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Abstract 

The use of several phosphonium anhydride reagents for the synthesis of a range of 

heterocyclic compounds has been investigated. 

 

The structure of a polymer-supported version of the Hendrickson ‘POP’ reagent, 

prepared by the reaction of polymer-supported triphenylphosphine oxide (57) with 

triflic anhydride, was established as an equilibrium mixture of polymer-supported 

triphenylphosphine ditriflate 54 (δ 79.4 ppm) and polymer-supported phosphonium 

anhydride 76 (δ 73.3 ppm). The 31P NMR chemical shift reported previously for 54 

was shown to be incorrect.  

 

β-Hydroxy amides 96 and 103 were treated with triphenylphosphonium anhydride 

trifluoromethane sulfonate (38) or the cyclic analogue 53 to generate 2-oxazolines 92 

and 104 under mild conditions. The reaction was optimised by examining the number 

of equivalents of reagents 38, 53, or diisopropylethyl amine required to effect 

cyclisation. The effects of altering the reaction temperature, reaction time, 

concentration, solvent, and addition rate were also investigated. Use of trityl β-

hydroxy amide 114 led to a significantly improved yield of 2-oxazoline 92 (94%). 

Reagent 53 offered significant advantages in purification of products and was used to 

dehydrate a range of trityl amides to form simple oxazolines (92, 100, 104 and 125), 

thiazolines (113 and 126), and a dihydro-1,3-oxazine (101), in high yield (85-99%), 

as well as a tetrahydro-1,3-oxazepine (112, 31%).  

 

A serendipitous discovery during the synthesis of thiazoline 113, led to the 

development of the first reported procedure for selective reduction of bis-phosphine 

oxides to bis-phosphine monoxides. The mono reduction was performed under 

exceptionally mild conditions using triflic anhydride and a thiol. The procedure 

appears to be general, at least for the reduction of bis-phosphine oxides of the type 

93, 133, 134 and 135 and selected BINAP bis-phosphine oxides (128 and 142).  

 

When the mild dehydrating reagent phosphonium anhydride 38, was used to cyclise 

amino amides 56 and 144, the corresponding cyclic amidines 24 and 25 were 

obtained, though in low yields (36% and 29%, respectively). In comparison, by trityl 

protecting the amide precursors (56 and 144) and subsequently cyclising them with 

reagent 38, 24 and 25, were obtained in dramatically improved yields (79% and 89%, 



 XVI

respectively). The scope of the reaction was explored and a selection of amides and 

trityl amides were synthesised and cyclised with reagent 38 to form simple 

tetrahydropyrimidines and imidazolines in high yields (85-95%), as well as a 

tetrahydrodiazepine 156 (51%). 

 

A number of simple analogues of the natural products, hyphodermins A, B and D 

were synthesised. Addition of a range of nucleophiles to anhydride 167 resulted in 

regioselective ring opening at C1 of the anhydride, and amide, ester and thioester 

derivatives 174–180 were obtained (60–99%). The increased electrophilic reactivity 

of the C1 carbonyl group of anhydride 167 was supported by a competition 

experiment with phthalic anhydride. Unexpected formation of lactams 184 and 186 

from amides 180 and 179 was shown to proceed via the lactamols 185 and 186 and 

could be controlled by the reaction conditions.  

 

The 13 heterocycles and 14 Hyphodermin derivatives all obeyed Lipinskis ‘rule-of-

five’, and the calculated physicochemical values were within desired limits. All 

compounds were tested against Glycogen Phosphorylase a (GPa). Four phenyl and 

benzyl substituted 2-oxo-hexahydro and tetrahydrobenzo[cd]indole carboxylic acids 

were identified as novel inhibitors of GPa with apparent IC50 values in the range 0.8–

1.3 mM. All of the heterocycles synthesised displayed some inhibition of GPa, with 

thiazoline 126 (IC50 value of 24.5 μM) being the most active compound identified. 
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Overview 

Diabetes mellitus is becoming one of the main threats to human health in the 21st 

century, especially in western society. Current drugs for diabetes have limited 

efficacy, tolerability and side effects, thus there is a need to develop new compounds 

that can improve the present therapies. A recently validated therapeutic target for 

diabetes is Glycogen Phosphorylase (GP). There are limited classes of compounds 

that represent the current inhibitors of GP. In this project two approaches to the 

identification of potential new inhibitors of GP will be examined; the synthesis of 

compounds based on a natural product lead, hyphodermin; and the synthesis of 

heterocyclic scaffolds previously untested against GP. In accessing heterocyclic 

compounds, this project also sought to develop a new, mild and versatile synthetic 

procedure for the synthesis of such heterocycles. Thus, a major focus of this project 

was the exploration of the use of polymer-supported or solution phase Hendrickson 

‘POP’ reagents and a cyclic analogue of the Hendrickson ‘POP’ reagent for the 

formation of a range of heterocyclic ring systems. 

 

1.1 Diabetes 

Diabetes mellitus is a severe, chronic metabolic disease that has become a fast 

growing epidemic. According to the World Health Organisation an estimated 30 

million people world-wide had diabetes in 1985. By 2000, this number had increased 

to 177 million and the figure is expected to rise to at least 300 million by 2025.1 This 

prediction shows that over a time period of 45 years the prevalence of diabetes will 

have increased tenfold. Changes in human behaviour and lifestyle during the last 

century are largely responsible for the dramatic increase in the incidence of diabetes.2 

The disease has been shown to be strongly associated with increasing obesity, 

decreased physical activity and changes in food consumption.3 

There are two main forms of diabetes, type-1 and type-2. Type-2 occurs most 

frequently in adults, but also occurs in children and adolescents. Type-1 is currently 

the most common chronic disease in children. However, with the increasing 

prevalence of type-2 diabetes in children and adolescents, type-2 may predominate 

within one or two decades.2 Type-1 diabetes or insulin-dependent diabetes is due 

primarily to autoimmune-mediated destruction of pancreatic β-cell islets, resulting in 

absolute insulin deficiency.2 A person with type-1 diabetes therefore needs 

exogenous insulin. Type-2 diabetes, which represents 90-95% of all cases,4 is 
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characterised by abnormal insulin secretion, uncontrolled hepatic (liver) glucose 

output, reduced insulin action and/or insulin resistance of glucose transport into 

skeletal muscle and adipose tissue.5  

Type-2 diabetes can and often does go undiagnosed because the symptoms begin 

gradually and can be hard to identify at first. The symptoms may include blurry 

vision, increased thirst and urine volume, recurrent infections, frequent hunger and 

fatigue. In severe cases, drowsiness and coma can occur.6 Diabetes leads to 

chronically elevated blood glucose levels which often results in long-term 

microvascular, neurological, and macrovascular complications such as blindness, 

renal insufficiency, peripheral vascular and cardiovascular diseases like heart attack 

and stroke.5 Diabetes is the leading cause of blindness, renal failure, and lower limb 

amputations in the United States.5 Atherosclerotic cardiovascular disease is 

responsible for 80% of diabetic mortality and diabetics have a two to fourfold greater 

atherosclerotic cardiovascular disease risk than a non-diabetic person.7 In a seven-

year long study it was shown that a person with type-2 diabetes is just as likely to 

suffer from a heart attack as a non-diabetic person who has had a prior heart attack.8 

Current therapy for type-2 diabetes relies first on diet and exercise to normalise the 

blood glucose levels.5 Weight loss and exercise enhance insulin sensitivity and 

glucose utilisation, but for many patients lifestyle changes can be difficult. Thus if 

control of blood glucose levels is not achieved, drugs intended to reduce the glucose 

levels are prescribed. If drug therapy fails, treatment with insulin will be necessary. 

 

1.2 Biological control of blood glucose levels 

To maintain normal blood glucose levels after ingestion of food three events must 

take place: 1) stimulation of insulin secretion; 2) insulin-mediated suppression of 

endogenous (produced within the body) glucose production; and 3) insulin-mediated 

stimulation of glucose uptake by peripheral tissues, primarily muscles. Insulin is 

synthesised in the β-cell islets in the pancreas and secreted directly into the blood 

stream in response to the increased levels of blood glucose (>6 mmol/L). Insulin 

stimulates formation of glycogen from glucose which is then stored as an energy 

reserve in the liver, muscles and adipose tissue. Glycogen is a highly branched 

polysaccharide made up of hundreds to several thousand units of glucose 

monomers.9 Glycogen is the most immediately available large-scale source of 

metabolic energy in the body. The enzyme glucagon will stimulate glycogen 
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breakdown from the energy reserve if the blood glucose levels are too low (<4 

mmol/L).9 

 

 
 

 

Figure 1. Schematic representation of the control of blood glucose levels by pancreatic 

secretion of insulin and glucagon. Conditions resulting from high glucose levels are shown 

in blue, and those from low in red. Adapted from reference 9. 
 

In people with type-2 diabetes the insulin secretion from the pancreatic β-cells is 

impaired. Glucose uptake in the muscles is decreased and hepatic glucose production 

increased due to accelerated gluconeogenesis (de novo synthesis of glucose).3 In the 

early stages of type-2 diabetes the glucose transport into skeletal muscle, stimulated 

by insulin, is usually impaired. The β-cells try to compensate for the insulin 

resistance by increasing insulin secretion, resulting in hyperinsulinemia (a state 

where excess levels of insulin are circulating in the blood). The peripheral insulin 

resistance and the impairment of insulin suecretion lead to hyperglycaemia (high 

blood glucose levels). In end-stage type-2 diabetes the pancreatic β-cell function 

deteriorates by “exhaustion” and fails to compensate for the insulin resistance.5 The 

patients with full-blown type-2 diabetes require insulin daily to control their blood 

glucose levels. 
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1.3 Current Treatments 

If adequate control of blood glucose levels is not achieved by lifestyle changes 

hypoglycaemic drugs will be prescribed. Currently there are mainly five classes of 

oral antidiabetic drugs available on the market: biguanides, thiazolidinediones, α-

glucosidase inhibitors, sulfonylureas, and non-sulfonylureas.7 Combination therapies 

of oral drugs from different classes are prevalent in type-2 diabetes treatment. 

Furthermore, because type-2 diabetes is a progressive disease, even patients with 

good initial response to oral drugs will eventually require a second or even a third 

medication.3,5 

 

1.3.1 Biguanides 

The blood glucose lowering effect of the biguanides is a result of decreased 

production rate of the gluconeogenic pathway and by a reduction in the overall rate 

of the glycogenolysis (breakdown of glycogen).10 Biguanides also enhance the 

sensitivity of the peripheral tissues (primarily muscle) to insulin; however this has 

not yet been proven with the therapeutic concentrations that are administered to 

patients. Metformin is the most widely used biguanide. The biguanides lowers the 

blood glucose level without causing visible hypoglycaemia (abnormally low blood 

glucose levels) or stimulation of insulin secretion. Weight gain is a typical side effect 

of oral antidiabetic drugs but with Metformin, patients normally experience weight 

loss.5 The main side effects are gastrointestinal, such as abdominal pain, diarrhoea, 

and bloating. Although low, there is a mortality risk with Metformin treatment 

arising from lactic acidosis (acidification of the blood). Metformin therapy is 

contraindicated in patients with impaired renal function, congestive heart failure, and 

liver dysfunction.5 

 

 
 

1.3.2 Thiazolidinediones  

The thiazolidinedione class of drugs lowers blood glucose levels by reducing insulin 

resistance and hepatic glucose production. The glucose uptake in the peripheral 
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tissues is increased and insulin-stimulated glucose disposal enhanced.5 There are 

currently two approved thiazolidinediones on the market, Pioglitazone and 

Rosiglitazone.5 Like Metformin, these antidiabetic drugs do not cause 

hypoglycaemia or stimulate insulin secretion. The main side effects associated with 

these drugs are weight gain and oedema (increase of interstitial fluid in an organ). 

Thiazolidinedione drugs have been shown to decrease plasma triglyceride (a form of 

fat formed in the body) levels and increase the levels of good cholesterol (HDL). 

However, studies have shown that the levels of bad cholesterol (LDL) are also 

increased.11,12 A major risk factor for patients with type-2 diabetes is atherosclerotic 

cardiovascular disease, therefore an increase in LDL is highly undesirable.3  
 

 
 

1.3.3 α-Glucosidase inhibitors 

α-Glucosidase is an enzyme located in the brush border of the small intestine. The 

brush border is the name for a surface area in the intestine that is covered with 

microvilli (a structure that increases the surface area of cells by approximately 600 

fold facilitating absorption). The enzyme α-Glucosidase is needed for the breakdown 

of carbohydrates, such as starch and maltose, to absorbable monosaccharides.13 By 

inhibiting this enzyme the absorption of ingested carbohydrates is delayed, leading to 

reduced blood glucose peaks after a meal.13 Acarbose and Miglitol are two α-

glucosidase inhibitor drugs currently on the market. With treatment of Acarbose or 

Miglitol the body weight remains unchanged. 
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The major side effects are gastrointestinal such as bloating, abdominal pain, 

diarrhoea or flatulence.5 Treatment with α-glucosidase inhibitors is contraindicated in 

patients with inflammatory bowel disease or cirrhosis (damaged liver).3 

 

1.3.4 Sulfonylureas 

The sulfonylurea drugs bind to specific membrane receptors on the pancreatic β-

cells, where they act via ATP-regulated potassium channels to cause membrane 

depolarisation and consequently insulin release.14 The resulting hyperinsulinemia 

leads to suppression of hepatic glucose production and thereby lowers the blood 

glucose levels.15 There are several sulfonylureas on the market, Glipizide is one of 

the available second generation drugs in this class. The side effects are typically mild 

and reversible if the treatment is discontinued. Weight gain can occur but the most 

significant side effect is hypoglycaemia, although the incidence among patients is 

low.16 However, after ten years of sulfonylurea treatment most patients will require a 

second oral agent due to secondary treatment failure.3 
 

 
 

1.3.5 Non-sulfonylureas 

The non-sulfonylurea drugs lower blood glucose levels by stimulating the release of 

insulin from the pancreas. These drugs require the presence of glucose to function 

and work by closing the ATP-dependent potassium channels in the β-cell membranes 

causing depolarisation in a similar manner to the sulfonylureas.17 This depolarisation 

leads to enhanced insulin secretion. Repaglinide is one of the currently used 

antidiabetic drugs in this class. Weight gain and hypoglycaemia are the main side 

effects with Repaglinide.3  
 

 



 

 8

1.3.6 Insulin therapy 

If treatment with antidiabetic drugs does not achieve control of blood glucose levels 

insulin will be needed. Diabetics progressing to insulin treatment risk weight gain 

and severe hypoglycaemia. Unfortunately all the above drugs have limited efficacy, 

tolerability and, as described, side effects.1 Thus, there is a demand on the market for 

new improved antidiabetic compounds.  

 

1.4 Glucose production 

Excessive hepatic glucose production is a significant factor contributing to the high 

blood glucose levels seen in type-2 diabetics as compared to a non-diabetic person. 

The liver is the major regulator of plasma glucose levels in the post absorptive 

(fasted) state. In the postprandial (directly after ingestion) state, where the liver has a 

smaller role, the normal suppression of hepatic glucose production is not observed in 

a diabetic person.18 There are two pathways in the liver that produce glucose; from 

non-carbohydrate precursors such as glycerol, lactate, and some amino acids 

(gluconeogenesis) and by breakdown of glycogen via glucose-6-phosphate 

(glycogenolysis).9 One approach to improve the high blood glucose levels seen in 

type-2 diabetics could be to inhibit glycogenolysis which would reduce hepatic 

glucose production.18 Glycogen synthesis and breakdown is regulated by hormones 

and metabolic signals, primarily via glycogen synthase and glycogen phosphorylase 

(GP) enzymatic activities (Figure 2).19 

 

 

 

Figure 2. Glycogen synthesis and breakdown. 
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1.5 Glycogen Phosphorylase (GP) 

Because of its central role in the regulation of glycogen metabolism, GP is an 

important target for compounds that might prevent high blood glucose levels.18 

Previous reports have indicated GP inhibition to be efficient in lowering blood 

glucose in diabetic models, thereby validating it as an attractive therapeutic target for 

type-2 diabetes.1,4,18,20-24 GP is a dimeric enzyme (194 kDa for the dimeric form) of 

two identical subunits and exists in two interconvertible forms, GPa and GPb. GPb is 

converted to GPa by phosphorylation catalysed by the enzyme phosphorylase kinase. 

In turn dephosphorylation catalysed by protein phosphatase 1 (PP1, an enzyme 

regulated in response to insulin) converts GPa back to GPb. Each of GPa and GPb 

exists in an equilibrium between a less active T (T for “tense”) and a more active R-

state (R for “relaxed”) (Figure 3).4  
 

 
 

Figure 3. Representation of the allosteric transitions of glycogen phosphorylase. Adapted 

from reference 4. 
 

GPa exists predominantly in the high activity R-state, whereas GPb primarily exists 

in the less active T-state. AMP is an allosteric activator (binds to a site other than the 

catalytic site) of GP and therefore converts the inactive T-states of GPa and GPb to 

the active R-states. In turn, allosteric inhibitors such as ATP, glucose-6-phosphate, 

glucose and caffeine can alter the equilibrium back to the inactive T-states of GP. 

Studies have shown that conversion of the GPb T-state to GPa R-state by 

phosphorylation brings about a conformational change in the enzyme, due to the 

changes in the tertiary structure. In the T-state access to the catalytic site is partly 

blocked by the 280’s loop (Figure 5). On transition from the T to R-state, the 280’s 
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loop becomes disordered and a channel opens that allows a crucial arginine to enter 

the catalytic site in place of an aspartic acid unit, creating the phosphate recognition 

site (Figure 4). In addition, the open channel also allows the glycogen substrate to 

reach the catalytic site.4 The same conformational change occurs when an allosteric 

activator such as AMP binds to the T-state of GPa or GPb, converting them to their 

active R-states.  

 

Figure 4. Representation of the conformational change between the T and R-state of GP. 

The yellow spot shows the exposed catalytic site.  
 

A potential drug could be an inhibitor that stabilises the T-state of GPa and thereby 

prevents the opening of the channel to the catalytic site. GP would then be prevented 

from converting glycogen to glucose-6-phosphate which would lead to a reduction of 

blood glucose levels. 

 

1.6 The binding sites and inhibition of GP 

Extensive research has been carried out in recent years to find a new potent inhibitor 

for GP. Comprehensive reviews, to which the reader is referred, on the design of a 

range of GP inhibitors and their proposed site of action have been reported.1,4,22,25-27 

In this dissertation, a summary of the literature up to January 2008 in this area will be 

presented. 
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Several inhibitor binding sites for GP have been identified: the catalytic site, the 

allosteric AMP site, the allosteric indole site, the allosteric purine nucleoside site, the 

Ser14 phosphate recognition site, the glycogen storage site, and a novel allosteric 

site.1,4 The first four of these regulatory sites are known to be inhibitor binding sites. 

Typically, the focus of drug-development is on compounds binding to the catalytic 

site of an enzyme. By targeting such a highly conserved site, the variation in 

molecular size, stereochemistry and functionality of an inhibitor compound is usually 

very restricted. However, due to the high degree of allosteric regulation of GP a 

range of structurally diverse molecules can be considered.21  

In the summary about different GP inhibitor sites and inhibitors that follows, various 

species (rabbit, rat, pig or human), tissue isoforms (liver, muscle or brain, which 

share approximately 80% in amino acid identity), and states (phosphorylated or 

dephosphorylated) of GP have been used to measure the inhibitory activity of the 

inhibitors.1,26 Some inhibitors show corresponding inhibitory activity independent of 

the species, phosphorylation state, or tissue isoform used in the biological assay but 

there are also cases where dramatic differences in inhibition have been reported.25 

Inhibitory activity can also depend on the presence or absence of allosteric ligands 

such as glucose and AMP.25,26 Thus, caution should be taken when comparing levels 

of inhibition measured under non-identical conditions.1 The species, isoform and 

state of GP used to measure the inhibitory activity for the discussed compounds will 

be stated wherever the information is available in the literature. 

 

1.6.1 Catalytic site inhibitors 

The catalytic site is located in a cavity at the centre of the GP molecule, 15 Å from 

the surface. It is distinguished by arrangement of ionisable and polar amino acid 

residues in high density.28 There are also several ionisable groups close to the 

catalytic site, of which one is the essential cofactor (non-protein compound, bound to 

the enzyme and required for the catalytic sites function) pyridoxal phosphate.28,29 

Glucose is a physiological inhibitor of GP that has been shown to bind to the 

catalytic site of both GPa and GPb [Ki = 2.0 mM for GPa; Ki = 1.7 mM for rabbit 

muscle GPb, (RMGPb)].4,30 Glucose interacts with GP by hydrogen bonding with 

several amino acid residues and appears to stabilise the less active T-state of GP by 

these interactions. This leads to blockage of access to the catalytic site for its 

substrate glycogen.28,31 Although the binding of glucose is weak it has provided a 
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starting point for the design of a series of glucose analogues as potential GP 

inhibitors. Many of these analogues have been designed using information obtained 

from the crystal structure of the complex formed between the inactive T-state of GPb 

and α-D-glucose (1).32-35 A side channel, called the β-pocket, reaching from the 

catalytic site has been found. This pocket is lined by both polar and non-polar 

groups. The mixed character of the β-pocket provides a challenge in the attempt to 

find a compound with a functional group to fill the pocket and thereby increase 

binding at this site.29 Several β-glucose analogues, only varying at the β-position of 

compound 2, have been synthesised and shown to exhibit inhibitory activity against 

GPb. The hydroxyethyl β-D-glucoside (3) was one of the first compounds modelled 

to fill the β-pocket. However, the compound showed lower inhibition (Ki = 25.3 mM) 

than α-D-glucose (1) (Ki = 1.7 mM), which was argued to be due to loss of entropy 

upon binding of the β-substituent.4 There are other examples in the literature of β-

glucose analogues with Ki values just below 5 mM.4,27  
 

 
 

Thioglucose analogues have been designed and synthesised in attempts to fill the β-

pocket with a non-polar but easily polarised group. β-Thio-1-deoxy-glucose (4) 

exhibits an inhibitory activity (Ki = 1.0 mM) better than glucose. The thiol group of 4 

makes van der Waals contacts with two amino acid residues, aspartic acid (Asp284) 

and histidine (His377) in the β-pocket. Further attempts to optimise the thio 

derivatives has not led to any new more potent catalytic site inhibitors.4  

The introduction of amide functionality at the C1 position of α-D-glucose (1) gave a 

range of α- and β-anhydroglucoheptonic acid derivatives. These analogues were 

designed to take advantage of the dual potential for hydrogen bonding in the α- and 

β-region of the groups attached at C1.4 Both α- and β-heptonamides, 5 and 6 

respectively, showed increased inhibitory activity (Ki = 0.37 mM and Ki = 0.44 mM 

respectively) compared to α- and β-D-glucose. Studies have shown hydrogen 

bonding occurs from the carbonyl- and the NH2-group of α- and β-heptonamides 5 

and 6 with different amino acid residues in the β-pocket.4 Modification of 5 and 6 

has not led to any significant increase in inhibitory activity.29  
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A boost in potency was observed with β-N-acetyl-glucosamine (7) (Ki = 32 µM).22,25 

This compound belongs to a group of analogues called N-acetyl-β-D-

glucopyranosylamines. The nitrogen of β-N-acetyl-glucosamine (7) forms a strong 

hydrogen bond with a histidine residue (His377).36,37 In addition to hydrogen 

bonding, the methyl group of 7 displaces two water molecules in the catalytic site, 

which leads to a favourable gain in entropy.4 Hydantoins are bicyclic glucose 

analogues where the second ring is fused to C1. One compound in this group is 

spirohydantoin (8), which is one of the most potent catalytic site inhibitors reported 

to date (Ki = 3.1 µmol).25 Upon binding, spirohydantoin 8 displaces five water 

molecules in the catalytic site resulting in entropy gain. The β-nitrogen forms a 

hydrogen bond with a histidine residue (His377). The two carbonyl groups in 8 form 

water-mediated hydrogen bonds; the α-carbonyl with aspartic acid residue 283 

(Asp283) and the other carbonyl group with aspartic acid residue 339 (Asp339).4 
 

 
 

Several spirohydantoin derivatives have been synthesised in which the 

stereochemistry, functional groups and/or the ring size of both the hydantoin and 

glucose unit have been altered.30,38,39 However, these modifications have so far not 

resulted in reports of any new inhibitors more potent than spirohydantoin 8. Further 

innovations in the search for catalytic site GP inhibitors include “open” derivatives 

of spirohydantoin,30 phosphoramidate,40 and amide32,41 derivatives of glucopyranose 

and anomerically bifunctionalised glucose analogues.30,32,38,40-50 

A related family of compounds to the glucose analogues are the so-called azasugars. 

The most potent inhibitor in this group is isofagomine (9), which has an IC50 of 0.8 
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µM.25,51 Recently published results have shown that isofagomine (9) binds tightly to 

the catalytic site in the presence of phosphate, and by doing so, 9 induces a 

conformational change.51 Attempts to co-crystallise GP with iminosugars in the 

absent of phosphate have so far not been successful.  

 

1.6.2 Allosteric site (AMP) inhibitors 

The AMP allosteric site is located about 35 Å from the catalytic site.52 This site is 

lined with two α-helices and one β-strand that form a three sided channel that is 

closed off at one end by the other subunit of the GP dimer, thereby forming a 

pocket.4 The AMP allosteric site binds AMP and a range of other phosphorylated 

compounds, such as glucose-6-P (10) which is the most potent physiological 

inhibitor of GPb (Kd = 20-70 µM). By binding to the AMP allosteric site glucose-6-P 

(10) promotes a conformational change that results in a modified, but still inactive, 

T-state.53,54 The binding of 10 to the enzyme is formed mostly through hydrogen 

bonding and a few van der Waals interactions. The AMP allosteric site has shown a 

remarkable ability to bind chemically very different compounds. There appears to be 

protein flexibility in the site allowing it to use the same amino acid residues for 

binding dissimilar compounds.4 
 

 
 

BAY W1807 (11) (Ki = 1.6 nM for GPb and Ki = 10.8 nM for GPa) was, until a few 

years ago, the most potent inhibitor of GP. It has been shown that 11 acts in synergy 

(the combined effect is greater than the sum of the individual effect) with glucose. 

This could be an important feature for GP inhibitors because the potency of the 

inhibitor would decrease along with the glucose concentration resulting in a 

diminishing risk for the common side effect, hypoglycaemia.4,55 BAY W1807 (11) 

exploits numerous contacts with the AMP allosteric site. The 5,6-dicarboxylic acid 
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moiety of 11 mimics the phosphate group found in glucose-6-P (10) and forms 

hydrogen bonds to three arginine residues (Arg309, Arg310 and Arg242) in the 

phosphate recognition site.25,26 The chlorine atom of 11 fits in a pocket where it 

makes van der Waals interactions with two amino acid residues (Arg193 and 

Asp227). The ethyl and isopropyl groups make contact with several amino acid 

residues (Tyr75, Trp67, Ile68 and Arg193) and the π-electrons of the aromatic rings 

interact with aromatic amino acid residues in the AMP allosteric site.4,56,57 Five years 

ago a new class of potent diacid analogues were reported, showing improved potency 

to previously reported GP inhibitors.24,55 The best compound in this series was 

phenyl diacid 12 (IC50 = 1 nM), which showed a similar binding mode to that of 

BAY W1807 (11), according to both molecular modelling and X-ray crystallography 

data.52 Further exploration of potential inhibitors for the AMP allosteric site include 

other dicarboxylic acids analogues,23,24,55 acyl ureas58-60 and 

[(arylamido)phenoxy]phthalic acids.52 

 

1.6.3 Indole site inhibitors  

The indole binding site is located about 33 Å from the catalytic site and 15 Å from 

the AMP allosteric site. The site is situated in a 30 Å long cavity at the dimer 

interface of the two GP subunits.26 There is one indole site on each subunit and in the 

native T-state of GPb, the cavity (volume of ~1300 Å) they form is occupied by 60 

water molecules (30 molecules in each subunit). Only 8 out of the 60 water 

molecules make contact with the enzyme through hydrogen bonds. This site is 

referred to as the indole site since almost all inhibitors that bind to the site have been 

based on an indole-2-carboxamide scaffold [exemplified by CP-320,626 (13)].  
 

 
 

The indole binding site is made up of amino acid residues from both subunits giving 

two different environments, one that is hydrophobic (where the indole moiety binds), 
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and one that is both hydrophobic and polar, and extends into the solvent filled cavity 

(where the carboxamide binds).61 CP-320,626 (13) (IC50 = 205 nM for HLGP and 

IC50 = 83 nM for HMGP) is an inhibitor that binds at the indole site and thereby 

inhibits GP by stabilising a slightly modified, but still inactive, T-state.62 

Furthermore indole 13 has been subjected to an in-depth proof of principle study 

were 13 showed oral activity when administrated in a rodent model of type-2 

diabetes.63 CP-320,626 (13) acts in synergy with glucose and also has unexpectedly 

shown cholesterol lowering effects, a beneficial side effect since patients with type-2 

diabetes have a dramatically increased risk of cardiovascular disease.62,64 GPb 

interacts with CP-320,626 (13) through seven hydrogen bonds and 114 van der 

Waals bonds.34 The stronger interactions are mainly aromatic/aromatic and 

amino/aromatic. The 4-fluoro-benzyl group interacts with the side chain of a 

phenylalanine residue (Phe53) and the 4-fluoro-benzyl group interacts with a 

histidine residue (His67). Also, hydrogen bonds are formed between the indole 

nitrogen and a carbonyl on the backbone of the enzyme, and between the 2-

carboxamide carbonyl and a threonine amino acid residue (Thr38) in the indole 

site.4,61,62 By binding to GP, 83% of CP-320,626 (13) becomes buried and thereby 

displaces nine water molecules in the solvent cavity resulting in an increase in 

entropy. In addition to the stronger interactions, there are also several weaker 

interactions contributing to the inhibitory activity of CP-320,626 (13).62 X-ray 

crystallography studies have shown that two molecules of the indole inhibitor bind 

identically, within 6 Å of each other, in the two subunits. This discovery lead to the 

synthesis of CP-526,423 (14) (IC50 = 6 nM), a potent dimer that contains two 5-

chloroindole-2-carboxamide moieties joined by an ethylene glycol linker.61 X-ray 

crystallography data has shown that CP-526,423 (14) spans the two indole binding 

sites.25,61  
 

 
 

Further modifications of the indole-2-carboxamide scaffold have led to the discovery 

of numerous indole compounds that show inhibitory activity.20,34,61-63,65-79 N-

Benzoyl-N’-β-D-glucopyranosyl ureas are catalytic site inhibitors that also have been 
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shown to bind at the indole site.4,80-82 Currently, the best inhibitor of this scaffold 

type is N-(2-naphthoyl)-N'-(β-D-glucopyranosyl)urea (15) (Ki = 0.4 µM).22  

 

 

 

1.6.4 Purine nucleoside site inhibitors  

The purine nucleoside binding site is situated about 12 Å from the catalytic site. It is 

located at the entrance of the cavity that forms the catalytic site, and the purine 

nucleoside binding site is made up of amino acid residues from both subunits, 

forming a hydrophobic pocket.4,21 The purine nucleoside site is a relatively 

unexplored site compare to the previously discussed sites, however, several 

structurally diverse inhibitors have been reported to bind at this site.4,25,83 

Flavopiridol (16) (IC50 = 1µM and Ki = 1 µM) is one of the most potent inhibitors to 

bind at this site and in doing so 16 stabilises the inactive T-state of GP.1  
 

 
 

Flavopiridol (16) acts in synergy with glucose and appears to, like most purine 

nucleoside site inhibitors, derive most of its inhibitory activity from intercalation of 

its aromatic rings with the aromatic side chains of phenylalanine (Phe285) and 

tyrosine (Tyr613) residues in the purine nucleoside site. In addition to the 

hydrophobic interactions, water-mediated contacts are formed between the inhibitor 

and amino acid residues surrounding the purine nucleoside site.25 Some other known 

inhibitors in this class are riboflavin,21 caffeine,84 a piperidinyl-4H-benzopyran-4-

one,85 and a range of nucleotides such as AMP and ATP.4 
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1.6.5 Miscellaneous inhibitors 

In addition to the above mentioned inhibitor classes there are examples of 

compounds that inhibit GP, via an unknown mechanism or at existing (but which site 

is not verified) or new binding sites. These compounds show some structural 

diversity from the existing glucose, indole and purine inhibitors. Miscellaneous 

compounds that have been identified as GP inhibitors are: terpenes derived from 

masclinic acid (exemplified by 17),86-89 a range of benzoylureas,90-93 

heteroaroylaminotetralins,89,94 aniline-quinoxalinones (exemplified by 18),95,96 

heterocyclic amides,97-100 2,3-dihydrobenzo[1,4]dioxin derivatives,101 fused pyrrolyl 

carboxamides,102 thienopyrrole carboxamides as indolyl derivatives,73,98,103-106 

lactams substituted with heterocycles,107,108 indirubin derivatives,109 benzamide 

derivatives,110 3,4-dihydro-2-quinolones,111 and a range of quinoline-3-carboxylic 

acids.112-114  
 

 
 

A possible novel binding site on the surface of GP located roughly 32 Å from any 

other binding area also has been reported. This site is mostly dominated by non-polar 

groups (Phe202, Tyr203, Val221 and Phe252) and binds 2-(β-D-glucopyranosyl)-5-

methyl-1,3,4-benzimidazole (19),31 a β-D-glucopyranose analogue. In addition to 

small molecule inhibitors, the peptide mastoparan also has shown to be a GP 

inhibitor.115  
  

 
 

As presented, considerable progress has been made in the identification of GP 

inhibitors over the past decade. A number of small molecule classes have been 
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identified, however, due to the high degree of allosteric regulation of GP a range of 

structurally diverse molecules can now be considered. 

 

1.7 Control of Glycogen Synthase and Glycogen Phosphorylase (GP) 

enzymatic activities 

The binding of an allosteric inhibitor can result in large conformational changes in 

GP with the result that the catalytic site no longer can break down glycogen via 

glycogenolysis.116 The enzyme PP1 which is involved in the glycogen metabolism is 

also part of a wide variety of cellular processes such as cell division and mitosis,19 

that take place in nearly all cellular compartments. It is the interaction of glycogen 

targeting subunits with PP1 that directs PP1 to specific sites within the cell.117,118 GL 

is one of the subunits of PP1 which predominately is present in the liver and is the 

only known targeting subunit that binds to GPa.117 GPa has been shown to interact 

with GL via a 16 amino acid sequence at the C-terminus of GL.116,117 The 16 amino 

acid sequence of GL has been identified as PEWPSYLGYEKLGPYY which can also 

be written as Pro-Glu-Trp-Pro-Ser-Tyr-Leu-Gly-Tyr-Glu-Lys-Leu-Gly-Pro-Tyr-

Tyr.119 At the completion of this project, a published x-ray crystallography structure 

identified that only the last four residues of the C-terminal amino acid sequence 

(Gly-Pro-Tyr-Tyr) of GL makes strong interactions with GPa.120 After the glycine 

residue (Gly281) the GL peptide leaves the binding pocket and projects into the 

solvent.  

