The reaction mixture was then heated at 70 

°C and stirred in an oil bath.  After 12 h, an aliquot of the organic phase was removed to 

study the conversion by 1H NMR spectroscopy.  Additional benzaldehyde (100 µL, 1.0 

mmol), morpholine (95 µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were 

added at this time.  Heating was resumed and the conversion studied every 12 h.  This 

process was repeated for a total of three cycles. 
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Procedure for Figure 51b with AuCl3 and CuCl2 

3-Bromobenzaldehyde (120 µL, 1.0 mmol), piperdine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  0.9 mL of 

H2O was added to the Schlenk.  An aqueous solution of CuCl2 was made by dissolving 

23 mg of CuCl2 in 3.0 mL of H2O.  100 µL (0.75 mg, 5.0x10-3 mmol) of this solution was 

added to the organics.  An aqueous solution of AuCl3 was made by dissolving 45 mg of 

AuCl3 in 15 mL of H2O.  1.0 mL (3.0 mg, 0.01 mmol) of this solution was added to the 

Schlenk tube under flowing N2.  The reaction mixture was then heated at 70 °C and 

stirred in an oil bath.  After 12 h, an aliquot of the organic phase was removed to study 

the conversion by 1H NMR spectroscopy.  Additional 3-bromobenzaldehyde (120 µL, 1.0 

mmol), piperidine (110 µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were 

added at this time.  Heating was resumed and the conversion studied every 12 h.  This 

process was repeated for a total of five cycles.  Heating was continued for an additional 

24 h, with a 1H NMR spectrum taken every 12 h.  1H NMR spectroscopy (300 MHz, 

CDCl3) δ 7.89-7.87 (m, 1H), 7.66-7.62 (m, 1H), 7.59-7.55 (m, 2H), 7.48-7.44 (m, 1H), 

7.41-7.34 (m, 3H), 7.29-7.23 (m, 1H), , 4.81 (s, 1H), 2.65-2.56 (m, 4H), 1.72-1.58 (m, 

4H), 1.58-1.45 (m, 2H). 

Procedure for Figure 51b the absence of CuCl2 

3-Bromobenzaldehyde (120 µL, 1.0 mmol), piperdine (110 µL, 1.1 mmol), and 

phenylacetylene (160 µL, 1.5 mmol) were added to a 10 mL Schlenk tube.  0.9 mL of 

H2O was added to the Schlenk.  An aqueous solution of AuCl3 was made by dissolving 

45 mg of AuCl3 in 15 mL of H2O.  1 mL (3.0 mg, 0.010 mmol) of this solution was added 

to the Schlenk tube under flowing N2.  The reaction mixture was then heated at 70 °C and 
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stirred in an oil bath.  After 12 h, an aliquot of the organic phase was removed to study 

the conversion by 1H NMR spectroscopy.  Additional 3-bromobenzaldehyde (120 µL, 1.0 

mmol), piperidine (110 µL, 1.1 mmol), and phenylacetylene (160 µL, 1.5 mmol) were 

added at this time.  Heating was resumed and the conversion studied every 12 h.  This 

process was repeated for a total of three cycles.   

Procedure for Table 7, Entry 1 

Phenylacetylene (150 µL, 1.3 mmol), mesitylene (380 µL, 2.6 mmol), CuCl2 (10 

mg, 6.7x10-2 mmol), and 2.6 mL of dry nitromethane were added to a 10 mL Schlenk 

tube. The Schlenk tube was evacuated by three freeze-pump-thaw cycles.  AuCl3 (20 mg, 

6.7x10-2 mmol) was taken from a glove box and added to the Schlenk tube under flowing 

N2.  The reaction mixture was then heated at 60 °C and stirred in an oil bath.  After 24 h, 

an aliquot of the organic phase was removed to study the conversion by 1H NMR 

spectroscopy.  1H NMR (300 MHz, CDCl3): δ 7.28-7.19 (m, 5H), 6.90 (s, 2H), 5.95 (d, 

1H), 5.09 (d, 1H), 2.31 (s, 3H), 2.11 (s, 6H). 

Procedure for Table 7, Entry 2 

Phenylacetylene (150 µL, 1.3 mmol), mesitylene (380 µL, 2.6 mmol), and 2.6 mL 

of dry nitromethane were added to a 10 mL Schlenk tube.  The Schlenk tube was 

evacuated by three freeze-pump-thaw cycles.  AuCl3 (20 mg, 6.7x10-2 mmol) was taken 

from a glove box and added to the Schlenk tube under flowing N2.  The reaction mixture 

was then heated at 60 °C and stirred in an oil bath.  After 24 h, an aliquot of the organic 

phase was removed to study the conversion by 1H NMR spectroscopy. 
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Procedure for Table 7, Entry 3 

Phenylacetylene (150 µL, 1.3 mmol), mesitylene (380 µL, 2.6 mmol), CuCl2 (10 

mg, 6.7x10-2 mmol), and 2.6 mL of dry nitromethane were added to a 10 mL Schlenk 

tube.  The Schlenk tube was evacuated by three freeze-pump-thaw cycles.  The Schlenk 

tube was flushed with N2.  The reaction mixture was then heated at 60 °C and stirred in 

an oil bath.  After 24 h, an aliquot of the organic phase was removed to study the 

conversion by 1H NMR spectroscopy. 

Procedure for Table 7, Entry 4 

4-Methylphenylacetylene (170 µL, 1.3 mmol), mesitylene (380 µL, 2.6 mmol), 

CuCl2 (10 mg, 6.7x10-2 mmol), and 2.6 mL of dry nitromethane were added to a 10 mL 

Schlenk tube The Schlenk tube was evacuated by three freeze-pump-thaw cycles.  AuCl3 

(20 mg, 6.7x10-2 mmol) was taken from a glove box and added to the Schlenk tube under 

flowing N2. The reaction mixture was then heated at 60 °C and stirred in an oil bath.  

After 24 h, an aliquot of the organic phase was removed to study the conversion by 1H 

NMR spectroscopy.  1H NMR (300 MHz, CDCl3): δ 7.16 (d, 2H), 7.06 (d, 2H), 6.90 (s, 2 

H), 5.91 (d, 1H), 5.03 (d, 1H), 2.31 (s, 6H), 2.11 (s, 6H). 

Procedure for Table 7, Entry 5 

4-Methylphenylacetylene (170 µL, 1.3 mmol), mesitylene (380 µL, 2.6 mmol), 

and 2.6 mL of dry nitromethane were added to a 10 mL Schlenk tube. The Schlenk tube 

was evacuated by three freeze-pump-thaw cycles.  AuCl3 (20 mg, 6.7x10-2 mmol) was 

taken from a glove box and added to the Schlenk tube under flowing N2.  The reaction 
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mixture was then heated at 60 °C and stirred in an oil bath.  After 24 h an aliquot of the 

organic phase was removed to study the conversion by 1H NMR spectroscopy. 

Procedure for Table 7, Entry 6 

4-Methylphenylacetylene (170 µL, 1.3 mmol), mesitylene (380 µL, 2.6 mmol), 

CuCl2 (10 mg, 6.7x10-2 mmol), and 2.6 mL of dry nitromethane were added to a 10 mL 

Schlenk tube.  The Schlenk tube was evacuated by three freeze-pump-thaw cycles.  The 

Schlenk tube was flushed with N2. The reaction mixture was then heated at 60 °C and 

stirred in an oil bath.  After 24 h an aliquot of the organic phase was removed to study the 

conversion by 1H NMR spectroscopy.  



101 
 

CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

Conclusions 

This thesis describes the synthesis and characterization of a new disulfide transfer 

reagent, and the synthesis of the first disulfidediamine (R2NSSNR2) containing polymers.  

Polymers with molecular weights up to 11,400 g mol-1 were synthesized at room 

temperature, in air, and without solvent purification.  The polymers were stable, but 

underwent rapid decomposition under acidic, aqueous conditions or when heated to 175 

°C.  Poly(disulfidediamines) are promising agents for sustained H2S release in vivo. 