 
 

Figure 5. Part of the regulatory cascade controlling the glycogen breakdown and synthesis. 
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The GL binding site on GPa is located 32 Å from the catalytic site, and 25 Å from the 

indole binding site at the subunit interface. The site overlaps with the AMP binding 

site.120 Another independent study reported that GL interacts with GPa by the last five 

residues of the GL peptide (Leu-Gly-Pro-Tyr-Tyr).121 By binding to GPa, the GL-PP1 

complex is not free to dephosphorylate (activate) the rate-determining enzyme, 

glycogen synthase, in glycogen synthesis. Also when PP1 is bound to GL the rate at 

which GP is inactivated is suppressed (Figure 5).119 Thus, GL-PP1 binding to GPa 

will lead to increased breakdown of glycogen, inhibition of glycogen synthesis, and 

lead to raised blood glucose levels. Therefore, development of a drug that competes 

with GL-PP1, binds more effectively to GPa instead of GL-PP1 and thus regulates 

GPa, should reduce high blood glucose levels in a type-2 diabetic. 
 

1.8 Approaches to novel small molecule inhibitors of GPa  

In nature, the remote binding of an inhibitor to an enzyme may be as effective as 

binding directly to the catalytic site.122 This along with the growing number of small 

molecules that have proven to alter the protein conformation or to inhibit protein-

protein binding122 (like the GL-PP1 binding to GPa) led us to consider two different 

approaches in the search for novel small molecule inhibitors of GPa: 1) The synthesis 

and evaluation of analogues from natural product leads hyphodermin A, B and D (20, 

21 and 22 respectively); and 2) the design and synthesis of a heterocyclic peptide 

mimetic scaffold derived from the sequence of the GL subunit of PP1 which binds in 

an allosteric manner to GPa.  

 

1.9 Hyphodermin A, B and D analogues 

Hyphodermins A-H belong to a novel class of naphthol[1,2-c]furan-3,9-diones, 

isolated from a culture of Basidiomycete hyphoderma radula (WP 2184) obtained 

from the trunk of the wild cherry tree in Wuppertal, Germany. Hyphodermins A, B, 

D (20, 21 and 22 respectively) and their related metabolites have been shown to 

inhibit the interaction between GPa and PP1 in rabbit muscle.123 The mechanism for 

the interaction has not yet been proven, however, this interaction indicates that the 

natural products hyphodermins A, B and D (20, 21 and 22 respectively) are possible 

lead compounds for identification of a new GP inhibitor. A lead compound is a 

molecule that itself has a degree of biological potency but might not be suitable for 



 

 21

use as a drug as it, for example, is unstable and/or has poor solubility properties. It is 

a well accepted fact that natural products can be useful as inspiration for the 

development of new drugs. Over the last 25 years (1981-2006), approximately half 

of all approved small molecule New Chemical Entities (NCEs) were either natural 

products, derivatives of natural products, or synthetic compounds inspired by natural 

products showing that they are biologically validated lead compounds, and thus 

provide a higher success rate in the design of potent biologically active 

molecules.124,125  

The high degree of functional group diversity presented in the hyphodermins 

provides a means for rapid analogue development. In this project hyphodermins A, B 

and D (20, 21 and 22 respectively) were used as a starting point for the design of a 

small library of novel compounds. The hemiacetal moiety of 20, 21 and 22 offers a 

number of possibilities for binding interactions with the enzyme and it was this 

moiety we chose to explore with our selection of analogues (see Chapter 6). 
 

 
 

1.10 Heterocyclic scaffolds 

Our second approach to the potential discovery of a new class of lead compounds 

was to target the protein-protein interaction between the GL subunit of PP1 and GPa, 

and to design and synthesise small molecule heterocycles, that would block this 

interaction. By inhibiting the binding between the GL-PP1 complex and GPa the 

breakdown of glycogen will decrease and at the same time the synthesis of glycogen 

will increase due to increased activation of the enzyme glycogen synthase. These 

actions would provide a novel mechanism to lower the level of blood glucose. 

The GL-PP1 complex binds to GPa via a 16 amino acid sequence at the end of the C-

terminus of GL.116 This sequence is absent from the seven other family members of 

glycogen targeting subunits (such as the muscle targeting subunit, GM)120 and thereby 

presents us with a good template for the development of GP inhibitors that might 

selectively inhibit liver and not muscle GPa. By avoiding inhibition of muscle GPa, 
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impairment of the aerobic muscle function during prolonged contraction (state 

similar to McArdle’s disease where mutation has led to a deficiency of the muscle 

GP isoform) would be avoided.121,126,127 Drugs developed to date do not display 

enough selectivity between liver and muscle GPa to avoid this undesirable side 

effect.121 The GL binding site does not vary between mammalian species (Figure 6), 

which suggests that allosteric regulation of GPa activity by GL-PP1 is important in 

mammals.116 The GP targeting subunits GL and GM have distinct and different 

biological functions, thus any amino acid sequence homology between GL and GM 

should not determine the function or specificity of PP1 (Figure 6). Therefore sections 

of the peptide sequence, where no homology between GL and GM is displayed, were 

used for the initial design of one of the chosen heterocyclic scaffolds.  

 

 
 

Figure 6. Comparison of the amino acid sequence at the C-terminus of rat and human liver 

GL, with the N-terminus (which is where the GP binding sequence is located on GM) 

sequence of GM from rabbit and human skeletal muscle. Homologous residues are shown in 

bold. The figure is adapted from Figure 2 in reference 28. 
 

In addition, typical binding interactions between enzymes are 10 Å long which 

corresponds to approximately 4 amino acids, which supports the possibility of 

discovering small molecules to inhibit the activity of GPa.128 At the time of the 

design and for the duration of this project, the solid state structure of the 16 amino 

acid sequence at the end of the C-terminus of GL complexed to HLGP was not 

known. 

We designed a molecule that would be conformationally restricted, with a high 

degree of mimicry for the more restricted part of the backbone at the Pro-Try section 

of the 16 amino acid sequence of GL. This section is within the sequence that has 

recently been shown to be responsible for the GL peptide binding to GPa.120,121 The 

dihydropyrimidine 23 was chosen as it has a restricted conformation by virtue of the 

heterocyclic ring as well as a hydrogen bond donating group, and hydrogen bond 



 

 23

accepting group in analogous positions to the parent peptide chain (Figure 7). The R 

groups in 23 show sites where groups can be attached in the development of 

analogues. As far as we are aware, dihydropyrimidines have not been explored as 

non-peptide mimics of peptide chains or for inhibition of GP.  
 

 

Figure 7. Pro-Try section of the 16 amino acid sequence of GL and dihydropyrimidine 23. 
 

Cyclic amidines such as tetrahydropyrimidines (exemplified by 24) and imidazolines 

(exemplified by 25) have been shown to be important pharmacophores within drug 

discovery because they exhibit a broad spectrum of biological and pharmacological 

activities including; antihypertensive,129 antidepressive,130 

antihypercholesterolemic,131 anti-inflammatory,132 antitumor,133,134 antiulcer,135 

anticoagulant activity,136 and antihyperglycemic activity.137-147 Compounds, such as 

26146 and 27,140 that are reported to show antihyperglycemic activity have not been 

screened against GP.  

 
 

Tetrahydropyrimidine and imidazoline rings also occur in a number of natural 

products such as Clathramide A (28),148 isolated from a Caribbean sponge, and 

Manzacidin A (29),149,150 isolated from an Okinawan marine sponge.  
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In addition to being biologically interesting scaffolds, cyclic amidines are also useful 

in organic synthesis as synthetic intermediates,151-154 chiral auxiliaries,155-157 chiral 

catalysts,158,159 and ligands for asymmetric catalysis.160-163 The structure of 

oxazolines (30), thiazolines (31), and dihydro-1,3-oxazines (32) are analogous to 

those of tetrahydropyrimidines (24) and imidazolines (25) and could also be 

considered for screening as potential GP inhibitors.  

 

 
 

Grouped together, the heterocycles presented above [i.e. tetrahydropyrimidines 

(exemplified by 24), imidazolines (exemplified by 25), oxazolines (30), thiazolines 

(31), and dihydro-1,3-oxazines (32)] represent a range of scaffolds that could be used 

in a fragment screening approach to identify a new class(es) of compounds for 

improved inhibition and/or regulation of GP. Heterocyclic scaffolds provide the 

potential for increased structural diversity and thus the potential for discovery of a 

new class of lead compound. Fragment screening involves screening small molecules 

at high concentrations to find small, novel scaffolds with inhibitory activity 

(probably weak) against a specific target. These scaffolds can then potentially be 

developed into new drugs.164  

 

1.10.1 Synthetic approach to cyclic amidine scaffolds 

A number of methods have been reported for the synthesis of cyclic amidines. 

Heating carboxylic acids with 1,3-diaminopropane165 or 1,2-diaminoethane166 at high 

temperatures (130-225 ºC) in the presence of a catalyst (for example Ersorb-4, a 

zeolite adsorbent) or under pressure and azeotropic conditions gave the 

corresponding cyclic amidine in moderate to excellent yields (43-90%). However, 

the general way to synthesise cyclic amidines is from an ester147,167-169 by treatment 

with trimethyl aluminium (AlMe3)170 or from a nitrile133,136,171 by a Pinner reaction 

followed by heat. For example, treating a range of benzoxazine ethyl esters and 1,2-

diaminoethane with AlMe3 in refluxing toluene for 5-15 hours reportedly gave the 

corresponding imidazoline products (exemplified by conversion of 33 to 34 in 

Scheme 1) in moderate to excellent yields (44-90%).172 According to the literature 

these conditions only work well with methyl and ethyl esters.173 Treatment of nitrile 
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35, under Pinner type conditions (hydrochloric acid (HCl), methyl or ethyl alcohol, 

for 16 hours to 7 days) converts the nitrile to the ester imidate 36, which then reacts 

under reflux with the appropriate diamine to give the imidazoline product 

(exemplified by conversion of 36 to 37 in Scheme 1) in yields ranging from low171 to 

excellent.133 

 

 
 

Scheme 1 
 

In addition to these methods cyclic amidines can also be synthesised by starting from 

aldehydes,174-176 hydroxyl amides,177 mono or disubstituted (chlorodicyano-

vinyl)benzenes,178 hydroximoylchlorides,179 ortho esters,180 N-formyl amides, or 

nitriles (using alternative methods to the Pinner reaction).129,181-183 Many of the 

synthetic protocols reported suffer from disadvantages such as harsh reaction 

conditions, prolonged reaction times, low yields, difficulty in preparation of starting 
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materials and tedious workups. Due to these drawbacks we believe that there is scope 

for the development of a new mild procedure for accessing cyclic amidines (24, 25) 

and other biologically interesting heterocyclic scaffolds (30, 31, and 32). In this 

project we explore the use and generality of the Hendrickson ‘POP’ reagent (38)184-

186 [triphenylphosphonium anhydride trifluoromethanesulfonate, or 

bis(triphenyl)oxo- diphosphonium trifluoromethanesulfonate 38] and analogues 

thereof for the synthesis of selected heterocycles. We believe the Hendrickson ‘POP’ 

reagent (38) and analogues of this type have considerable potential in organic 

synthesis as very powerful yet mild dehydrating/activating agents that could be used 

for the synthesis of heterocycles such as tetrahydropyrimidines (24), imidazolines 

(25), oxazolines (30), thiazolines (31), and dihydro-1,3-oxazines (32). 

 

 
 

1.11 The Hendrickson ‘POP’ reagent (38) 

The Hendrickson ‘POP’ reagent (38) was discovered over 30 years ago, and has 

since then been shown to bring about dehydrations and coupling reactions, such as 

ester and amide formation, in a similar manner to the Mitsunobu reaction.187-190  

 

1.11.1 General overview of the Mitsunobu reaction 

The Mitsunobu reaction has become one of the most useful and versatile reactions in 

organic synthesis, as evidenced by more than 2000 citations of the Mitsunobu review 

from 1981.187 The major advantage of this reaction lies in its generality and the mild 

reaction conditions employed which allows the reaction to be carried out in the 

presence of a range of functional groups. By using triphenylphosphine and a dialkyl 

azodicarboxylate [generally diethyl azodicarboxylate (DEAD) or diisopropyl 

azodicarboxylate (DIAD)] the Mitsunobu reaction converts a primary or secondary 

alcohol into an excellent leaving group which then can be replaced by a range of 

nucleophiles through either inter- or intra-molecular dehydration (Scheme 2). 

Furthermore, it has been shown that with optically pure secondary alcohols this 

reaction can proceed with complete inversion of the stereochemistry during an 

esterification/hydrolysis procedure.191 
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Scheme 2 
 

The scope of the Mitsunobu reaction has been extended from the use of carboxylic 

acids as nucleophiles to include a range of nucleophiles such as phenols, thiols, 

sulfonamides, thioacids, imides, phosphate diesters, hydrazoic acid, hydrogen 

halides, phosphinic acids, hydrogen cyanide, heterocyclic compounds, and a range of 

active methylene compounds. In summary, the reaction can be used for the formation 

of C-N, C-O, C-S, C-C, S-S, and C-halogen bonds. Comprehensive reviews, to 

which the reader is referred for further details on the Mitsunobu reaction, have been 

reported.187-190  

The use of the Mitsunobu reaction for the formation of oxazolines (30) and dihydro-

1,3-oxazines (32) from the corresponding hydroxyl amides or hydroxyl amino acid 

containing peptides has been reported (yields ranging from 14% to 71%).192-194 

However, we aimed for a direct route from carboxylic acids, and also believed that 

for the synthesis of the thiazolines (31) and cyclic amidines (24 and 25) we would 

need an alternative route. We envisioned that treatment of carboxylic acids and 

aliphatic bis-nucleophiles (i.e. diamines, amino alcohols or amino thiols) with two 

equivalents of the Hendrickson ‘POP’ reagent (38) might bring about a double 

dehydration (first an inter molecular dehydration to give the amide intermediate, then 

subsequently an intra molecular dehydration to give the cyclisation) resulting in the 

formation of heterocycles such as tetrahydropyrimidine (24), imidazoline (25) 

oxazoline (30), thiazoline (31), and dihydro-1,3-oxazine (32) (Scheme 3).  
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Scheme 3 

 

It has been reported185 that treatment of carboxylic acids and aromatic diamines with 

two equivalents of POP reagent 38 brings about a double dehydration reaction to 

give the corresponding 2-arylbenzimidazoles (39) in high yields (71-95%) (Scheme 

4). Similarly, carboxylic acids react readily with amino alcohols, amino thiols and 

ortho-aminophenols activated by a triphenylphosphine-CCl4 cascade195 in the 

presence of triethylamine (TEA) to form the corresponding heterocycles.196,197 

Although the literature196 states that POP reagent 38 and the Mitsunobu reaction 

brings about similar transformations, no experimental evidence is reported. Using the 

Hendrickson ‘POP’ reagent (38) has advantages over the Mitsunobu reaction as: 1) 

azodicarboxylates are not required; 2) competing Mitsunobu type side reactions such 

as alkylation of the hydrazinedicarboxylate are avoided; and 3) the recovered 

phosphine oxide can be readily recycled.198 

 

 
 

Scheme 4 
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1.11.2 General overview of the Hendrickson ‘POP’ reagent (38) 

The Hendrickson ‘POP’ reagent (38) is generated by treatment of two equivalents of 

triphenylphosphine oxide with one equivalent of trifluoromethanesulfonic (triflic) 

anhydride in dichloromethane (DCM) at 0˚C under an inert atmosphere (Scheme 

5).184 According to X-ray crystallography data, the generated triphenylphosphonium 

anhydride 38 has a P-O-P bond angle that is almost linear (164.5º).199 

 

 
Scheme 5 

 

POP reagent 38 binds as an electrophile to oxygen atoms in the reactants, converting 

OH groups into excellent leaving groups (triphenylphosphine oxide) in nucleophilic 

substitution or elimination reactions.186 Both the initial formation of the phosphorus-

oxygen bond and the removal of the oxygen as triphenylphosphine oxide are 

thermodynamically favoured reactions.185 Formation of the phosphorus-oxygen bond 

gives the key intermediate, an alkoxyphosphonium salt 40 (Scheme 6). This key 

intermediate is the same as the one formed in the Mitsunobu reaction (Scheme 2).  

 
 

Scheme 6  
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Amide formation with primary or secondary amines is achieved by adding the 

carboxylic acid, amine and base (for example TEA) to the Hendrickson ‘POP’ 

reagent (38). The mild base is added to neutralise the triflic acid formed when the 

alkoxyphosphonium salt is generated.185 Besides the desired alkoxyphosphonium salt 

40, another intermediate can be formed between the amine and POP reagent 38, the 

aminophosphonium salt 41. However, while the aminophosphonium salt 41 may 

form it will exchange to activate the carboxylic acid by a rapid equilibrium to give 

the amide product (Scheme 6).185,186 This equilibrium is however dependant on the 

nucleophilicity of the carboxylate anion employed in the reaction.200 A review of 

POP reagent 38 has been published in Encyclopedia of Reagents for Organic 

Synthesis.186 

 

1.11.3 Reactions with carboxylic acids 

When carboxylic acids are reacted with the Hendrickson ‘POP’ reagent (38) in the 

absence of other nucleophiles a fast dehydration step will occur to give the 

corresponding anhydride, for example 42, in high yields (72-93%) (Scheme 7).185  
 

 
Scheme 7 

 

Treatment of carboxylic acids and primary or secondary alcohols with POP reagent 

38 will give ester formation in high yields (70-88%).185 The same type of 

equilibrium, as displayed in Scheme 6, will occur between the activated alcohol and 

the acid, however, in this case both intermediates may proceed to give the ester 

product. When a tertiary alcohol such as tert-butyl alcohol is used as the nucleophile 

in the reaction only moderate yields (42%) of the ester 43 are obtained due to a 

competing elimination reaction yielding isobutene (Scheme 8).185 When sterically 

hindered secondary alcohols, such as (-)-menthol, are used as the nucleophile the 

major reaction pathway is elimination (97%) (Scheme 8).198  
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Scheme 8 

A range of primary and secondary amines react with carboxylic acids when treated 

with the Hendrickson ‘POP’ reagent (38) to give amides, such as 44, cleanly and in 

high yields (78-94%) (Scheme 9).185
 

 
 

Scheme 9 
 

As previously shown in Scheme 4, treatment of carboxylic acids and aromatic 

diamines with two equivalents of POP reagent 38 gives the corresponding 2-

arylbenzimidazoles (39) in high yields (71-95%).184,185 Use of ortho-aminophenol or 

ortho-thiophenol as nucleophiles in the double dehydration approach, results in 
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formation of benzoxazoles (45) and benzothiazoles (46) in high yields (81 and 82%, 

respectively) (Scheme 10).185,186  
 

 
 

Scheme 10 
 

Treating arylalkanoic acids with the Hendrickson ‘POP’ reagent (38) in the absence 

of both another nucleophile and base results in an acid-catalysed (the generated triflic 

acid is as a strong acid) intra-molecular Friedel-Crafts reaction giving indanones 

(47), tetralones and benzosuberones in moderate to excellent yields (62-95%) 

(Scheme 11).185  
 

 
Scheme 11 
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Using phenylacetic acid, a Claisen condensation catalysed by triflic acid occurs, and 

compound 48 is obtained (Scheme 12).186 The Hendrickson ‘POP’ reagent (38) also 

has been used to convert sulfonic acids to the corresponding sulfonamides and esters 

in moderate yields (30-36%).201,202 
 

 
Scheme 12 

 

1.11.4 Other substitution reactions 

Formation of the oxyphosphonium salt of simple alcohols followed by reduction with 

sodium borohydride results in the formation of corresponding alkanes.203 Reaction of 

diols or amino alcohols with the Hendrickson ‘POP’ reagent (38) have been reported 

to yield three- and five-membered rings, such as compounds 49 and 50.204  

 

 
 

Hendrickson ‘POP’ reagent (38) also has been used in catalytic amounts to activate 

carbonyl compounds towards attack by silyl nucleophiles to yield a range of aldol 

products.205,206 In addition, POP reagent 38 can be used as a condensation reagent to 

glycosylate sugars by reacting them with alcohols.207,208  

 

1.11.5 Elimination reactions 

Without nucleophiles present, elimination reactions will occur. As previously shown 

in Scheme 8, tertiary alcohols can formally eliminate water to form the 

corresponding alkene. Secondary alcohols can also eliminate water but this needs to 

be driven by addition of base and heat (40 ºC).186,209 Amides and aldoximes 
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dehydrate to yield the corresponding nitriles when treated with the Hendrickson 

‘POP’ reagent 38 (Scheme 13).209-211 

 

 
Scheme 13 

 

When reacted with the POP reagent 38 epoxides can undergo a double elimination 

step to yield the corresponding dienes.212 Finally, activated ketones (activated by β-

carbonyl or aryl groups to enable removal of the α-proton) will enolise and dehydrate 

to form alkynes in good yields when treated with the Hendrickson ‘POP’ reagent 

(38) (Scheme 14).213  
 

 
 

Scheme 14 

 

1.11.6 Variations to the Hendrickson ‘POP’ reagent (38) 

The phenyl groups on the phosphorus atom can be replaced by butyl groups. These 

derivatives have then been used in a similar manner to the Hendrickson ‘POP’ 

reagent (38) for the formation of 1,2-cis-furanoside ethers.207 The tributyl derivatives 

also work as catalysts in Michael and Aldol reactions of silyl enol ethers.206 

The counter-ion of the POP reagent 38 has been varied, for example by, reacting 

triphenylphosphine oxide with Meerwein’s salt (triethyloxonium tetrafluoroborate), 

instead of triflic anhydride, to generate the triphenylphosphonium anhydride as 

tetrafluoroborate salt 51. 

One disadvantage of using the Hendrickson ‘POP’ reagent (38) is that two moles of 

triphenylphosphine oxide are liberated per dehydration reaction. This can result in 
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problems of separation of the product from the triphenylphosphine oxide by-product 

by chromatography. One approach to avoid this problem has been to prepare 52, a 

basic variant of POP reagent 38. The by-product formed when 52 is used in a 

dehydration reaction is a salt and can therefore be easily removed by a water work-

up.185 In addition, cyclic analogues of the Hendrickson ‘POP reagent (38), such as 

53, have been prepared and used successfully for the synthesis of a range of esters 

and amides.200 The bisphosphine oxide by-product generated in the reaction is much 

more polar than triphenylphosphine oxide, thus facilitating separation by 

chromatography.  
 

 
 

Finally, polymer-supported versions of both POP reagent 38 and the cyclic POP 

analogue 53 have been reported.214,215 These reagents have proven to be effective in a 

variety of dehydration reactions such as ester and amide formation. The beauty of 

generating polymer-supported Hendrickson-type reagents lies in the fact that the by-

product (phosphine oxide) remains attached to the polymer-support and can be easily 

removed by a simple filtration.  

We aimed to start our synthetic approach to the heterocyclic scaffolds by exploring 

the use of polymer-supported triphenylphosphine ditriflate (the polymer-supported 

version of POP reagent 38) for their formation.  

 

1.12 Polymer-supported reagents 

Solid-phase organic synthesis (which includes reactions with polymer-supported 

reagents) is a rapidly growing area216 due largely to the use of multiple parallel 

synthesis and combinatorial chemistry within drug development.217,218 Polymer-

supported reagents have been used in a range of reactions such as, oxidations, 

reductions, protections, deprotections, nucleophilic substitutions, and dehydration 

reactions. Comprehensive reviews of polymeric reagents and their use have been 

reported in the literature.219-228 
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1.13 Project aims 

In this project two different approaches in the search for novel small molecule 

inhibitors of GPa have been explored and the progress made is presented in this 

dissertation. 

 

Approach One: The design and synthesis of a heterocyclic peptide mimetic 

scaffold derived from the sequence of the GL subunit of PP1 which binds in an 

allosteric manner to GPa.  

 

Approach Two: The synthesis and evaluation of analogues of the natural product 

leads, the hyphodermins A, B and D (20, 21 and 22 respectively). 

 

In the heterocyclic scaffold approach we will explore the use and generality of the 

Hendrickson ‘POP’ reagent (38) and analogues thereof for the synthesis of selected 

heterocycles. Our goal was the development of a new mild procedure for the 

synthesis of our targets where disadvantages, such as harsh reaction conditions, 

prolonged reaction times and tedious workups are avoided. We aimed to start by 

investigating the use of the polymer-supported version of POP reagent 38 for the 

formation of the heterocyclic scaffolds. When the heterocycles had been synthesised, 

their inhibitory activity was to be tested in a fragment screening approach to 

potentially identify a new class(es) of compound with improved inhibition and/or 

regulation of GP. 

 

The hyphodermin A, B and D analogue approach involved the development of a 

synthetic route to the chosen scaffold, and then functionalisation of the scaffold to 

access a range of novel derivatives of the lead compounds hyphodermin A, B and D. 

The synthesised analogues were to be screened for activity against GPa to identify 

whether they might be classed as a potential new class of GPa inhibitors. 
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CHAPTER TWO 

Investigation into the use of polymer-supported 

triphenylphosphine ditriflate for the formation of 

tetrahydropyrimidines 
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Polymer-supported triphenylphosphine ditriflate 54 [the polymer-supported version 

of the Hendrickson ‘POP’ reagent (38)] has been reported to be effective in a variety 

of dehydration reactions. For example, the reagent has been shown to be useful for 

the direct synthesis of sulfonamides from sulfonic acids and amines,202 and for the 

formation of a range of esters and amides, as illustrated by the formation of N-benzyl 

4-nitrobenzamide (55) (Scheme 15).214,215 
 

 
Scheme 15 

 

The condensation shown in Scheme 15 is between two monofunctional reagents, 

benzylamine and 4-nitrobenzoic acid. The emphasis of this project was to investigate 

the use of reagent 54 for the formation of heterocyclic scaffolds. This requires, in 

theory, condensation of a bifunctional reagent such as propane-1,3-diamine with 

benzoic acid in the presence of reagent 54 to form cyclic amidines, such as 24, via in 

situ formation of the amide intermediate 56, followed by subsequent cyclisation 

(Scheme 16). Reactions of this type with polymer-supported triphenylphosphine 

ditriflate 54 have not been previously reported. 

 
 

Scheme 16 
 

We first focused on the formation of tetrahydropyrimidines (e.g. 24) due to their 

potential use as scaffolds of biological and pharmacological129-147 interest. They were 
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selected as non-peptide mimics of the Pro-Try section of the 16 amino acid sequence 

of GL as discussed in section 1.10, Chapter One.  

 

2.1 Polymer-supported triphenylphosphine ditriflate 54 

Initially, the use of reagent 54 was favoured over the Hendrickson ‘POP’ reagent 

(38) because the by-product (phosphine oxide) remains attached to the polymer-

support and, unlike triphenylphosphine oxide (Ph3PO), can easily be removed from 

the reaction product by simple filtration of the polymer beads. 

 

2.1.1 Synthesis of polymer-supported triphenylphosphine ditriflate 54 

Commercially available polymer-supported triphenylphosphine (polystyrene cross-

linked with 2% divinylbenzene) was washed thoroughly before use and then oxidized 

to the corresponding phosphine oxide 57 (commercially available since 2007) by 

treatment (overnight) with hydrogen peroxide in DCM (Scheme 17). After oxidation, 

the polymer-supported Ph3PO (57) was dried under vacuum at 125 ºC for 2 days 

using a Kugelrohr oven. Reagent 54 was readily prepared by addition of triflic 

anhydride (Tf2O) to phosphine oxide 57 (swollen in DCM for 0.5 hours prior to use) 

under an inert atmosphere (Scheme 17). 
 

 
 

Scheme 17 
 

In commencing these studies, a literature procedure214,215 of a reaction with reagent 

54 was carried out. Treatment of 54 (1.1 equiv.) with 4-nitrobenzoic acid (1 equiv.) 

in dry DCM gave a polymer-supported version of the key intermediate, an 

alkoxyphosphonium salt, discussed in section 1.11.2, Chapter One. Subsequent 
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addition of benzylamine (1 equiv.) and N,N-diisopropylethylamine (DIPEA) gave N-

benzyl 4-nitrobenzamide (55) in good isolated yield (75%) (Scheme 15). The 

formation of amide 55 confirmed the formation and activity of reagent 54. A small 

excess of phosphine oxide 57 was employed in the reaction to ensure that all of the 

Tf2O was consumed. Excess Tf2O could react with the amine to form the triflate 

amide or the carboxylic acid to form the corresponding anhydride.  

 

2.1.2 Attempted synthesis of cyclic amidines from benzoic acids and propane-

1,3-diamine using polymer-supported triphenylphosphine ditriflate 54 

The activated polymer-supported oxophosphonium intermediate 58 was generated by 

stirring a mixture of reagent 54 (2 equiv.) and 4-nitrobenzoic acid (1 equiv.) for one 

hour in dry DCM. Treatment of 58 with propane-1,3-diamine (1 equiv.) and DIPEA 

gave no detectable formation of 4-nitrotetrahydropyrimidine 63. It was found that the 

major product formed was bis-amide 64 (86% yield based on 4-nitrobenzoic acid). 
 

 
Scheme 18 
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Repeating the same procedure using benzoic acid instead of 4-nitrobenzoic acid gave 

a comparable result. Bis-amide 65 was isolated in 66% yield (based on benzoic acid), 

and was presumably formed via the oxophosphonium intermediate 59 and the amide 

intermediate 56 (Scheme 18). These results confirmed that the first intermolecular 

dehydration had occurred to give amide 60 and 56, respectively. However, activation 

of amide 60 or 56 with the polymer-supported triphenylphosphine ditriflate 54 and 

subsequent intramolecular dehydration, which should have resulted in the cyclised 

products 63 or 24 (via the oxophosphonium intermediates 61 or 62), did not occur. 

Instead, a second intermolecular reaction had occurred between the amine groups of 

60 or 56 and a second equivalent of 58 or 59, respectively, to give the corresponding 

bis-amides 64 or 65 (Scheme 18). Inverse order of addition was considered, since 

this would lead to a large excess of propane-1,3-diamine at the beginning of the 

reaction, which potentially could promote the cyclisation of 60 or 56. Intermediate 

58 (1 equiv.) was generated by treatment of reagent 54 (2 equiv.) with 4-nitrobenzoic 

acid (1 equiv.) and the resulting suspension added dropwise to a solution of propane-

1,3-diamine (1 equiv.) and DIPEA in dry DCM. This gave bis-amide 64, in a reduced 

yield compared to the previous reaction (60% vs. 86% yield of bis-amide 64). 

However, no detectable formation of cyclic amidine 63 was observed. 

 

2.1.3 Attempted synthesis of a cyclic amidine from amide 56 using polymer-

supported triphenylphosphine ditriflate 54 

To investigate if reagent 54 could bring about the desired cyclisation we decided to 

first synthesise amide 56 via a literature procedure229 and then, in a single step, 

attempt to cyclise amide 56 to cyclic amidine 24 by treatment with reagent 54. By 

starting from amide 56 formation of the corresponding bis-amide 65 should be 

avoided as only reagent 54 is being used, and benzoic acid is absent from the 

reaction mixture. A dilute solution of propane-1,3-diamine (5 equiv.) in dry DCM at 

-78 oC was treated with dropwise addition of benzoic anhydride (over two hours) as a 

dilute solution in dry DCM. The reaction mixture was very slowly warmed to room 

temperature and then stirred overnight. Amide 56 was isolated in excellent yield 

(94%) after work-up and used without further purification (Scheme 19). Use of less 

equivalents of propane-1,3-diamine (2 equiv.) or faster addition and faster warming 

up times resulted in formation of the by-product, bis-amide 65 (3-34%) (Scheme 19).  
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Scheme 19 
 

Treatment of one equivalent of reagent 54 with amide 56 in the presence of DIPEA 

in dry DCM gave (according to crude analysis by 1H NMR spectroscopy) a mixture 

of compounds with amide 56, sulfonamide 66, and one unidentified compound as the 

main components. Sulfonamide 66 (25%) was isolated by silica chromatography, 

however the desired cyclic amidine 24, amide 56 (probably too polar to be purified 

by silica chromatography) or the unidentified compound were not isolated. To 

determine the structure of the, at the time, unknown sulphonamide 66 we 

functionalised 66 by treatment with acetyl chloride and obtained N-acetyl 

sulfonamide 67 in quantitative yield. Sulfonamide 66 was also independently 

synthesised in good yield (70%) by treating amide 56 with Tf2O in the presence of 

TEA. Analysis of the obtained product was in agreement with the previously isolated 

material of sulfonamide 66.  
 

 
 

The structures of sulfonamides 66 and 67 were unambiguously determined using 

gHSQC, gHMBC, and gCOSY. The trifluoromethyl group displayed a peak at δ 

119.8 ppm (quartet with a coupling constant of 320 Hz) and 119.8 ppm (quartet with 

a coupling constant of 321 Hz), respectively, in the 13C NMR spectrum. The 

presence of sulfonamide 66 suggested that incomplete formation of reagent 54 was 

occurring (perhaps due to water) and that excess Tf2O was present. A new batch of 

phosphine oxide 57 was prepared and carefully dried. Reagent 54 was again 

generated from phosphine oxide 57 and Tf2O and then treated with amide 56 in the 
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presence of DIPEA in dry DCM. After work-up comparable results to the previous 

reaction were obtained.  

A plausible explanation for the presence of amide 56 could be that the amine group 

of 56 is more nucleophilic than the amide oxygen and therefore reacts faster with 

reagent 54 giving aminophosphonium intermediate 68. Formation of this 

intermediate may slow down or stop the reaction and upon work-up the 

aminophosphonium intermediate 68 would be hydrolysed to give amide 56. 

Alternatively, amide 56 may have been recovered unreacted. 
 

 

 

2.1.4 Attempted synthesis of cyclic amidine 69 from a symmetrical bis-amide 65 

using polymer-supported triphenylphosphine ditriflate 54 

The symmetrical bis-amide 65 does not possess a competitive reactive amino group 

(as amide 56 does) and therefore treatment of 65 with reagent 54 should not result in 

any formation of sulphonamide or aminophosphonium intermediates (like 

compounds 66 and 68). Treatment of benzoyl chloride with propane-1,3-diamine in 

the presence of TEA gave bis-amide 65 in good yield (72%) (Scheme 20).  
 

 
 

Scheme 20 
 

Reagent 54 (1.1 equiv.) was generated, as previously described, and treated with bis-

amide 65 in the presence of DIPEA in dry DCM (Scheme 21). According to analysis 

by 1H NMR spectroscopy of the crude mixture (~ 100% recovery of material), bis-

amide 65 and an unknown compound were present, in approximately 66:34 ratio. 

The unknown compound displayed peaks at δ 2.02-2.08 ppm (2 protons displayed as 

a multiplet), 3.69 ppm (2 protons displayed as a triplet with a coupling constant of 

6.0 Hz) and 3.88 ppm (2 protons displayed as a triplet with a coupling constant of 6.0 
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Hz) in the aliphatic region, along with multiplets in the aromatic region. These peaks 

might be consistent with the desired cyclic amidine 69. A peak with a mass of 265 

(52%) was observed in the mass spectrum, which could correspond to the (M+H)+ 

for the cyclic amidine 69. However, upon purification of the crude mixture by silica 

chromatography, bis-amide 65 was the only isolated compound (60%). In an attempt 

to potentially promote cyclisation the reaction was repeated at a higher temperature 

(40 ºC). Analysis by 1H NMR spectroscopy of the crude mixture (~ 95% recovery of 

material) indicated that only the bis-amide 65 and minor impurities were present. 
 