A new disulfide transfer reagent was synthesized in two steps from commercially 

available starting materials.  No purification of the starting materials or solvents was 

necessary and the reactions were preformed without special precautions to exclude 

oxygen or water.  cis-1,2,3,6-Tetrahydropthalamide was hydrogenated in a Parr reactor, 

followed by reaction with sulfur monochloride.  The synthesis was able to be easily 

scaled up to 50 g, with yields of 70 %.  No difficult workup was required, as the 

hydrogenated product required no purification and the final product was easily purified 

by recrystallization.  The transfer reagent was fully characterized by 1H NMR and 13C 

NMR spectroscopy and mass spectrometry.   

The disulfide transfer reagent was used as a monomer in the step polymerization 

of poly(disulfidediamines).  The polymerizations were carried out at room temperature 

under atmospheric conditions for 24-48 h.  Polymers with molecular weight up to 11,400 

g mol-1 were obtained in isolated yields of 65-75 %.  Conversions were in the range of 
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97-98 %, as determined from the degree of polymerization of the isolated polymers.  All 

the polymers were characterized by 1H NMR and 13C NMR spectroscopy, and one 

example was sent for elemental analysis which confirmed the presence of two sulfur 

atoms per repeat unit.   

We also studied the decomposition of disulfidediamine functional groups to 

release hydrogen sulfide.  The rate constant for the decomposition of disulfidediamine 

functional groups in 4:1 DMSO-d6:D2O under acidic conditions was 1.08x10-3 s-1 as 

measured by 1H NMR spectroscopy.  This was approximately 10,000 times faster than 

decomposition under neutral or basic conditions in the same solvent.  Decomposition of 

disulfdiediamines under acidic conditions resulted in the release of a fraction of the sulfur 

as hydrogen sulfide.  The hydrogen sulfide was detected by reacting it with Pb(OAc)2 and 

weighing the PbS that precipitated from the solvent.  The fraction of sulfur released as 

hydrogen sulfide varied from approximately 20 % when hydrochloric acid was used, to a 

trace amount for acetic acid. 

Additionally, we developed a method for increasing the turnovers of a AuCl3 

catalyst by 3,300 % using 2,2,6,6-tetramethylpiperdine-1-oxyl (TEMPO) and CuCl2.  A 

three component coupling reaction between piperidine, phenylacetylene, and 

benzaldehyde yielded a propargylamine in quantitative conversions and isolated yields 

when AuCl3 was added in catalytic amounts, but the gold catalyst decomposed and had 

little to no reactivity when a second set of piperidine, phenylacetylene, and benzaldehyde 

were added after the reaction was complete.  Thus, only one cycle was possible with 

AuCl3. The addition of TEMPO and CuCl2 to reactions with AuCl3 maintained the 

catalytic activity of gold for up to 33 cycles, demonstrating a new way to greatly increase 
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the turnovers of a AuCl3 catalyst with the addition of inexpensive, commercially available 

reagents. 

Recommendations for future work 

Our first future objective is the full elucidation of the influence of acid strength 

and conjugate base nucleophilicity on the decomposition products of disulfidediamines; 

particularly in reference to the amount of H2S produced.  Because of the toxicity of even 

moderate concentrations of H2S, it is critical for us to know how much H2S will be 

produced before disulfidediamines are used in vivo.  More H2S is produced when using 

acids with a lower pKa, and we suspect that both the pKa of the acid and the 

nucleophilicity of the conjugate base could be important influences.  To separate the two 

influences a series of decompositions can be done using pyridinium chloride, pyridinium 

tosylate, and pyridinium acetate as the acids.  The pKa of these three acids should be 

almost identical, but the nucleophilicity of the conjugate bases is not.  The variance in the 

amount of H2S generated by the decompositions using each acid will reveal how much 

influence the nucleophilicity of the conjugate bases has on the decomposition products. 

The decomposition of poly(disulfidediamines) to release H2S in vivo is the 

ultimate goal of this project.  Both linear polymers and polymeric nanoparticles will be 

used to deliver H2S to cell cultures in a sustained manner.  Cancer cells would be an 

especially attractive target, since H2S is well-known to have strong pro-oxidant and 

apoptotic effects on several cancer types.  The sustained delivery of H2S by 

poly(disulfidediamine) polymers would be a major advance in the field of H2S therapy. 
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APPENDIX 

SYNTHESIS OF THE FIRST POLY(DIAMINOSULFIDE)S AND AN 

INVESTIGATION OF THEIR APPLICATIONS AS DRUG DELIVERY VEHICLES 

Introduction 

The integration of new functional groups into polymer chemistry opens new 

avenues for research and possible commercial applications.  For instance, the 

development of well-defined carbene catalysts based on Mo, W, and Ru in the 80s and 

90s increased the types and complexities of polymers that could be synthesized and the 

problems in macromolecular science that could be addressed.191-202  These catalysts led to 

the development of living ring-opening metathesis polymerization (ROMP) and acyclic 

diene metathesis (ADMET) polymerization, which were significant reasons the Nobel 

Prize was awarded to Schrock, Grubbs, and Chauvin in 2005.203-212  The use of “click” 

chemistry is another example, and its use has increased the complexity of the structure of 

macromolecules and has found widespread applications in polymer science.213-215  In a 

recent example by the Hawker group published in 2010, polymers were synthesized for 

the first time with a functional group that was a precursor to ketenes and provided a 

simple route to synthesize cross-linked polyethylene to systematically study its materials 

properties.216,217  From these examples and more, it is clear that when new functional 

groups are integrated into macromolecules, new applications are developed that take 

advantage of their unique reactivities.  

In this article we report the first examples of polymers that utilize diaminosulfide 

functional groups along their backbones.  The diaminosulfide functional group has the 



105 
 

general structure of R2N-S-NR2 as shown in Figure A-1.  Small molecules with this 

functional group have been synthesized using sulfur transfer reagents such as those 

molecules shown in Figure A-1b.218-220  The most prominent applications of small 

molecules with diaminosulfides have been in the chemical industry for the high 

temperature vulcanization of rubber and in the construction of polymers with 

benzo[1,2,5]thiadiazoles along the backbone (Figure A-1c).221  Polymers that incorporate 

benzo[1,2,5]thiadiazoles have found uses as semiconductors, fluorophores, and 

photoactive components in organic solar cells due to their interesting electro-optical 

properties.222-230  These polymers link the monomers through carbon-carbon bonds as 

shown in Figure A-1c rather than through the nitrogen or sulfur atoms as in 

poly(diaminosulfide)s.  Surprisingly, no one has used diaminosulfides to bond monomers 

together as shown in Figure A-1a, and these polymers were the focus of this report.  

An important characteristic of the diaminosulfide group is that it is based on 

inorganic atoms (one sulfur and two nitrogens).  Most functional groups that are used to 

synthesize polymers are based on organic functional groups such as esters, amides, 

anhydrides, acetals, cyclic olefins, vinyl groups, carbonates, urethanes, and epoxides.  

Although many monomers are known to possess inorganic functional groups, it is 

uncommon that an inorganic functional group is transformed in the polymerization 

reaction and used to link monomers together as shown in Figure A-1a.  Most inorganic 

functional groups found in monomers or polymers are not transformed during the 

polymerization reaction.  Three notable examples of inorganic functional groups that 

have been polymerized include the polymerization of thiols into poly(disulfides), the 

polymerization of cyclic phosphazenes into poly(phosphazenes), and the polymerization 
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of cyclic siloxanes into poly(siloxanes).231  Inorganic functional groups are interesting 

targets for polymer synthesis because they can be expected to have new reactivities that 

differ from those of organic functional groups and they have the potential to act as 

ligands for metals.232-235  The use of inorganic functional group transformations in the 

synthesis of polymers is understudied and represents a potentially rich source of 

functional group diversity in macromolecular science.  

 
 

 
 
 
 

Figure A-1  Diaminosulfide synthesis. 
a) A polymerization to yield a poly(diaminosulfide).  b) Sulfur transfer reagents that are 
commonly used in small molecule synthesis.  c) A polymer of a benzo[1,2,5]thiadiazole. 

 
 
 

One part of our motivation to synthesize polymers through the polymerization of 

diaminosulfides was based on the chemical properties of this functional group in small 

molecule synthesis.  These polymers are structurally related to polythiazyl (SN)x which 

was first synthesized in 1953 from S2N2.
236-240  This polymer is electrically conducting at 

room temperature and superconducting at low temperatures.236  In prior work by others, 

molecules with diaminosulfides were stable and readily isolated by traditional methods 

(distillation or chromatography).231  In addition, some examples of the synthesis of 

molecules containing diaminosulfides proceeded with isolated yields of 80% or higher.  

Although promising, these results do not predict immediate success in a step-growth 
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polymerization. In these polymerizations, the degree of polymerization, Xn, is related to 

the fractional monomer conversion, P, by the equation Xn = 1/(1-P).241  Thus, to 

synthesize poly(diaminosulfide)s with modest to high molecular weights via a step-

growth polymerization, the yield of the coupling reaction must be >95%. 

To illustrate a possible application of poly(diaminosulfides), we completed initial 

experiments to investigate the application of a poly(diaminosulfide)s as a delivery vehicle 

for drugs.  Many drugs suffer from poor bioavailability, poor water solubility, short 

serum circulation lifetimes, inadequate mechanisms to enter cells, or have serious side 

effects that limit the amount of drug that can be administered.  To overcome these and 

more limitations, drugs are often condensed with synthetic, biodegradable polymers into 

nanoparticle delivery vehicles that are administered to patients.231  The polymer protects 

the drugs from degradation in the bloodstream and allows their delivery to tumors by the 

enhanced permeation and retention effect where they can be taken into cancer cells.  The 

polymers used in this field degrade slowly in the blood stream but have a rapid rate of 

degradation when taken into the acidic compartments of cells – the endosome and 

lysosome – where they release their cargo.242-245  It is critically important that the 

polymer be biodegradable such that it will not accumulate within the body and cause a 

toxic response.246,247  In this article, some of the characteristics of poly(diaminosulfides) 

as drug delivery vehicles were investigated including the stabilities of diaminosulfides in 

water under basic, acidic, and neutral conditions; whether nanoparticles fabricated from 

these polymers were internalized by cells; and whether any in vitro toxicity was observed 

from the nanoparticles.  These studies are meant to illustrate an interesting application of 

poly(diaminosulfide)s in medicine. 
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We report the synthesis of a small molecule that is a highly successful sulfur 

transfer reagent and how this molecule can be used to synthesize the first 

poly(diaminosulfide)s reported in the literature.  Some of the key, initial studies of a 

diaminosulfide in numerous solvents are reported to demonstrate their stabilities and, by 

extension, the stabilities of poly(diaminosulfide)s.  Finally, one example of a 

poly(diaminosulfide) was fabricated into microparticles and studied for their ability to be 

internalized by human embryonic kidney-293 (HEK-293) cells and whether they showed 

any toxicity towards these cells.  

Results and Discussion 

Synthesis and reactions of sulfur transfer reagents 

We hypothesized that poly(diaminosulfide)s could be synthesized by reacting 

secondary diamines with a sulfur transfer reagent as shown in Figure A-1a.  Many 

secondary diamines were commercially available or easily synthesized, so the challenge 

in the polymerization was to develop a useful sulfur transfer reagent.  Although SCl2 is 

used in the synthesis of small molecules with diaminosulfides, its use has several 

drawbacks.248-253  This molecule has a low boiling point (59 oC), must be handled under 

inert atmospheres, is challenging to purify, reacts with multiple functional groups such as 

alcohols and alkenes, and releases HCl.  Because of these limitations, we have not 

pursued the synthesis or use of SCl2. 

Two different sulfur transfer reagents were studied (Figure A-2).  Molecule B was 

initially explored as a sulfur transfer reagent based on the rapid reactions of 

thiosuccinimides with amines.254,255  Although the synthesis of B was straightforward and 
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did not require any chromatography, its purification was challenging because of its poor 

solubility in many solvents.  Molecule B was mostly insoluble in benzene, chloroform, 

DMSO, and methylene chloride.  Molecule B was cleaned by washing the crude product 

with hexanes and an isolated yield of 69% was obtained.  To increase the purity of 

molecule B, it was recrystallized from methanol.  Replacement of N-chlorosuccinimide 

with N-chlorophthalimide in the second step yielded a diphthalimide sulfur transfer 

reagent that also possessed limited solubility in organic solvents.  

 
 

 
 
 
 

Figure A-2  The synthesis of two sets of sulfur transfer reagents. 
a) The synthesis of a dithiosuccinimide. b) The synthesis of a diaminosulfide in two 

steps. Molecules C and E were purified by distillation. c) Molecule F was synthesized 
using the same procedure as molecule E. 

 
 
 

Although B was partially soluble in DMSO, it was not used to synthesize 

polymers for several reasons. First, the synthesis of B had poor atom efficiency.  The 

addition of one sulfur (atomic weight: 32 g mol-1) to yield a diaminosulfide functional 

group along the backbone of a polymer would require the use of two equivalents of 

tributyltinchloride (MW: 326 g mol-1) and two equivalents of N-chlorosuccinimide (MW: 
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134 g mol-1).  Thus, significant amounts of waste were produced in the synthesis of  

molecule B. Second, the poor solubility of molecule B made it challenging to use in 

solvents that dissolve many polymers. For instance, it decomposed when heated in CDCl3 

and DMSO-d6.    

A second sulfur transfer reagent was synthesized (molecule E in Figure A-2) 

based on a literature procedure. In the first step, an excess of ethylmethylamine was 

reacted with sulfur chloride at -78 oC.  Reactions run at 0 oC had unidentified side 

products, but the reaction at -78 oC yielded molecule C in high purity. Molecule C could 

be carried onto the next step without purification or it could be purified by distillation.  In 

the second step, C reacted with SO2Cl2 to yield D that was not isolated. Rather, D was 

slowly added to ethylmethylamine to yield the sulfur transfer reagent E.  This procedure 

was followed to synthesize F using dimethylamine in both steps. Both E and F were 

readily purified by distillation and yielded clean products as shown by 1H and 13C NMR 

spectroscopy and high resolution mass spectrometry. Because no chromatography was 

necessary for the synthesis of E or F, these reactions could be scaled up to yield large 

amounts of product in a short period of time. 

Kinetics of transamination reactions 

To synthesize polymers via transamination reactions between molecule E and 

secondary diamines, the second-order kinetics of the reaction between molecule E and 

benzylmethylamine was studied in four solvents (Figure A-3). Benzylmethylamine was 

chosen for these reactions because of the easily identified benzylic CH2 group that shifted 

downfield in the 1H NMR spectra when proceeding from benzylmethylamine to H to I.   
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Figure A-3  Kinetics of transamination reactions. 
a) The reaction that was studied in a sealed NMR tube.  b) The conversion of the 

transamination reactions as a function of time. The conversion was defined as the sum of 
the S-N(CH3)Bn bonds divided by the sum of all of the S-N bonds for molecules E, H, 

and I.  c) The plot of the initial data points used to find the rate constants for the reaction 
in each solvent. More data points were used to find the rate constant for the experiment in 

C6D6 but they are not shown here. 
 