 
 

Scheme 21 

 

2.1.5 Attempted synthesis of cyclic amidines from unsymmetrical bis-amides 

using polymer-supported triphenylphosphine ditriflate 54 

An unsymmetrical bis-amide should provide different rates of reactivity and thus two 

potentially different cyclic amidines might be obtained depending on which end of 

the bis-amide that is more reactive. Bis-amide 70 was selected and synthesised in 

moderate yield (52%) by treatment of amide 56 with acetyl chloride (Scheme 22). 
 

 
 

Scheme 22 
 

Addition of bis-amide 70 and DIPEA to a mixture of reagent 54 (1.0 equiv.) in dry 

DCM gave according to analysis (by 1H NMR spectroscopy) of the crude mixture (~ 

86% recovery of material) no detectable formation of the two possible cyclic 

amidines, 71 and 72 (Scheme 23). Only bis-amide 70 and minor unidentified 
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impurities were present. The reaction was repeated at 40 ºC. However, again bis-

amide 70 was the only identified compound (~ 70% recovery of material).  
 

 
 

Scheme 23 
 

Attempts were also made to cyclise the tert-butyl carbamate (Boc) protected amide 

73 to potentially obtain the cyclic amidine 74 (Scheme 25). Addition of Boc-

anhydride to amide 56 in the presence of TEA gave the Boc-protected amide 73 in 

good yield (87%) (Scheme 24).  
 

 
 

Scheme 24 
 

Reagent 54 (1.1 equiv.) was treated with a pre-mixed solution of Boc-amide 73 and 

DIPEA in dry DCM. Amide 73 and DIPEA were added as a solution to avoid the 

potential cleavage of the Boc-group in situ under the reaction conditions employed 

(Scheme 25). Hydrolysis of some of the Tf2O by adventitious moisture will result in 

generation of triflic acid which may cleave the Boc-group.  
 

 
 

Scheme 25 
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Analysis (by 1H NMR spectroscopy) of the crude mixture (~ 84% recovery of 

material) showed that mainly amide 73 was present. Boc-amide 73 (79%) was 

recovered after purification by silica chromatography. By increasing the equivalents 

of the generated reagent 54 (2.2 equiv.) we hoped to detect some formation of the 

desired cyclic amidine 74. In the event, only amide 73 and minor impurities were 

present in the crude mixture (~ 100% recovery of material).  

 

2.1.6 Attempted formation of benzonitrile (75) from benzamide using polymer-

supported triphenylphosphine ditriflate reagent 54 

In all of the above examples, for formation of the cyclic amidines to occur, reagent 

54 needs to initially react with the amide group of the amide used in the reaction (i.e. 

amide 56, 65, 70 or 73). In the literature,214 one example suggests that reagent 54 can 

be used to dehydrate an amide group and thereby give the corresponding nitrile. The 

literature example states that treatment of benzamide with reagent 54 (1 equiv.) in 

the presence of DIPEA in dry DCM gave, after heating at reflux overnight, 

benzonitrile (75) in good yield (88%) (Scheme 26).214,215 However, in this project, 

when benzamide was treated with reagent 54 (1 equiv.) under the same conditions, 

only 22% of benzonitrile (75) was obtained along with recovered benzamide (50%) 

(Scheme 26). Next, benzamide was treated with two equivalents of reagent 54 under 

the same conditions as the previous reaction, and the yield of benzonitrile (75) 

increased from 22% to 50% along with a decrease in recovery of benzamide (from 

50% to 25%) (Scheme 26). In comparison, using one equivalent of the solution phase 

Hendrickson ‘POP’ reagent (2 equiv. of Ph3PO are treated with 1 equiv. of Tf2O to 

generate 1 equiv. of 38) instead of reagent 54, followed by addition of benzamide at 

room temperature resulted in dehydration to give benzonitrile (75) in a much better 

yield (62%) than when 54 was used (22%). 
 

 
 

Scheme 26 
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Upon consideration of these results, we thought it was possible that the reaction of 

polymer-supported Ph3PO (57) and Tf2O to form reagent 54 was not going to 

completion. To explore this further, formation of reagent 54 and careful 31P NMR 

studies were carried out. 

 

2.2 Investigation into the structure of polymer-supported 

triphenylphosphine ditriflate 54 

In the literature214,215 it has been reported that reagent 54 has a gel-phase 31P NMR 

signal at δ 53.3 ppm. Structure 54 (where the phosphoryl groups on the polymer bead 

are in the form of the ditriflate) has been proposed as the structure of the reagent 

generated from polymer-supported Ph3PO (57) and Tf2O. However, it was stated that 

characterization of reagent 54 proved difficult due to its extreme sensitivity to 

moisture. We propose that the actual generated dehydrating reagent consists of an 

equilibrium mixture of polymer-supported triphenylphosphine ditriflate 54 and 

polymer-supported phosphonium anhydride 76 (Scheme 27). 

 

2.2.1 Characterisation of polymer-supported triphenylphosphine ditriflate 54 

In an NMR tube, dry polymer-supported Ph3PO (57) was allowed to swell in CD2Cl2 

(deuterated dichloromethane) under nitrogen for 30 minutes. The recorded 31P NMR 

spectrum of the resulting gel-phase showed a peak δ 26.8 ppm [Fig 8(a)]. Addition of 

freshly distilled Tf2O (0.5 equiv.) to 57 resulted in two peaks at δ 52.9 and δ 73.3 

ppm respectively [Fig 8(b)] in the 31P NMR spectrum. When 57 was treated with 

0.75 equivalents of Tf2O the two previously observed peaks remained however the 

relative intensity of the downfield peak (δ 73.3 ppm) increased [Fig 8(c)]. Increasing 

the amount of added Tf2O from 0.75 to one equivalent resulted in a 31P NMR 

spectrum where the peak at δ 52.9 ppm was no longer observed. The original peak at 

δ 73.3 was still present, but in addition, a new peak appeared at δ 79.4 ppm [Fig 

8(d)]. The spectrum appeared unchanged after standing for 24 hours. The relative 

intensity of the peak at δ 79.4 ppm increased as the Tf2O was increased from 1 to 4 

equivalents [Fig 8(e)]. In the experiment where 0.5 equivalents of Tf2O [Fig 8(b)] is 

employed, there is partial formation of ditriflate 54. The formed ditriflate 54 groups 

that have a neighbouring Ph2PO group accessible to them will undergo further 

reaction to give phosphonium anhydride 76 (δ 73.3 ppm). However, on the polymer 
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backbone not all ditriflate 54 groups will have a Ph2PO group that are accessible to 

them and some ditriflate 54 groups will be too hindered for further reaction and will 

therefore remain as ditriflate 54 groups. 
 

 

Figure 8. 31P NMR stack spectra (162 MHz) of addition of Tf2O (0-4 equiv.) to swollen, 

polymer-supported Ph3PO beads, 57, in CD2Cl2 at 25 oC; (bottom to top): (a) 0 equiv. (b) 0.5 

equiv. (c) 0.75 equiv. (d) 1.0 equiv. (e) 4.0 equiv. 
 

This means that there should be three phosphorus species present on the polymer 

backbone, ditriflate 54, unreacted phosphine oxide 57 and phosphonium anhydride 

76. We suggest that all three of these species exists in equilibrium (Scheme 27). In 

the case of phosphine oxide 57 (δ 26.8 ppm) and ditriflate 54 (δ 79.4 ppm), the 

equilibrium (represented by 57  54) must be fast (on the 31P NMR timescale) to 

give a time-averaged peak at δ 52.9 ppm (very close to the calculated value of δ 

53.1), whereas the equilibrium between 54 and 76 must be slow (on the 31P NMR 

timescale) so that a separate signal is seen for the P-O-P species 76. As expected, the 

gel-phase 31P NMR signal for 76 (δ 73.3 ppm) is close to that of the solution-phase 

Hendrickson reagent 38 (δ 75.9 ppm).230 The fact that the equilibrium between 57 
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and 54 is fast whereas that between 54 and 76 is slow (on the 31P NMR timescale) is 

not surprising as the former involves a solution phase reagent (Tf2O) interacting with 

Ph2PO groups on the polymer, while the latter involves a gel-phase reaction where 

the relative movement of the phosphoryl groups is restricted by the (insoluble) cross-

linked polymer network.  

It should be noted that adventitious moisture may hydrolyse some of the Tf2O (triflic 

acid will then be generated in situ) and as a result protonated polymer-supported 

Ph3PO 77 may be formed and contribute to the peak at δ 52.9 ppm. Thus, treatment 

of 57 (δ 26.8 ppm) with 0.25, 0.5, 1.0, and 2.0 equivalents of triflic acid gave signals 

at δ 36.7 ppm (0.25 equiv.), δ 42.8 ppm (0.5 equiv.), δ 52.5 ppm (1.0 equiv.), and δ 

56.0 ppm (2.0 equiv.) respectively. However, given the precautions taken in these 

experiments (Figure 8), and their reproducibility, this contribution should be minor. 

Adventitious moisture may explain the previously reported 31P NMR shift for 

ditriflate 54 of δ 53.3 ppm.214,215 
 

 
 

Scheme 27 
 

In the experiment with 0.75 equivalents of Tf2O [Fig 8(c)] more ditriflate 54 groups 

are formed and undergo further reaction with accessible phosphine oxide 57 groups 

to give an increased amount of phosphonium anhydride 76 (δ 73.3 ppm). By adding 

one equivalent of Tf2O [Fig 8(d)] there is sufficient Tf2O to react with all of the 

polymer-supported Ph3PO (57) and therefore only the ditriflate 54 and phosphonium 

anhydride 76 are observed in the 31P NMR spectrum. When excess Tf2O (4 equiv.) is 

employed, the equilibrium between 54 and 76 shifts in favour of the ditriflate 54 

species [Fig 8(e)].  

Scheme 28 shows the mechanism for the formation of the two species, 54 and 76. 

Initially, nucleophilic attack occurs on the electron deficient sulphur atom (in the 

Tf2O) by the phosphoryl oxygen. This results in the formation of the phosphonium 
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triflate 54. The triflate group is an excellent leaving group and will be displaced by a 

second nucleophilic attack by an accessible Ph2PO group, resulting in the formation 

of phosphonium anhydride 76. However, if no accessible Ph2PO groups are present 

the ditriflate 54 group will remain as it is. 

 
 

Scheme 28 
 

From the data presented in Figure 8, we propose that the structure of the polymer-

supported version of the Hendrickson ‘POP’ reagent is an equilibrium mixture of 

polymer-supported triphenylphosphine ditriflate 54 (δ 79.4 ppm) and polymer-

supported triphenylphosphonium anhydride trifluoromethanesulfonate (76) (δ 73.3 

ppm). The ditriflate becomes the dominant structure only in the presence of excess 

Tf2O. From here on this equilibrium mixture will be referred to as the polymer-

supported reagent and represented by 54  76. 

 

2.2.2 The effect of moisture and acid on the polymer-supported reagent 54  76 

To investigate the influence of moisture on the polymer-supported reagent 54  76, 

we generated the reagent as before (with 1 equiv. of Tf2O) and then treated the 

resulting gel-phase with water (2 drops). This resulted in immediate replacement of 

the peaks at δ 73.3 and 79.4 ppm by a peak at δ 38.2 ppm. This is consistent with 

hydrolysis of reagent 54  76 to give a mixture of phosphine oxide 57 (δ 26.8 ppm) 

in rapid equilibrium with the protonated phosphine oxide 77 (δ 52.5 ppm). When 

triflic acid (1 equiv.) was added to a freshly prepared sample of reagent 54  76, the 

peak at δ 79.4 ppm was no longer observed. A trace of the peak at δ 73.3 ppm was 

still present, but in addition, a new major peak appeared at δ 56.5 ppm. This is due to 

hydrolysis of reagent 54  76 to give protonated phosphine oxide 77 (displayed as 

the major peak at δ 56.5 ppm).  
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2.2.3 Generation of a mixed anhydride to provide further evidence for the 

suggested structure of the polymer-supported reagent 54  76 

To provide further support for these assignments and equilibria, non-polymer bound 

Ph3PO (0.5 equiv. relative to 57) was added to the polymer-supported reagent 54  

76 (generated as before). 31P NMR signals were generated at δ 79.4, 75.6 and 52.9 

ppm (relative amounts ~ 9:12:1). Increasing the amount of Ph3PO from 0.5 to one 

equivalent resulted in only two peaks, at δ 75.6 and 52.9 ppm (approximately 5:2). 

The peak at δ 79.4 ppm was not observed. With excess Ph3PO (2 equiv.) the relative 

intensity of the peaks at δ 75.6 and 52.9 ppm (approximately 2:8) changed and the 

peak at δ 52.9 ppm was now the major signal observed in the 31P NMR spectrum. 

When a large excess of Ph3PO (4 equiv.) was employed the only peak observed was 

at δ 40.7 ppm.  

When a small amount of Ph3PO (0.5 equivalents Ph3PO) is added to the polymer-

supported reagent 54  76, reaction between the phosphonium anhydride 76 groups 

and Ph3PO would be expected to occur first to give the mixed anhydride 78 (Scheme 

29). The ditriflate 54 groups in the sample would be expected to react more slowly 

because these groups were the ones that failed to form anhydride linkages previously 

due to them being more hindered or less accessible.  
 

 
 

Scheme 29 
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The 31P NMR signal for the ditriflate 54 (δ 79.4 ppm) groups was still present in the 

spectrum. The mixed anhydride 78 can undergo further reaction with Ph3PO to give 

the solution phase Hendrickson ‘POP’ reagent (38) (together with starting material 

57), or alternatively, a rapid (null) exchange reaction to give back 78 (Scheme 29). A 

time-averaged 31P NMR signal of approximately δ 53 ppm would arise from the 

Ph3PO (δ 29.1 ppm),198 polymer-supported Ph3PO 57 (δ 26.8 ppm), and the ‘outer’ 

phosphorus atom in 78 (~ δ 75.6 ppm, the phosphorus atom not attached to the 

polymer backbone). In contrast, the ‘inner’ phosphorus atom in 78 (the one attached 

directly to the polymer backbone) would not be subject to time-averaging and would 

therefore give a 31P NMR signal of approximately δ 75 ppm. Conversion of 78 → 76 

would be expected to be slow on the 31P NMR timescale by analogy with the 

equilibrium between 54 and 76, while reaction between the two polymer beads 57 

and 78 would be expected to be extremely slow. By increasing the equivalents of 

Ph3PO (1 equiv.) most of the ditriflate 54 groups react (resulting in the disappearance 

of the peak at δ 79.4 ppm) to give mixed anhydride 78. Some of 78 will undergo 

further reaction to give the solution phase anhydride 38. With excess Ph3PO (4 

equiv.), there would be negligible 78 present and the 31P NMR signal would be 

dominated by the exchange between 38 and Ph3PO (i.e. the peak at δ 40.7 ppm). 
 

2.2.4 Generation of benzylaminophosphonium triflate 79 to provide further 

evidence for the suggested structure of the polymer-supported reagent 54  76 

The polymer-supported reagent 54  76, generated as before, was treated with 1.1 

equivalents of benzylamine in the presence of DIPEA in CD2Cl2. 31P NMR signals 

were generated at δ 38.7 and 29.2 ppm (relative amounts ~ 1:1). The literature 

reports231 that non-polymeric benzylaminotriphenylphosphonium triflate (80) gives a 
31P NMR signal at δ 39.4 ppm. This corresponds well with our peak at δ 38.7 ppm 

and suggests that the peak is benzylaminophosphonium triflate 79. The peak at δ 

29.2 ppm arises from the expelled polymer-supported Ph3PO (one mole of phosphine 

oxide 57 is liberated per reaction between benzyl amine and reagent 54  76). 
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2.2.5 Formation of the ‘POP’ bond in phosphonium anhydride 76  

The ‘POP’ bond in 76 could be formed by reaction between phosphoryl groups on 

separate polymer beads, or between phosphoryl groups on the same polymer bead. 

We believe formation of a ‘POP’ bond between adjacent phosphoryl groups on the 

same polymer bead, to give the [3.3]paracyclophane-like structure 81, would be the 

most likely outcome due to the high loading (~ 3 mmol P/g of polymer - 

corresponding to almost 80% of the phenyl groups of the polystyrene backbone 

bearing a diphenylphosphoryl moiety) of phosphoryl groups on the polymer beads 

used. The additional substituents on the ring structure of 81 would be expected to 

increase the strain in the ring, compared to [3.3]paracyclophane (82)232 itself, due to 

the fact that the ‘POP’ linkage prefers to be linear.233 However, examples of cyclic P-

O-P compounds (such as 53, 83 and 84) where the P-O-P linkages cannot be linear 

are known.200 
 

 
 

Within the swollen polymer bead the concentration of phosphoryl groups is quite 

high and as a result much larger rings containing P-O-P linkages can be formed 

between phosphoryl groups in close proximity. The likelihood of P-O-P formation 

between polymer beads seems much less likely given that these are insoluble 

polymer particles of the order of 0.05 mm in diameter. On a molecular scale, the 

polymer beads are huge and therefore their surface area is quite small.  

Finally, it is interesting to note that in solution phase the only product formed when 

Ph3PO is treated with excess Tf2O is the Hendrickson ‘POP’ reagent (38). Reported 

attempts in the literature,231 to form triphenylphosphine ditriflate 85 resulted in 

immediate formation of 38, the ditriflate 85 was not observed. Such a species 
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becomes possible however with polymer-supported Ph3PO, where some of the 

phosphoryl groups are relatively inaccessible to attack by a second phosphoryl 

group, or where the formation of a ‘POP’ species involves considerable ring strain. 
 

 
 

2.3 Conclusions 

In conclusion, these experiments provide evidence that the beads of the polymer-

supported version of the Hendrickson ‘POP’ reagent contain a mixture of ditriflate 

54 groups and phosphonium anhydride 76 groups. The fact that the structure consists 

of an equilibrium mixture of two distinct species does not appear to have interfered 

with its use as a potent dehydrating agent according to the literature.202,214,215 

However, our preliminary studies have shown that for the synthesis of heterocycles 

such as cyclic amidine 24, the reagent is not suitable. 

Since, compared to the polymer-supported reagent 54  76, the solution phase 

Hendrickson ‘POP’ reagent (38) appeared to facilitate the dehydration of benzamide 

giving benzonitrile (75) in a higher yield, we decided next to look at the use of 

reagent 38 and a cyclic analogue of the Hendrickson ‘POP’ reagent for the formation 

of our heterocycles. Furthermore, we decided to start by attempting the formation of 

heterocycles such as oxazoline 30, where the added nucleophile would have two 

nucleophilic positions with different reactivity (i.e. using 2-amino-1-ethanol instead 

of propane-1,3-diamine). 
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CHAPTER THREE 

The use of phosphonium anhydrides for the 

synthesis of 2-oxazolines, 2-thiazolines and 2-

dihydrooxazine under mild conditions 
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Over the last 20 years, 2-oxozalines (30) and 2-thiazolines (31) have attracted a wide 

range of interest from synthetic and medicinal chemists. The 2-oxazoline (30) and 2-

thiazoline (31) rings occur in a range of biologically active natural products and 

drug-like compounds.234-246 Derivatives of these heterocycles have been identified as 

anti-HIV,243,247 antimitotic,235,238,248 anti-cancer,235,249 and antibiotic agents.250,251 The 

2-oxazoline (30) ring can be used as a protecting group for carboxylic acids252 as 

well as for β-amino alcohols253 and it has, within drug design, been employed as a 

hydrolysable precursor for carboxylic acids in various prodrugs.254,255 Within 

synthesis, 2-oxozalines (30) and 2-thiazolines (31) have been used as building 

blocks,250,256-259 and as auxiliaries and chiral ligands in a number of 

applications.256,260-279 Our interest in the 2-oxozalines (30) and 2-thiazolines (31) lies 

in the fact that these heterocycles are analogous to those of tetrahydropyrimidines 

(24) and imidazolines (25), as discussed in section 1.10, Chapter One.  
 

 
 

Many synthetic procedures have been developed for the formation of 2-oxazolines 

(30). Some common approaches are based on cyclodehydration of hydroxyamides 

using the Burgess reagent (exemplified in Scheme 30 by hydroxyamide 86 and 

oxazoline 87),193,280 Mitsunobu conditions (exemplified in Scheme 30 by 

hydroxyamide 88 and oxazoline 90),281 DAST (diethylaminosulfur trifluoride),282,283 

Deoxo-Fluor {[bis(2-methoxyethyl)amino]sulfur trifluoride},282 or immobilised p-

toluenesulfonyl chloride and TEA.234,284 In addition to these methods, 2-oxazolines 

(30) can also be synthesised by treatment of carboxylic acids,196,254,285,286 

aldehydes,287 nitriles,288-290 imino ethers,291 acyl benzotriazole292 or ortho esters293 

with 2-amino alcohols under various conditions. 

Commonly used synthetic approaches to access 2-thiazolines (31) are via 

cyclodehydration of hydroxythioamides using the Burgess reagent,257,280,281 

Mitsunobu conditions (exemplified in Scheme 30 by hydroxythioamides 89 and 

oxazoline 91),194,257,281 DAST282,294 or Deoxo-Fluor.282,295 Other methods to synthesis 

2-thiazolines include preparation from acylamino alcohols,296,297 oxidation of 

thiazolidines,298 annulation of thioamides with alkynoates,299 reaction of aminothiols 

with N-acylbenzotriazoles under microwave conditions,292 and reaction of 2-amino 
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thiols with carboxylic acids,196 nitriles,300 imino ethers,301 esters,302 or 

iminotriflates.303  
 

 
 

Scheme 30 
 

Many of the synthetic protocols reported suffer from disadvantages such as harsh 

reaction conditions, prolonged reaction times, low yields, difficulty in preparation of 

starting materials, tedious workups and the use of hazardous or complex reagents. 

The Hendrickson ‘POP’ reagent (38) has previously been used for the synthesis of 

thiazolines from hydroxythioamides but the research has been restricted to 

cyclisations within peptides.199,304-306 It also has been stated in the literature that POP 

reagent 38 can bring about the reaction between carboxylic acids and amino alcohols 

or amino thiols to give oxazolines or thiazolines, respectively, however no 

experimental evidence is reported.196,197  

In this chapter we explore the use of the five-membered cyclic 1,1,3,3-tetraphenyl-2-

oxa-1,3-phospholanium bis(trifluoromethanesulfonate) (53),200 an analogue of the 

Hendrickson ‘POP’ reagent (38), for the formation of a range of simple heterocyclic 

compounds. By using the cyclic analogue 53 we aimed to develop a mild method that 

provided easy isolation of the heterocyclic products. When POP reagent 38 is used, 

the triphenylphosphine oxide by-product generated in the reaction has a retention 

factor (Rf) of 0.54 (ethyl acetate:hexane, 3:1). By comparison, the corresponding bis-

phosphine oxide by-product from when the cyclic analogue 53 is used, is 
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significantly more polar (Rf = 0.11 in ethyl acetate:hexane, 3:1) and this can 

facilitate the isolation of the products by chromatography. We also envisioned the 

possibility of including heterocycles of larger ring sizes, such as dihydro-1,3-

oxazines (32), in this study. 

 

3.1 Direct synthesis of oxazoline 92 

We first focused on the direct formation of the oxazoline 92 from benzoic acid and 

corresponding amino alcohol, 2-amino-1-ethanol, by treatment with POP reagent 38 

or the cyclic analogue 53.  

 
 

3.1.1 Synthesis of 1,1,3,3-tetraphenyl-2-oxa-1,3-diphospholanium bis 

(trifluoromethanesulfonate) (53) 

Commercially available 1,2-bis-(diphenylphosphino)ethane was oxidized to the 

corresponding bis-phosphine oxide 93 by treatment (approximately 5 minutes) with 

hydrogen peroxide in DCM (Scheme 31). After oxidation, bis-phosphine oxide 93 

was recrystallised and dried under high vacuum for 2 days. Reagent 53 was readily 

prepared by addition of Tf2O to 93 under an inert atmosphere (Scheme 31).  

 

 
Scheme 31 

 

A mechanism for the formation of reagent 53 is suggested in Scheme 32. The P=O 

bond of the bis-phosphine oxide attacks the electron deficient sulphur in the Tf2O. 

Displacement of a triflate group gives intermediate 94 which can cyclise following 

attack on the positively charged phosphorus by the neighbouring phosphoryl oxygen, 

to give phosphonium anhydride 53. Generation of POP reagent 38 is outlined in 

Scheme 5, Chapter One. 
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Scheme 32 

3.1.2 Synthesis of oxazoline 92 from benzoic acid and 2-amino-1-ethanol using 

reagent 53 or 38 

Reagent 53 (2 equiv.) was treated with benzoic acid (1 equiv.) for one hour in dry 

DCM. Addition of 2-amino-1-ethanol (1 equiv.) and DIPEA to the reaction mixture 

gave oxazoline 92 in moderate isolated yield (50%) (Scheme 33). 
 

 
 

Scheme 33 
 

Similarly, use of the POP reagent 38, instead of 53, gave oxazoline 92 in a 

comparable isolated yield (54%). In an attempt to increase the yield of the product 

the equivalents of reagents 53 and 38 were increased. With 5 equivalents of 53 a 

complex crude mixture was obtained (according to analysis by 1H NMR 

spectroscopy) with only traces (<5%) of oxazoline 92 present. Using 2.8 or 2.4 

equivalents of reagent 53 reduced the isolated yields of 92 to 15% and 38%, 

respectively. When reagent 38 was used in a small excess (2.4 equiv.) a slight 

decrease in isolated yield (47%) was observed compared to when 2 equivalents of 38 

(54%) was used. Decreasing the number of equivalents of 38 (1.6 equiv.) resulted in 

a low isolated yield (24%). The experiments above suggested that 2 equivalents of 
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POP reagent 38 or the cyclic analogue 53 was optimal, however the yield of isolated 

product was only moderate. We considered that addition of the base (DIPEA) prior 

to 2-amino-1-ethanol might increase the yield by preventing any hydrolysis of the 

Tf2O by adventitious moisture in the amino alcohol used. Reagent 53 (2 equiv.) was 

treated with benzoic acid (1 equiv.) for one hour in dry DCM. Consecutive addition 

of DIPEA and 2-amino-1-ethanol (1 equiv.) to the reaction mixture did not give an 

improvement in the isolated yield of oxazoline 92 (45%).  
 

3.1.3 Suggested mechanism for the formation of oxazoline 92 from benzoic acid 

and 2-amino-1-ethanol using reagent 53 

For the formation of oxazolines (such as 92) to occur from benzoic acid and amino 

alcohols (such as 2-amino-1-ethanol) two dehydration steps must take place. The 

first step is an intermolecular dehydration to form an amide intermediate (such as 96, 

Scheme 34), which subsequently is cyclised via an intramolecular dehydration to 

give the oxazoline (such as 92, Scheme 35). The first step in the mechanism is 

activation of benzoic acid by reagent 53. This occurs by a nucleophilic attack of one 

of the oxygen atoms of the benzoic acid on a positively charged phosphorus atom in 

reagent 53. This results in ring-opening of reagent 53 to give the oxophosphonium 

intermediate 95. The activated species is then attacked by the nitrogen of the added 

nucleophile (2-amino-1-ethanol) and displacement of the excellent leaving group bis-

phosphine oxide 93 to give amide 96 (Scheme 34).  
 

 
Scheme 34 
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Three possible mechanisms for the cyclisation of amide 96 are suggested: Route A, 

B or C (outlined in Scheme 35).  
 

 
 

Scheme 35 
 

Route A involves activation (occurs in a similar manner to the activation of benzoic 

acid outlined in Scheme 34) of the hydroxyl group in amide 96 by reagent 53 to form 

oxophosphonium intermediate 97. Attack at the most electron deficient carbon, the 

carbon with the oxophosphonium group attached to it, results in cyclisation of the 

intermediate 97 and displacement of bis-phosphine oxide 93 to give oxazoline 92. In 
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route B reagent 53 activates the amide oxygen which results in the formation of 

oxophosphonium intermediate 98 (again, formed in a similar manner to what is 

outlined in Scheme 35). Displacement of bis-phosphine oxide 93 would give nitrile 

intermediate 99. An intramolecular cyclisation of 99 gives oxazoline 92. Finally, in 

route C the activated oxophosphonium intermediate 98 is formed (same intermediate 

as in route B) and cyclised by a nucleophilic attack at the imidate carbon by the 

hydroxyl oxygen to give oxazoline 92 and the by-product bis-phosphine oxide 93. 

Based on the Baldwin rules we believe that the most likely route to oxazoline 92 is A 

or B (not route C). Baldwin’s rules can be used to predict the favoured processes for 

ring closure of three to seven membered rings.307-312 These rules distinguish between 

two types of ring closure: Exo, if atom A is not part of the formed ring, and Endo, if 

atom A is part of the formed ring (Scheme 36).  

 

 
 

Scheme 36 
 

The rules also differentiate between different types of electrophilic carbons (marked 

with a star in Scheme 36): tetrahedral for sp3 hybridised carbons; trigonal for sp2 

hybridised carbons; and digonal for sp hybridised carbons. If, according to Baldwin’s 

rules a ring closure is disfavoured, it does not mean that the ring closure cannot 

occur; only that it is unlikely and certainly more difficult than for the favoured cases. 

Exceptions to these rules have also been reported.313 Taking Baldwin’s rules into 

consideration led us to believe that the mechanism for the intramolecular cyclisation 

of amide 96 will follow route A or B. Oxazolines are five membered rings and if the 

mechanism for the formation of 92 follows route A then it is an Exo ring closure 

involving a tetrahedral system (sp3 carbon) and it should, according to the rules, be a 

favoured reaction. If oxazoline 92 instead is formed via route B then the cyclisation 

is an Endo ring closure involving a digonal system (sp carbon) which also should be 
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a favoured reaction route. However, if the formation follows route C then the ring 

closure is Endo in a trigonal system (sp2 carbon) which is a disfavoured step and 

therefore not likely to occur.  

 

3.1.4 Synthesis of oxazoline 100 from benzoic acid and 1-amino-1-propanol 

using reagent 53 

We aimed to facilitate the cyclisation and thereby increase the yield of the oxazoline 

product by using an amino alcohol with a methyl substituent on the carbon chain. 

Substituents can orientate carbon chains in a way that promotes ring closure. Reagent 

53 (2 equiv.) was treated with benzoic acid (1 equiv.) for one hour in dry DCM. 

Addition of 1-amino-2-propanol (1 equiv.) and DIPEA to the reaction mixture gave 

oxazoline 100 in moderate isolated yield (51%) (Scheme 37). Introducing a 

substituent on the carbon chain did not improve the yield. We next considered that 

changing the length of the carbon chain could facilitate the cyclisation step. 

 

 
 

Scheme 37 

 

3.2 Direct synthesis of dihydro-1,3-oxazines 101  

Lengthening the carbon chain of the amino alcohol by one carbon (using 3-amino-1-

propanol instead of 2-amino-1-ethanol) will result in formation of a six membered 

dihydro-1,3-oxazine ring. According to Baldwin’s rules all mechanisms (A, B and C) 

outlined in Scheme 35 for the formation of the oxazoline ring would be favoured in 

the dihydro-1,3-oxazine case. Reagent 53 was treated with benzoic acid in dry DCM 

for one hour. 3-Amino-1-propanol and DIPEA were added and after purification, 

dihydro-1,3-oxazine 101 was isolated, but again, only in moderate yield (55%) 

(Scheme 38) comparable to the previously isolated yields of oxazoline 92 and 100 

(50% and 51%, respectively). 
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Scheme 38 

 

3.3 Cyclodehydration of hydroxyamides using POP reagent 38 or the 

cyclic analogue 53 

The moderate yields obtained in the synthesis of oxazoline 92 and 100, as well as for 

dihydro-1,3-oxazine 101, suggested that in the two-step process, reagent 53 (or 38) 

could possibly be reacting not only with benzoic acid, but also with the amino group 

of the amino alcohol. Cyclisation of the corresponding hydroxyamides should 

circumvent this.  

 

3.3.1 Synthesis of oxazolines 92 from hydroxyamide 96 using POP reagent 38 or 

the cyclic analogue 53 

In an attempt to synthesise amide 96, a Schotten-Baumann reaction314 was carried 

out using benzoyl chloride and 2-amino-1-ethanol. Amide 96 was not obtained. 

Instead benzoate 102 was isolated (59% yield based on benzoyl chloride) as a result 

of benzoylation at both ends of the amino alcohol (Scheme 39).  
 

 
Scheme 39 

 

By adding benzoyl chloride dropwise to a reaction mixture of 2-amino-1-ethanol and 

TEA in dry DCM, the over benzoylation was avoided and amide 96 was isolated in 

good yield (73%). Amide 96 was also obtained in good yield (86%) by reacting 
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benzoic anhydride and 2-amino-1-ethanol in the presence of TEA at 0 ºC. Treatment 

of one equivalent of reagent 38 or 53 with amide 96 and DIPEA in dry DCM gave 

oxazoline 92 in 60% or 57% isolated yield, respectively (Scheme 40). Due to the 

moderate isolated yields of oxazoline 92 we investigated the volatility and stability 

of 92. 
 

 
Scheme 40 

 

3.3.2 Volatility and stability tests of oxazoline 92 

A simple volatility test was conducted by heating oxazoline 92 at 55 ºC under a 

pressure of 60 mbar for one hour. Oxazoline 92 was recovered without 

decomposition, as determined by 1H NMR spectroscopy, but with a mass loss of 14% 

of compound 92. The stability of oxazoline 92 to acid conditions was tested by 

stirring oxazoline 92 with silica for 16 hours, or with hydrochloric acid (2 M aqueous 

solution) for one or 16 hour(s). In the silica experiment, no decomposition of 

oxazoline 92 was observed by 1H NMR analysis of the crude mixture. The 

hydrochloric acid tests showed some decomposition. In the one hour experiment a 

91:1 ratio of oxazoline 92 and amide 96 was observed and in the 16 hours 

experiment a ratio of 73:27 of 92 to 96 was observed. The stability of 92 to basic 

conditions was tested by stirring 92 in a sodium bicarbonate solution (saturated 

aqueous solution) for 16 hours. Analysis of the crude mixture by 1H NMR 

spectroscopy indicated that oxazoline 92 and amide 96 were present in a 85:15 ratio. 

From these experiments we drew the conclusions that oxazoline 92 showed some 

volatility and sensitivity to acidic and basic conditions, however, 92 should be stable 

enough to be washed with a 5% sodium bicarbonate solution and purified by silica 

chromatography, as had been done in the cyclisation reactions. Next, optimisation of 

the reaction was considered and amides 96 and 103 were selected for the study. 
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3.3.3 Synthesis of oxazoline 104 from hydroxyamide 103 using POP reagent 38 

or the cyclic analogue 53 

4-Nitroamide 103 was synthesised in excellent yield (99%) from 4-nitrobenzoyl 

chloride and 2-amino-1-ethanol in the presence of TEA. Treatment of reagent 38 or 

53 with 103 gave the corresponding 4-nitrooxazoline 104 in 56% or 52% isolated 

yield, respectively (Scheme 41). 4-Nitroamide 103 was also recovered from the 

reactions in 42% (reaction with 38) and 47% (reaction with 53) yield. Compared to 

oxazoline 92 the 4-nitrooxazoline 104 offered the advantage of separation of the 

aromatic peaks in the 1H NMR spectra for product analysis. Thus amide 103 was 

extensively used in subsequent studies. Also, with the nitro-group present, both 

amide 103 and oxazoline 104 were isolated as solids, thereby reducing the volatility 

of the products. 
 

 
Scheme 41 

 

Furthermore, in the optimisation studies of oxazoline formation, the inexpensive 

POP reagent 38 was mostly used as the phosphine oxide by-product could be easily 

accounted for in the analysis of the crude mixture (by 1H NMR spectroscopy) and the 

reagent appeared to give comparable results to its cyclic analogue 53. 
 

3.3.4 Optimisation of cyclodehydration by altering the number of equivalents of 

POP reagent 38  

The effects of altering the number of equivalents of POP reagent 38 were examined. 

Thus between 0.5 and 2.0 equivalents of 38 were reacted with amide 96 or 4-
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nitroamide 103 (Figure 9). The results are based on analysis of the crude mixture by 
1H NMR spectroscopy and are given as adjusted yields. As an example, when one 

equivalent of 38 was used, analysis of the crude mixture indicated that 56 % of 4-

nitrooxazoline 104 and 40% of 4-nitroamide 103 were present, giving an adjusted 

yield of 93% for 4-nitrooxazoline 104 (Figure 9) based on recovery of 103. Analysis 

of the crude mixture corresponded well with the isolated yields of 104 (56%) and the 

recovered yield of 103 (42%). The best conversion of amides 96 or 103 to oxazolines 

92 or 104, respectively, was achieved when only one equivalent of reagent 38 was 

used. Reduced yields of oxazolines 92 and 104 were obtained when excess reagent 

38 was used. This correlated with an increase in decomposition products, as observed 

in the 1H NMR spectra of the crude products (Figure 9), and reduced isolated yields 

(e.g. use of 1.2 equivalents of 38, gave 92 in 33% or 104 in 49% yield). Similarly, 

when excess of reagent 53 was used, reduced isolated yields of the oxazolines (92 or 

104) were obtained (e.g. use of 1.2 equivalents of 53, gave 92 in 39% or 104 in 37% 

yield). 

 

Figure 9. Equivalents of reagent 38 versus % yield of oxazoline 92 (filled circles), or 4-

nitroamide 104 (open squares) based on recovery of unreacted amide 96 or 103, 

respectively. 

 

3.3.5 Optimisation of cyclodehydration by altering the reaction temperature or 

solvent 

Next, reagent 38 was generated at 0 oC and subsequent reaction with 4-nitroamide 

103 in the presence of DIPEA, was carried out at 0, 10, 22 and 40 oC (Figure 10). 
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The optimal reaction temperature was found to be 22 oC (as used in all previous 

reactions) which gave the best yield of 4-nitrooxazoline 104 (56%) and best overall 

recovery of mass (98% mass recovery). 
 

 

Figure 10. Reaction temperature versus % yield of 4-nitrooxazoline 104 (open squares), and 

recovered 4-nitroamide 103 (filled circles). 
 

The influence of the solvent was examined by treatment of reagent 38 with 4-

nitroamide 103 in the presence of DIPEA (at 22 oC, with 1.0 equivalent of 38) using; 

DCM, acetonitrile (CH3CN) or tetrahydrofuran (THF) as solvent. A complex mixture 

was obtained with THF, and research of the literature showed that reagent 38 can 

react with THF,186 thereby making THF an unsuitable solvent for this reaction. With 

CH3CN a reduced yield of product 104 (30%) was obtained along with a large 

recovery (67%) of 4-nitroamide 103. DCM gave the best yield of 104 (56%) with the 

least amount of recovered 4-nitroamide 103 (42%). The chlorinated solvent appears 

to be best for the formation and use of 38.185  

 

3.3.6 Optimisation of cyclodehydration by altering the reaction concentration or 

time  

Using DCM, the effect of the reaction concentration on the formation of 4-

nitrooxazoline 104 was examined (Table 1). Dilute (entries 4 and 5, Table 1) or 

concentrated reaction conditions (entries 1 and 2, Table 1) when reagent 38 and 4-

nitroamide 103 was used led to decreased yields of 104. The optimal concentration 
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was around 0.05 mM, which gave a moderate yield of 4-nitrooxazoline 104 (56%, 

Entry 3, Table 1). Similarly, dilution of the reaction conditions when reagent 53 

(with 4-nitroamide 103) was used gave a reduced isolated yield of the 4-

nitrooxazoline 104. For example when a concentration of 0.095 mM or 0.048 mM 

was used, 104 was isolated in 45% and 52% yield, respectively). 
 

Table 1. Reaction of 103 with reagent 38 with variation in solvent (DCM) volume. 

Entry Conc. of 103 and 38 
(mM) 

Reaction volume 
(mL) 

Yield 104a 

(%) 
Recovered 103 

(%) 

1 0.095 2.5 42 47 

2 0.095 2.5 46b 42 

3 0.048 5.0 56 40 

4 0.024 10.0 13 78 

5 0.005 50.0 13 84 
 

a yield determined by analysis of 1H NMR spectra of crude product. 
b isolated yield; separate reaction from Entry 1.  
 

Next, the reaction time was altered. Amide 96 was reacted with reagent 38 and 53 (in 

two separate experiments) in the presence of DIPEA. After 48 hours the reactions 

were quenched and the crude product purified to give oxazoline 92 in 52% and 57% 

yield, respectively. This means, no increase in yield was observed compared to the 

experiments with 16 hours reaction time, as had been used previously. The reaction 

time was also investigated using 4-nitroamide 103. Treatment of reagent 53 with 103 

and DIPEA for 72 hours gave no increase in isolated yield of 104 [48% (72 hours) 

vs. 52% (16 hours)]. The effect of a shorter reaction time was examined. Reagent 38 

was reacted with 4-nitroamide 103 in the presence of DIPEA. At 2 hours, and 24 

hours an aliquot of the reaction mixture was analysed by 1H NMR spectroscopy. 4-

Nitrooxazoline 104 was present in 56% and 57% yield, respectively. Complete 

reaction work-up at 2 hours gave 57% of 104, indicating that 2 hours is sufficient for 

reaction.  

 

3.3.7 Optimisation of cyclodehydration by altering the equivalents of base 

The effect of the presence of excess DIPEA was considered. Reagent 38 was reacted 

with 4-nitroamide 103 and 1.1, 2.2, 3.0 and 4.4 equivalents of DIPEA. The solvent 



 

 70

was removed and the crude mixture analysed by 1H NMR spectroscopy (Table 2). 

These results indicate that the use of 2.2 equivalents of DIPEA was preferred for 

formation of 4-nitrooxazoline 104.  
 

Table 2. Reaction between reagent 38 and 4-nitroamide 103 with variation in number of 

equivalents of DIPEA. 

Entry Equiv. of 38 and 103 Equiv. of DIPEA Yield 104 
(%) 

Recovered 103 
(%) 

1 1.0 1.1 47 42 

2 1.0 2.2 56 40 

3 1.0 3.0 19 67 

4 1.0 4.4 0 88 
 

Changing the base used in the reaction to TEA showed no significant improvement 

in isolated yield. For example, use of TEA with amide 96 and reagent 38 or 53 gave 

oxazoline 92 in 46% or 60% isolated yield, respectively. 

 

3.3.8 Optimisation of cyclodehydration by altering the order of addition or the 

addition time 

4-Nitroamide 103 was generally recovered during the course of the above studies. 

We considered that inverse addition of the reactants, reagent 38 and 4-nitroamide 

103, might improve the conversion of 103 to 104. Generation of reagent 38 at      

0 oC and addition of the suspension of 38 to a solution of 4-nitroamide 103 in the 

presence of DIPEA at 0 oC over 30 minutes, gave 4-nitrooxazoline 104 (25%) and 

para-nitroamide 103 (33%), as determined by 1H NMR analysis of the crude 

products. Difficulties in the control of temperature and transfer of reagent 38 

could account for the reduced recovery of 103 and yield of 104.  

Finally, the rate of addition of amide was varied, using 96 as the example. Direct 

addition of amide 96 as a solid gave oxazoline 92 in moderate isolated yield (56%). 

Dropwise (over 5 minutes) co-addition of amide 96 and DIPEA in DCM to reagent 

53 gave 92 in an increased isolated yield (70%). This increase led us to extend the 

addition time further. Amide 96, DIPEA and DCM was delivered via syringe pump 

over 30 minutes, 60 minutes, or 4 hours to reagent 53. In the 30 and 60 minutes 

experiment oxazoline 92 was isolated in moderate to good yield (72% and 64%, 
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respectively). In the four hour experiment crude analysis by 1H NMR spectroscopy 

showed that 52% of 92 was present and due to the moderate crude yield no 

purification was done. The optimal mode of addition was as a pre-made solution of 

96 and DIPEA with a rate of addition between 5 and 30 minutes. These conditions 

led to improved yields of 92 (72% cf ~ 57% previously observed) as compared to the 

previous experiments. In summary, the best conditions for the conversion of amide 

96 to oxazoline 92 was using 1.0 equivalent of reagent 53, 0.05 mM of 96 and 53, 

2.2 equivalents of DIPEA, DCM, 22 oC, 2 hours reaction time, and between 5 to 30 

minutes addition time. 

 

3.4 Possible by-products 

During the course of the optimisation work we considered that the reduced yields of 

4-nitrooxazoline 104 (and thus also 92) may be due to side reactions. Since 4-

nitroamide 103 (or 96) was generally recovered during the course of the above 

studies we considered that the formation of a by-product aziridine 105 could be 

occurring, which upon work-up could be hydrolysed back to amide 103 (or 96). In an 

attempt to trap the proposed by-product we treated 4-nitroamide 103 with reagent 53 

(1.0 equiv. 53, 0.05 mM of 103 and 53, 2.2 equiv. DIPEA, DCM, 22 oC, 16 hrs) and 

instead of quenching the reaction with sodium hydrogen carbonate (5% aqueous 

solution) propyl amine was added (Scheme 42). 

 

 
 

Scheme 42 

In situ trapping of an intermediate such as aziridine 105 might generate amide 106 

(as outlined in Scheme 42), a product that should be stable during work-up and 

therefore possible to isolate. Upon work-up of the reaction mixture, 4-nitroamide 103 

(46%) and 4-nitrooxazoline 104 (51%) were isolated, confirming the absence of 

aziridine 105. A plausible explanation for the recovery of amide 96 and 103 in the 

optimisation reactions is that both hydroxyl and carbonyl groups are blocked as 

phosphonium salts (as shown by structure 107) and therefore the cyclisation reaction 



 

 72

cannot take place. Upon work-up these phosphonium salts would be hydrolysed back 

to the corresponding amide (96 or 103).  

 

 

3.5 Expansion of the scope to include other heterocycles 

Now using the optimized conditions and reagent 53 we sought to extend the 

cyclisation reaction to the preparation of other heterocycles. Benzoyl chloride was 

reacted with 3-amino-1-propanol, 4-amino-1-butanol and 2-aminoethanethiol in the 

presence of TEA to give amides 108, 109 and 110 in good to excellent yields (100%, 

81% and 93% yield, respectively) (Scheme 43). 
 

 
 

Scheme 43 
 

The high yield of amide 110 was obtained using a reaction time of 4 hours, instead of 

16 hours as was used for the formation of amide 108 and 109. When a longer 

reaction time was used (16 hours), amide 111 was isolated as the major product (62% 

yield based on benzoyl chloride) in addition to the amide 110 (35%). Presumably 

111 was formed by aerial oxidation of 110. 

 

 

Treatment of reagent 53 (1.0 equiv.) with amide 108 (1.0 equiv.) in the presence of 

DIPEA (5 minutes dropwise addition of amide and base) in dry DCM gave dihydro-
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1,3-oxazine 101 in good isolated yield (71%) (Scheme 44). Reacting amide 109 

under the same conditions showed a complex mixture according to analysis of the 

crude mixture by 1H NMR spectroscopy with 109 as the major species present. After 

purification tetrahydro-1,3-oxazepine 112 was isolated in a low yield (11%) (Scheme 

44).  

 
 

Scheme 44 
 

Cyclisation of amide 110 (1.0 equiv.) with reagent 53 (1.0 equiv.) in the presence of 

DIPEA generated thiazoline 113 (57%) in conjunction with disulfide 111 (16% yield 

based on thioamide 110) (Scheme 44). We considered that the disulfide formation 

could be due to oxidation by some adventitious air. The experiment was therefore 

repeated with extra precautions (to avoid any air entering the reaction vessel). We 

degassed the DCM and used a longer addition time (30 minutes) of the amide and 

base solution. Analysis by 1H NMR spectroscopy showed after work-up that 

thiazoline 113 (10%), disulfide 111 (41% yield based on thioamide 110) and 

thioamide 110 (49%) were present. The increased yield of disulfide 111 led us to rule 

out oxidation by air. After analysis by 31P NMR spectroscopy we discovered that the 
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disulfide 111 was formed through mono-reduction of the bis-phosphine oxide, and 

this will be discussed in section 4.1, Chapter Four.   

 

3.6 Cyclodehydration of protected-amides using reagent 53 

To improve the yields, and in the thiazoline case avoid the formation of disulfide, we 

considered the use of a protecting group on the hydroxyl or thiol group of amides 96, 

108, 109 and 110. We needed to choose a protecting group that could easily be 

deprotected in situ in the reaction. The literature reports the formation of thiazoline 

within peptides from cyclisation of Tr-S-cysteine peptides.199 Herein, we applied the 

use of a trityl protecting group to our current studies. The trityl group is an acid labile 

protecting group and if no base is present in the reaction the expelled triflate groups 

will form triflic acid which should deprotect the hydroxyl (or thiol) groups to allow 

the cyclisation to take place. Using a protecting group on the hydroxyl (or thiol) 

should prevent it from forming a phosphonium salt and thereby the only 

phosphonium salt formed in the reaction should be that of the carbonyl group. 

Avoiding the possibility of having both groups activated (blocked) as phosphonium 

salts (as shown by structure 107 and discussed in section 3.4, Chapter 3) would 

hopefully lead to an increased yield of the cyclised product (92, 101, 112 or 113) and 

reduced amounts of recovered starting amide 96, 108, 109 or 110.  

 

3.6.1 Synthesis of selected heterocycles from trityl protected amides using 

reagent 53 

Treatment of amides 96, 108, 109 and 110, with trityl chloride and TEA (or DIPEA) 

in dry DCM gave trityl amides 114, 115, 116 and 117 (93%, 99%, 65% and 84% 

respectively) (Scheme 45). The isolated yields of the trityl amides were excellent 

except for 116. When amide 109 was treated with trityl chloride analysis by thin 

layer chromatography (TLC) indicated that complete conversion of compound 109 to 

trityl amide 116 had occurred, however upon purification by silica chromatography 

part of the product decomposed and 116 was therefore obtained in only moderate 

yield (65%) along with recovery of amide 109 (31%). Furthermore, trityl amides 114 

and 115 were stable upon standing in CDCl3 (deuterated chloroform) for 24 hours, 

whereas trityl amide 116 converted to a 62:38 mixture of amide 109 and 116, as 

determined by 1H NMR spectroscopy. In solid form trityl amide 116 appeared to be 

stable. 
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Scheme 45 

 

After treatment of trityl amide 114 (1.0 equiv.) with reagent 53 (1.0 equiv.) in dry 

DCM (at 22 ºC and for 2 hours), analysis of the crude product by 1H NMR 

spectroscopy showed that oxazoline 92 (93%) was present in conjunction with 

unreacted trityl amide 114 (7%). Since some of the protected amide was still present 

we repeated the procedure using an excess of reagent 53 (1.5 equiv.). This time NMR 

analysis showed complete conversion of trityl amide 114 to oxazoline 92 and after 

purification, 92 was obtained in excellent yield (94%) (Scheme 46). 
 

 

Scheme 46 
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Next, cyclisation of trityl amides 115, 116 and 117 with reagent 53 under the same 

conditions gave dihydro-1,3-oxazine 101 (99%), tetrahydro-1,3-oxazepine 112 (31%; 

perhaps due to the instability of 116 as noted before) and thiazoline 113 (95%) 

(Scheme 46). Further examples, using commercially available starting materials, 

were considered next. 

 

3.6.2 Extending the scope to include synthesis of a 2,4-substituted thiazoline and 

2,4 and 2,5-substituted oxazolines 

1-Amino-2-propanol, and D,L-methyl serinate were converted to amide 118 (95%) 

and 119 (94%) with benzoyl chloride in the presence of TEA (Scheme 47). However, 

treatment of L-methyl cysteinate with benzoyl chloride and TEA gave the unwanted 

dibenzoyl product 120 (98% yield based on benzoyl chloride) (Scheme 47).  
 

 
 

Scheme 47 
 

Instead, treatment of a dilute solution of L-methyl cysteinate (5 equiv.) and TEA in 

dry DCM at -78 oC with dropwise addition of benzoic anhydride (over two hours) as 

a dilute solution in dry DCM gave amide 123 (67%) in conjunction with the 

dibenzoyl product 120 (30% yield based on benzoyl chloride). Using the same 

conditions but with 20 equivalents of L-methyl cysteinate resulted in an excellent 

isolated yield of amide 123 (95%) (Scheme 48). 
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Scheme 48 
 

Amides 118, 119, and 123 were converted to trityl amides 121 (97%), 122 (97%), 

and 124 (72%) through treatment with trityl chloride and TEA in dry DCM (Schemes 

47 and 48). Cyclisation of 121, 122, and 124 with reagent 53, in the absence of base, 

gave oxazolines 100 and 125, and thiazoline 126 in excellent isolated yields (98%, 

85% and 88%, respectively) (Scheme 49). 
 

 
 

Scheme 49 

 

3.7 The mechanism of the reaction 

In section 3.1.3, it was suggested that for the formation of oxazoline 92, mechanisms 

A or B (Scheme 35) were the most likely. Based on the greatly improved yields 

when the hydroxyl (or thiol) group is protected as its trityl ether, it is suggested that 
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mechanism B is the most likely (mechanism A is not possible with a trityl protected 

hydroxyl). The mechanism shown in Scheme 50 is suggested for the cyclisation of 

the trityl protected amide 114. An alternative to the outlined mechanism would be if 

detritylation occurs prior to the cyclisation and nitrile intermediate 99 (show in 

Scheme 35) is formed. Intramolecular cyclisation of 99 would give oxazoline 92. 
 

 
 

 

Scheme 50 

 

3.8 Synthesis of oxazoline 92 and dihydro-1,3-oxazine using 

polymer-supported reagent 54  76 

Now that we had developed a method that could be used for the synthesis of a range 

of heterocycles, in good to excellent yields, we wanted to investigate if the solution 

phase reagents (38 and 53) could be replaced by the polymer-supported reagent 54  

76. Treatment of trityl amides 114 (1.0 equiv.) and 115 (1.0 equiv.) with reagent 54 

 76 (generated as described in section 2.1.1, Chapter 2) in the absence of base 

gave, after isolation, oxazoline 92 (61%) and dihydro-1,3-oxazine 101 (61%) 

(Scheme 51). By comparison, treatment of amide 96 with reagent 54  76 in the 

presence of DIPEA gave, after isolation, oxazoline 92 (48%). Thus, with the 

optimised conditions and using the formation of oxazoline 92 and dihydro-1,3-

oxazine 101 as an example, we could replace reagent 38 and 53 with reagent 54  

76. However, the yields of products obtained in the cyclodehydration reaction were 
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only moderate, as compared to good to excellent (70-99%) when reagents 38 and 53 

were used. 

 
 

Scheme 51 

 

3.9 Conclusions 

In summary, the versatility of reagent 53 as a general dehydrating-type reagent to 

access simple heterocycles has been demonstrated by the synthesis of oxazolines, 

thiazolines, a dihydro-1,3-oxazine and a tetrahydro-1,3-oxazepine (summarised in 

Figure 11). The preferred conditions for dehydration (1.0 equivalent of reagent 53 or 

38, 0.05 mM, 2.2 equivalents of DIPEA, DCM, 22 oC, 2 hours, and between 5 to 30 

minutes addition time) were established, using the reaction between benzoic acid, 2-

amino-1-ethanol and reagents 53 or 38, or by using the reaction between β-hydroxy 

amides 96 or 103 and reagents 53 or 38. Oxazolines 92 and 104 were obtained in 

moderate to good yields (50-72%). Use of the acid labile trityl protecting group on 

the hydroxyl or thiol group of the amide precursor significantly improved the yield of 

heterocycle obtained. A range of trityl amides (114-117 and 121, 122 and 124) were 

converted using reagent 53 to the above mentioned heterocycles, in high yields (85-

99%, apart from tetrahydro-1,3-oxazepine 112). This identifies reagent 53 as an 

effective mild dehydrating reagent, with further potential for the synthesis of other 

heterocycles. The inhibitory activity of the heterocycles obtained in this chapter were 
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tested in a fragment screening approach in the GPa assay, and the results are 

discussed in section 7.3, Chapter Seven. 
 

 
 

Figure 11. Summary of the heterocycles synthesised in Chapter Three. 
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CHAPTER FOUR 

Selective mono reduction of bis-phosphine oxides 

under mild conditions 
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During the thiazoline work presented in section 3.5, Chapter Three, we discovered 

that when γ-thiolamide 110 was treated with reagent 53, thiazoline 113 (57%) was 

formed in conjunction with the disulfide by-product 111 (16% yield based on γ-

thiolamide 110) (Scheme 44, Chapter 3). Investigations by 31P NMR spectroscopy 

indicated that the disulfide 111 was formed through mono reduction of the bis-

phosphine oxide 93, resulting in the formation of bis-phosphine monoxide 127 

(Scheme 52).  
 

 

Scheme 52 
 

Bis-phosphine monoxides, such as 127, constitute one of the most important classes 

of hemilabile ligands.315-319 Such ligands, which possess both soft and hard Lewis 

bases within the same molecule, can stabilise various transition metals in low and 

high oxidation states.319 If the metal is soft, it will tend to form a strong bond with 

the phosphine and a weak bond with the oxygen of the phosphine oxide. Conversely, 

if the metal is hard, it will tend to form a strong bond with the phosphoryl group and 

a weak bond with the phosphine. When hemilabile ligands such as 127 form labile 

chelates with metals, highly reactive, coordinatively unsaturated species can be 

generated. These species provide pathways to transformations such as oxidative 

additions, migratory insertions, isomerisation, reductive elimination reactions and 

ligand exchange at the metal centre of the formed complex.319,320 Thus, hemilabile 

transition metal chelates with bis-phosphine monoxides as ligands provide 

exceptional catalysts that combine selectivity with mild reaction conditions.321 Apart 

from being useful as ligands in inorganic/organometallic synthesis and metal 

complex catalysis, the bis-phosphine monoxides have also proven useful in cancer322 

and AIDS323,324 research, and within analytical chemistry.322,325 

There are very few methods for preparing bis-phosphine monoxides. For example, 

direct oxidation of bis-phosphines with conventional oxidants (e.g., H2O2, O2, 

Br2/H2O) leads to mixtures of the unreacted bisphosphine, its monoxide, and its 

dioxide.320,322,326,327 More recently, a useful method for the synthesis of monoxides of 

some of the more common bidentate phosphines has been developed by Grushin 

(Scheme 53).328 This method involves palladium-catalysed mono oxidation of 
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bidentate phosphines with 1,2-dibromoethane under biphasic conditions giving the 

bis-phosphine monoxides in moderate to good yields (51-87%) (Scheme 53).328 

 

 
Scheme 53 

 

2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl monoxide [BINAP(O)] (130) and 

analogues thereof represents an important class of hemilabile catalytic ligands. The 

most reliable route to access BINAP(O) 130 (or derivatives of 130) is via coupling of 

an aryl Grignard with a phosphinyl chloride or phosphinate to give bis-phosphine 

oxide 128329 which can be reduced to 2,2’-bis(diphenylphosphino)-1,1’-binaphthyl 

(BINAP) 129329 and then mono oxidised to BINAP(O) 130 (Scheme 54).328  
 

 
Scheme 54 

 

There are no known methods for synthesising monoxides from bis-phosphine oxides. 

The development of such a method, where the monoxide is formed through selective 
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reduction of the corresponding bis-phosphine oxide would provide an alternative 

and, in some cases, a more direct route to accessing bis-phosphine monoxides. Thus, 

we decided to investigate if the observed mono reduction of 93 in the presence of 

Tf2O and γ-thiolamide 110 was general and could be applied on other bis-phosphine 

oxides. 

 

4.1 Confirming the formation of bis-phosphine monoxide 127 

First, we needed to confirm the formation of bis-phosphine monoxide 127. The crude 

product obtained from the cyclisation reaction where reagent 53 (1.0 equiv.) was 

treated with γ-thiolamide 110 (1.0 equiv.) and DIPEA in degassed DCM (discussed 

in section 3.5, Chapter 3) was analysed by 1H NMR, 31P NMR and mass 

spectrometry. The 1H NMR spectra displayed a new unidentified peak at δ 2.30 ppm 

(displayed as a broad singlet) along with new multiplets in the aromatic region. 

These peaks could be consistent with the formation of 127. In the 31P NMR spectra 

(Figure 12) signals were generated at δ -12.1, 32.2 and 32.5 ppm (relative amounts ~ 

10:80:10). The peaks at δ -2.1 and 32.5 ppm were displayed as doublets with a 

coupling constant of 48.9 Hz. According to the literature the 31P NMR shift for the 

phosphine and phosphine oxide phosphorus atoms in bis-phosphine monoxide 127 

should typically be displayed as two doublets (with a coupling constant of 48 Hz) at 

δ -11.5 and 32.3 ppm, respectively.328 The peak at δ 32.2 ppm is consistent with 

reported 31P NMR shifts for bis-phosphine oxide 93.200 A peak with a mass of 415 

(100%) was observed in the mass spectrum, which along with the 1H NMR and 31P 

NMR results supports formation of bis-phosphine monoxide 127 in the reaction.  
 

 
 

Figure 12. 31P NMR spectra (162 MHz) of the crude product obtained in the reaction 

between γ-thiolamide 110 and reagent 53 in the presence of DIPEA. 
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4.2 Synthesis of bis-phosphine monoxide 127 

To develop a useful method for selective reduction of bis-phosphine oxides we 

needed to replace γ-thiolamide 110 with a commercially available thiol. Pentanethiol 

was available in the laboratory and since it is less smelly than thiophenol (it has a 

smell rather like silver polish) it was selected and used in the following experiments. 

Bis-phosphine oxide 93 was treated with Tf2O (1 equiv.) in dry DCM at 0 0C for 30 

minutes, followed by addition of pentanethiol (4 equiv.) and DIPEA (2 equiv.) 

(Scheme 55). 
 

 
 

Scheme 55 
 

Bis-phosphine monoxide 127 was isolated in good yield (86%, δP -11.6 (d, J = 48.9 

Hz), 33.2 (d, J = 48.9 Hz), Figure 13] along with 10% of the starting material, bis-

phosphine oxide 93. 
 

 

Figure 13. 31P NMR spectrum (162 MHz) of bis-phosphine monoxide 127. 
 

In an attempt to drive the reaction to completion we repeated the procedure using a 

slight excess of Tf2O (1.05 equiv.). After purification bis-phosphine monoxide 127 

was isolated in a comparable yield to the previous reaction (87% with 1.05 equiv. 

Tf2O vs. 86% with 1.0 equiv. Tf2O). Bis-phosphine oxide 93 was also recovered 

(8%). Further increasing the number of equivalents of Tf2O (2 equiv.) and repeating 

the procedure under the same conditions gave, according to analysis (by 1H NMR 

spectroscopy) of the crude mixture, a reduced yield of bis-phosphine monoxide 127 
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(20%) and an increased amount of recovered starting material (93, 80%). In all the 

above experiments an excess of pentanethiol (4 equiv.) was used. Using only two 

equivalents of pentanethiol led to a dramatically reduced isolated yield of 127 (31%) 

and increased amount of recovered bis-phosphine oxide 93 (59%).  

 

4.2.1 Suggested mechanisms for the formation of bis-phosphine monoxide 127 

Reduction of 93 to give 127 (Scheme 55) is quite a remarkable result, as effectively, 

a thiol is reducing a phosphoryl group to a phosphine. The P=O bond is extremely 

stable (dissociation energy ~550 kJ/mol),330 and reversion to the phosphine requires a 

powerful or special reducing agent such as alane (reflux in THF, 30 minutes),331 or 

trichlorosilane (reflux in benzene, 1-2 hours).332 

The mechanism of the reaction involves initial formation of the phosphonium 

anhydride 53200 (Scheme 32, section 3.1.1). The formation of 53 is presumably 

followed by attack of the pentanethiolate to give 131. From this point we suggest two 

possible mechanisms for the reduction of 131.  

 
 

Scheme 56 
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First, in the presence of excess thiolate, 131a could be expected to give the 

phosphorane 132. Reductive elimination of the disulfide from 132 would give the 

phosphine 127 (Scheme 56, alternative A). The phosphorane mechanism is 

consistent with the mechanism proposed by Zard et al333 for the reduction of 

secondary aliphatic nitro compounds to imines by tributylphosphine/diphenyl 

disulfide. Alternatively, attack by a second thiolate could occur directly on sulfur (as 

in 131b) to give bis-phosphine monoxide 127 and the disulfide (Scheme 56, 

alternative B). Work by Mikolajczyk on related species334 suggests that the second 

mechanism is the more plausible, where attack of the thiolate, as in 131b, occurs at 

the more accessible sulfur atom. A chiral phosphine would be formed with retention 

of configuration whereas with the phosphorane mechanism (132), Berry 

pseudorotation would occur giving rise to a racemic phosphine.335 Presumably the 

driving force for the reduction is the activation of the bis-phosphine oxide by the 

Tf2O, and the subsequent transformation of 53 to 131, where the thiolate displaces an 

excellent leaving group (the diphenylphosphinyl group), with the concomitant 

formation of the very stable P=O bond. 

 

4.3 Expansion of the scope to include bis-phosphine oxides with 

various carbon chain lengths 

We sought to extend the reaction to include selective reduction of other bis-

phosphine oxides with both shorter and longer carbon chains. 

Bis(diphenylphosphinyl)methane (133), 1,3-bis(diphenylphosphinyl)propane (134) 

and 1,4-bis(diphenylphosphinyl)butane (135) were available in the laboratory 

(previously prepared by Kathryn Elson)336 and they were used after they had been 

recrystallised and dried under high vacuum for 2 days. Treatment of bis-phosphine 

oxides 133, 134 and 135 with Tf2O (1.05 equiv.) in dry DCM at 0 ºC for 30 minutes 

generates the four-, six- and seven-membered phosphonium anhydride rings 136, 137 

and 138, respectively (Scheme 57). Addition of pentanethiol (4 equiv.) and DIPEA (2 

equiv.) to 136, 137 and 138 gave bis-phosphine monoxides 139, 140 and 141 in 

moderate to good isolated yields (52%, 71% and 71%, respectively) (Scheme 57 and 

Figure 14) along with recovery of the corresponding bis-phosphine oxides [133 

(26%), 134 (22%) and 135 (39%)]. In an attempt to increase the yield, the reaction 

time was extended from 16 to 48 hours. However, repeating the procedure (under the 

same conditions as previous reactions) using bis-phosphine oxide 134 and a longer 
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Scheme 57 

 

reaction time (48 hours) gave the corresponding bis-phosphine monoxide 140 in 

comparable yield to the experiment with a reaction time of 16 hours. 
 

 
Figure 14. 31P NMR stack-plot (162 MHz) of bis-phosphine monoxide 139-141. 
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4.4 Expansion of the scope to include important hemilabile ligands 

such as BINAP monoxide 130 

Next, we decided to investigate if the reaction could be used for the formation 

BINAP monoxide 130 and analogues thereof. BINAPs 129 and 141 were oxidised to 

the corresponding bis-phosphine oxides 128 and 142 by treatment (approximately 5 

minutes) with hydrogen peroxide in DCM (Scheme 58). 
 

 
 

Scheme 58 
 

After oxidation, bis-phosphine oxides 128 and 142 were recrystallised and dried 

under high vacuum for 2 days and then treated with Tf2O (1.05 equiv.), pentanethiol 

(4 equiv.) and DIPEA under the same conditions as previous reactions. BINAP 

monoxides 130 and 143 were isolated in good yield (70% and 73%, respectively) 

(Scheme 58).  

 
Figure 15. 31P NMR stack-plot (162 MHz) of bis-phosphine monoxides 130 and 143. 
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4.5 Reduction of triphenylphosphine oxide to triphenylphosphine 

The procedure can also be used to reduce simple phosphine oxides to phosphines. 

For example, treatment of triphenylphosphine oxide with Tf2O (0.5 equivalent) 

followed by excess pentanethiol (4 equiv.) and DIPEA (2 equiv.) gave an 

approximately 1:1 mixture of triphenylphosphine and triphenylphosphine oxide 

(Scheme 59). Triphenylphosphine was isolated in 47% yield along with a 51% 

recovery of triphenylphosphine oxide. We considered that increasing the number of 

equivalents of Tf2O from 0.5 to one might improved the yield of triphenylphosphine. 

Initially, 0.5 equivalents of the Tf2O should react with the triphenylphosphine oxide 

to form triphenylphosphonium anhydride 38. After addition of pentanethiol and 

DIPEA, attack by pentanethiolate should liberate one mole of triphenylphosphine 

oxide. A second attack by a thiolate would result in the formation of 

triphenylphosphine and disulfide. The expelled triphenylphosphine oxide could, in 

theory, react with the remaining Tf2O (0.5 equiv.) to form more phosphonium 

anhydride 38, which could be reduced by pentanethiol to triphenylphosphine. 

However, using an excess of Tf2O (1 equiv.) and pentanethiol (4 equiv.) resulted in a 

decreased yield of triphenylphosphine (30%). This is presumably because 

triphenylphosphine is oxidised by Tf2O.337 Clearly, with simple phosphine oxides, 

this procedure can only give a maximum yield of 50%, (or 75% after separating the 

products and resubjecting the isolated phosphine oxide to a second cycle of the 

procedure). Elsewhere, full deoxygenation of various phosphine oxides with 

retention of configuration is described.338 

 

 
 

Scheme 59 

 

4.6 Conclusions 

Bis-phosphine oxides can be selectively reduced to bis-phosphine monoxides in 

moderate to high yields (52-87%) under exceptionally mild conditions using Tf2O 

and pentanethiol. The procedure appears to be general, at least for 1,n-bis-phosphine 
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oxides (where n = 1-4), and selected BINAP bis-phosphine oxides when generating 

the corresponding bis-phosphine monoxides (summarised in Figure 16). The 

procedure can also be used to reduce simple phosphine oxides to phosphines, 

however, with a maximum yield of 50%. 
 

 
 

Figure 16. Summary of the bis-phosphine monoxides synthesised in Chapter Four. 
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CHAPTER FIVE 

The use of phosphonium anhydrides for the 

synthesis of tetrahydropyrimidines, imidazolines 

and a tetrahydrodiazepine under mild conditions 
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In conjunction with the work presented in Chapter Three, we investigated the use of 

the Hendrickson ‘POP’ reagent (38) and its cyclic analogue 53 for the synthesis of 

tetrahydropyrimidines and imidazolines (i.e. 24 and 25). In Chapter Two, the 

synthesis of tetrahydropyrimidines was attempted using the polymer-supported 

version of POP reagent 38. Now we focused our efforts on using the solution phase 

reagents 38 and 53 for the cyclisation. These reagents proved successful for the 

synthesis of 2-oxazolines, 2-thiazolines and a 2-dihydrooxazine as described in 

Chapter Three. Our interest in synthesising tetrahydropyrimidines is based on their 

potential as biologically and pharmacologically interesting scaffolds as previously 

discussed in section 1.10 (Chapter 1). 
 