 
 

The reactions between molecule E and two molar equivalents of 

benzylmethylamine were studied, and the rate constants were measured in CD2Cl2 (7.81 x 

10-5 M-1 s-1), DMSO-d6 (4.89 x 10-5 M-1 s-1), CDCl3 (2.79 x 10-5 M-1 s-1), and C6D6 (5.47 

x 10-6 M-1 s-1). The rate constants were found using the data points for conversions of less 

than 10% using the assumption that the reaction was irreversible. Although the reaction 

was reversible, this assumption has been commonly used to find rate constants for 

reversible reactions at low conversions.256 It is important to note that the 

ethylmethylamine (boiling point = 36 oC) remained in the sealed NMR tube.  
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Although the reaction was most rapid in CD2Cl2 and reached equilibrium in 14 h, 

small amounts of unidentified side products were visible. The presence of side products 

made methylene chloride a poor choice for the polymerization. The reaction in CDCl3 

took 8 days to reach equilibrium and the reaction in C6D6 did not reach equilibrium after 

8 days.  Despite the slow rates for reactions in these solvents, the reactions were clean 

and no side products were observed.  The reaction in DMSO-d6 also did not show any 

side products after 3 days, but this reaction reached 37% conversion and did not proceed 

any further. The final conversion was less than 50% because molecule I had limited 

solubility in DMSO-d6 due to the apolar structure of molecule I and the polar structure of 

DMSO-d6. The 1H NMR spectra of this reaction in DMSO-d6 showed a lower than 

expected concentration of molecule I even after three days.  

The reaction between molecule E and benzylmethylamine only reached 51% 

conversion in 17 h when completed at 40 oC in an uncapped NMR tube, despite the low 

boiling point of ethylmethylamine. Prolonged reaction times resulted in a slow increase 

in conversion, but this reaction was judged to be too slow. Molecule F was synthesized 

for the polymerization reactions because of the low boiling point of dimethylamine 

(boiling point 7 oC) which would make it simple to remove from a reaction. 

Reactions between molecule F and benzylmethylamine were studied in CDCl3, 

DMSO-d6, and C6D6 in vented reaction vessels to allow dimethylamine to boil off (Figure 

A-4 and Table A-1). Each of the reactions in Table A-1 did not show any impurities by 

1H NMR spectroscopy even when heated to 85 oC for extended periods of time. The 

conversions for the reactions were high for each solvent for reactions at 50 oC but went to 

quantitative conversions for reactions in C6D6 at 85 oC.  
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Synthesis of poly(diaminosulfide)s 

Poly(diaminosulfide)s were synthesized by reaction of secondary diamines and 

molecule F at elevated temperatures (Figure A-5 and Table A-2).  These polymerizations 

were run for 24 to 96 h, and the resulting polymers were characterized by GPC against 

polystyrene standards, 1H NMR spectroscopy, and 13C NMR spectroscopy.   

 
 

 
 
 
 

Figure A-4  A transamination reaction with dimethylamine as the leaving group. 
 
 
 

Table A-1  Transamination reactions of molecule F and benzylmethylamine. 
 

Entry Solvent 
Temperature 

(°C) 
Reaction time 

(h) 

aConversion  
(%) 

1 CDCl3 50 24 39 
2 CDCl3 50 72 93 

3 DMSO-d6 50 73 84 

4 C6D6 50 24 41 
5 C6D6 50 72 84 
6 C6D6 85 24 >97 

aThe conversion was defined as the sum of the S-N(CH3)Bn bonds divided by all 
of the S-N bonds in molecules F, J, and I.  

 
 
 

 
 
 
 

Figure A-5  The polymerization of diamines with the sulfur transfer reagent is shown. 
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Table A-2  Synthesis of poly(diaminosulfides). 
 

Entry Diamine 
Temperature 

(°C) 

Reaction  
time 
(h) 

Mn 
a 

(g mol-1) 
PDIa Yield 

(%) 
DPb  
(%) 

DPc  
(%) 

1 
 N

H

H
N

 
85 24 5,600 3.7 75 98 99 

2 N
H

H
N

 
85 48 5,200 3.4 97 98 99 

3 
H
N N

H
N  

85 72 810 1.6 97 87 97 

4 H
N N

H
N  

85 96 1,600 1.6 89 93 98 

5 

HN NH

 
 

60 72 12,400 6.6 88 99 98 

6 
HN NH

 
60 96 7,200 3.3 95 98 98 

d7 HN NH
 

 
85 
 

 

aThe Mn and PDI were measured using size exclusion chromatography versus 
polystyrene standards. bThe degree of polymerization were based on the values 
for Mn measured by GPC. cThe degree of polymerization were based on 1H NMR 
spectra. dThe polymer was insoluble. 

 
 
 

The polymers in entries 1, 2, 5, and 6 had high molecular weights and degrees of 

polymerization. The degrees of polymerization were determined by two methods using 

the molecular weight measured by GPC and by end group analysis in the 1H NMR 

spectra of the polymers. These values for the degree of polymerization agreed with each 

other and demonstrated that these reactions cleanly proceeded to high conversions.  The 

polymerization with piperazine (entry 7) yielded an insoluble polymer in all solvents.  

The polymer synthesized in entries 3 and 4 had limited stability. When this 

polymer was precipitated into methanol and water, it rapidly degraded as shown by the 
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presence of numerous, unidentified peaks in the 1H NMR spectra. To isolate the polymer 

with minimal degradation, benzene was removed under vacuum after the polymerization 

was complete, and the polymer was characterized without further purification. The GPC 

and 1H NMR spectra were consistent with the indicated polymer. We believe that the 

internal, tertiary amine reacts with the diaminosulfide through an intramolecular reaction 

and was the source of the instability of this polymer.   

The polymer shown in entry 6 was characterized by elemental analysis to provide 

further evidence that it possessed the indicated composition. The calculated weight 

composition of the repeat unit was carbon (64.95%), hydrogen (10.06%), nitrogen 

(11.65%), and sulfur (13.34%). The measured weight composition of the polymer was 

carbon (64.70%), hydrogen (9.97%), nitrogen (11.76%), and sulfur (13.44%). The 

agreement between the calculated and measured elemental compositions provided strong 

evidence that there was only one sulfur atom bridging between the nitrogens. 

Stability of diaminosulfides in organics and water 

Numerous small molecules possessing diaminosulfide functional groups have 

been synthesized, but no reports on their long term stabilities in organic solvents or water 

have been published.  The stability of this functional group was investigated to estimate 

the stabilities of poly(diaminosulfide)s for future work. Molecule E and an internal 

standard of diethylene glycol dimethyl ether were added to CDCl3, DMSO-d6/D2O (10/1 

by volume), and C6D6 and allowed to sit at room temperature in capped NMR tubes 

(Figure A-5).  Periodic 1H NMR spectra were collected to determine the percent 

decomposition by the mole ratio of molecule E to the ether.  After 32 days the amount of 

decomposition ranged from no detectable decomposition in C6D6 to 38% decomposition 
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in DMSO-d6/D2O.  Because molecule E was not soluble in methanol, the stability of 

molecule K was studied in CD3OD. After 32 days, 15% of molecule K degraded. 

 
 

 
 
 
 

Figure A-6  The stability of two diaminosulfides at room temperature in organic solvents. 
 
 
 

These results demonstrated that the diaminosulfide functional group was stable in 

apolar, aprotic solvents but that it very slowly degraded in polar, protic solvents. The rate 

of degradation was slow enough that polymers with diaminosulfide functional groups are 

expected to have reasonable stabilities in these solvents, and this stability was observed 

for the prepared poly(diaminosulfide)s. The polymers were synthesized in benzene and 

chloroform at elevated temperatures and isolated by precipitation into methanol. Despite 

these conditions, the polymers possessed high degrees of polymerization.  

To further explore the stability of the diaminosulfide functional group, molecule L 

was synthesized and studied in water (Figure A-6). Molecule L and an internal standard 

of tert-butanol were added to D2O with 9 molar equivalents of acetic acid (acidic 

conditions), 9 molar equivalents of KOH (basic conditions), or no additional acid or base 
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(neutral conditions).  The rate constants for the decomposition of this molecule were 1.29 

x 10-4 s-1 under neutral pH conditions and 9.88 x 10-5 s-1 under basic conditions.  Under 

acidic conditions, molecule L completely degraded by the time the first 1H NMR 

spectrum was obtained so only a lower limit of the rate constant was calculated (1.70 x 

10-2 s-1).   