 

 

5.1 Cyclodehydration of amino amides using POP reagent 38 

First, we focused on synthesis of the cyclic amidines 24 and 25 through 

cyclodehydration of amides 56 and 144, respectively, with reagent 38. Amides 56 

and 144 were synthesised by treatment of a dilute solution of propane-1,3-diamine (5 

equiv.) or ethane-1,2-diamine (5 equiv.) with benzoic anhydride as previously 

described in section 2.1.3 (Chapter 2). Amides 56 and 144 were isolated in moderate 

to excellent yields (53-94% and 54%, respectively) (Scheme 60). 
 

 
 

Scheme 60 
 

Next, one equivalent of reagent 38 was treated with amide 56 in the presence of 

DIPEA in dry DCM (Scheme 61). The reaction was quenched by addition of sodium 

hydrogen carbonate (5% aqueous solution). After workup, a complex mixture was 

obtained according to analysis by 1H NMR spectroscopy. The sodium hydrogen 
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carbonate layer showed ultra violet activity, and analysis by mass spectrometry 

indicated that the cyclic amidine 24 was present in the discarded aqueous layer [peak 

with a mass of 161 (79%) was displayed]. The reaction was repeated under the same 

conditions, but this time the solvent was removed from the reaction mixture and the 

crude product analysed without further work-up (i.e. no aqueous sodium hydrogen 

carbonate wash). The 1H NMR spectra indicated that cyclic amidine 24 and amide 56 

were present. However, purification of the crude mixture by silica chromatography 

did not result in any isolation of 24. Cyclic amidine 24 was presumed to have 

decomposed or to be “stuck” on the silica column due to its high basicity. The 

reaction was repeated again under the same conditions but this time the concentrated 

crude reaction mixture was dissolved in a DCM/water mixture and the two resulting 

layers separated. The solvent was removed from the layers and the crude products 

analysed. 1H NMR spectroscopy confirmed the presence of cyclic amidine 24 and 

amide 56 (relative amounts 38:62) in the crude mixture from the water layer. Mass 

spectrometry also supported the presence of 24 in the water layer [peak at 160.8 

(100%)]. The crude product was redissolved in a DCM/sodium hydroxide (2 M) 

mixture (the sodium hydroxide should deprotonate and “force” 24 over to the DCM 

layer) and the two layers separated. The organic layer was concentrated and the 

residue purified by aluminum oxide (basic) chromatography. Cyclic amidine 24 was 

isolated in 36% yield. The first organic layer was also concentrated and the 1H NMR 

spectra displayed peaks consistent with the presence of triphenylphosphine oxide. No 

amide 56 or cyclic amidine 24 was observed in this layer. By using the above work-

up procedure we were able to separate the product from the triphenylphosphine oxide 

by-product by a simple water work-up. 
 

 
 

Scheme 61 
 

Next, reagent 38 (1.0 equiv.) was generated at 0 oC and treated with amide 144 in the 

presence of DIPEA (Scheme 62). The triphenylphosphine oxide by-product was 

separated from the crude mixture by using the previously described work-up 
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procedure. Analysis of the crude product showed a clean spectrum with only cyclic 

amidine 25 and amide 144 present (relative amounts 34:66). After purification by 

aluminum oxide (basic) chromatography imidazoline 25 was isolated in 29% yield. 

Both the six-membered tetrahydropyrimidine ring 24 and the five-membered 

imidazoline ring 25 were isolated in low yields (36% and 29%, respectively). One 

reason for the low yields and the recovery of amides 56 and 144 could be, as 

previously discussed in section 2.1.3 (Chapter 2), the formation of an 

aminophosphonium intermediate, which upon work-up is hydrolysed to give starting 

amides 56 and 144. One approach to circumvent this potential problem could be to 

reduce the reactivity of the amino group in amides 56 and 144 towards reagent 38 

(and 53), and thereby promote the carbonyl oxygen to form the oxophosphonium salt 

needed for the cyclisation to proceed. Also in these reactions a mass loss was 

observed and the 1H NMR spectrum of the organic layers that contained 

triphenylphosphine oxide showed decomposition products, thus side reactions must 

be occurring.  
 

 
 

Scheme 62 

 

5.1.1 Suggested mechanisms for the formation of cyclic amidines 24 and 25 

We suggest that for the formation of the six membered cyclic amidine 24, 

mechanisms B or C (in Scheme 35, Chapter 3) are the most likely (these ring 

closures are, according to the Baldwin’s rules, favoured reactions). Mechanism A (in 

Scheme 35, Chapter 3) is ruled out because, if the reaction were to follow this route, 

an aminophosphonium intermediate would be formed and 24 would not be obtained. 

For the formation of the five membered cyclic amidine 25, we suggest that only 

mechanism B (Scheme 35, Chapter 3) is likely. According to the Baldwin’s rules, the 

ring closure in mechanism C (Scheme 35, Chapter 3) would, in this case, be 

disfavoured and therefore not likely to occur. 
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5.2 Cyclodehydration of symmetrical bis-amide 65 using reagent 53 

Bis-amide 65 does not possess a competitive reactive amino group (as amide 56 

does) and therefore formation of an aminophosphonium intermediate should be 

avoided. The synthesis of bis-amide 65 has been described in section 2.1.4 (Chapter 

2). Reagent 53 (1.1 equiv.) was treated with bis-amide 65 in the presence of DIPEA 

in dry DCM (Scheme 63). According to analysis by 1H NMR spectroscopy cyclic 

amidine 69 and bis-amide 65 were present in the crude mixture (relative amounts 

92:8). The presence of a benzoyl group on the nitrogen of the tetrahydropyrimidine 

ring made the compound less polar and 69 was therefore able to be purified by silica 

chromatography. Cyclic amidine 69 was obtained in good yield (85%) but only in 

approximately 90% purity. The product was subjected to chromatography multiple 

times (using both silica and basic aluminum oxide as stationary phase), however, 69 

was quite unstable and ring opened to give the starting amide 65 as an impurity. 

Cyclic amidine 69 was never isolated in a purity greater than 90%. 
 

 
Scheme 63 

 

The positive results obtained with bis-amide 65 led us to next consider the use of a 

protecting group on the amino nitrogen of amide 56. This would hopefully 

circumvent formation of an aminophosphonium intermediate and also lead to 

cyclised products in good yield and with greater stability than 69.  

 

5.3 Cyclodehydration of Boc-protected amide 73 using POP reagent 

38 or its cyclic analogue 53 

The first protecting group we considered was the Boc-group. This protecting group 

was chosen for its ease of introduction and for the relatively mild methods required 

for its removal. Boc-protected amide 73 was synthesised in good yield (87%), as 

previously described in section 2.1.5 (Chapter 2). Reagent 38 (1.0 equiv.) was 

generated and treated with a pre-mixed solution of Boc-amide 73 and DIPEA in dry 
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DCM (to avoid potential cleavage of the Boc-group, as discussed in section 2.1.5, 

Chapter 2) (Scheme 64).  
 

 
 

Scheme 64 
 

After two hours the reaction was quenched by addition of aqueous sodium hydrogen 

carbonate. Analysis (by 1H NMR spectroscopy) of the crude mixture showed that 

Boc-amide 73 and cyclic amidine 74 were present in approximately 42:58 ratio in 

conjunction with triphenylphosphine oxide. With the Boc-group present on the amine 

nitrogen of 73 and on one of the amidine nitrogens of 74, both compounds remain in 

the organic layer and the triphenylphosphine oxide by-product could not be removed 

by a simple water work-up. We repeated the procedure using a longer reaction time 

(24 hours), however, this did not improve the conversion of 73 to 74 [40:60 ratio of 

73:74 (24 hours) vs. 42:58 of 73:74 (2 hours)]. Next, the number of equivalents of 

reagent 38 or DIPEA was increased. Using three equivalents of reagent 38 led to a 

decreased yield of 74 (65:35 ratio of 73:74), as observed in the 1H NMR spectrum of 

the crude products. Increasing the amount of DIPEA from 2.2 to three equivalents 

also led to a decreased yield of 74 (69:31 ratio of 73:74). By comparison, treating 

reagent 53 (1.0 or 1.5 equiv.) with a pre-mixed solution of Boc-amide and DIPEA in 

dry DCM gave the cyclic amidine 74 in 51% or 64% isolated yield, respectively 

(Scheme 65). 
 

 
Scheme 65 

 

The Boc-group is an acid labile protecting group and we considered if Boc-amide 73 

could be deprotected in the reaction by the formed triflic acid if no base was present, 
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and could this have led to in situ generation of tetrahydropyrimidine 24. Reagent 53 

was treated with Boc-amide 73 in the absence of base. The work-up where the bis-

phosphine oxide, in this case bis-phosphine oxide 93, is removed in the water work-

up was used (as described in section 5.2). Analysis of the 1H NMR spectra of the 

crude products indicated that amide 56 was the major component and only traces of 

24 were observed. Thus, Boc-amide 73 was deprotected but the cyclisation did not 

occur to any significant extent. 

 

5.4 Cyclodehydration of Boc-protected amide 73 using the 

Mitsunobu reaction 

At this point we decided to investigate if the Mitsunobu conditions could be used to 

promote the cyclisation of Boc-amide 73. A general overview of the Mitsunobu 

reaction has been given in section 1.11.1 (Chapter 1). Triphenylphosphine (1.0 

equiv.), Boc-amide 73 (1.0 equiv.) and DIPEA were dissolved in dry DCM. The 

reaction was cooled to 0 ºC and DIAD (1.2 equiv.) was dropwise added (Scheme 66). 

The reaction was warmed to room temperature and left stirring overnight. After 

work-up, analysis of the crude mixture showed a 1H NMR spectrum where Boc-

amide 73, DIAD and triphenylphosphine were present. No formation of cyclic 

amidine 74 was detected. In an attempt to force the cyclisation to occur we repeated 

the reaction at a higher temperature, using toluene as solvent. However, the increased 

temperature did not lead to any formation of 74 and the Mitsunobu approach was not 

pursued further. 
 

 
 

Scheme 66 

 

5.5 Cyclodehydration of protected amides using POP reagent 38 or 

its cyclic analogue 53 

Our next approach was to form a Schiff base by reacting an amino amide (such as 

56) with an aromatic aldehyde in the presence of a drying agent to form an imine 
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amide (such as 145). If cyclisation with reagent 38 occurs, the product should be an 

immonium salt (such as 146) which would hydrolyse upon work-up to give a cyclic 

amidines (such as 24). By forming an imine group we should avoid formation of 

aminophosphonium intermediates and thereby the yield of the corresponding cyclic 

amidine might improve. Treatment of amide 56 with anisaldehyde in the presence of 

anhydrous magnesium sulphate (MgSO4) gave imine amide 145 (Scheme 67), as 

confirmed by 1H NMR spectroscopy [trace amounts (<5%) of amide 56 was present 

in the spectra]. Imine amide 145 was unstable. For example, when monitored by 

TLC, 145 hydrolysed immediately and only starting amide 56 and anisaldehyde were 

observed under ultra-violet light. Consequently 145 was used directly in the next step 

without further purification. Treatment of imine amide 145 with reagent 38 (1.0 

equiv.) in the presence of DIPEA in dry DCM (Scheme 67) gave (according to crude 

analysis by 1H NMR spectroscopy) only recovered amide 56, anisaldehyde and 

DIPEA. Any imine amide 145 is likely to have been hydrolysed upon work-up and 

was therefore not detected.  
 

 
Scheme 67 

 

Instead, we decided to protect the amino end of amide 56 with a benzyl group. 

Reductive amination of amide 56 (1.0 equiv.) and benzaldehyde (1.5 equiv.) with 

sodium triacetoxyborohydride (4 equiv.) gave a mixture of the mono- and bis-

alkylated products 147 and 148, respectively (relative ratio 1:1, as determined by 1H 

NMR spectroscopy). Repeating the reaction using less equivalents of benzaldehyde 

(1.0 equiv.) and sodium triacetoxyborohydride (2.0 equiv.) led to increased 
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formation of 147. Amide 147 and 148 were isolated in 64% and 24% yield, 

respectively (Scheme 68).  

 
Scheme 68 

 

Now, with amide 147 in our hands we treated 147 with reagent 38 (1.0 equiv.) in the 

presence of DIPEA (Scheme 69). Analysis of the crude mixture showed a 1:1 

mixture of two compounds. In addition to the peaks arising from the presence of 

amide 147, peaks were also displayed at δ 1.99 ppm (2 protons displayed as a triplet 

of triplets with a coupling constant of 6.0 Hz), 3.42-3.48 ppm (2 protons displayed as 

a multiplet) and 4.47 ppm (2 protons displayed as a singlet) in the aliphatic region of 

the 1H NMR spectra, along with multiplets in the aromatic region. This set of peaks 

indicates that formation of cyclic amidine 149 has occurred. Mass spectrometry also 

supports the presence of 149. However, upon purification by silica chromatography 

149 was presumed to have decomposed as amide 147 was the only isolated 

compound. 
 

 
Scheme 69 

 

Next, we decided to add the amino amide as the hydrochloride salt, assuming that the 

diminished nucleophilicity of the nitrogen atom would prevent formation of an 

aminophosphonium salt. The hydrochloride salt of amide 144 was easily obtained by 
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stirring 144 in a hydrochloric acid/dioxane solution (Scheme 70). Compound 150 

was isolated in good yield (71%). Treatment of 150 with reagent 53 in dry DCM for 

one hour, followed by slow addition of DIPEA (added to slowly form the amino 

group and allow the cyclisation to occur) resulted in a complex mixture (according to 
1H NMR spectroscopy) with amide 144, bis-phosphine oxide 93 and DIPEA as the 

major compounds present. The unsuccessful attempt to cyclise 150 could be 

attributed to the low solubility of 150 in DCM. 
 

 
Scheme 70 

 

5.6 Cyclodehydration of trityl protected amides using reagent 38 

At this point of our work, a range of trityl ethers (114-117 and 121, 122 and 124) had 

been synthesised from their amide precursors (96, 108-110, 118, 119 and 123), as 

described in sections 3.6.1 and 3.6.2 (Chapter 3), and subsequently successfully 

cyclised with reagent 53 to give oxazolines, thiazolines, and a dihydro-1,3-oxazine 

(92, 100, 101, 113, 125, 126) in high yields (85-99%). We decided to apply the use 

of the acid labile trityl group to our cyclic amidine studies. Treatment of amide 56 

with trityl chloride and TEA in dry DCM gave trityl amide 151 in excellent yield 

(94%) (Scheme 71).  
 

 
 

Scheme 71 
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Due to the ease of separation of the by-product triphenylphosphine oxide from the 

cyclic amidine 24, by partitioning between an organic solvent and water, we decided 

to use reagent 38 in the cyclisation reaction. Accordingly, reagent 38 (1.5 equiv.) was 

generated and treated with trityl amide 151 in the absence of base in dry DCM 

(Scheme 72). Triphenylphosphine oxide was separated from the crude mixture by 

employing the previously described work-up procedure (section 5.1). Purification of 

the crude product by aluminum oxide (basic) chromatography gave cyclic amidine 

24 in good yield (79%).  
 

 
 

Scheme 72 
 

Next, it was investigated if the reaction would proceed in the presence of base to 

form a trityl protected cyclic amidine (such as 152). Reagent 38 (1.5 equiv.) was 

treated with trityl amide 151 and DIPEA (Scheme 73). However, analysis of the 

crude mixture only showed 151, triphenylphosphine oxide and DIPEA, as 

determined by 1H NMR spectroscopy. The trityl protected cyclic amidine 152 was 

not detected. 
 

 
 

Scheme 73 
 

This result indicate that 151 needs to be detritylated before the cyclisation can occur 

(probably due to steric reasons) and it provides support for an alternative mechanism 

to the one outlined in Scheme 50 (Chapter 3). The alternative mechanism for the 

cyclisation of trityl protected amides (such as 151), in the absence of base, is outlined 

in Scheme 74. However, the reaction presented in Scheme 73 was only performed 

once and might need to be repeated before any final conclusions can be drawn.  
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Scheme 74 

 

5.7 Expansion of the scope to include other heterocycles 

Next, we decided to extend the cyclisation of trityl amides, in the absence of base, to 

the preparation of other heterocycles. By changing the length of the carbon chain of 

the amino amide we hoped to gain access to a five membered imidazoline ring and a 

seven membered tetrahydrodiazepine ring. Treatment of a dilute solution of butane-

1,4-diamine (5 equiv.) with benzoic anhydride, according to the previously described 

procedure in section 2.1.3 (Chapter 2), gave amide 153 (94%). Amides 144 and 153 

were converted to trityl amides 154 (87%) and 155 (78%) through treatment with 

trityl chloride and TEA in dry DCM (Scheme 75). 

 

 
 

Scheme 75 
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Trityl amides 154 and 155 were cyclised by reagent 38 (1.5 equiv.), in the absence of 

base, to give imidazoline 25 (89%) and tetrahydrodiazepine 156 (51%) (Scheme 76). 
 

 
 

Scheme 76 

 

5.8 Attempted improvement of the cyclodehydration of Boc-

protected amide 73 and benzyl-protected amide 147 

In an attempt to improve the yields of cyclic amidines 74 and 149 we decided to 

protect the amide precursors 147 and 151 with the trityl protecting group and then 

carry out the cyclisation with reagent 38. Synthesis of 157 was attempted by 

treatment of trityl amide 151 with Boc-anhydride in the presence of TEA (Scheme 

77). No formation of 157 was detected, possibly due to steric reasons, and only 151 

and the reagents were observed in the crude mixture. Instead, treatment of amide 147 

with trityl chloride and TEA in dry DCM gave the trityl protected 158 (69%) 

(Scheme 77).  
 

 
Scheme 77 



 

 106

Trityl amide 158 was not stable upon standing in CDCl3 (de-acidified with K2CO3) 

for 24 hours. Compound 158 converted to a 48:62 mixture of amide 147 and 158, as 

determined by 1H NMR spectroscopy. However, in solid form trityl amide 158 

appeared to be stable. Treatment of 158 with reagent 38 (1.5 equiv.), in the absence 

of base, gave cyclic amidine 149 and amide 147 (deprotected 158) in approximately 

39:61 ratio, as determined by 1H NMR spectroscopy (Scheme 78). Repeating the 

procedure with an increased amount of reagent 38 (3 equiv.) gave a slight increase in 

formation of 149 (46:54 relative ratio of 149:147). Perhaps the low yield of cyclic 

amidine 149 could be due to the instability of 149 and 158 as noted before. Upon 

purification by chromatography 149 was presumed to have decomposed as amide 

147 was the only isolated compound. 

 
 

Scheme 78 

 

5.9 Extending the scope to include the synthesis of substituted 

tetrahydropyrimidines and imidazolines 

N-Isopropyl-1,3-propanediamine, 2,2-dimethylpropane-1,3-diamine and cis-

cyclohexane-1,2-diamine were converted to amides 159 (94%), 160 (95%) and 161 

(97%), respectively, (Scheme 79) by treatment with benzoic anhydride, according to 

the previously described procedure in section 2.1.3 (Chapter 2). Amide 159 has an 

isopropyl group present on the amino nitrogen and cyclisation was therefore 

attempted directly, without first protecting 159 with a trityl group. Treatment of 159 

with reagent 38 in the presence of DIPEA gave cyclic amidine 162 in quantitative 

yield, according to 1H NMR spectroscopy of the crude mixture (Scheme 80). With 

the isopropyl group present on the amine nitrogen of 159 and on one of the amidine 



 

 107

 
Scheme 79 

 

nitrogens of 162, both compounds remain in the organic layer and the 

triphenylphosphine oxide by-product could not be removed by a simple water work-

up. Purification of the crude product by aluminum oxide (basic) chromatography 

gave amidine 162 in good yield (86%). 
 

 
Scheme 80 

 

Next, amides 160 and 161 were converted to trityl amides 163 (86%) and 164 (92%), 

respectively, by treatment with trityl chloride and TEA in dry DCM (Schemes 80). 

Cyclisation of 163 and 164 with reagent 38, in the absence of base, gave cyclic 

amidines 165 and 166. The triphenylphosphine oxide by-product was separated from 

the crude mixtures by using the previously described work-up procedure. However, 

the products were partly retained in the organic layer with the triphenylphosphine 

oxide, as both 165 and 166 are more lipophilic than 24 and 25, respectively. In each 
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case, both the triphenylphosphine oxide layer and the organic wash from the basic 

solution (containing the majority of the formed 165 or 166), were purified by 

aluminum oxide (basic) chromatography to give 165 and 166 in excellent isolated 

yields (93% and 95%, respectively) (Scheme 81). 
 

 
 

Scheme 81 

 

5.10 Conclusions 

In addition to being identified as useful dehydrating-activating reagents to access 

oxazolines, thiazolines, a dihydro-1,3-oxazine and a tetrahydro-1,3-oxazepine 

(summarised in Figure 11, Chapter 3), phosphonium anhydrides 38 and 53, can also 

be used for the synthesis of simple cyclic amidines. This has, for example, been 

demonstrated by the formation of imidazoline 25 (29%) and tetrahydropyrimidines 

24 (36%), 69 (85%, only 90% purity), 74 (64%), and 162 (86%) from their 

corresponding amides (56, 144, 65, 73 and 159, respectively). Use of the trityl 

protecting group on the amino group of amide precursors 56 and 144 led to 

significantly improved yields of tetrahydropyrimidine 24 (79%) and imidazoline 25 

(89%), respectively. To expand the scope, trityl amides 155, 163 and 164 were 

synthesised and cyclised using reagent 38. Tetrahydrodiazepine 156 (51%), 

tetrahydropyrimidine 165 (93%) and imidazoline 166 (95%) were obtained in 

moderate to high yields. In summary, this work identifies reagents 38 and 53 as 

effective mild dehydrating reagents for the formation of a range of cyclic amidines 

(summarised in Figure 17). The heterocycles obtained in this chapter were screened 
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in a fragment screening approach in the GPa assay, and the results are discussed in 

section 7.3, Chapter Seven.  
 

 
 

Figure 17. Summary of the heterocycles synthesised in Chapter Five.
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CHAPTER SIX  

Novel hyphodermin derivatives as potential 

glycogen phosphorylase inhibitors 
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In conjunction with development of a mild procedure for the synthesis of a range of 

heterocycles that, by a fragment screening approach, potentially could be identified 

as a new class(es) of GP inhibitor, we also decided to synthesise and evaluate simple 

novel derivatives of the natural product leads, hyphodermins A, B and D (20, 21 and 

22 respectively), as discussed in section 1.9, Chapter One. It has been reported in the 

literature123 that 20, 21 and 22 and their related metabolites inhibit the interaction 

between GPa and PP1 in rabbit muscle. By synthesising and screening analogues of 

the hyphodermins for activity against GPa, we sought to assess and validate this class 

of compounds as potential new inhibitors of GP.  
 

 
 

The hemiacetal moiety of 20, 21 and 22 offers a number of possibilities for binding 

interactions with the enzyme and it was this moiety we chose to explore with our 

selection of analogues. The choice of derivatives of 20, 21 and 22 was guided by 

synthetic accessibility. Anhydride 167 was chosen as a target molecular scaffold as 

we predicted that 167 should be synthetically accessible and could be functionalised 

by ring opening with a range of nucleophiles to give a diverse set of analogues. In the 

literature it has been reported that phthalic anhydrides react with a range of 

nucleophiles such as, alcohols,339-342 Grignard reagents,343 sugars,344-346 and 

thienyllithium,347 to produce the carboxylic acid derivative arising from anhydride 

opening. There are very few phthalic anhydrides with a gamma aliphatic ketone, and 

reactions are restricted to ring-opening of the anhydride via Friedel-Crafts 

acylation348 or with an alcohol to form an ester carboxylic acid.349,350 In this chapter, 

the reaction of anhydride 167 with alcohols, amines and a thiol is reported. 

 

6.1 Synthesis of the molecular scaffold anhydride 167 

Commercially available cyclohexan-1,3-dione 168 was reacted with ethanol in the 

presence of hydrochloric acid to give keto-enol 169 in high yield (96%) (Scheme 

82). 1,4-Addition of vinyl magnesium bromide to 169 in ether followed by a dilute 

acid quench gave ketodiene 170 (75%) (Scheme 82). As ketodiene 170 decomposed 
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upon standing, it was submitted to a rapid plug column chromatography upon 

workup and then used immediately in the next step. When working on a small scale, 

170 was obtained in higher purity than for the large scale batches. Diels-Alder 

cycloaddition of ketodiene 170 with dimethyl acetylene dicarboxylate in the presence 

of hydroquinone gave a mixture of diesters 171 and 172 (Scheme 82). Diester 171 

(or its non-conjugated precursor 171a) appeared to undergo spontaneous partial 

aromatisation to give 172 (presumably by aerial oxidation). Thus, conversion of 171 

to 172 was carried out without isolation of diester 171. Dehydrogenation of the 

mixture (of 171 and 172) with palladium on charcoal in acetic acid gave exclusively 

diester 172 (Scheme 82). However, the two step reaction did not occur cleanly. 

Analysis of the crude mixture by 1H NMR spectroscopy showed a broad set of peaks 

just below 4 ppm. After several silica columns and one recrystallisation, diester 172 

was obtained in greater than 95% purity but in moderate yield (41%). Alkaline 

hydrolysis of diester 172, followed by acidification gave diacid 173 (65%), which 

was converted to anhydride 167 (98%) by heating at 50 ºC with acetic anhydride 

(Scheme 82).  
 

 
 

Scheme 82 
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In summary anhydride 167 was obtained in five steps and 19% overall yield from 

cyclohexan-1,3-dione 168. 

 

6.2 Synthesis of a diverse set of analogues 

To obtain the selected derivatives of the natural product leads, hyphodermins A, B 

and D (20, 21 and 22 respectively), anhydride 167 was treated with a range of 

nucleophiles (Scheme 83).  

 

 

Scheme 83 

 

6.2.1 Synthesis of ester analogues 174, 175 and 176 

Treatment of anhydride 167 with methanol in the presence of pyridine (5 equiv.) 

gave methyl ester 174 (64%) (Entry 1, Table 3). In the absence of pyridine, which 

can act as a nucleophilic and/or base catalyst, the reaction was slow. Similarly, 

treatment of 167 with isopropanol in the presence of pyridine (1 equiv.) gave 

isopropyl ester 175 (60%) (Entry 2, Table 3). Increasing the number of equivalents of 

pyridine from one to five, and repeating the reaction between anhydride 167 and 

isopropanol led to an increase in crude yield of 175 (94%), as determined by 1H 

NMR spectroscopy (Entry 3, Table 3). Next, 1-pentanethiol (5 equiv.) was reacted 

with anhydride 167 in the presence of pyridine (5 equiv.) to give the thiol ester 176 

(60%). 



 

 115

Table 3. Derivatives of anhydride 167 shown in Scheme 83. 

Entry Nucleophile Solvent Reaction 
Conditions 

Product Yield 
(%) 

1 methanol pyridinea in methanol rt, 16 h, N2 174 64 

2 isopropanol pyridineb in isopropanol  rt, 16 h, N2 175 60 

3 isopropanol pyridinea in isopropanol  rt, 16 h, N2 175 94c 

4 1-pentanethiola pyridinea in DCM rt, 16 h, N2 176 60 

5 diethylamineb  ethyl acetate rt, 2 h, N2  177 69 

6 diethylamineb  ethyl acetate rt, 16 h, N2 177 80 

7 morpholineb ethyl acetate rt, 3 h, N2 178 82 

8 anilineb  CHCl3
d rt, 15 min, N2 179 99b 

9 benzylamineb CHCl3
d rt, 45 min, N2 180 97b 

 

a 5.0 equivalents 
b 1.0 equivalent 
c crude yield, >98% pure  
d Chloroform was de-acidified by passing through K2CO3 prior to use 

 

6.2.2 Synthesis of amide analogues 177, 178, 179 and 180 

As expected, reactions with amines (aniline, benzylamine, diethylamine and 

morpholine) were fast and did not require the presence of pyridine (entries 5-9, Table 

3). However, a polar solvent was required to fully dissolve the starting anhydride 

167. Reaction of anhydride 167 with diethylamine in ethyl acetate for two hours gave 

amide 177 in good yield (69%). An increase in reaction time from 2 to 16 hours 

resulted in an increase in yield of amide 177 (80%). Similarly, treatment of 

anhydride 167 with morpholine gave amide 178 in good yield (crude, 95%). 

However, upon purification by silica chromatography amide 178 appeared to react 

with the methanol that was present in the eluent to give the methyl ester 174 as a by-

product. By changing the eluent mixture from methanol/DCM to acetone/DCM, the 

nucleophilic nature of the eluent was reduced and amide 178 could be isolated pure 

and in good yield (82%). Next, reaction between the aromatic amine aniline and 

anhydride 167 in chloroform for 15 minutes gave amide 179 in excellent yield 

(99%). The chloroform used in this reaction was, prior to use, de-acidified by passing 

it through a plug of potassium carbonate (or calcium carbonate). The reason for the 

de-acidification of the solvent will be discussed in section 6.2. In an analogous 
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manner, treatment of anhydride 167 with benzylamine in chloroform (de-acidified) 

for 45 minutes gave amide 180 (97%). The slightly slower reaction in the case of 

secondary amines (diethylamine, morpholine), as compared to the primary amines 

(aniline and benzylamine), was attributed to steric factors. Although aniline and 

benzylamine gave near quantitative yields of 179 and 180, respectively, purification 

of these products by silica chromatography was complicated by the formation of the 

corresponding ring closed products 185 and 183, respectively (see section 6.3).  

 

6.2.3 Regioselectivity investigation 

In each of the reactions presented in Table 3, the nucleophilic attack occurred 

exclusively at the most sterically hindered carbonyl, C1 [marked with a star (*) in 

Scheme 83], of anhydride 167. The remarkable regioselectivity observed in the ring 

opening of 167 suggested that the C1 carbonyl was very electrophilic. To examine 

whether the gamma-ketone had an inductive (activating) influence on anhydride 167, 

a competitive reaction was carried out by treating mixtures of the gamma keto 

anhydride 167 and the phthalic anhydride 181 with various amounts of diethylamine 

(Scheme 84). The reaction mixtures were evaluated using 1H NMR spectroscopy.  
 

 
 

Scheme 84 
 

Initially, a 1:1 mixture of 167 and 181 was treated with two equivalents of diethyl 

amine. As expected, this resulted in a ~ 1:1 ratio of 177 and 182 (Entry 1, Table 4). 

By contrast, when anhydrides 167 and 181 were present in excess relative to the 

diethylamine (entries 2 and 3, Table 4), 177 was formed as the major product with 

only minor amounts of 182 being observed. This confirmed the activated nature of 

the C1 carbonyl group in anhydride 167. The result shows that the gamma-ketone 

exercises a strong activating effect on the reactivity of the neighbouring C1 carbonyl 

in 167, making 167 more reactive then phthalic anhydride 181. Furthermore, this 
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result was consistent with a modelling study carried out previously within our group 

on a similar compound.351 
 

Table 4. Product ratios from reaction of 167 and 181 with diethylamine. 

Entry Reactants (ratio) Products (ratio in %) 

 167 181 Et2NH 167 177 181 182 

1 1 1 2 0 47 0 53 

2 2 2 1 26 24 45 5 

3 10 10 1 40 8 51 1 

 

6.3 Unexpected reactivity of anhydride 167 with benzylamine and 

aniline 

During the synthesis of benzylamide 180, when anhydride 167 was treated with 

benzylamine in ethyl acetate (instead of chloroform) for one hour, unexpected 

formation of lactamol 183 occurred in 72% yield (Scheme 85).  
 

 
 

Scheme 85 
 

The structure of 183 was unambiguously assigned using gCOSY, gHSQC and 

gHMBC NMR spectroscopy. A diagnostic correlation between the CH2 protons at δ 

4.93 ppm and C8a (see Figure 18) at δ 87.0 ppm was observed in the gHMBC.  
 

 

Figure 18. Compound 183. The two positions that gives the diagnostic correlation in the 

gHMBC are labelled. 



 

 118

The spectral data for lactamol 183 was acquired in DMSO-d6 (deuterated 

dimethylsulfoxide). By contrast, it was noted that upon standing for three hours in 

CDCl3, 183 underwent total conversion to lactam 184 (Scheme 85). The structure of 

184 was also unambiguously assigned using gCOSY, gHSQC and gHMBC NMR 

spectroscopy. A triplet at δ 5.96 ppm (the proton of the double bond) in the 1H NMR 

spectrum of 184 was diagnostic for the formation of 184. Next, we sought to 

establish reaction conditions for the controlled formation of 180, 183 and 184. 

 

6.3.1 Controlled formation of amide 180, lactamol 183 and lactam 184 

We considered that the carboxylic acid group in the product or solvent may have 

catalysed the formation of 183 from 167 via 180, and that dehydration of lactamol 

183 to lactam 184 (that occurred when 183 was standing for three hours in CDCl3) 

may have been catalysed by traces of hydrochloric acid in the CDCl3. As discussed 

in section 6.2.2, treatment of anhydride 167 with benzylamine in de-acidified 

chloroform for 45 minutes gave after a simple filtration amide 180 (micro analysis 

pure) in excellent yield (97%) (Scheme 86). When a longer reaction time was used a 

mixture of 180 and 183 was obtained. For example, treatment of anhydride 167 with 

benzylamine for two hours gave 180 and 183 in a 89:11 ratio. Any attempts to 

separate the two products by silica chromatography resulted in decomposition of 

both amide 180 and lactamol 183. Stirring amide 180 in de-acidified (by an aqueous 

sodium bicarbonate wash) ethyl acetate for 48 hours resulted in formation of 

lactamol 183 (99%) (Scheme 86). By comparison, when non de-acidified ethyl 

acetate was used the reaction went to completion within one hour, as previously 

mentioned. 

 
Scheme 86 
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The mechanism shown in Scheme 87 is suggested for the cyclisation of lactamol 

183. Presumably the ketone group in amide 180 is activated through protonation 

(either by the carboxylic acid proton or by traces of acid in the solvent) and 

subsequently attacked by the amide nitrogen to give 183. Dissociation of the 

carboxylic acid proton of 180 will be influenced by the solvent.352 Lactamol 183 was 

surprisingly stable provided it was kept in the solid state. However, it was easily 

dehydrated to lactam 184 (72%) by treatment with two drops of hydrochloric acid in 

chloroform. 

 
 

Scheme 87 

 

6.3.2 Synthesis of amide 179, lactamol 185 and lactam 186 

When aniline, instead of benzylamine, was reacted with anhydride 167, a similar 

reactivity of the gamma ketone in 167 was observed. An excellent yield of amide 179 

(99%) was obtained through treatment of anhydride 167 with aniline in de-acidified 

chloroform for 15 minutes (Scheme 88). However, if a longer reaction time (45 

minutes) was used, a mixture of amide 179 and lactamol 185 (relative ratio 84:16) 

was obtained.  