The only product of degradation determined by 1H NMR spectroscopy was the 

secondary diamine used in the synthesis of molecule L.  From prior work by others, it 

was known that diaminosulfides react in water to form sulfur monoxide, which possessed 

a half-life of seconds and decomposed to release SO2 and elemental sulfur.257,258  

 
 

 
 
 
 

Figure A-7  The degradation of molecule L under acidic, neutral, and basic conditions.   
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Fabrication and uptake of poly(diaminosulfide) particles 

Synthetic polymers are widely used in drug delivery.  In this field a polymer and 

drug are fabricated into nano- to micrometer sized particles and delivered to the body.  

Most of the polymers used in this field are based on polyesters – although other polymers 

are under investigation – because of the need to have the polymer degrade in vivo before 

it accumulates in the body and provokes a toxic response.  Polyesters are widely used 

because they degrade in the body under neutral or acidic conditions without the need for 

enzymes.  This observation of the role of polyesters in drug delivery and the degradation 

of diaminosulfides in water led us to speculate that poly(diaminosulfide)s may be useful 

as drug delivery vehicles.  The diaminosulfide functional group degrades several orders 

of magnitude faster than ester bonds under acidic conditions, and they possess reasonable 

stabilities in water under neutral conditions.259  Some of the first key experiments to 

demonstrate the ability of poly(diaminosulfide)s to function as drug delivery vehicles are 

described here and more results will be published in subsequent articles.  

A polymer with the structure of entry 6 in Table A-2 was used to fabricate 

microparticles that were studied as potential drug delivery vehicles (Figure A-7).  The 

microparticles were prepared according to a water/oil/water double emulsion-solvent 

evaporation method using poly(vinyl alcohol) as a surfactant.  Since, the 

poly(diaminosulfide) was insoluble in water, it was added to dichloromethane with a dye 

(FITC-dextran).  A surfactant solution of water with 1% (by weight) poly(vinyl alcohol) 

was added to the dicholoromethane and sonicated to produce the particles.  This solution 

was diluted with more water and poly(vinyl alcohol) and further sonicated.  After 

removal of the dichloromethane by evaporation, the microparticles were filtered and 
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isolated.  The particles were spherical in shape and possessed a smooth, nonporous 

surface.  The z-average particle size determined by dynamic light scattering was 660 nm 

and consistent with the SEM micrograph shown in Figure A-7.  The surface charge was 

determined to be -11.6 ± 0.8 mV. 

Microparticles were fabricated and loaded with fluorescein isothiolate-dextran 

(FITC-dextran) to appear green under optical microscopy.  These microparticles were 

incubated with HEK-293 cells at 37 oC for 24 h to study if they were internalized into the 

cells.  After 24 h, the cells were washed with PBS buffer twice to remove any 

microparticles not internalized into cells.  The cells were then fixed with 

paraformaldehyde and stained with 4’,6-diamidino-2-phenylindole (DAPI) and phalloidin 

as described in the experimental section.  The results in Figure 8 clearly demonstrated 

that the microparticles were internalized into the HEK-293 cells.  In this image, the 

microparticles were green, the nucleus was blue (due to the DAPI stain), and the 

cytoplasm/cell membrane was red (due to the phalloidin stain).  In control experiments 

with cells not exposed to the microparticles and not treated with phalloidin or DAPI, the 

cells did not fluoresce green.  Thus, it is clear that there was no autofluorescence from the 

cells and that the observed green fluorescence within the cells was due to the uptake of 

the fluorescently labeled dextran loaded particles.  This result demonstrates that these 

microparticles have potential as new drug delivery vehicles.   
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Figure A-8  SEM micrographs of microparticles fabricated from the polymer shown in 
entry 6 of Table A-2. 

 
 
 

 
 
 
 

Figure A-9  A laser scanning microscopic image of cellular uptake of microparticles. 
HEK-293 cells were exposed to microparticles loaded with FITC-dextran (green) for 24 h 
and then washed to remove microparticles that were not internalized into the cells.  The 
nuclei of the cells were stained blue by DAPI and the cytoplasm/cell membranes were 

stained red by phalloidin.  This image clearly shows that the microparticles were 
internalized into the cells. 
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The cell viability of HEK-293 cells was investigated to determine whether the 

microparticles derived from poly(diaminosulfide)s were toxic.  The toxicity of 

microparticles fabricated from the polymer with the structure shown in entry 6 of Table 

A-2 were studied via a MTS assay that is widely accepted as one method to determine 

cell viability in the presence of foreign molecules.260,261  Briefly, the MTS assay measures 

the mitochondrial activity of the cells and is used as an indication of the cell growth and 

viability. In living cells the MTS reagent (a yellow, water-soluble tetrazolium salt) is 

cleaved by the mitochondrial enzyme dehydrogenase (NADH-dependent reduction of the 

tetrazolium ring in MTS) to generate a water-soluble purple product called formazan.  

The concentration of formazan can be measured and, in this way, the relationship 

between the cell number and the amount of formazan generated is established since the 

absorbance is directly proportional to the number of viable cells.  Damaged or dead cells 

exhibit a reduced or diminished enzyme activity and therefore less or no formazan 

production.  Here, the incubation period of 24 h ensured the exposure of the cells to the 

different treatments in their exponential growth phase.  Figure A-9 shows the cell 

viability as a function of the concentration of microparticles and demonstrates excellent 

biocompatibility of these novel polymeric microparticles in HEK-293 cells.  

Microparticles in the concentration range of 1-1000 µg/ml had no adverse effect on cell 

viability.  Even high concentrations of the microparticles did not reduce cell viability 

with cell survival rates greater than 85% for all the concentrations tested.  
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Figure A-10  The cell viabilities of HEK-293 cells incubated with poly(diaminosulfide) 
microparticles. 

 
 
 

Conclusions 

This paper described the first synthesis of poly(diaminosulfide)s from two simple 

starting materials.  The sulfur transfer reagent used in the synthesis was readily 

synthesized in two steps, and, because it was purified by distillation rather than column 

chromatography, large quantities could be synthesized in only a few days.  These 

polymers have many of the right properties to be used as synthetic polymers for different 

applications.  For instance, we investigated the stabilities of diaminosulfides in different 

solvents so that future applications of poly(diaminosulfide)s could be envisioned.  This 

functional group was very stable in organic solvents and not prone to oxidation; in fact, 

no evidence of oxidation of the sulfur was observed in any sample.  One exciting 

application of these polymers as drug delivery vehicles was explored, and the results 

were very promising.  A poly(diaminosulfide) was readily fabricated into nanoparticles 

that were absorbed into cells.  These nanoparticles were also nontoxic towards HEK-293 

cells.  These results were promising, but more work is needed to investigate the 
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advantages poly(diaminosulfide)s may possess over polymers used in drug delivery.  We 

propose a general label of poly(NSN) for any poly(diaminosulfide) to emphasize the 

functional group used in their synthesis and found in their backbones.  Poly(NSN) can be 

used to describe a general family of polymers in the same way that the terms polystyrenes 

and polyacrylates are used.  

One significant characteristic of diaminosulfides is that they are based on an 

inorganic functional group.  Their structures differentiate them from the numerous 

organic functional groups used in the synthesis of most polymers.  We believe that by 

working with inorganic functional groups with reactivities that differ from those of 

organic functional groups, new opportunities in macromolecular science will be realized.   

Experimental Section 

Materials 

Sodium sulfide nonahydrate (Na2S·9H2O), tributyltin chloride, N-

chlorosuccinimide, sulfur monochloride, N-ethylmethylamine, N-benzylmethylamine, 

N,N’-dimethyl-1,6-hexanediamine, N,N’-bis[3-(methylamino)propyl]methylamine, 4,4’-

trimethylenedipieridine,  N,N’-di-sec-butyl-p-phenylenediamine, dimethylamine, p-

toluenesulfonyl chloride, and 3-methoxypropylamine were purchased from Aldrich or 

Acros Organics at their highest purity and used as received.  FITC(fluorescein 

isothiocyanate)-dextran (Mw 20kDa) and Mowiol (polyvinyl alcohol, PVA, Av 

Mw~67K, 86.7-88.7% hydrolyzed) was obtained from Sigma-Aldrich™ (Sigma 

Chemical Co. St. Louis, MO).  Deionized distilled water produced by Barnstead 

Nanopure Diamond™ Water purification Systems (Dubuque, IA) was used throughout. 
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All other solvents including petroleum ether (39 ~ 56 ºC) were reagent grade and 

purchased from Fisher Scientific.  Because dimethylamine is a gas at room temperature, 

it was condensed inside a graduate cylinder in a -78 °C bath before use.  Piperazine 

(99%) was purchased from Aldrich and was purified by sublimation under vacuum at 130 

ºC.  Genduran silica gel 60 (230-400 mesh) and Basic Alumina Brockman Activity I (60-

325 mesh) were purchased from Fisher Scientific and were used for all column 

chromatography. 

Dulbecco's Modified Eagle Medium (DMEM, with high glucose 1X and 4 mM L-

glutamine), Trypsin-EDTA (0.25%, 1X solution), and Dulbecco’s phosphate buffered 

saline (PBS) were purchased from Gibco® (Invitrogen™, NY).  Fetal bovine serum 

(FBS) was obtained from Atlanta Biologicals® (Lawrenceville, GA).  Gentamycin sulfate 

(50 mg/ml) was purchased from Mediatech Inc. (Manassas, VA).  MTS cell growth assay 

reagent (Cell Titer 96® Aqueous One Solution cell proliferation assay) was purchased from 

Promega Corporation, Madison.  The HEK-293 cell lines were obtained from the 

American Type Culture Collection (ATCC®, Manassas, VA).  

Characterization 

1H and 13C NMR spectra were recorded on a Bruker DPX 300 at 300 MHz and 75 

MHz respectively.  CDCl3 was used as the NMR solvent with tetramethylsilane (TMS) as 

an internal standard. Size-exclusion chromatography (SEC) was performed using 

tetrahydrofuran as the mobile phase (1.00 mL min-1) at 25 ºC. A Shimadzu LC-10AT 

HPLC pump and one Varian column (PLgel 5 µm MIXED-D) were used in series. A 

Shimadzu RID-10A refractive index detector and a Shimadzu SCL-10A system controller 
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were used to measure molecular weights of polymers based on a polystyrene standard 

calibration curve. 

Bis(tributyltin) sulfide 

This molecule was prepared according to a literature procedure.262  A solution of 

sodium sulfide nonahydrate (Na2S·9H2O) (42.0 g, 175 mmol) in deionized water (34.8 

ml) was prepared.  This solution was added to a solution of tributyltin chloride (28.5 g, 

87.4 mmol) in THF (174 mL). Extra deionized water (17.4 mL) was used to transfer the 

Na2S·9H2O to the flask.  The mixture was reacted at 65 °C for 5 h. After cooling the 

reaction, the organic layer was evaporated.  The residue was extracted with Et2O. The 

extract was dried over anhydrous magnesium sulfate and evaporated to give a colorless 

oil (21.8 g, 81% yield).  1H NMR (CDCl3): δ 0.91 (t, 18H, J = 7.2 Hz), 1.08 (m, 12H), 

1.34 (m, 12H), 1.55 (m, 12H). 13C NMR (CDCl3): δ 13.66, 15.85, 27.17, 28.68. 

Bis(succinimide) sulfide.262 

N-chlorosuccinimide (2.22 g, 16.6 mmol) was slowly added to a solution of 

molecule A (5.08 g, 8.30 mmol) in CHCl3 (22 mL) at 0 °C and stirred.  After 1.7 h, the 

ice bath was removed and the reaction was stirred for 8 h.  A yellow solid stuck to the 

walls of the flask.  The yellow organic phase was decanted.  The yellow solid was 

washed with hexanes and dried under vacuum to give a crude yellow solid (1.30 g, 69% 

yield). 1H NMR (DMSO-d6): δ 2.57 (s, 8H). 13C NMR (DMSO-d6): δ 29.55, 179.47. 

N,N’-Dithio(bis-ethylmethylamine).263 

A solution of  N-ethylmethylamine (10.5 g, 178 mmol) in petroleum ether (400 

mL) was cooled to  -78 °C for 30 min.  To this solution, sulfur monochloride (6.00 g, 
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44.4 mmol) was added dropwise for 10 min.  The solution was stirred for 20 min at -78 

°C and another 35 min at room temperature.  The mixture was washed with a saturated 

NaCl solution in water.  The organic layer was dried over anhydrous magnesium sulfate 

and evaporated to give a yellow–green oil (7.00 g).  The product was isolated by vacuum 

distillation at 30 ~ 35 °C to yield a colorless oil (6.20 g, 78% yield).  1H NMR (CDCl3): δ 

1.14 (t, 6H, J = 7.2 Hz), 2.64 (s, 6H), 2.69 (q, 4H, J = 7.1 Hz).  13C NMR (CDCl3): δ 

13.81, 46.28, 53.54. HRMS calcd for C6H16N2S2: 180.0755. Found: 180.0759. 

N-Ethylmethylsulfenyl chloride.264 

A solution of molecule C (4.81 g, 26.7 mmol) in CH2Cl2 (70 mL) was precooled 

to 0 °C for 40 min under N2.  Sulfuryl chloride (3.96 g, 29.4 mmol) was added dropwise 

to the solution for 17 min under N2.  The reaction was stirred for 30 min at 0 °C and 

another 50 min at room temperature to give a crude product (6.70 g, 53.4 mmol), which 

was used in situ for the preparation of molecule E. 

Bis(N-ethylmethyl)sulfide.264 

A solution of molecule D (6.70 g, 53.4 mmol) in CH2Cl2 (40 mL) was slowly 

added to a solution of N-ethylmethylamine (7.89 g, 13.3 mmol) in CH2Cl2 (60 mL) at 0 

°C under N2 and stirred for 1 h.  The reaction was washed with a saturated NaCl solution 

in water.  The organic phase was dried over anhydrous magnesium sulfate and evaporated 

to give a yellow–green oil (4.22 g).  The product was purified by distillation under 

vacuum at room temperature to yield a colorless oil (2.53 g, 32% yield). 1H NMR 

(CDCl3): δ 1.14 (t, 6H, J = 7.2 Hz), 2.95 (s, 6H), 3.11 (q, 4H, J = 7.1 Hz). 13C NMR 

(CDCl3): δ 14.24, 46.29, 54.89. HRMS calcd for C6H16N2S: 148.1034. Found: 148.1033. 
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N,N’-Dithiobis-dimethylamine.231 

A solution of dimethylamine (8.01 g, 178 mmol) in anhydrous ether (400 ml) was 

cooled to -78 °C for 44 min.  Sulfur monochloride (6.00 g, 44.4 mmol) was added 

dropwise to the solution for 14 min.  The solution was stirred for 30 min at -78 °C and 

another 30 min at room temperature.  The mixture was washed with a saturated NaCl 

solution in water.  The organic layer was dried over anhydrous magnesium sulfate and 

evaporated to give a colorless oil (6.66 g, 99% yield), which could be used directly for 

the preparation of Molecule F without further purification.  1H NMR (CDCl3): δ 2.63 (s, 

12H). 13C NMR (CDCl3): δ 48.31. HRMS calcd for C4H12N2S2: 152.0442. Found: 

152.0444. 

N-Dimethylsulfenyl chloride.231 

A solution of N,N’-dithiobis-dimethylamine (6.03 g, 39.6 mmol) in anhydrous 

Et2O (50 mL) was cooled to 0 °C for 1 h under N2.  Sulfuryl chloride (5.88 g, 43.6 mmol) 

was added dropwise to the solution under N2.  The reaction was stirred for 36 min at 0 °C 

and another 50 min at room temperature to give a crude product (8.84 g, 79.2 mmol), 

which was used in situ for the preparation of molecule F.  