 
 

Scheme 88 
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Stirring amide 179 in acetone (or ethyl acetate) for 48 hours led to formation of 

lactamol 185 (78%) (Scheme 88). Recrystallisation of 185 from de-acidified ethyl 

acetate or acetone resulted in formation of a minor amount of lactam 186 and 

lactamol 185 was therefore isolated with <5% of 186 present. Treatment of the 

obtained lactamol 185 with one drop of hydrochloric acid in chloroform led to 

dehydration and formation of lactam 186 (78%) (Scheme 88).  

Aniline appears to have an increased reactivity compared to benzylamine towards 

anhydride 167. This can be attributed to the higher basicity of benzylamine and its 

consequent protonation by the carboxylic acid moiety in the product. 

 

6.4 Conclusions 

In summary, anhydride 167 was chosen as a target molecular scaffold and was 

obtained in 19% overall yield after a five step synthesis. Regioselective nucleophilic 

addition at C1 of anhydride 167 by a range of nucleophiles gave novel amide, ester, 

and thioester derivatives 174-180 (Figure 19) in moderate to excellent yields (60-

99%).  

 

 

Figure 19. Summary of the hyphodermin derivatives synthesised in Chapter Six. 
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The increased electrophilic reactivity of the C1 carbonyl group (by inductive 

influence of the gamma-ketone) of anhydride 167 was investigated and supported by 

a competition experiment with phthalic anhydride. During the synthesis of amide 

derivatives 179 and 180 we discovered the unexpected formation of lactams 186 and 

184 from amides 185 and 183. The formation of lactams 186 and 184 proceeded via 

the lactamols 185 and 183, and reaction conditions for their formation, in high yields 

(72-99%), have been developed. This could potentially provide facile access to such 

tricyclic systems present in bioactive natural products, such as piperolactams353 and 

aristotolactams.354 The hyphodermin derivatives (167, 172-180 and 183-186, Figure 

19) obtained in this chapter were tested in the GPa assay and their inhibitory 

activities are discussed in section 7.2, Chapter Seven. 
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CHAPTER SEVEN  

Evaluation of selected heterocycles and 

hyphodermin derivatives as Glycogen 

Phosphorylase a inhibitors 
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With the hyphodermin derivatives (167, 172-180 and 183-186, Figure 20) and 

selected heterocycles (24, 74, 92, 100, 101, 104, 112, 113, 126, 156, 162, 165 and 

166, Figure 21) in hand, their inhibitory activity was tested in the Glycogen 

Phosphorylase a (GPa) assay. The importance of the GP enzyme in the regulation of 

glycogen metabolism and thereby the control of blood glucose levels is discussed in 

sections 1.5 and 1.7, Chapter One. Furthermore, the protein-protein interaction 

between the GL subunit of PP1 and GPa that potentially can be blocked by small 

molecule heterocycles is discussed in section 1.10, Chapter One.  

 

7.1 GPa assay 

The activity of GPa can either be measured in the direction of glycogen breakdown 

or glycogen synthesis355 (reverse direction). We chose to conduct the GPa assay in 

the reverse direction, an in vitro GPa screening method that has been used and 

validated in other reported studies.18,61 The activity of the compounds was measured 

by monitoring the formation of inorganic phosphate (Pi) from glucose-1-phosphate at 

25oC (Scheme 89), against a caffeine standard as described in the experimental, 

section 7.1. The GPa assay was conducted by Dr Michael Jobling, Aaron Lock and 

Deborah Wessling at the Eskitis Institute for Cell and Molecular Therapies, Griffith 

University. Results were provided as either an IC50 value, an apparent IC50 value or 

as a percentage inhibition at a maximal concentration. Apparent IC50 values are 

assigned to compounds with less than 90% final inhibition. All reported IC50 values 

had Hill slopes between 0.5 and 3.0. 
 

 
 

Scheme 89  
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The hyphodermin derivatives and the heterocyclic compounds were screened 

according to fragment screening methods.164,356,357 Fragment screening involves 

testing molecules at high concentrations (in our case at 2.22-22.2 mM) to discover 

novel compounds with inhibitory activity against a specific target, in our case, the 

enzyme Glycogen Phosphorylase. The concept of fragment-based screening is 

relatively recent. The idea is to find small molecules (i.e. ‘fragments’ of larger, more 

complex molecules) that bind to the target, even though the binding may be quite 

weak (milli or micromolar rather than nanomolar). Once a fragment is identified, 

ideally by X-ray crystallography, it can be elaborated with other pharmacophoric 

groups to increase binding or selectivity. Sometimes, covalently linking two 

fragments together (by linkers of different lengths) can produce a molecule that 

exhibits vastly enhanced binding or selectivity (relative to the individual fragment). 

In conjunction with the GPa assay, basic theoretical studies on the lipophilicity and 

Lipinski correlations were carried out (by Dr Gregory Pierens and Assoc. Prof 

Wendy Loughlin) on the screened compounds (24, 74, 92, 100, 101, 104, 112, 113, 

126, 155, 161, 164 ,167, 172-180 and 183-186) and the results are listed in Tables 5 

and 6.  

 

7.2 Evaluation of the novel hyphodermin derivatives  

In parallel with this project, Hyphodermins A, B and D (196, 192 and 197, 

respectively, Figure 20) and a range of simple analogues (187-191 and 193-195, 

Figure 20) were synthesised and tested in the GPa assay by Dr Luke Henderson.358 

These compounds were synthetically less accessible and they were therefore 

screened at lower concentrations (0.4-4.7 mM). The compounds have been included 

here to provide a comparison with the hyphodermin derivatives synthesised in this 

project (167, 172-180 and 183-186, Figure 20). For clarity, the results obtained from 

compounds 187-197 are shaded gray in Table 5. 

 

7.2.1 Lipophilicity and Lipinski correlations of the hyphodermins and their 

derivatives 

In the absence of experimental data, prediction of physiochemical properties, such as 

lipophilicity, can sometime reveal correlations between inhibitory activity of 

compounds and their predicted properties. It is common practise to use LogP, the 

partition coefficient between water and octanol, as an indicator of the lipophilicity of 
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a compound. The LogP values were calculated using the program, ALOGPS 2.1. The 

compounds were converted to their SMILES representations for the ALOGPS 

2.1359,360 calculations. Low LogP values (in the range of 0-3) are desirable to reduce 

toxicity and increase bioavailability through oral absorption. However, a compound 

with a low LogP usually displays reduced permeability through cell walls. According 

to the Lipinski ‘rule of five’ LogP values should, for an orally active drug, preferably 

be less then five. The Lipinski ‘rule of five’ is a well known screen for identification 

of drug-like properties of a molecule. The rule is used in drug design to predict 

which compounds are likely to have good solubility and cell permeability. The rules 

are: MW<500 (preferably <350), calculated LogP < 5 (preferably below 3); no more 

than 5 H-bond donors, and no more than 10 H-bond acceptors. The lower figures of 

350 and 3 are recommended for a lead compound (starting point) which after 

optimization to a final drug will have shifted into the ‘rule of five’ region.361 
 

 

Figure 20. Synthesised and tested hyphodermins (196, 192 and 197) and hyphodermin 

derivatives (167, 172-180, 183-191 and 193-195). Compounds 187-197 were made and 

tested by Dr Luke Henderson. 
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Table 5. Calculated Lipinski parameters and lipophilicities (ALOGPs), and GPa inhibition 

assay results for compounds presented in Figure 20. 

Compound MW Donor HB Acceptor HBa NROTB ALOGPs IC50 
(mM)b 

167 216.2 0 6.5 4 1.60 (±0.57) nac 

172 262.3 0 6 4 1.80 (±0.63) na 

173 234.2 2 6 2 1.24 (±0.59) na 

174 248.2 1 6 3 1.55 (±0.48) na 

175 276.3 1 6 4 2.34 (±0.52) na 

176 320.4 1 6 7 4.03 (±0.39) 1.3 

177 289.3 1 7 4 1.87 (±0.49) na 

178 303.3 1 8.7 2 0.74 (±0.51) na 

179 309.3 2 6.5 2 2.59 (±0.56) na 

180 323.3 2 6.5 4 2.55 (±0.81) 11.7 

183 323.3 2 5.75 4 2.43 (±0.46) 1.2 

184 305.3 1 5 4 3.30 (±0.27) 1.1 

185 309.3 2 5.75 2 2.27 (±0.53) na 

186 291.3 1 5 2 2.99 (±0.32) 0.8 

187 290.3 0 6 4 2.56 (±0.48) na 

188 288.3 0 6 4 2.82 (±0.36) na 

189 369.2 0 6 4 2.94 (±0.49) na 

190 262.3 2 6 2 1.93 (±0.59) na 

191 260.2 2 6 2 1.87 (±0.89) na 

192 246.3 1 6.7 0 1.45 (±0.77) na 

193 244.2 1 6.7 0 1.44 (±1.10) na 

194 258.3 0 6.7 1 2.15 (±0.75) nad 

195 304.3 0 8 4 1.68 (±0.52) na 

196 260.2 1 8.7 0 0.51 (±0.88) na 

197 274.3 0 8.7 1 1.15 (±0.75) na 
 

a Values are averages taken over a number of configurations.  
b IC50 value (apparent) for inhibition of GPa (see experimental).  
c na = not active against GPa at maximal tested concentration of 0.4-22.2 mM. 
d Classified as not active as only ~15% inhibition was observed at 3 mM. 
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All of the compounds studied, apart from compounds 176 (LogP of 4.03, Table 5) 

and 184 (LogP of 3.30, Table 5), had LogP values below three (values between 0.74 

and 2.99, Table 5). Their atomic weights were less than 350, except for compound 

189 (MW = 369). The number of hydrogen-bond donors and acceptors was 

calculated for each compound. The hydrogen-bonding capacity of a molecule can be 

used to predict the permeability of a drug.362,363 An excessive number of hydrogen 

bond donors (> 5) and/or a high number of hydrogen bond acceptors (nitrogen or 

oxygen atoms) can result in poor absorption. The molecules studied were found to all 

have less then 10 hydrogen bond donors (values between 5 to 8.7, Table 5) and less 

then 5 hydrogen bond acceptors (values between 0 to 2, Table 5). In summary, none 

of the Hyphodermins A, B and D (196, 192 and 197, respectively, Figure 20) or their 

derivatives (167, 172-180 and 183-197, Figure 20) violated the ‘rule of five’. 

Another important parameter for predicting the bioavailability of a compound is the 

degree of molecular flexibility. This is measure by the number of rotatable bonds 

present in the molecule. For good bioavailability362,363 less than eight rotatable 

bonds364 should be present. All synthesised compounds, apart from compound 176, 

possess a high to moderate degree of structural rigidity as they have four of less 

rotatable bonds; thioester 176 has seven.  

 

7.2.2 GPa assay of the novel hyphodermin derivatives 

Screening data for inhibition of GPa by compounds 167, 172-180 and 183-197 is 

summarised in Table 5. Synthetically derived Hyphodermins A, B and D (196, 192 

and 197, respectively) did not inhibit GP at ≤ 1.4-3.0 mM. When the novel 

hyphodermin derivatives were tested, thioester 176, amide 180, lactamol 183 and 

lactams 184 and 186 were all identified as new inhibitors of GPa, with apparent IC50 

values in the range of 0.8-11.7 mM. As these compounds represent a new structural 

class of GPa inhibitor, the mode or site of action on GPa is not known. Amide 179 

and lactamol 185 show close structural similarity with 180 and 183, and the 

inactivity of these compounds was unexpected and could not be explained. When the 

screening data were compared to the calculated properties (Table 5) for the inactive 

compounds (167, 172-175, 177-179, 185 and 187-197) and the compounds with 

apparent IC50 values (176, 180, 183, 184 and 186) no general correlation was found. 

This could mean that the inhibitory activity is a result of individual structural features 

in each of the active compounds (176, 180, 183, 184 and 186). More work would be 
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required and more compounds synthesised before any sensible SAR could be 

ascertained. 

 

7.3 Evaluation of the selected heterocycles 

In Chapters Three and Five, a range of heterocycles with biologically interesting 

scaffolds were synthesised [oxazolines (92, 100, 104 and 125*), thiazolines (113 and 

126), a dihydro-1,3-oxazine (101), a tetrahydro-1,3-oxazepine (112), 

tetrahydropyrimidines (24, 74, 162 and 165), imidazolines (25* and 166) and a 

tetrahydrodiazepine (156), Figure 21]. Their inhibitory activities against GPa were 

tested and basic theoretical studies were performed. 

 
 

Figure 21. Synthesised and tested heterocycles (24, 74, 92, 100, 101, 104, 112, 113, 126, 

156, 162, 165 and 166).  

 

7.3.1 Lipophilicity and Lipinski correlations of the selected heterocycles 

First, calculations of the lipophilicity and the Lipinski correlations were carried out 

on the synthesised heterocycles. The compounds studied all had LogP values well 

below five and, apart from compound 74 (LogP of 3.14, Table 6), the calculated 

values were below three (1.77-2.98, Table 6). 
 

* Upon standing these compounds (25 and 125) had hydrolysed and were not of sufficient purity 

(<90%) to be screened in the GPa assay. 
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The atomic weights were less than 350 (MW = 147-260 g/mol, Table 6), which 

provides possibilities for further elaboration without violating the Lipinski rule to 

stay below an atomic weight of 500 for a developed drug. The hydrogen-bonding 

capacities of the heterocycles were within the desired range (Table 6). The number of 

hydrogen-bonding donors and acceptors were between 1-5 and 0-1, respectively. In 

summary, none of the heterocycles (24, 74, 92, 100, 101, 104, 112, 113, 126, 156, 

162, 165 and 166, Figure 21) violated the ‘rule of five’. Furthermore, they are all 

structurally rigid molecules as they possess no more than three rotatable bonds 

(Table 6).  
 

Table 6. Calculated Lipinski parameters and lipophilicities (ALOGPs), and GPa inhibition 

assay results for compounds presented in Figure 21. 

Compound MW Donor 
HB 

Acceptor  
HBa 

NROTB ALOGPs IC50 
(mM)b 

Inhibition 
(%)  

 

24 160.2 1 2 1 1.90 (±0.64)  99c 

74 260.3 0 4 3 3.14 (±0.74) 1.1c  

92 147.2 0 2 1 1.90 (±0.45) 23.9c  

100 161.2 0 2 1 2.28 (±0.46)  78d 

101 161.2 0 2 2 2.22 (±0.48)  39d 

104 192.2 0 5 2 1.77(±0.44)  94e 

112 175.2 0 2 1 2.65 (±0.58) 1.4c  

113 163.2 0 1 1 2.47 (±0.53)  39f 

126 221.3 0 3 3 2.12 (±0.54) 0.025f  

156 174.2 1 2 1 2.27 (±0.66) 3.0c  

162 202.3 0 2 2 2.98 (±0.73) 7.2c  

165 188.3 1 2 1 2.70 (±0.66) 1.2c  

166 200.3 1 2 1 2.71 (±0.54) 7.8c  
 

a Values are averages taken over a number of configurations. b apparent IC50 value for inhibition of 

GPa. c maximal tested concentration of 22.2 mM. d maximal tested concentration of 11.1 mM.              
e maximal tested concentration of 5.6 mM. f maximal tested concentration of 2.2 mM. 

 

7.3.2 GPa assay of the selected heterocycles 

Screening data for inhibition of GPa by compounds 24, 74, 92, 100, 101, 104, 112, 

113, 126, 156, 162, 165 and 166 is summarised in Table 6. The small heterocycles all 
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inhibit GPa, but the level of inhibition generally observed (mM) indicates that 

inhibition may be non-specific. In general, the more lipophilic molecules displayed 

better levels of inhibition of GPa (Figure 21, Table 6). For example, 

tetrahydropyrimidine 24 displayed an inhibition of 99% at 22.2mM, whereas 

substituted tetrahydropyrimidines 74, 162 and 165, and imidazoline 166 had IC50 

values in the range 1.1-7.8 mM. The seven membered tetrahydrodiazepine 156 had 

an IC50 value of 3.0 mM. Similarly, oxazoline 92 and oxazepine 112 had IC50 values 

of 23.9 mM (an apparent IC50; 71% final inhibition at 22.2 mM) and 1.4 mM, 

respectively. Oxazolines 100 and 104, and oxazine 101 displayed only weak 

inhibition (100 78% at 11.1 mM, 104 94% at 5.6 mM, 101 39% at 11.1 mM). 

Thiazoline 126, with an IC50 value of 24.5 μM, displayed the best inhibition of all the 

heterocycles screened against GPa. By comparison, it was noticeable that the non-

ester analogue, thiazoline 113, displayed poor inhibition (39%) of GPa. A 

preliminary conclusion was drawn, that incorporation of the ester group at C4 led to 

increased potency, which may be a result of the ester providing additional liphophilic 

binding and/or an alternative hydrogen-bond acceptor group. It was pleasing to see 

that fragment screening of a range of heterocycles provided a range of small 

molecules that could provide a starting point for lead identification. All the cyclic 

amidines screened displayed a level of inhibition of GPa, thus potentially validating 

their design as described earlier. In future, it would be interesting to explore the 

combination of the more potent simple heterocycles, such as oxazepine 112 or the 

more polar tetrahydrodiazepine 156, with specific functional groups, as illustrated by 

the ester group of thiazoline 126, to develop a more specific inhibitor of GPa. 
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CHAPTER EIGHT  

Concluding comments 
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In the search for novel small molecule inhibitors of GPa, two different approaches 

have been explored. The first approach involved the synthesis and evaluation of a 

range of heterocyclic scaffolds, while the second approach involved the synthesis 

and evaluation of a range of analogues of the natural product leads, the 

hyphodermins A, B and D (20, 21 and 22, respectively). 

 

8.1 The heterocyclic scaffolds 

Heterocycles such as tetrahydropyrimidines, oxazolines and thiazolines occur in a 

range of biologically active natural products and drug-like compounds. In Chapters 

One and Three, methods to form such heterocycles were discussed. Many of the 

methods suffer from disadvantages such as harsh reaction conditions, especially with 

the synthesis of tetrahydropyrimidines. We therefore decided to explore alternative 

procedures for the formation of tetrahydropyrimidines and other heterocycles, such 

as oxazolines and thiazolines. In Chapter Two, the use of the polymer-supported 

version of the Hendrickson ‘POP’ reagent (38) was investigated for the formation of 

the cyclic amidine 24 from either benzoic acid and propane-1,3-diamine, or from 

amide 56. When no formation of 24 was observed, and after several attempts to 

promote the cyclisation by protecting the amino end of amide 56 with a range of 

groups, the conclusion was drawn that for the synthesis of cyclic amidines, such as 

24, reagent 57  54 was not suitable.  

 

 
 

During our work with reagent 57  54, the structure of the generated reagent was 

investigated by careful 31P NMR studies (Chapter 2). The studies provided evidence 

that when polymer-supported triphenylphosphine oxide (57) was allowed to react 

with triflic anhydride in CD2Cl2, an equilibrium mixture of polymer-supported 

triphenylphosphine ditriflate 54 (δ 79.4 ppm) and polymer-supported phosphonium 

anhydride 76 (δ 73.3 ppm) was formed. The previously reported 31P NMR chemical 

shift for 54 (δ 53.3 ppm) was shown to be incorrect.  
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A comparison of the polymer-supported reagent 54  76 with the solution phase 

Hendrickson ‘POP’ reagent (38), for the dehydration of benzamide to benzonitrile 

(75) was carried out, and it was found that 38 gave higher yields. Thus, the use of 

reagent 38 and the cyclic analogue 53 was examined for the formation of a range 

heterocycles from the corresponding amide precursors (Chapter 3 and 5).  
 

 
 

Both the Hendrickson ‘POP’ reagent (38) and the cyclic analogue 53 did bring about 

the cyclisation, however, the yields obtained were only low to moderate. Typically, 

yields for the cyclisation of the unprotected amides were: for oxazolines 92 and 104, 

50-72%; for dihydro-1,3-oxazine 101, 71%; for tetrahydro-1,3-oxazepine 112, 11%; 

for thiazoline 113, 57%; for tetrahydropyrimidine 24, 36%; and for imidazoline 25, 

29% (Figures 11 and 17). To improve the yield of tetrahydropyrimidine 24, amide 56 

was protected with a range of different protecting groups. The idea was to 

circumvent any formation of potential by-products (such as an aminophosphonium 

intermediate) and thereby promote the cyclisation. Improved yields were observed 

for the protected amides. For example, by Boc-protecting amide 56 and then 

cyclising the resulting Boc-amide 73 with reagent 53, an increased yield (from 36% 

to 64%) was obtained. The superior protecting group, out of the groups tested, was 

found to be the trityl group. Cyclisation of trityl amide 151 gave 

tetrahydropyrimidine 24 in an excellent yield (84%). Use of the trityl protecting 

group on the hydroxyl, thiol or amino group of amides 96, 108, 109, 110, 144 and 

153 gave significantly improved yields of the heterocycles. Typically, yields for the 

cyclisation of the trityl amides were: for oxazoline 92, 94%; for dihydro-1,3-oxazine 
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101, 99%; for tetrahydro-1,3-oxazepine 112, 31%; for thiazoline 113, 95%; and for 

imidazoline 25, 89% (Figures 11 and 17). The scope of the cyclisation with reagent 

38 or 53 was expanded and a range of heterocycles were obtained in high yields 

[oxazolines 100 (98%) and 125 (85%), thiazoline 126 (88%), tetrahydropyrimidine 

162 (86%) and 165 (93%), imidazoline 166 (95%) and tetrahydrodiazepine 153 

(51%), Figures 11 and 17]. In summary, the versatility of reagents 38 and 53 as 

effective mild dehydrating reagents for the formation of a range of heterocycles has 

been demonstrated. 

 

8.2 Selective mono reduction of bis-phosphine oxides under mild 

conditions 

In attempting to convert γ-thiolamide 110 into thiazoline 113 using reagent 53, it was 

found that disulfide 111 was a by-product of the reaction. Upon investigations by 31P 

NMR spectroscopy, it was discovered that disulfide 111 had been formed through 

mono reduction of the bis-phosphine oxide 93, resulting in the formation of 127. By 

treating a selection of bis-phosphine oxides (93, 133, 134, 135, 128 and 142) under 

exceptionally mild conditions with triflic anhydride and a thiol (pentanethiol), the 

first method for the synthesis of monoxides from bis-phosphine oxides (127, 139, 

140, 141, 130 and 143, Figure 16, Chapter 4) was developed. 
 

 
 

8.3 Hyphodermin derivatives 

In conjunction with the Hendrickson work, a range of hyphodermin derivatives was 

synthesised. Our target molecular scaffold, anhydride 167, was obtained in a 19% 

overall yield after a five step synthesis. When anhydride 167 was treated with a range 

of nucleophiles, derivatives 174-180 (60-99% yields) were obtained (Chapter 6). In 

each case, nucleophilic attack occurred exclusively at C1 of the anhydride. The 

increased electrophilic reactivity of the C1 carbonyl group of anhydride 167 (due to 
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the inductive influence of the gamma-ketone) was supported by a competition 

experiment with phthalic anhydride. 
 

 
 

During the course of this work, unexpected cyclisation and subsequently dehydration 

of amide derivatives 179 and 180, resulted in the formation of lactamols 185 and 

183, and lactams 186 and 184. Reaction conditions for their controlled formation 

were developed and they were obtained in high yields (72-99%). 
 

 
 

8.4 Evaluation of the heterocycles and the hyphodermin derivatives 

in the GPa assay  

The hyphodermin work has identified 2-phenyl and 2-benzyl substituted 2-oxo-

hexahydro and 2-oxo-tetrahydrobenzo[cd]indole carboxylic acids as a potential new 

class of molecule for future GPa inhibitor design and/or GPa binding studies. Also, 

from the selection of heterocycles screened (24, 74, 92, 100, 101, 104, 112, 113, 126, 

156, 162, 165 and 166), all displayed a level of inhibition of GPa, perhaps non-

specific, but still validating them as a good starting point for the development of 

another series of GPa inhibitors. Thiazoline 126 was the most active compound in 

the set of heterocycles, with an IC50 value of 24.5 μM. 
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8.5 Future work 

The next step in the hyphodermin derivatives work would be co-crystallisation of 

selected active compounds with the GP enzyme, and X-ray structural determination 

of the resultant crystal complex in an attempt to identify binding interactions of the 

hyphodermin derivatives with GPa. If successful, such information might lead to the 

design of new derivatives with additional binding groups. Thus, potentially more 

active hyphodermin analogues could be developed. Furthermore, having identified 

several heterocycles (oxazolines, thiazolines, dihydro-1,3-oxazine, tetrahydro-1,3-

oxazepine, imidazolines, tetrahydropyrimidines and tetrahydrodiazepine) that 

potentially could act as new scaffolds for GPa inhibition, it would be interesting to 

functionalise these heterocycles with groups that could provide more drug-like 

molecules with increased selectivity. For example, privileged structures within drug 

design such as, morpholine, piperazine and piperidine could be attached to the 

molecule. The size, polarity, aromaticity or position of the substituents could be 

varied. It might also be interesting to attach some of these heterocycles to the 

hyphodermin scaffold. The mild dehydrating reagents 38 and 53 could most certainly 

be used for the synthesis of the functionalised heterocycles. 
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General methods 

Air sensitive reactions were carried out in flame-dried or oven-dried glassware under 

an inert atmosphere. CH2Cl2 was freshly distilled from calcium hydride and THF was 

freshly distilled over sodium wire with benzophenone used as indicator. Triflic 

anhydride was distilled from a small amount of phosphorus pentoxide before use. 

1,2-Bis(diphenylphosphinyl)ethane, triphenylphosphine oxide, benzoic acid and all 

synthesised amides were dried under high vacuum for 48 hours prior to use. All other 

reagents were purchased from commercial suppliers and used without further 

purification. Column chromatography was performed using silica gel 60Å (0.040-

0.063mm) or activated aluminum oxide 58Å (basic). Analytical thin layer 

chromatography (TLC) was performed using aluminium plates coated with silica gel 

69 F254 (0.2 mm). TLC plates were visualized by means of ultra-violet light. Melting 

points were measured on a GallenKamp Variable Temperature Apparatus by the 

capillary method and are uncorrected.  

Infrared (IR) spectra were recorded on a Thermo Nicolet-Nexus FTIR apparatus. 

Elemental analyses were performed at the University of Queensland or at the 

University of Tasmania. High resolution mass spectrometry (HRMS) was performed 

at Griffith University or at the University of Tasmania. Mass spectra were recorded 

on a Waters micromass ZQ 4000, using electrospray as the ionization technique, and 

Mass Lynx Version 4 (IBM) software was used to acquire and process data. 1H NMR 

spectra were obtained at 200, 300 or 400 MHz and chemical shifts are reported in 

parts per million, using the appropriate signal for solvent protons as a reference. The 

following are abbreviations used in the assignment of signal multiplicity: s = singlet, 

d = doublet, t = triplet, q = quartet, m = multiplet, dd = doublet of doublets, dt = 

doublet of triplets, ddd = doublet of doublets of doublets, ddq = doublet of doublets 

of quartets, qq = quartet of quartets, br = broad. The identity of known products was 

confirmed by 1H NMR, mass spectrometry and melting point (when possible), and 

were in agreement with values reported in the literature. 13C NMR spectra were 

recorded at either 50 or 100 MHz. 31P NMR spectra were recorded at 162 MHz with 

an internal reference of phosphoric acid (H3PO4). 
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Note on nomenclature 

The nomenclature and numbering used within the experimental is in accordance with 

IUPAC nomenclature of organic chemistry.365,366 Selected examples are displayed 

below with numbering. 
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CHAPTER TWO 

 

Investigation into the use of polymer-supported triphenylphosphine 

ditriflate for the formation of tetrahydropyrimidines 

2.1 Synthesis of polymer-supported triphenylphosphine ditriflate 54 

2.1.1 Synthesis of polymer-supported triphenylphosphine oxide (57)  

Before use, the polymer-supported triphenylphosphine resin (2% cross-linked, 200-

400 mesh, 3 mmol/g) was washed for 40 minutes with each of the following 

solutions: 1 M NaOH 60 oC, 1 M HCl 60 oC, 1 M NaOH 60 oC, 1 M HCl 60 oC, H2O 

25 oC, DMF 40 oC, 1 M HCl 60 oC, H2O 60 oC, CH3OH 25 oC, CH2Cl2-CH3OH (2:3) 

25 oC, CH2Cl2-CH3OH (3:1) 25 oC, CH2Cl2-CH3OH (9:1) 25 oC and CH2Cl2 25 oC. 

The resin beads were collected by filtration between every wash. Hydrogen peroxide 

(20 mL, 30% wt solution in water) was added to the polymer-supported 

triphenylphosphine (2 g, 9 mmol, 3 mmol/g) in CH2Cl2 (50 mL) and the slurry stirred 

for 16 hours at room temperature. The beads were collected by filtration, washed 

with CH2Cl2 (100 mL) and dried at 125 oC for 48 hours at 100 mm Hg (house 

vacuum) on a Kugelrohr apparatus to give compound 57214 as beige beads (2.5 g). δP 

(162 MHz, CD2Cl2) δ 26.8 (1P, br s). 

 

2.1.2 Synthesis of N-benzyl-4-nitrobenzamide (55) 

Just prior to use, polymer-supported triphenylphosphine oxide (57) (207 mg, 0.62 

mmol, 3 mmol/g) beads were dried under high vacuum for 48 hours. The polymer 

was swollen in dry CH2Cl2 (7.0 mL) under an atmosphere of nitrogen. Triflic 

anhydride (76 µL, 0.45 mmol) was added and the dark mixture stirred for 1 hour. 4-

Nitrobenzoic acid (50 mg, 0.41 mmol) was added and the solution stirred at room 

temperature for 2 hours. Consecutive addition of benzylamine (45 μL, 0.41 mmol) 

and DIPEA (287 µL, 1.65 mmol) produced a light brown slurry which was stirred at 

room temperature for 2 hours. The polymer beads were removed by filtration, 

washed with CH2Cl2 (35 mL) and the filtrate washed with sodium hydrogen 

carbonate (5% aqueous solution, 3 × 20 mL). The solvent was removed from the 

organic layer and dried under high vacuum to yield compound 55367-369 (>90% pure) 

as an amorphous pale yellow solid (79 mg, 75%). Mp 138-141 oC (lit.,368 141-142 
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oC). δH (400 MHz, CDCl3) δ 4.52 (2H, d, J = 5.8 Hz, CH2), 7.23-7.36 (5H, m, 

CH2C6H5), 8.12-8.15 (2H, m, o-C6H5), 8.30-8.34 (2H, m, m-C6H5), 9.41 (1H, br t, J 

= 5.8 Hz, NH); MS (ESI) m/z 279.1 ([M+Na]+, 25%), 263.1 ([M+Li]+, 50%). 

 

2.2 Attempted synthesis of cyclic amidines from benzoic acids and 

propane-1,3-diamine using polymer-supported triphenylphosphine 

ditriflate 54 

2.2.1 Attempted synthesis of 2-(4-nitrophenyl)-1,4,5,6-tetrahydropyrimidine (63)  

Polymer-supported triphenylphosphine oxide (57) (594 mg, 1.78 mmol, 3 mmol/g), 

triflic anhydride (222 µL, 1.32 mmol) and 4-nitrobenzoic acid (110 mg, 0.66 mmol) 

were reacted in dry CH2Cl2 (20 mL) according to procedure 2.1.2. Consecutive 

addition of propane-1,3-diamine (55 μL, 0.66 mmol) and DIPEA (402 µL, 2.3 mmol) 

produced a light brown slurry which was stirred at room temperature for 16 hours. 

After work-up according to procedure 2.1.2 N,N'-propane-1,3-diylbis(4-

nitrobenzamide) (64) was obtained (>95% pure) as an amorphous white solid (79 

mg, 43% of a maximum yield of 50%). Compound 63 was not isolated.  

N,N'-Propane-1,3-diylbis(4-nitrobenzamide) (64): Mp 226-229 ºC. IR (KBr) cm-1: 

3448, 3333, 1640, 1598, 1518, 1353. δH (400 MHz, DMSO-d6) 1.83 (2H, tt, J = 6.9, 

6.9 Hz, H2), 3.37 (4H, dt, J = 5.7, 6.9 Hz, H1 and H3), 8.07 (4H, d, J = 9.0 Hz, 2 x 

o-C6H5), 8.31 (4H, d, J = 9.0 Hz, 2 x m-C6H5), 8.83 (2H, br t, J = 5.7 Hz, 2 x NH); δC 

(100 MHz, DMSO-d6) 29.3 (C2), 37.9 (C1 and C3), 124.0 (2 x m-C6H5), 129.1 (2 x 

o-C6H5), 140.7 (2 x i-C6H5), 149.4 (2 x p-C6H5), 165.1 (C=O); MS (ESI) m/z 373.1 

([M+H]+, 53%), 395.2 ([M+Na]+, 46%). HRMS: calcd for C17H17N4O6 [M+H]+: 

373.1143. Found: 373.1147. 

 

2.2.2 Attempted synthesis of 2-phenyl-1,4,5,6-tetrahydropyrimidine (24) 

Polymer-supported triphenylphosphine oxide (57) (900 mg, 2.70 mmol, 3 mmol/g), 

triflic anhydride (336 µL, 2.00 mmol) and benzoic acid (122 mg, 1.00 mmol) were 

reacted in dry CH2Cl2 (30 mL) according to procedure 2.1.2. Addition of propane-

1,3-diamine (84 μL, 1.00 mmol) and DIPEA (606 µL, 3.50 mmol) according to 

procedure 2.2.1 after work-up gave N,N'-propane-1,3-diyldibenzamide (65)370 (>90% 

pure) as an amorphous white solid (96 mg, 33% of a maximum yield of 50%). 

Compound 24 was not isolated. 
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N,N'-Propane-1,3-diyldibenzamide (65): Mp 149-150 ºC (lit.,370 mp 148.5-149 ºC). 

δH (400 MHz, CD3OD) 1.91 (2H, tt, J = 6.6, 6.6 Hz, H2), 3.49 (4H, dt, J = 6.6, 6.6 

Hz, H1 and H3), 7.45 (4H, dd, J = 7.2, 7.2 Hz, 2 x m-C6H5), 7.52 (2H, dd, J = 7.2, 

7.2 Hz, 2 x p-C6H5), 7.84 (4H, d, J = 7.2 Hz, 2 x o-C6H5), 8.39 (2H, br s, 2 x NH); 

MS (ESI) m/z 283.2 ([M+H]+, 8%), 305.2 ([M+Na]+, 8%), 289.2 ([M+Li]+, 100%).  

 

2.2.3 Attempted synthesis of 2-(4-nitrophenyl)-1,4,5,6-tetrahydropyrimidine (63) 

by inverse order of addition 

Polymer-supported triphenylphosphine oxide (57) (225 mg, 0.68 mmol, 3 mmol/g), 

triflic anhydride (84 µL, 0.50 mmol) and 4-nitrobenzoic acid (31 mg, 0.25 mmol) 

were reacted in dry CH2Cl2 (4 mL) according to procedure 2.1.2. The generated 

mixture was added dropwise to a pre-made solution of propane-1,3-diamine (21 μL, 

0.25 mmol) and DIPEA (152 µL, 0.88 mmol) in dry CH2Cl2 (4 mL). The light brown 

slurry was stirred at room temperature for 16 hours. The reaction mixture was 

worked up according to procedure 2.1.2 to yield N,N'-propane-1,3-diylbis(4-

nitrobenzamide) (64) (>95% pure) as an amorphous white solid (28 mg, 30% of a 

maximum yield of 50%). Compound 63 was not isolated. 