Bis(N,N’-dimethyl) sulfide.264 

A solution of N-dimethylsulfenyl chloride (8.84 g, 79.2 mmol) in anhydrous Et2O 

(50 mL) was slowly added to a solution of dimethylamine (17.9 g, 39.6 mmol) in 

anhydrous Et2O (75 mL) at -5 °C under N2 and stirred for 1.2 h.  The reaction was 

washed with saturated aqueous NaCl.  The organic phase was dried over anhydrous 

magnesium sulfate and the solvent was removed after freezing the product at -5 °C to 
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give yellow-green oil (7.0 g).  Further purification was achieved by distillation under 

vacuum at 30 °C to yield a colorless oil (4.39 g, 46% yield). 1H NMR (CDCl3): δ 3.02 

(s). 13C NMR (CDCl3): δ 49.69. HRMS calcd for C4H12N2S: 120.0721. Found: 120.0719. 

Water-soluble diaminosulfide 

In a flask was added N-(3-methoxypropyl-(triethylene glycol monomethyl ether)) 

(2.27 g, 9.64 mmol) and 3.6 mL of benzene.  Next, molecule F (0.503 g, 4.18 mmol) was 

added and the flask was connected to a reflux condenser and heated to 85 oC for 48 h.  

The benzene was removed under vacuum.  The product was cleaned by chromatography 

on basic alumina oxide using ethyl acetate.  The product was a clear oil (1.54 g, 73% 

yield). 1H NMR (CDCl3): δ 1.81 (p, 2H, J = 6 Hz), 3.12 (t, 2H, J = 7.2 Hz) 3.2-3.4 (m, 

10H), 3.5-3.7 (m, 10H). 13C NMR (CDCl3): δ 29.06, 54.83, 57.53, 58.56, 59.02, 70.13, 

70.28, 70.45, 70.56, 70.64, 71.95. HRMS calcd for C22H48N2O8S: 500.3131. Found: 

500.3125. 

Entry 1, Table A-2 

Molecule F (0.942 g, 7.83 mmol) was reacted with N,N’-dimethyl-1,6-

hexanediamine (1.13 g, 7.83 mmol) in refluxing benzene (11 mL) at 85 °C for 24 h.  

After evaporating the solvent, the polymer was precipitated into methanol (10 mL).  The 

polymer was dried under vacuum to yield a brown oil (1.02 g, 75 % yield). 1H NMR 

(CDCl3): δ 1.29 (m, 4H), 1.54 (m, 4H), 2.94 (s, 6H), 3.07 (t, 4H, J = 7.2 Hz). 13C NMR 

(CDCl3): δ 26.88, 28.86, 46.90. 61.05. 
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Entry 3, Table A-2 

Molecule F (0.186 g, 1.55 mmol) was reacted with N,N’-bis[3-

(methylamino)propyl]methylamine (0.268 g, 1.55 mmol) in refluxing benzene (1.4 mL) 

at 85 °C for 72 h.  The benzene was removed under vacuum.  When the polymer was 

redissolved in 4 mL of CH3OH and precipitated into 9 mL of water, the polymer 

decomposed to unknown products and the 1H NMR spectrum became too complicated to 

assign the peaks.  Therefore, after the polymerization was complete the polymer was 

dried under vacuum to yield a brown oil (0.310 g, 97 % yield) that was used without 

further purification.  1H NMR (CDCl3): δ 1.71(m, 4H), 2.21 (s, 3H), 2.32 (t, 4H, J = 7.5 

Hz), 2.95 (s, 6H), 3.12 (t, 4H J = 7.1 Hz). 13C NMR (CDCl3): δ 25.59, 42.43, 46.90, 

55.38, 59.01. 

Entry 5, Table A-2 

Molecule F (0.186 g, 1.55 mmol) was reacted with 4,4’-trimethylenedipiperidine 

(0.326 g, 1.55 mmol) in CHCl3 (1.6 mL) at 60 °C for 72 h.  After evaporating the solvent 

and redissolving it in CH2Cl2 (4 mL), the polymer was precipitated into methanol (8 mL) 

to give a white-yellow powder (0.330 g, 88 % yield).  1H NMR (CDCl3): δ 1.22(m, 12H), 

1.59 (m, 4H), 3.08 (t, 4H, J = 11.0 Hz), 3.44 (m, 4H). 13C NMR (CDCl3): δ 23.68, 34.02, 

34.96, 36.72, 58.57. 

Reactions of molecule E and N-benzylmethylamine 

Molecule E (46.3 mg, 312 µmol) was dissolved in 1.35 mL of CD2Cl2 and 1 mL 

(34.4 mg, 232 µmol) of the solution was transferred to a NMR tube.  After the addition of 

N-benzylmethylamine (56.3 mg, 464 µmol) and sealing the NMR tube with a rubber 
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septum, 1H NMR spectra were continually recorded for 3 days.  The reaction was 

monitored by conversion of the benzyl hydrogens in N-benzylmethylamine at 3.71 ppm 

to the benzyl hydrogens in molecule H at 4.31 ppm and in molecule I at 4.38 ppm.  

The same procedure was also followed for the kinetics in CDCl3.  The conversion 

from molecule E to molecules H and I was monitored by comparing the benzyl peak 

(3.74 ppm) of N-benzylmethylamine with the benzyl peak (4.32 ppm) of molecule H and 

the benzyl peak (4.38 ppm) of molecule I for 10 days. 

For the kinetics in DMSO-d6, molecule E (51.3 mg, 345 µmol) was dissolved in 

1.49 mL of DMSO-d6, from which 1 mL (34.4 mg, 232 µmol) was added to an NMR 

tube.  After adding N-benzylmethylamine (56.3 mg, 464 µmol) and sealing the NMR 

tube with a rubber septum, the reaction was monitored by 1H NMR spectroscopy for 5 

days.  The conversion was observed by comparing the benzyl hydrogens in N-

benzylmethylamine at 3.63 ppm with the benzyl hydrogens in molecule H at 4.29 ppm 

and in molecule I at 4.36 ppm.  

For the kinetics in C6D6, molecule E (49.4 mg, 333 µmol) was dissolved in 1.44 

mL of C6D6 and 1 mL (34.4 mg, 232 µmol) was added to an NMR tube, followed by the 

addition of N-benzylmethylamine (56.3 mg, 464 µmol) and sealing the NMR tube with a 

rubber septum.  The conversion from molecule E to molecules H and I was monitored by 

comparing the benzyl hydrogens in N-benzylmethylamine at 3.62 ppm with the benzyl 

hydrogens in molecule H at 4.34 ppm and in molecule I at 4.36 ppm.  

Transamination of molecule F and N-benzylmethylamine  

N-benzylmethylamine (153 mg, 1.26 mmol) was added to a solution of molecule 

F (75.8 mg, 631 µmol) in 1.26 mL of CDCl3.  After connecting a condenser to the flask, 
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the mixture was reacted at 50 °C, and the reaction was monitored by 1H NMR 

spectroscopy every 24 h showing 9% conversion to J and 88% conversion to I after 72 h. 

The same procedure was followed for the reaction of molecule F (88.3 mg, 735 

µmol) and N-benzylmethylamine (178 mg, 1.47 mmol) in 1.47 mL of DMSO-d6 showing 

13% conversion to J and 77 % conversion to I after 72 h.  The reaction of molecule F 

(82.3 mg, 685 µmol) and N-benzylmethylamine (166 mg, 1.37 mmol) in 1.37 mL of C6D6 

showed 17% conversion to J and 75% conversion to I after 72 h.   

Molecule F (89.9 mg, 748 µmol) and N-benzylmethylamine (181 mg, 1.50 mmol) 

were reacted in 1.5 mL of benzene at 85 °C showing 3% conversion to J and 97% 

conversion to I after 24 h. 

Stability of molecule E in organic solvents 

The stability of molecule E was studied in CDCl3, DMSO-d6/D2O (10/1 v/v), and 

C6D6 following the same procedure.  Molecule E (34.4 mg, 2.32 x 10-4 mol) was added to 

an NMR tube with 1 mL of solvent.  Next, diethylene glycol dimethyl ether (31.2 mg, 

2.32 x 10-4 mol) was added.  The NMR tube was capped, and 1H NMR spectra were 

periodically collected.  The amount of decomposition was determined by the difference 

in ratio of the peaks due to molecule E and the ether measured on days 1 and 32. 

Stability of molecule L in D2O 

Molecule L (31.4 mg, 6.27 x 10-5 mol) was added to an NMR tube. A 1 mL 

solution in D2O of tert-butanol (5.96 mg, 6.27 x 10-5 mol) and acetic acid (30.3 mg, 5.02 

x 10-4 mol) was added to the NMR tube and it was vigorously shaken.  The first 1H NMR 
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spectrum after 271 s showed no evidence of molecule L and showed the secondary amine 

as the only degradation product.  

The same procedure was followed except that no acetic acid was added (the 

neutral conditions). The decomposition of molecule L was followed by 1H NMR 

spectroscopy.  The same procedure was followed except that no acetic acid was added 

and KOH (9 molar equivalents) was added (the basic conditions).  The decomposition of 

molecule L was followed by 1H NMR spectroscopy. 

Formulation of microparticles 

Microparticles were fabricated from the polymer in entry 6 of Table A-2 using a 

double emulsion-solvent evaporation method that is widely used for the encapsulation of 

hydrophilic drugs.  The surfactant solution (1% (by weight) PVA in water, internal water 

phase or W1) was added to the polymer solution (in dichloromethane, oil phase or O) 

under micro-tip probe sonication for 30 sec (10 watts energy output, Fisher Scientific 

sonic dismembrator Model 100) to form the first emulsion (W1/O).  This was then 

immediately added to the second PVA solution (in water, external water phase or W2) 

and further sonicated at the same speed for another 30 s to form the second emulsion 

(W1/O/W2).  These processes were carried out under an ice-bath.  The final emulsion was 

then added to aqueous PVA solution under magnetic agitation and stirred at room 

temperature and under atmospheric pressure until complete evaporation of 

dichloromethane.  The microparticles were collected by centrifugation at 8500 rpm for 10 

min (Fischer Scientific Accuspin™ 400), washed twice with water and freeze-dried for 

48 h (FreezeZone 4.5, Labconco®).  The FITC-dextran loaded microparticles were 



133 
 

prepared in the same manner by dissolving FITC-dextran in the internal water phase used 

in making the primary emulsion. 

Determination of particle size and size distribution 

Particle size and particle size distribution of microparticles were analyzed at a 

concentration of approximately 1 mg particles/1 mL of deionized water.  Appropriate 

dilution of the particle suspension is necessary in order to avoid multiscattering events.  

The measurements were carried out on microparticle suspensions using a Zetasizer Nano-

ZS (Malvern Instruments).  The particle size and size distribution by intensity were 

measured by dynamic light scattering (He-Ne laser with a fixed wavelength of 633 nm, 

173° backscatter at 25°C) in 10 mm diameter cells. 

Measurement of surface charge 

The zeta potential of microparticles was analyzed by dispersing the microparticles 

in deionized distilled water at a concentration of 1 mg/mL using folded capillary cells.  

Sample dilution is often necessary in order to eliminate particle interactions.  Zeta 

potential is an indicator of the charge on the surface of the microparticles.  The surface 

charge measurements of the blank microparticles were performed using the 

electrophoretic laser scattering method (Laser Doppler Micro-electrophoresis, He-Ne 

laser 633nm at 25 °C). 

Scanning electron microscopy (SEM) 

The shape and the surface morphology of the microparticles were studied using a 

scanning electron microscope.  The particles were mounted on silicon wafers which were 

placed on aluminum specimen stubs using adhesive carbon tape.  The mount was then 
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coated by ion sputtering (K550 Emitech sputter coater, set at 10 mA for 2.5 min) with 

conductive gold and examined using a Hitachi Model S-4800 SEM, operated at 4 kV 

accelerating voltage. 

Cell culture 

The cells were maintained in DMEM supplemented with 10% FBS (by volume) 

and gentamycin at a concentration 50 µg/ml in a humidified incubator (Sanyo scientific 

Autoflow, IR Direct Heat CO2 Incubator) at 37 oC containing 95% air and 5% CO2.  The 

cells were plated and grown as a monolayer in 75 cm2 polystyrene cell culture flasks 

(Corning Incorporated, NY) and subcultured (subcultivation ratio of 1:4) after 80-90 % 

confluence was achieved.  Cell lines were started from frozen stocks and the medium was 

changed every 2-3 days.  The passages used for the experiment were between 4 and 15. 

Investigation of microparticle uptake by HEK-293 cells 

To determine the qualitative in vitro intracellular uptake of microparticles, cells 

were plated at a density of 50,000 cells/well in a clear, flat-bottom, 8-chambered glass 

slide with cover (Lab-Tek, Nunc™, NY) that were previously coated with 0.1% (by 

weight) poly-L-lysine.  The cells were allowed to attach overnight and the next day the 

cell culture medium was removed and the cells were treated with an aliquot of a 

suspension of FITC-dextran loaded microparticles in medium and further incubated at 37 

oC for 24 h.  The experiment was terminated by removing the particulate suspension and 

washing the cell monolayer two times with PBS in order to remove particles not 

internalized by the cells.  The cells were then fixed with 4% (by volume) 

paraformaldehyde, followed by permeabilization of cells with 0.2% (by weight) Triton® 
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X-100 (Sigma®, Sigma-Aldrich, MO).  The cells were later treated with phalloidin and 

finally mounted with Vectashield®, Hardset™ mounted medium with DAPI (H-1500, 

Vector Labs, Inc. CA).  The cells were washed with PBS during every step in the process. 

Cellular uptake of FITC-dextran loaded microparticles and their intracellular distribution 

was visualized by confocal microscopy (Carl Zeiss LSM 710, 60X oil objective lens) by 

using DAPI, FITC, and phalloidin filters equipped with Zen 2009 imaging software. 

Evaluation of the cytotoxicity of microparticles 

The in vitro cytotoxicity of blank nanoparticles was examined by a colorimetric 

MTS assay. A stock suspension of microparticles was prepared by dispersing freeze-dried 

particles in an appropriate volume of cell culture medium.  To obtain different test 

concentrations (1 – 1000 µg/mL), serial dilutions from the stock microparticle suspension 

were prepared with the medium.  On the first day of the experiment, confluent cells were 

seeded in clear polystyrene, flat bottom, 96-well plates (Costar®, Corning Inc, NY) at a 

density of 10,000 cells/well and allowed to attach overnight in the incubator.  Next day, 

the cells were exposed to the polymer by replacing the culture medium with different 

dilutions of stock suspensions and further incubating for 24 h.  On the last day of the 

experiment, the treatments were removed and fresh medium was added along with 20 µL 

of MTS reagent.  The plate was incubated at 37 oC in a humidified, 5% CO2 atmosphere 

for 4 h.  To measure the amount of soluble formazan produced by the reduction of MTS 

reagent by viable cells, the plate was read by Spectramax 384 Plus (Softmax Pro, 

Molecular Devices, CA) at a wavelength of 490 nm.  The absorbance readings were 

recorded and quantitated for the colorimetric assay and the cell viability was expressed 

by the following equation: 
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Cell viability (%) = (Absorbance intensity of cells treated with MPs  x 100) / 

                                Absorbance intensity of cells without any treatment (control)                        

The cytotoxic effect of different treatments was calculated as a percentage of cell 

growth with respect to the control.  Values are expressed as mean ± SEM for each 

microparticle concentration (n=6). 
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