 

2.3 Attempted synthesis of cyclic amidines from amide 56 using 

polymer-supported triphenylphosphine ditriflate 54 

2.3.1 Synthesis of N-(3-aminopropyl)benzamide (56) 

Benzoic anhydride (1.0 g, 4.42 mmol) in dry CH2Cl2 (100 mL) was added dropwise 

(over 2 hours) to a vigorously stirred solution of propane-1,3-diamine (1.85 mL, 22.1 

mmol) in dry CH2Cl2 (300 mL) at -78 ºC under a nitrogen atmosphere. The reaction 

mixture was warmed slowly (over 2 hours) to room temperature and stirred for 16 

hours. The mixture was extracted with hydrochloric acid (5% in aqueous solution, 3 

x 100 mL). The acidic water layer was neutralised by addition of sodium hydroxide 

(2 M, aqueous solution) and then extracted with CH2Cl2 (4 x100 mL), dried 

(anhydrous Na2SO4), and filtered. The solvent was removed under reduced pressure 

to afford compound 56371,372 (>95% pure) as a colourless oil which solidified upon 

standing (741 mg, 94%). δH (400 MHz, CD3OD) 1.77 (2H, tt, J = 6.8, 6.8 Hz, H2), 

2.71 (2H, t, J = 6.8 Hz, H3), 3.46 (2H, t, J = 6.8 Hz, H1), 7.45 (2H, dd, J = 7.4, 7.4 

Hz, m-C6H5), 7.53 (1H, dd, J = 7.4, 7.4 Hz, p-C6H5), 7.81 (2H, d, J = 7.4 Hz, o-



 

 145

C6H5), NH not observed; MS (ESI) m/z 179.1 ([M+H]+, 44%), 185.2 ([M+Li]+, 

32%). 

 

2.3.2 Attempted synthesis of 2-phenyl-1,4,5,6-tetrahydropyrimidine (24)  

Polymer-supported triphenylphosphine oxide (57) (250 mg, 0.76 mmol, 3 mmol/g) 

and triflic anhydride (94 µL, 0.56 mmol) were reacted in dry CH2Cl2 (8 mL) 

according to procedure 2.1.2. N-(3-Aminopropyl)benzamide (56) (100 mg, 0.56 

mmol) and DIPEA (341 µL, 1.97 mmol) were added consecutively and the slurry 

stirred at room temperature for 16 hours. The polymer beads were removed by 

filtration, washed with CH2Cl2 (35 mL) and the filtrate washed with sodium 

hydrogen carbonate (5% aqueous solution, 3 × 20 mL). The solvent was removed 

under reduced pressure and analysis of the crude mixture by 1H NMR spectroscopy 

indicated that compound 56,371,372 N-(3-{[(trifluoromethyl)sulfonyl]amino} 

propyl)benzamide (66), and one unidentified compound were present as the main 

components. After purification by silica column chromatography (CH3OH/CH2Cl2, 

gradient from 0:100 to 10:90) and recrystallisation (ethyl acetate), compound 66 was 

obtained as colourless plates (43 mg, 25%). Compound 56 or the unidentified 

compound was not isolated.  

N-(3-{[(Trifluoromethyl)sulfonyl]amino}propyl)benzamide (66): Mp 114-116 ºC. IR 

(KBr) cm-1: 3436, 3060, 2864, 1640, 1368, 1183. δH (400 MHz, CDCl3) 1.81-1.87 

(2H, m, H2), 3.34 (2H, dt, J = 5.2, 6.6 Hz, H3), 3.65 (2H, dt, J = 5.2, 6.6 Hz, H1), 

6.46 (1H, br s, NHSO2CF3), 7.22 [1H, br t, C(O)NH], 7.45-7.49 (2H, m, m-C6H5), 

7.54-7.58 (1H, m, p-C6H5), 7.76-7.78 (2H, m, o-C6H5); δC (100 MHz, CDCl3) 30.6 

(C2), 36.1 (C1), 40.7 (C3), 119.8 (1C, q, J = 320 Hz, CF3), 126.9 (o-C6H5), 128.8 

(m-C6H5), 132.1 (p-C6H5), 133.4 (i-C6H5), 169.4 (C=O); MS (ESI) m/z 311.1 

([M+H]+, 95%), 333.0 ([M+Na]+, 100%), 317.1 ([M+Li]+, 100%). HRMS: calcd for 

C11H14F3N2O3S [M+H]+: 311.0672. Found: 311.0679. 

 

2.3.3 Synthesis of N-(3-{acetyl[(trifluoromethyl)sulfonyl]amino}propyl) 

benzamide (67) 

Acetyl chloride (7.6 µL, 0.11 mmol) was added dropwise to N-(3-{[(trifluoromethyl) 

sulfonyl]amino}propyl)benzamide (66) (18 mg, 0.058 mmol) and TEA (15 µL, 0.11 

mmol) in dry CH2Cl2 (3 mL), and the mixture stirred at room temperature under a 

nitrogen atmosphere for 16 hours. The mixture was washed with sodium hydroxide 
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(2 M aqueous solution, 5 mL), brine (5 mL), dried (anhydrous Na2SO4), and filtered. 

The solvent was removed under reduced pressure and the residue purified by silica 

column chromatography (ethyl acetate/hexane, gradient from 5:95 to 50:50). 

Compound 67 was obtained (in approximately 95% purity) as a pale yellow oil 

which solidified upon standing (20 mg, 98%). IR (KBr) cm-1: 3444, 3321, 2929, 

1732, 1638, 1405, 1209, 1194. δH (400 MHz, CDCl3) 2.01 (2H, tt, J = 5.9, 7.0 Hz, 

H2), 2.55 (3H, s, CH3), 3.49 (2H, dt, J = 5.9, 7.0 Hz, H1), 3.94 (2H, t, J = 7.0 Hz, 

H3), 6.62 (1H, br s, NH), 7.41-7.53 (3H, m, m-C6H5 and p-C6H5), 7.79-7.82 (2H, m, 

o-C6H5); δC (100 MHz, CDCl3) 25.3 (CH3), 29.6 (C2), 36.7 (C1), 46.3 (C3), 119.8 

(1C, q, J = 321 Hz, CF3), 127.1 (o-C6H5), 128.8 (m-C6H5), 131.8 (p-C6H5), 134.5 (i-

C6H5), 167.8 [C(O)N], 170.0 [C(O)CH3]; MS (ESI) m/z 353.1 ([M+H]+, 66%), 359.1 

([M+Li]+, 100%). HRMS: calcd for C13H16F3N2O4S [M+H]+: 353.0777. Found: 

353.0767. 

 

2.3.4 Synthesis of N-(3-{[(trifluoromethyl)sulfonyl]amino}propyl)benzamide 

(66) 

Triflic anhydride (68 µL, 0.40 mmol) and TEA (117 µL, 0.84 mmol) were added 

dropwise to N-(3-aminopropyl)benzamide (56) (60 mg, 0.34 mmol) in dry CH2Cl2 (4 

mL), and the mixture stirred at room temperature under a nitrogen atmosphere for 16 

hours. The solvent was removed under reduced pressure and the residue purified by 

silica column chromatography (ethyl acetate/CH2Cl2, gradient from 0:100 to 100:0). 

After recrystallisation (ethyl acetate), compound 66 was obtained as colourless plates 

(73 mg, 70%).  

 

2.4 Attempted synthesis of cyclic amidine 69 from a symmetrical bis-

amide 65 using polymer-supported triphenylphosphine ditriflate 54 

2.4.1 Synthesis of N,N'-propane-1,3-diyldibenzamide (65) 

Propane-1,3-diamine (794 µL, 9.49 mmol) and TEA (4.0 mL, 28.5 mmol) were 

added dropwise to benzoyl chloride (3.3 mL, 28.5 mmol) in dry CH2Cl2 (200 mL), 

and the mixture stirred at room temperature under a nitrogen atmosphere for 16 

hours. The mixture was washed with hydrochloric acid (5% aqueous solution, 2 x 

150 mL), sodium bicarbonate (saturated aqueous solution, 2 x 150 mL), brine (150 

mL), dried (anhydrous Na2SO4), and filtered. The solvent was removed under 
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reduced pressure and the residue purified by silica column chromatography (ethyl 

acetate/hexane, gradient from 0:100 to 50:50). Compound 65370 was obtained as an 

amorphous white solid (4.46 g, 72%). 

 

2.4.2 Attempted synthesis of 1-benzoyl-2-phenyl-1,4,5,6-tetrahydropyrimidine 

(69) at room temperature 

Polymer-supported triphenylphosphine oxide (57) (177 mg, 0.53 mmol, 3 mmol/g), 

triflic anhydride (66 µL, 0.39 mmol), N,N'-propane-1,3-diyldibenzamide (65) (100 

mg, 0.35 mmol) and DIPEA (247 µL, 1.42 mmol) were reacted in dry CH2Cl2 (6 

mL) according to procedure 2.3.2. After work-up, analysis of the crude mixture by 
1H NMR spectroscopy indicated that compound 65370 and a unknown compound 

were present, in approximately 66:34 ratio. The following peaks were assigned to the 

unknown compound: δH (400 MHz, CDCl3) 2.02-2.08 (2H, m), 3.69 (2H, t, J = 6.0 

Hz), 3.88 (2H, t, J = 6.0 Hz), 7.08-7.17 (3H, m), 7.22-7.30 (2H, m). After 

purification by silica column chromatography (CH3OH/CH2Cl2, gradient from 0:100 

to 10:90) compound 65370 was obtained as an amorphous white solid (43 mg, 25%). 

The unidentified compound was not isolated, it was presumed to have decomposed. 
 

2.4.3 Attempted synthesis of 1-benzoyl-2-phenyl-1,4,5,6-tetrahydropyrimidine 

(69) at 40 ºC 

Polymer-supported triphenylphosphine oxide (57) (177 mg, 0.53 mmol, 3 mmol/g), 

triflic anhydride (66 µL, 0.39 mmol), N,N'-propane-1,3-diyldibenzamide (65) (100 

mg, 0.35 mmol) and DIPEA (247 µL, 1.42 mmol) were reacted in dry CH2Cl2 (6 

mL) at 40 ºC according to procedure 2.3.2. After work-up, analysis of the crude 

mixture by 1H NMR spectroscopy indicated that compound 65370 (~ 95%) was 

present in conjunction with traces (<5%) of unidentified impurities. 

 

2.5 Attempted synthesis of cyclic amidines from unsymmetrical bis-

amides using polymer-supported triphenylphosphine ditriflate 54 

2.5.1 Synthesis of N-[3-(acetylamino)propyl]benzamide (70) 

Acetyl chloride (399 µL, 5.61 mmol) and TEA (781 µL, 5.61 mmol) were added 

dropwise to N-(3-aminopropyl)benzamide (56) (500 mg, 2.81 mmol) in dry CH2Cl2 
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(20 mL), and the mixture stirred at room temperature under a nitrogen atmosphere 

for 16 hours. The mixture was washed with sodium hydroxide (2 M aqueous 

solution, 2 x 20 mL), brine (20 mL), dried (anhydrous Na2SO4), and filtered. The 

solvent was removed under reduced pressure and the residue purified by silica 

column chromatography (CH3OH/ethyl acetate/hexane, gradient from 0:50:50 to 

10:90:0). Compound 70373 was obtained as an amorphous white solid (324 mg, 52%). 

Mp 110-114 ºC (lit.,373 mp 116-118 ºC). IR (KBr) cm-1: 3302, 1665, 1632, 1546. δH 

(400 MHz, CDCl3) 1.66 (2H, tt, J = 5.9, 5.9 Hz, H2), 1.98 (3H, s, CH3), 3.28 (2H, dt, 

J = 5.9, 5.9 Hz, H3), 3.37 (2H, dt, J = 5.9, 5.9 Hz, H1), 6.97 [1H, br s, NHC(O)CH3], 

7.36-7.43 (2H, m, m-C6H5), 7.43-7.47 (1H m, p-C6H5), 7.76 [1H, br s, 

C6H5C(O)NH], 7.82-7.84 (2H, m, o-C6H5); δC (100 MHz, CDCl3) 23.0 (CH3), 29.4 

(C2), 36.0 (C1 and C3), 126.9 (o-C6H5), 128.4 (m-C6H5), 131.4 (p-C6H5), 134.1 (i-

C6H5), 167.9 (C=O), 171.5 [C(O)CH3]; MS (ESI) m/z 221.1 ([M+H]+, 70%), 243.1 

([M+Na]+, 100%), 227.2 ([M+Li]+, 100%). 

 

2.5.2 Attempted synthesis of 1-acetyl-2-phenyl-1,4,5,6-tetrahydropyrimidine or 

1-(1-benzoyl-1,4,5,6-tetrahydropyrimidin-2-yl)ethanone (71 and 72, 

respectively) at room temperature and 40 ºC 

Polymer-supported triphenylphosphine oxide (57) (154 mg, 0.46 mmol, 3 mmol/g), 

triflic anhydride (57 µL, 0.34 mmol), N-[3-(acetylamino)propyl]benzamide (70) (75 

mg, 0.34 mmol) and DIPEA (213 µL, 1.23 mmol) were reacted in dry CH2Cl2 (3 

mL) according to procedure 2.3.2 at room temperature or 40 ºC. After work-up, 

separate analysis of the two crude mixtures by 1H NMR spectroscopy indicated that 

compound 70373 (~ 95%) was present in conjunction with traces (<5%) of 

unidentified impurities. Compound 71 or 72 were not observed. 

 

2.5.3 Synthesis of tert-butyl [3-(benzoylamino)propyl]carbamate (73) 

Di-tert-butyl dicarbonate (313 mg, 1.44 mmol) and TEA (220 µL, 1.58 mmol) were 

added dropwise to N-(3-aminopropyl)benzamide (56) (256 mg, 1.44 mmol) in dry 

CH2Cl2 (15 mL), and the mixture stirred at room temperature under a nitrogen 

atmosphere for 16 hours. The solvent was removed under reduced pressure and the 

residue purified by silica column chromatography (ethyl acetate/hexane, gradient 

from 50:50 to 100:0). Compound 73374 was obtained as an amorphous white solid 

(460 mg, 87%). Mp 114-117 ºC. IR (KBr) cm-1: 3361, 3279, 1697, 1640, 1536. δH 
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(400 MHz, CD3OD) 1.42 [9H, s, (CH3)3], 1.75 (2H, tt, J = 6.6, 6.6 Hz, H2), 3.13 

(2H, dt, J = 6.6, 6.6 Hz, H1), 3.40 (2H, t, J = 6.6 Hz, H3), 6.63 (1H, br s, NHBoc), 

7.41-7.46 (2H, m, m-C6H5), 7.49-7.53 (1H, m, p-C6H5), 7.80-7.83 (2H, m, o-C6H5), 

C6H5C(O)NH was not observed; MS (ESI) m/z 279.2 ([M+H]+, 39%), 301.2 

([M+Na]+, 100%), 285.2 ([M+Li]+, 100%). 

  

2.5.4 Attempted synthesis of tert-butyl 2-phenyl-5,6-dihydropyrimidine-1(4H)-

carboxylate (74) with 1.1 equivalents of reagent 54 

Polymer-supported triphenylphosphine oxide (57) (188 mg, 0.56 mmol, 3 mmol/g) 

and triflic anhydride (67 µL, 0.40 mmol) were reacted in dry CH2Cl2 (3 mL) 

according to procedure 2.1.2. Tert-butyl [3-(benzoylamino)propyl]carbamate (73) 

(100 mg, 0.36 mmol) and DIPEA (262 µL, 1.50 mmol) in dry CH2Cl2 (3 mL) were 

added dropwise (over 5 minutes) to the reaction and the mixture stirred at room 

temperature under a nitrogen atmosphere for 16 hours. The polymer beads were 

removed by filtration, washed with CH2Cl2 (10 mL) and the filtrate washed with 

sodium hydrogen carbonate (5% aqueous solution, 2 × 10 mL). The solvent was 

removed under reduced pressure and analysis of the crude mixture by 1H NMR 

spectroscopy indicated that compound 73374 (~ 95%) was present in conjunction with 

traces (<5%) of unidentified impurities. After purification by silica column 

chromatography (ethyl acetate/hexane, gradient from 50:50 to 100:0) compound 

73374 was obtained as an amorphous white solid (79 mg, 79%). Compound 74 was 

not isolated. 

 

2.5.5 Attempted synthesis of tert-butyl 2-phenyl-5,6-dihydropyrimidine-1(4H)-

carboxylate (74) with 2.2 equivalents of reagent 54 

Polymer-supported triphenylphosphine oxide (57) (376 mg, 1.13 mmol, 3 mmol/g), 

triflic anhydride (133 µL, 0.79 mmol), tert-butyl [3-(benzoylamino)propyl]carbamate 

(73) (100 mg, 0.36 mmol) and DIPEA (262 µL, 1.50 mmol) were reacted in dry 

CH2Cl2 (3 mL) according to procedure 2.5.5. After work-up, analysis of the crude 

mixture by 1H NMR spectroscopy indicated that compound 73374 (~ 75%) was 

present in conjunction with unidentified impurities (<25%). 
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2.6 Synthesis of benzonitrile (75) from benzamide using polymer-

supported triphenylphosphine ditriflate reagent 54 

2.6.1 Synthesis of benzonitrile with 1.0 equivalent of reagent 54 

Polymer-supported triphenylphosphine oxide (57) (747 mg, 2.24 mmol, 3 mmol/g) 

and triflic anhydride (278 µL, 1.65 mmol) were reacted in dry CH2Cl2 (15 mL) 

according to procedure 2.1.2. Benzamide (200 mg, 1.65 mmol) and DIPEA (1.0 mL, 

5.7 mmol) were added and the slurry heated at reflux overnight. The reaction mixture 

was worked up according to procedure 2.1.2 to give benzonitrile (75)375 as a 

colourless oil (37 mg, 22%). δH (400 MHz, CDCl3) 7.45-7.49 (2H, m, m-C6H5), 7.58-

7.66 (3H, m, o-C6H5 and p-C6H5). 

 

2.6.2 Synthesis of benzonitrile (75) with 2.0 equivalents of reagent 54  

Polymer-supported triphenylphosphine oxide (57) (688 mg, 2.06 mmol, 3 mmol/g) 

and triflic anhydride (278 µL, 1.65 mmol) were reacted in dry CH2Cl2 (15 mL) 

according to procedure 2.1.2. Benzamide (100 mg, 0.83 mmol) and DIPEA (576 µL, 

3.3 mmol) were added and the slurry heated at reflux overnight. The reaction mixture 

was worked up according to procedure 2.1.2 to give benzonitrile (75)375 as a 

colourless oil (43 mg, 50%). 

 

2.6.3 Synthesis of benzonitrile (75) with 1.0 equivalent of reagent 38  

Triflic anhydride (315 µL, 1.87 mmol) was added slowly to a solution of 

triphenylphosphine oxide (1.25 g, 4.48 mmol) in dry CH2Cl2 (10 mL) at 0 ºC under a 

nitrogen atmosphere. A white precipitate was formed and the mixture was stirred at 0 

ºC for 30 minutes. Consecutive addition of benzamide (227 mg, 1.87 mmol) and 

DIPEA (715 µL, 4.10 mmol) gave a pale yellow mixture which was warmed to room 

temperature and then stirred for 16 hours. The reaction mixture was washed with 

sodium hydroxide (2 M aqueous solution, 2 x 20 mL), brine (20 mL), dried 

(anhydrous Na2SO4) and filtered. The solvent was removed under reduced pressure 

and the residue purified by silica column chromatography (CH2Cl2/hexane, gradient 

from 0:100 to 50:50). Benzonitrile (75)375 was obtained as a colourless oil (120 mg, 

62%). 
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2.7 Characterisation of polymer-supported triphenylphosphine 

ditriflate 54  76 

2.7.1 With 0.5 equivalents of reagent 54  76  

Polymer beads of 57 were dried under high vacuum for 48 hours prior to use. In a 5 

mm NMR tube, dry polymer-supported triphenylphosphine oxide (57) (75 mg, 0.23 

mmol, 3 mmol/g) was allowed to swell, under an atmosphere of nitrogen, in CD2Cl2 

(750 µL) for 0.5 hour to generate a gel-phase sample. Triflic anhydride (19.5 µL, 

0.115 mmol) was added and the slurry mixed for 0.5 hour. A 31P NMR spectrum was 

then recorded at 25 oC. δP (162 MHz, CD2Cl2) δ 52.9 (br s), 73.3 (br s). 

 

2.7.2 With 0.75 equivalents of reagent 54  76  

Polymer-supported triphenylphosphine oxide (57) (75 mg, 0.23 mmol, 3 mmol/g) 

and triflic anhydride (29.3 µL, 0.175 mmol) were reacted in dry CD2Cl2 (750 µL) 

according to procedure 2.7.1. A 31P NMR spectrum was recorded. δP (162 MHz, 

CD2Cl2) δ 52.9 (br s), 73.3 (br s). 

 

2.7.3 With 1.0 equivalent of reagent 54  76  

Polymer-supported triphenylphosphine oxide (57) (75 mg, 0.23 mmol, 3 mmol/g) 

and triflic anhydride (39 µL, 0.23 mmol) were reacted in dry CD2Cl2 (750 µL) 

according to procedure 2.7.1. A 31P NMR spectrum was recorded. δP (162 MHz, 

CD2Cl2) δ 73.3 (br s), 79.4 (br s). 

 

2.7.4 With 4.0 equivalents of reagent 54  76  

Polymer-supported triphenylphosphine oxide (57) (75 mg, 0.23 mmol, 3 mmol/g) 

and triflic anhydride (156 µL, 0.92 mmol) were reacted in dry CD2Cl2 (750 µL) 

according to procedure 2.7.1. A 31P NMR spectrum was recorded. δP (162 MHz, 

CD2Cl2) δ 73.3 (br s), 79.4 (br s). 
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2.8 The effect of moisture and acid on the polymer-supported 

reagent 54  76 

2.8.1 Addition of water 

Polymer-supported triphenylphosphine oxide (57) (75 mg, 0.23 mmol, 3 mmol/g) 

and triflic anhydride (39 µL, 0.23 mmol) were reacted in dry CD2Cl2 (750 µL) 

according to procedure 2.7.1. Water (2 drops) was added to the gel-phase sample. 31P 

NMR spectrum was recorded before and after the addition of water. Before addition 

of water: δP (162 MHz, CD2Cl2) δ 73.3 (br s), 79.4 (br s); with 2 drops of water: (162 

MHz, CD2Cl2) δ 38.2 (br s). 

 

2.8.2 Addition of triflic acid 

Polymer-supported triphenylphosphine oxide (57) (75 mg, 0.23 mmol, 3 mmol/g) 

and triflic anhydride (39 µL, 0.23 mmol) were reacted in dry CD2Cl2 (750 µL) 

according to procedure 2.7.1. Triflic acid (20.4 µL, 0.23 mmol) was added to the gel-

phase sample. 31P NMR spectrum was recorded before and after the addition of triflic 

acid. Before addition of triflic acid: δP (162 MHz, CD2Cl2) δ 73.3 (br s), 79.4 (br s); 

with 1.0 equivalent of triflic acid: (162 MHz, CD2Cl2) δ 56.5 (br s). Only a trace 

(<5%) of the peak at 73.3 ppm was observed after the addition of triflic acid.  

 

2.9 Generation of a mixed anhydride to provide further evidence for 

the suggested structure of the polymer-supported reagent 54  76  

2.9.1 With 0.5 equivalents of non-polymer bound triphenylphosphine oxide 

Polymer-supported triphenylphosphine oxide (57) (75 mg, 0.23 mmol, 3 mmol/g) 

and triflic anhydride (39 µL, 0.23 mmol) were reacted in dry CD2Cl2 (750 µL) 

according to procedure 2.7.1. Triphenylphosphine oxide (30.2 mg, 0.115 mmol) was 

added to the gel-phase sample. 31P NMR spectrum was recorded before and after the 

addition of triphenylphosphine oxide. Before addition of triphenylphosphine oxide: 

δP (162 MHz, CD2Cl2) δ 73.3 (br s), 79.4 (br s); with 0.5 equivalents 

triphenylphosphine oxide: (162 MHz, CD2Cl2) δ 52.9 (br s), 75.6 (br s), 79.4 (br s). 

The relative ratio between the peaks is approximately 9:12:1. 
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2.9.2 With 1.0 equivalent of non-polymer bound triphenylphosphine oxide 

Additional triphenylphosphine oxide (30.2 mg, 0.115 mmol) was added to the gel-

phase sample prepared in procedure 2.9.1, to give one equivalents of non polymer-

supported triphenylphosphine oxide in the gel-phase sample. δP (162 MHz, CD2Cl2) 

δ 52.9 (br s), 75.6 (br s). The relative ratio between the peaks are approximately 5:2. 

 

2.9.3 With 2.0 equivalents of non-polymer bound triphenylphosphine oxide 

Additional triphenylphosphine oxide (60.3 mg, 0.23 mmol) was added to the gel-

phase sample prepared in procedure 2.9.2, to give two equivalents of non polymer-

supported triphenylphosphine oxide in the gel-phase sample. δP (162 MHz, CD2Cl2) 

δ 52.9 (br s), 75.6 (br s). The relative ratio between the peaks are approximately 2:8. 

 

2.9.4 With 4.0 equivalents of non-polymer bound triphenylphosphine oxide 

Additional triphenylphosphine oxide (120.7 mg, 0.46 mmol) was added to the gel-

phase sample prepared in procedure 2.9.3, to give four equivalents of non polymer-

supported triphenylphosphine oxide in the gel-phase sample. δP (162 MHz, CD2Cl2) 

δ 40.7 (br s). 

 

2.10 Generation of benzylaminophosphonium triflate 78 to provide 

further evidence for the suggested structure of the polymer-

supported reagent 54  76 

2.10.1 With 1.1 equivalents of benzylamine 

Polymer beads of 57 were dried under high vacuum for 48 hours prior to use. In a 

round bottom flask, dry polymer-supported triphenylphosphine oxide (57) (75 mg, 

0.23 mmol, 3 mmol/g) was allowed to swell, under an atmosphere of nitrogen, in 

CD2Cl2 (750 µL) for 0.5 hour to generate a gel-phase sample. Triflic anhydride (39 

µL, 0.23 mmol) was added and the slurry mixed for 0.5 hour. Benzylamine (29 µL, 

0.26 mmol) and DIPEA (88 µL, 0.51 mmol) were added and the gel-phase sample 

stirred for 16 hours. The sample was transferred to a 5 mm NMR tube and a 31P 

NMR spectrum was recorded. δP (162 MHz, CD2Cl2) δ 29.2 (br s), 38.7 (br s). The 

relative ratio between the peaks are approximately 1:1. 
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CHAPTER THREE 

 

The use of phosphonium anhydrides for the synthesis of 2-

oxazolines, 2-thiazolines and 2-dihydrooxazine under mild 

conditions 

3.1 Synthesis of 1,2-bis(diphenylphosphinyl)ethane (93)  

1,2-Bis-(diphenylphosphino)ethane (5.0 g, 12.6 mmol) was dissolved in CH2Cl2 (500 

mL) and the solution shaken in a separating funnel with hydrogen peroxide (50 mL, 

30% wt-% solution in water). The completion of the reaction (approx. 5 minutes) 

was determined by TLC (100% CH2Cl2). The CH2Cl2 layer was washed with water 

(2 x 500 mL), dried (anhydrous MgSO4), and filtered. The solvent was removed to 

afford a white solid. Recrystallisation (methanol/ethyl acetate) of the solid gave 

compound 93376 as an amorphous white solid (5.35 g, 99%). Mp 273-276 ºC (lit.,376 

mp 276-278 ºC). δH (400 MHz, CDCl3) 2.55 (4H, br d, J = 2.4 Hz), 7.45 (8H, dd, J = 

7.1, 7.1 Hz), 7.51 (4H, dd, J = 7.1, 7.1 Hz), 7.69-7.74 (8H, m); δP (162 MHz, CDCl3) 

31.6 (2P, s). MS (ESI, +ve) m/z 431.2 ([M+H]+, 64%), 453.2 ([M+Na]+, 100%).  

 

3.2 Optimisation of the formation of 2-phenyl-4,5-dihydro-1,3-

oxazole (92) starting from benzoic acid and 2-amino-1-ethanol 

3.2.1 Synthesis of 2-phenyl-4,5-dihydro-1,3-oxazole (92) with 2.0 equivalents of 

reagent 53 

Triflic anhydride (276 µL, 1.64 mmol) was added slowly to a solution of 1,2-

bis(diphenylphosphinyl)ethane (93) (980 mg, 2.46 mmol) in dry CH2Cl2 (20 mL) at 0 

ºC under a nitrogen atmosphere. A thick white precipitate was formed and left to stir 

at 0 ºC for 30 minutes. Benzoic acid (100 mg, 0.82 mmol) was added and the mixture 

was warmed to room temperature and then stirred for 1 hour. 2-Amino-1-ethanol (49 

µL, 0.82 mmol) and DIPEA (426 µL, 2.46 mmol) were added simultaneously to the 

reaction mixture (over 5 minutes). The pale yellow mixture was stirred for 16 hours. 

The reaction mixture was washed with sodium hydrogen carbonate (5% aqueous 

solution, 2 x 30 mL), dried (anhydrous Na2SO4) and filtered. The solvent was 
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removed under reduced pressure and the residue purified by silica column 

chromatography (ethyl acetate/hexane, gradient from 25:75 to 100:0). Compound 92 
175,377 was obtained as a colourless oil (61 mg, 50%). δH (300 MHz, CDCl3) 4.07 (2H, 

t, J = 9.5 Hz, H4), 4.44 (2H, t, J = 9.5 Hz, H5), 7.38-7.51 (3H, m, m-C6H5, p-C6H5), 

7.94-7.98 (2H, m, o-C6H5); MS (ESI, +ve) m/z: 147.8 ([M+H]+, 100%), 153.9 

([M+Li]+, 100%). 

 

3.2.2 With 5.0 equivalents of reagent 53 

Triflic anhydride (687 µL, 4.08 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (1.95 

g, 4.90 mmol), benzoic acid (100 mg, 0.82 mmol), 2-amino-1-ethanol (49 µL, 0.82 

mmol) and DIPEA (1.4 mL, 8.17 mmol) were reacted in dry CH2Cl2 (25 mL) 

according to procedure 3.2.1. Analysis of the crude mixture by 1H NMR 

spectroscopy indicated that a complex mixture containing traces (<5%) of compound 

92175,377 was formed.  

 

3.2.3 With 2.8 equivalents of reagent 53 

Triflic anhydride (193 µL, 1.15 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (495 

mg, 1.15 mmol), benzoic acid (50 mg, 0.41 mmol), 2-amino-1-ethanol (25 µL, 0.41 

mmol) and DIPEA (397 µL, 2.3 mmol) were reacted in dry CH2Cl2 (10 mL) 

according to procedure 3.2.1. After work-up and purification by silica column 

chromatography (ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 

92175,377 was obtained as a colourless oil (9 mg, 15%). 

 

3.2.4 With 2.4 equivalents of reagent 53 

Triflic anhydride (165 µL, 0.98 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (362 

mg, 0.98 mmol), benzoic acid (50 mg, 0.41 mmol), 2-amino-1-ethanol (25 µL, 0.41 

mmol) and DIPEA (340 µL, 1.97 mmol) were reacted in dry CH2Cl2 (10 mL) 

according to procedure 3.2.1. After work-up and purification by silica column 

chromatography (ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 

92175,377 was obtained as a colourless oil (23 mg, 38%). 
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3.2.5 With 2.4 equivalents of reagent 38 

Triflic anhydride (331 µL, 1.97 mmol), triphenylphosphine oxide (1.31 g, 4.72 

mmol), benzoic acid (100 mg, 0.82 mmol), 2-amino-1-ethanol (49 µL, 0.82 mmol) 

and DIPEA (751 µL, 4.30 mmol) were reacted in dry CH2Cl2 (20 mL) according to 

procedure 3.2.1. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 92175,377 was obtained 

as a colourless oil (57 mg, 47%). 

 

3.2.6 With 2.0 equivalents of reagent 38 

Triflic anhydride (276 µL, 1.64 mmol), triphenylphosphine oxide (1.09 g, 3.90 

mmol), benzoic acid (100 mg, 0.82 mmol), 2-amino-1-ethanol (49 µL, 0.82 mmol) 

and DIPEA (624 µL, 3.60 mmol) were reacted in dry CH2Cl2 (20 mL) according to 

procedure 3.2.1. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 92175,377 was obtained 

as a colourless oil (65 mg, 54%). 

 

3.2.7 With 1.6 equivalents of reagent 38 

Triflic anhydride (220 µL, 1.31 mmol), triphenylphosphine oxide (866 mg, 3.11 

mmol), benzoic acid (100 mg, 0.82 mmol), 2-amino-1-ethanol (49 µL, 0.82 mmol) 

and DIPEA (496 µL, 2.87 mmol) were reacted in dry CH2Cl2 (20 mL) according to 

procedure 3.2.1. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 92175,377 was obtained 

as a colourless oil (29 mg, 24%). 

 

3.2.8 Synthesis of 2-phenyl-4,5-dihydro-1,3-oxazole (92) by adding DIPEA prior 

to the addition of 2-amino-1-ethanol 

Triflic anhydride (138 µL, 0.82 mmol) was added slowly to a solution of 1,2-

bis(diphenylphosphinyl)ethane (93) (353 mg, 0.82 mmol) in dry CH2Cl2 (10 mL) at 0 

ºC under a nitrogen atmosphere. A thick white precipitate was formed and left to stir 

at 0 ºC for 30 minutes. Benzoic acid (50 mg, 0.41 mmol) was added and the mixture 

warmed to room temperature and then stirred for 1 hour. DIPEA (283 µL, 1.64 

mmol) and 2-amino-1-ethanol (25 µL, 0.41 mmol) was consecutively added 

dropwise. The pale yellow mixture was stirred for 16 hours. The reaction mixture 
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was washed with sodium hydrogen carbonate (5% aqueous solution, 2 x 20 mL), 

dried (anhydrous Na2SO4) and filtered. The solvent was removed under reduced 

pressure and the residue purified by silica column chromatography (ethyl 

acetate/hexane, gradient from 25:75 to 100:0). Compound 92175,377 was obtained as a 

colourless oil (27 mg, 45%). 

 

3.3 Formation of 5-methyl-2-phenyl-4,5-dihydro-1,3-oxazole (100) 

and 2-phenyl-5,6-dihydro-4H-1,3-oxazine (101) starting from 

benzoic acid and 1-amino-2-propanol or 3-amino-1-propanol, 

respectively 

3.3.1 Synthesis of 5-methyl-2-phenyl-4,5-dihydro-1,3-oxazole (100) with 2.0 

equivalent of reagent 53 

Triflic anhydride (628 µL, 3.73 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (2.49 

g, 8.96 mmol), benzoic acid (228 mg, 1.87 mmol), 1-amino-2-propanol (with approx. 

6% of 2-amino-1-propanol present) (146 µL, 1.87 mmol) and DIPEA (1.4 mL, 8.2 

mmol) were reacted in dry CH2Cl2 (45 mL) for two hours according to procedure 

3.2.1. After work-up and purification by silica column chromatography (ethyl 

acetate/hexane, gradient from 5:95 to 50:50) compound 100378-380 was obtained as a 

colourless oil (152 mg, 51%) containing approximately 6% 4-methyl-2-phenyl-4,5-

dihydro-1,3-oxazole.378  

5-Methyl-2-phenyl-4,5-dihydro-1,3-oxazole (100): δH (400 MHz, CDCl3) 1.43 (3H, 

d, J = 6.4 Hz, CH3), 3.60 (1H, dd, J = 7.2, 14.4 Hz, H4), 4.14 (1H, dd, J = 9.6, 14.4 

Hz, H4), 4.80-4.88 (1H, m, H5), 7.39-7.43 (2H, m, m-C6H5), 7.46-7.49 (1H, m, p-

C6H5), 7.94-7.96 (2H, m, o-C6H5); δC (100 MHz, CDCl3) 21.1 (CH3), 61.6 (C4), 76.2 

(C5), 128.1 (o-C6H5), 128.2 (i-C6H5), 128.3 (m-C6H5), 131.2 (p-C6H5), 163.7 (C2). 

MS (ESI, +ve) m/z: 161.8 ([M+H]+, 100%). HRMS: calcd for C10H12NO [M+H]+: 

162.0913. Found: 162.0907. 

4-Methyl-2-phenyl-4,5-dihydro-1,3-oxazole: δH (400 MHz, CDCl3) 1.43 (3H, d, J = 

6.4 Hz, CH3), 3.60 (1H, dd, J = 7.2, 14.4 Hz, H4), 4.14 (1H, dd, J = 9.6, 14.4 Hz, 

H4), 4.80-4.88 (1H, m, H5), 7.39-7.43 (2H, m, m-C6H5), 7.46-7.49 (1H, m, p-C6H5), 

7.94-7.96 (2H, m, o-C6H5); δC (100 MHz, CDCl3) 21.4 (CH3), 62.0 (C4), 74.0 (C5), 

128.1 (o-C6H5), 128.2 (i-C6H5), 128.3 (m-C6H5), 131.2 (p-C6H5), 163.7 (C2). 
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3.3.2 Synthesis of 2-phenyl-5,6-dihydro-4H-1,3-oxazine (101) with 2.0 equivalent 

of reagent 53 

Triflic anhydride (275 µL, 1.64 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (980 

mg, 2.46 mmol), benzoic acid (100 mg, 0.82 mmol), 3-amino-1-propanol (62 µL, 

0.82 mmol) and DIPEA (426 µL, 2.46 mmol) were reacted in dry CH2Cl2 (20 mL) 

according to procedure 3.2.1. After work-up and purification by silica column 

chromatography (ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 

101381,382 was obtained as a colourless oil (72 mg, 55%). δH (400 MHz, CDCl3) 1.97 

(2H, tt, J = 5.7, 5.7 Hz, H5), 3.61 (2H, t, J = 5.7 Hz, H4), 4.35 (2H, t, J = 5.7 Hz, 

H6), 7.34-7.43 (3H, m, m-C6H5, p-C6H5), 7.88-7.91 (2H, m, o-C6H5); MS (ESI, +ve) 

m/z: 161.8 ([M+H]+, 100%). 

 

3.4 Synthesis of amide 96, 103, 108, 109, 110, 118 and 119 

3.4.1 Attempted synthesis of N-(2-hydroxyethyl)benzamide (96) 

Benzoyl chloride (2.46 mL, 17.7 mmol), 2-amino-1-ethanol (988 µL, 16.4 mmol) 

and sodium hydroxide (10% aqueous solution, 13 mL) were shaken in a separating 

funnel for 20 minutes. The aqueous mixture was extracted with CH2Cl2 (50 x 4 mL), 

and the combined organic layers were washed with hydrochloric acid (2 M aqueous 

solution, 50 mL), brine (50 mL), dried (anhydrous Na2SO4), and filtered. The solvent 

was removed under reduced pressure to afford 2-(benzoylamino)ethyl benzoate 

(102)383 as an amorphous white solid (1.4 g, 59% yield based on benzoyl chloride). 

Compound 96 was not isolated.  

2-(Benzoylamino)ethyl benzoate (102): Mp 86-88 ºC (lit.,383 mp 87-90 ºC). δH (300 

MHz, CDCl3) 3.88 (2H, dt, J = 5.3, 5.3 Hz, H2), 4.57 (2H, t, J = 5.3 Hz, H1), 6.69 

(1H, br s, NH), 7.41-7.54 [5H, m, p-C6H5, m-C6H5, m-C6H5C(O)N], 7.56-7.62 [1H, 

m, p-C6H5C(O)N], 7.77-7.81 [2H, m, o-C6H5C(O)N], 8.05-8.09 (2H, m, o-C6H5); 

MS (ESI, +ve) m/z 270.2 ([M+H]+, 23%), 292.2 ([M+Na]+, 85%), 276.2 ([M+Li]+, 

100%).  

 

3.4.2 Synthesis of N-(2-hydroxyethyl)benzamide (96) using benzoyl chloride  

Benzoyl chloride (1.65 mL, 14.2 mmol) was added dropwise to 2-amino-1-ethanol 

(859 µL, 14.2 mmol) and TEA (1.9 mL, 14.2 mmol) in dry CH2Cl2 (100 mL), and 

the mixture stirred at room temperature under a nitrogen atmosphere for 16 hours. 
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The solvent was removed under reduced pressure and the residue purified by silica 

column chromatography (ethyl acetate/hexane, gradient from 10:90 to 100:0). 

Compound 96383 was obtained as an amorphous white solid (1.71 g, 73%). Mp 56-58 

ºC (lit.,383 mp 56-57 ºC). δH (400 MHz, CDCl3) 3.15 (1H, br s, OH), 3.60 (2H, dt, J = 

4.4, 5.3 Hz, H1), 3.81 (2H, t, J = 5.3 Hz, H2), 6.89 (1H, br s, NH), 7.38-7.42 (2H, m, 

m-C6H5), 7.47-7.51 (1H, m, p-C6H5), 7.76-7.79 (2H, m, o-C6H5); MS (ESI, +ve) m/z 

172.1 ([M+Li]+, 100%). 

 

3.4.3 Synthesis of N-(2-hydroxyethyl)benzamide (96) using benzoic anhydride  

Benzoic anhydride (2.0 g, 8.84 mmol) in dry CH2Cl2 (25 mL) was added dropwise 

(over 2 hours) to a vigorously stirred solution of 2-amino-1-ethanol (534 µL, 8.84 

mmol) and TEA (1.2 mL, 8.84 mmol) in dry CH2Cl2 (75 mL) at 0 ºC under a 

nitrogen atmosphere. The reaction mixture was warmed slowly to room temperature 

and stirred for 16 hours. The mixture was washed with sodium hydroxide (2 M 

aqueous solution, 2 x 50 mL), dried (anhydrous Na2SO4), and filtered. The solvent 

was removed under reduced pressure and the residue purified by silica column 

chromatography (ethyl acetate/CH2Cl2, gradient from 25:75 to 100:0). Compound 

96383 was obtained as an amorphous white solid (1.25 g, 86%). 

 

3.4.4 N-(2-Hydroxyethyl)-4-nitrobenzamide (103) 

4-Nitrobenzoyl chloride (4.0 g, 21.6 mmol), 2-amino-1-ethanol (1.3 mL, 21.6 mmol) 

and TEA (3.0 mL, 21.6 mmol) were reacted in dry CH2Cl2 (200 mL) according to 

procedure 3.4.2. After purification by silica column chromatography (ethyl 

acetate/CH2Cl2, gradient from 0:100 to 100:0), compound 103384-386 was obtained as 

an amorphous pale yellow solid (4.49 g, 99%). Mp 131-133 ºC (lit.,384 mp 132-134 

ºC). δH (400 MHz, acetone-d6) 3.54 (2H, dt, J = 5.7, 5.7 Hz, H1), 3.72 (2H, dt, J = 

5.7, 5.7 Hz, H2), 3.97 (1H, t, J = 5.7 Hz, OH), 8.08 (1H, br s, NH), 8.12-8.16 (2H, m, 

o-C6H5), 8.29-8.33 (2H, m, m-C6H5); MS (ESI, +ve) m/z 216.9 ([M+Li]+, 100%). 

 

3.4.5 N-(3-Hydroxypropyl)benzamide (108) 

Benzoyl chloride (3.28 mL, 28.4 mmol), 3-amino-1-propanol (2.16 mL, 28.4 mmol) 

and TEA (3.8 mL, 28.4 mmol) were reacted in dry CH2Cl2 (200 mL) according to 

procedure 3.4.2. After purification by silica column chromatography (ethyl 
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acetate/CH2Cl2, 50:50), compound 108383,387 was obtained as an amorphous white 

solid (5.08 g, 100%). Mp 56-58 ºC (lit.,383 mp 54-57 ºC). δH (400 MHz, CD3OD) 

1.84 (2H, tt, J = 6.7, 6.7 Hz, H2), 3.48 (2H, t, J = 6.7 Hz, H1), 3.65 (2H, t, J = 6.7 

Hz, H3), 7.43-7.47 (2H, m, m-C6H5), 7.50-7.54 (1H, m, p-C6H5), 7.79-7.82 (2H, m, 

o-C6H5), NH and OH not observed; MS (ESI, +ve) m/z 201.9 ([M+Na]+, 100%), 

186.0 ([M+Li]+, 100%).  

 

3.4.6 N-(4-Hydroxybutyl)benzamide (109) 

Benzoyl chloride (651 µL, 5.6 mmol), 4-amino-1-butanol (521 µL, 5.6 mmol) and 

TEA (781 µL, 5.6 mmol) were reacted in dry CH2Cl2 (50 mL) according to 

procedure 3.4.2. After purification by silica column chromatography (ethyl 

acetate/hexane, gradient from 5:95 to 100:0), compound 109388,389 was obtained as an 

amorphous white solid (875 mg, 81%). Mp 71-74 ºC (lit.,389 mp 71-74 ºC). δH (400 

MHz, CDCl3) 1.56-1.70 (4H, m, H2, H3), 3.30 (1H, s, OH), 3.40-3.43 (2H, m, H1), 

3.63 (2H, t, J = 6.0 Hz, H4), 7.13 (1H, br s, NH), 7.33-7.37 (2H, m, m-C6H5), 7.41-

7.45 (1H, m, p-C6H5), 7.74-7.76 (2H, m, o-C6H5); MS (ESI, +ve) m/z 193.9 

([M+H]+, 51%). 215.9 ([M+Na]+, 100%). 200.0 ([M+Li]+, 100%).  

 

3.4.7 N-(2-Sulfanylethyl)benzamide (110), with 16 hours reaction time 

Benzoyl chloride (1.65 mL, 14.2 mmol), 2-aminoethanethiol (1.1 g, 14.2 mmol) and 

TEA (1.98 mL, 14.2 mmol) were reacted in dry CH2Cl2 (100 mL) according to 

procedure 3.4.2. After purification by silica column chromatography (ethyl 

acetate/hexane, gradient from 25:75 to 100:0), compound 110377,390 (900 mg, 35%) 

and N,N'-(disulfanediyldiethane-2,1-diyl)dibenzamide (111)166,391 (1.60 g, 62% yield 

based on benzoyl chloride) were obtained as amorphous white solids.  

N-(2-Sulfanylethyl)benzamide (110): Mp 70-71 ºC (lit.,390 mp 69-70 ºC). δH (400 

MHz, CD3OD) 2.72 (2H, t, J = 7.0 Hz, H2), 3.54 (2H, t, J = 7.0 Hz, H1), 7.46 (2H, t, 

J = 7.4 Hz, m-C6H5), 7.54 (1H, t, J = 7.4 Hz, p-C6H5), 7.82 (2H, d, J = 7.4 Hz, o-

C6H5), SH not observed; MS (ESI, +ve) m/z 187.9 ([M+Li]+, 100%).  

N,N'-(Disulfanediyldiethane-2,1-diyl)dibenzamide (111): Mp 130-132 ºC (lit.,166 mp 

130 ºC). δH (400 MHz, CDCl3) 3.01 (4H, t, J = 6.2 Hz, NHCH2), 3.82 (4H, dt, J = 

6.2, 6.2 Hz, CH2S), 6.95 (2H, br s, NH), 7.41-7.46 (4H, m, m-C6H5), 7.49-7.54 (2H, 

m, p-C6H5), 7.83-7.85 (4H, m, o-C6H5); δC (100 MHz, CDCl3) 38.6 (CH2S), 40.4 

(NCH2), 128.3 (o-C6H5), 129.5 (m-C6H5), 132.7 (p-C6H5), 135.5 (i-C6H5), 170.3 
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[C(O)N]. MS (ESI, +ve) m/z 361.2 ([M+H]+, 12%), 383.1 ([M+Na]+, 100%), 367.2 

([M+Li]+, 100%). HRMS: calcd for C18H21N2O2S2 [M+H]+: 361.1039. Found: 

361.1040. 

 

3.4.8 Synthesis of N-(2-sulfanylethyl)benzamide (110), with 4 hours reaction 

time  

Benzoyl chloride (1.65 mL, 14.2 mmol), 2-aminoethanethiol (1.1 g, 14.2 mmol) and 

TEA (1.98 mL, 14.2 mmol) were reacted in dry CH2Cl2 (100 mL) for 4 hours 

according to procedure 3.4.2. After purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 25:75 to 100:0), compound 110377,390 was 

obtained as an amorphous white solid (2.43 g, 93%). 

 

3.4.9 N-(2-Hydroxypropyl)benzamide (118) 

Benzoyl chloride (1.24 mL, 10.7 mmol), 1-amino-2-propanol (with approx. 6% of 2-

amino-1-propanol present, 836 µL, 10.7 mmol) and TEA (1.5 mL, 10.7 mmol) were 

reacted in dry CH2Cl2 (150 mL) according to procedure 3.4.2. After purification by 

silica column chromatography (ethyl acetate/hexane, gradient from 10:90 to 50:50), 

compound 118392 was obtained as an amorphous white solid (1.81 g, 95%) 

containing approximately 6% of N-(2-hydroxy-1-methylethyl)benzamide.393 

N-(2-Hydroxypropyl)benzamide (118): Mp 90-93 ºC* (lit.,392 mp 89-90 ºC). δH (400 

MHz, CDCl3) 1.22 (3H, d, J = 6.4 Hz, CH3), 3.25-3.32 (2H, m, CH2, OH), 3.63 (1H, 

m, CH2), 4.01 (1H, ddq, J = 3.2, 7.6, 12.6 Hz, CH), 6.94 (1H, br s, NH), 7.37-7.41 

(2H, m, m-C6H5), 7.46-7.50 (1H, m, p-C6H5) 7.76-7.79 (2H, m, o-C6H5); MS (ESI, 

+ve) m/z 179.9 ([M+H]+, 30%), 201.9 ([M+Na]+, 100%), 186.0 ([M+Li]+, 100%). 

N-(2-Hydroxy-1-methylethyl)benzamide: δH (400 MHz, CDCl3) 1.26 (3H, d, J = 6.8 

Hz, CH3), 3.63 (1H, m, CH2), 3.74 (1H, dd, J = 3.8, 11.0 Hz, CH2), 4.21-4.28 (1H, 

m, CH), 6.57 (1H, br s, NH), 7.37-7.41 (2H, m, m-C6H5), 7.46-7.50 (1H, m, p-C6H5) 

7.76-7.79 (2H, m, o-C6H5). OH not observed. 

* Melting point of 118 containing 6% of N-(2-hydroxy-1-methylethyl)benzamide 

 

3.4.10 Methyl N-benzoylserinate (119)  

Benzoyl chloride (1.24 mL, 10.7 mmol), D,L-methyl serinate.HCl (1.66 g, 10.7 

mmol) and TEA (3.3 mL, 23.5 mmol) were reacted in dry CH2Cl2 (150 mL) 
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according to procedure 3.4.2. After purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 119394 was obtained as 

a colourless oil (2.25 g, 94%). δH (400 MHz, CDCl3) 3.73 (3H, s, CH3), 3.78 (1H, br 

s, OH), 3.96 (1H, dd, J = 3.6, 11.3 Hz, CH2), 4.04 (1H, dd, J = 3.6, 11.3 Hz, CH2), 

4.80 (1H, dt, J = 3.6, 7.5 Hz, α-CH), 7.36 (2H, t, J = 7.5 Hz, m-C6H5), 7.47 (1H, t, J 

= 7.5 Hz, p-C6H5) 7.78 (2H, d, J = 7.5 Hz, o-C6H5); MS (ESI, +ve) m/z 223.9 

([M+H]+, 25%), 245.9 ([M+Na]+, 100%), 229.9 ([M+Li]+, 100%). 

 

3.4.11 Attempted synthesis of methyl N-benzoylcysteinate (123) using benzoyl 

chloride 

Benzoyl chloride (826 µL, 7.1 mmol), L-methyl cysteinate.HCl (1.25 g, 7.1 mmol) 

and TEA (4.4 mL, 31.4 mmol) were reacted in dry CH2Cl2 (100 mL) according to 

procedure 3.4.2. After purification by silica column chromatography (ethyl 

acetate/hexane, gradient from 5:95 to 50:50), methyl N,S-dibenzoylcysteinate (120) 

was obtained as an amorphous white solid (1.19 g, 98% yield based on benzoyl 

chloride). Compound 123 was not isolated. 

Methyl N,S-dibenzoylcysteinate (120): Mp 142-144 ºC. IR (KBr) cm-1: 3315, 1744, 

1651, 1238. δH (400 MHz, CDCl3) 3.66-3.76 (2H, m, CH2), 3.82 (3H, s, CH3), 5.08 

(1H, dt, J = 4.8, 6.8 Hz, α-CH), 7.14 (1H, br d, J = 6.8 Hz, NH), 7.42-7.53 [5H, m, p-

C6H5C(O)N, m-C6H5C(O)N, m-C6H5], 7.58-7.62 (1H, m, p-C6H5), 7.80-7.82 [2H, m, 

o-C6H5C(O)N], 7.95-7.97 (2H, m, o-C6H5); δC (100 MHz, CDCl3) 30.7 (CH2), 52.9 

(CH3), 53.1 (α-CH), 127.2 (o-[C6H5C(O)N), 127.5 (o-C6H5), 128.6 (m-C6H5), 128.8 

[m-C6H5C(O)N], 131.9 [p-C6H5C(O)N], 133.5 [i-C6H5C(O)N], 133.9 (p-C6H5), 

136.3 (i-C6H5), 167.1 [C(O)N], 170.7 [C(O)O], 191.9 [C(O)S]. MS (ESI, +ve) m/z 

344.0 ([M+H]+, 79%), 366.1 ([M+Na]+, 100%), 350.1 ([M+Li]+, 100%). HRMS: 

calcd for C18H17NO4S [M+H]+: 343.0878. Found: 343.0879. Anal. Calcd for 

C18H17NO4S: C, 62.96; H, 4.99; N, 4.08; S, 9.34. Found: C, 62.64; H, 5.33; N, 4.03; 

S, 9.08. 

 

3.4.12 Synthesis of methyl N-benzoylcysteinate (123) using benzoic anhydride 

and 5 equivalents of L-cysteine methyl ester 

Benzoic anhydride (500 mg, 2.21 mmol), L-cysteine methyl ester.HCl (1.90 g, 11.1 

mmol) and TEA (1.54 mL, 11.1 mmol) were reacted in dry CH2Cl2 (200 mL) 

according to procedure 3.4.3. After work-up and purification by silica column 
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chromatography (ethyl acetate/ hexane, gradient from 5:95 to 50:50), compound 

123395 (352 mg, 67%) and compound 120 (113 mg, 30% yield based on benzoic 

anhydride) was isolated as amorphous white solids.  

Methyl N-benzoylcysteinate (123): Mp 63-65 ºC (lit.,395 mp 63-65 ºC). δH (400 MHz, 

CDCl3) 1.44 (1H, t, J = 8.9 Hz, SH), 3.13 (1H, dd, J = 3.8, 3.8 Hz, CH2), 3.15 (1H, 

dd, J = 3.8, 3.8 Hz, CH2), 3.83 (1H, s, CH3), 5.11 (1H, dt, J = 3.8, 6.8 Hz, CH), 7.17 

(1H, br d, J = 6.8 Hz, NH), 7.44-7.49 (2H, m, m-C6H5), 7.51-7.55 (1H, m, p-C6H5), 

7.84-7.86 (2H, m, o-C6H5), SH not observed; MS (ESI, +ve) m/z 239.9 ([M+H]+, 

27%), 261.9 ([M+Na]+, 100%), 246.0 ([M+Li]+, 100%). 

 

3.4.13 Synthesis of methyl N-benzoylcysteinate (123) using benzoic anhydride 

and 20 equivalents of L-cysteine methyl ester 

Benzoic anhydride (200 mg, 0.88 mmol), L-cysteine methyl ester.HCl (3.03 g, 17.7 

mmol) and TEA (2.46 mL, 17.7 mmol) were reacted in dry CH2Cl2 (300 mL) 

according to procedure 3.4.3. After work-up and purification by silica column 

chromatography (ethyl acetate/ hexane, gradient from 5:95 to 50:50), compound 

123395 (200mg, 95%) was isolated as an amorphous white solid.  

 

3.5 Optimisation of the cyclisation of N-(2-hydroxyethyl)benzamide 

(96) to 2-phenyl-4,5-dihydro-1,3-oxazole (92) 

Varying the equivalents used of reagent 38 or 53: 

3.5.1 With 1.0 equivalent of reagent 53 

Triflic anhydride (102 µL, 0.61 mmol) was added slowly to a solution of 1,2-

bis(diphenylphosphinyl)ethane (93) (313 mg, 0.73 mmol) in dry CH2Cl2 (10 mL) at 0 

ºC under a nitrogen atmosphere. A thick white precipitate was formed and the 

mixture was stirred at 0 ºC for 30 minutes. N-(2-Hydroxyethyl)benzamide (96) (100 

mg, 0.61 mmol) and DIPEA (231 µL, 1.33 mmol) were added to the reaction 

mixture. The pale yellow mixture was warmed to room temperature and then stirred 

for 16 hours. The reaction mixture was washed with sodium hydrogen carbonate (5% 

aqueous solution, 2 x 30 mL), dried (anhydrous Na2SO4) and filtered. The solvent 

was removed under reduced pressure and the residue purified by silica column 
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chromatography (ethyl acetate/hexane, gradient from 25:75 to 100:0). Compound 

92175,377 was obtained as a colourless oil (51 mg, 57%).  

 

3.5.2 With 1.2 equivalent of reagent 53 

Triflic anhydride (122 µL, 0.73 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (350 

mg, 0.88 mmol), N-(2-hydroxyethyl)benzamide (96) (100 mg, 0.61 mmol) and 

DIPEA (278 µL, 1.60 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.5.1. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 25:75 to 100:0) compound 92175,377 was obtained 

as a colourless oil (33 mg, 37%).  

 

3.5.3 With 0.5 equivalent of reagent 38 

Triflic anhydride (51 µL, 0.30 mmol), triphenylphosphine oxide (202 mg, 0.73 

mmol), N-(2-hydroxyethyl)benzamide (96) (100 mg, 0.61 mmol) and DIPEA (115 

µL, 0.67 mmol) were reacted in dry CH2Cl2 (10 mL) according to procedure 3.5.1. 

Analysis of the crude mixture by 1H NMR spectroscopy indicated that compound 

92175,377 (23%) and amide 96383 (41%) were present. 

 

3.5.4 With 1.0 equivalent of reagent 38 

Triflic anhydride (102 µL, 0.61 mmol), triphenylphosphine oxide (404 mg, 1.45 

mmol), N-(2-hydroxyethyl)benzamide (96) (100 mg, 0.61 mmol) and DIPEA (231 

µL, 1.33 mmol) were reacted in dry CH2Cl2 (10 mL) according to procedure 3.5.1. 

Analysis of the crude mixture by 1H NMR spectroscopy indicated that compound 92 

(67%) and amide 96383 (23%) were present. After work-up and purification by silica 

column chromatography (ethyl acetate/hexane, gradient from 25:75 to 100:0) 

compound 92175,377 was obtained as a colourless oil (56 mg, 60%).  

 

3.5.5 With 1.2 equivalent of reagent 38 

Triflic anhydride (122 µL, 0.73 mmol), triphenylphosphine oxide (489 mg, 1.76 

mmol), N-(2-hydroxyethyl)benzamide (96) (100 mg, 0.61 mmol) and DIPEA (272 

µL, 1.57 mmol) were reacted in dry CH2Cl2 (10 mL) according to procedure 3.5.1. 

Analysis of the crude mixture by 1H NMR spectroscopy indicated that compound 92 
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(34%) and amide 96383 (29%) were present. After work-up and purification by silica 

column chromatography (ethyl acetate/hexane, gradient from 25:75 to 100:0) 

compound 92175,377 was obtained as a colourless oil (29 mg, 33%).  

 

3.5.6 With 2.0 equivalent of reagent 38 

Triflic anhydride (204 µL, 1.21 mmol), triphenylphosphine oxide (809 mg, 2.91 

mmol), N-(2-hydroxyethyl)benzamide (96) (100 mg, 0.61 mmol) and DIPEA (461 

µL, 2.66 mmol) were reacted in dry CH2Cl2 (10 mL) according to procedure 3.5.1. 

Analysis of the crude mixture by 1H NMR spectroscopy showed a complex mixture 

containing some amount of compound 92175,377 (23%). Amide 96 was not observed. 

 

Varying the reaction temperature: 

3.5.7 At -78 ºC with reagent 38 

Triflic anhydride (102 µL, 0.61 mmol) was added slowly to a solution of 

triphenylphosphine oxide (404 mg, 1.45 mmol) in dry CH2Cl2 (10 mL) at 0 ºC under 

a nitrogen atmosphere. A white precipitate was formed. The reaction mixture was 

stirred at 0 ºC for 30 minutes. The reaction mixture was cooled to -78 ºC and N-(2-

hydroxyethyl)benzamide (96) (100 mg, 0.61 mmol) and DIPEA (231 µL, 1.33 

mmol) were added. The pale yellow mixture was slowly warmed (over 4 hours) to 

room temperature and then stirred for 16 hours. Analysis of the crude mixture by 1H 

NMR spectroscopy indicated that compound 92175,377 (23%) and amide 96383 (53%) 

were present. 

 

Varying the reaction time: 

3.5.8 With 48 hours reaction time and 1.0 equivalent of reagent 53 

Triflic anhydride (102 µL, 0.61 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (313 

mg, 0.73 mmol), N-(2-hydroxyethyl)benzamide (96) (100 mg, 0.61 mmol) and 

DIPEA (231 µL, 1.33 mmol) were reacted for 48 hours in dry CH2Cl2 (10 mL) 

according to procedure 3.5.1. After work-up and purification by silica column 

chromatography (ethyl acetate/hexane, gradient from 25:75 to 100:0) compound 

92175,377 was obtained as a colourless oil (49 mg, 55%).  
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3.5.9 With 48 hours reaction time and 1.0 equivalent of reagent 38 

Triflic anhydride (102 µL, 0.61 mmol), triphenylphosphine oxide (404 mg, 1.45 

mmol), N-(2-hydroxyethyl)benzamide (96) (100 mg, 0.61 mmol) and DIPEA (231 

µL, 1.33 mmol) were reacted in dry CH2Cl2 (10 mL) according to procedure 3.5.1. 

Analysis of the crude mixture by 1H NMR spectroscopy indicated that compound 

92175,377 (64%) and amide 96383 (17%) were present. After work-up and purification 

by silica column chromatography (ethyl acetate/hexane, gradient from 25:75 to 

100:0) compound 92175,377 was obtained as a colourless oil (46 mg, 52%).  

 

Varying the base used in the reaction: 

3.5.10 With TEA and 1.0 equivalent of reagent 53 

Triflic anhydride (102 µL, 0.61 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (313 

mg, 0.73 mmol), N-(2-hydroxyethyl)benzamide (96) (100 mg, 0.61 mmol) and TEA 

(185 µL, 1.33 mmol) were reacted in dry CH2Cl2 (10 mL) according to procedure 

3.5.1. After work-up and purification by silica column chromatography (ethyl 

acetate/hexane, gradient from 25:75 to 100:0) compound 92175,377 was obtained as a 

colourless oil (53 mg, 60%).  

 

3.5.11 With TEA and 1.0 equivalent of reagent 38 

Triflic anhydride (102 µL, 0.61 mmol), triphenylphosphine oxide (404 mg, 1.45 

mmol), N-(2-hydroxyethyl)benzamide (96) (100 mg, 0.61 mmol) and TEA (185 µL, 

1.33 mmol) were reacted in dry CH2Cl2 (10 mL) according to procedure 3.5.1. 

Analysis of the crude mixture by 1H NMR spectroscopy indicated that compound 

92175,377 (49%) and amide 96383 (34%) were present. After work-up and purification 

by silica column chromatography (ethyl acetate/hexane, gradient from 25:75 to 

100:0) compound 92175,377 was obtained as a colourless oil (41 mg, 46%).  

 

Varying the addition time of N-(2-hydroxyethyl)benzamide (96) and DIPEA: 

3.5.12 With 5 minutes addition time and 1.0 equivalents of reagent 53 

Triflic anhydride (306 µL, 1.82 mmol) was added slowly to a solution of 1,2-

bis(diphenylphosphinyl)ethane (93) (938 mg, 2.2 mmol) in dry CH2Cl2 (30 mL) at 0 

ºC under a nitrogen atmosphere. A thick white precipitate was formed and the 
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mixture was stirred at 0 ºC for 30 minutes. N-(2-hydroxyethyl)benzamide (96) (300 

mg, 1.82 mmol) and DIPEA (692 µL, 4.0 mmol) in dry CH2Cl2 (5 mL) were added 

dropwise (over 5 minutes) to the reaction mixture. The pale yellow mixture was 

warmed to room temperature and then stirred for 2 hours. The reaction mixture was 

washed with sodium hydrogen carbonate (5% aqueous solution, 2 x 30 mL), dried 

(anhydrous Na2SO4) and filtered. The solvent was removed under reduced pressure 

and the residue purified by silica column chromatography (ethyl acetate/hexane, 

gradient from 10:90 to 100:0). Compound 92175,377 was obtained as a colourless oil 

(188 mg, 70%). Amide 96383 (88 mg, 29%) was also recovered.  

 

3.5.13 With 4 hours addition time and 1.0 equivalents of reagent 53 

Triflic anhydride (306 µL, 1.82 mmol) and 1,2-bis(diphenylphosphinyl)ethane (93) 

(938 mg, 2.2 mmol) were reacted in dry CH2Cl2 (30 mL) according to procedure 

3.5.12. N-(2-Hydroxyethyl)benzamide (96) (300 mg, 1.82 mmol) and DIPEA (692 

µL, 4.0 mmol) were added dropwise (over 4 hours) via a syringe pump to the 

reaction mixture as a solution in dry CH2Cl2 (5 mL). Analysis of the crude mixture 

by 1H NMR spectroscopy indicated that compound 92175,377 (52%) and amide 96383 

(48%) were present. 
 

3.5.14 With 1 hour and 13 minutes addition time and 1.0 equivalents of reagent 

53 

Triflic anhydride (306 µL, 1.82 mmol) and 1,2-bis(diphenylphosphinyl)ethane (93) 

(938 mg, 2.2 mmol) were reacted in dry CH2Cl2 (30 mL) according to procedure 

3.5.12. N-(2-Hydroxyethyl)benzamide (96) (300 mg, 1.82 mmol) and DIPEA (692 

µL, 4.0 mmol) in dry CH2Cl2 (5 mL) was added dropwise (over 1 hour and 13 

minutes) via a syringe pump to the reaction mixture. After work-up and purification 

by silica column chromatography (ethyl acetate/hexane, gradient from 10:90 to 

100:0) compound 92175,377 was obtained as a colourless oil (172 mg, 64%). 

 

3.5.15 With 30 minutes addition time and 1.0 equivalents of reagent 53 

Triflic anhydride (306 µL, 1.82 mmol) and 1,2-bis(diphenylphosphinyl)ethane (93) 

(938 mg, 2.2 mmol) were reacted in dry CH2Cl2 (30 mL) according to procedure 

3.5.12. N-(2-Hydroxyethyl)benzamide (96) (300 mg, 1.82 mmol) and DIPEA (692 



 

 168

µL, 4.0 mmol) in dry CH2Cl2 (5 mL) was added dropwise (over 30 minutes) via a 

syringe pump to the reaction mixture. After work-up and purification by silica 

column chromatography (ethyl acetate/hexane, gradient from 10:90 to 100:0) 

compound 92175,377 was obtained as a colourless oil (194 mg, 72%). Amide 96383 (72 

mg, 24%) was also recovered. 

 

3.6 Stability tests of 2-phenyl-4,5-dihydro-1,3-oxazole (92) 

3.6.1 With hydrochloric acid for 1 hour 

Hydrochloric acid (2 M aqueous solution, 5 mL) was added to a solution of 2-

phenyl-4,5-dihydro-1,3-oxazole 92 (45 mg, 0.31 mmol) in CH2Cl2 (0.5 ml). The 

mixture was stirred at room temperature for 1 hour. The reaction mixture was made 

basic by dropwise addition of sodium hydroxide (2 M, aqueous solution) and 

extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried 

(anhydrous Na2SO4), filtered and concentrated. Analysis of the crude mixture by 1H 

NMR spectroscopy indicated that compound 92175,377 and N-(2-

hydroxyethyl)benzamide (96)383 were present in a 91:9 ratio in conjunction with 

traces (<5%) of unidentified impurities. 

 

3.6.2 With hydrochloric acid for 16 hours 

Hydrochloric acid (2 M aqueous solution, 5 mL) was added to a solution of 2-

phenyl-4,5-dihydro-1,3-oxazole (92) (45 mg, 0.31 mmol) in CH2Cl2 (0.5 ml). The 

mixture was stirred at room temperature for 16 hour. The reaction mixture was made 

basic by dropwise addition of sodium hydroxide (2 M, aqueous solution) and 

extracted with CH2Cl2 (3 x 10 mL). The combined organic layers were dried 

(anhydrous Na2SO4), filtered and concentrated. Analysis of the crude mixture by 1H 

NMR spectroscopy indicated that compound 92175,377 and N-(2-

hydroxyethyl)benzamide (96)383 were present in a 73:27 ratio in conjunction with 

traces (<5%) of unidentified impurities. 

 

3.6.3 With sodium bicarbonate for 16 hours 

Sodium bicarbonate (saturated aqueous solution, 8 mL) was added to a solution of 2-

phenyl-4,5-dihydro-1,3-oxazole (92) (20 mg, 0.14 mmol) in methanol (2 ml). The 
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mixture was stirred at room temperature for 16 hour. The methanol was removed 

under reduced pressure and the remaining water layer extracted with CH2Cl2 (3 x 10 

mL). The combined organic layers were dried (anhydrous Na2SO4), filtered and 

concentrated. Analysis of the crude mixture by 1H NMR spectroscopy indicated that 

compound 92175,377 and N-(2-hydroxyethyl)benzamide (96)383 were present in a 85:15 

ratio in conjunction with traces (<5%) unidentified impurities. 

 

3.7 Volatility tests of 2-phenyl-4,5-dihydro-1,3-oxazole (92) 

3.7.1 At 55 ºC under a pressure of 60 mbar 

2-Phenyl-4,5-dihydro-1,3-oxazole (92) (35 mg, 0.24 mmol) was heated at 55 ºC 

under a pressure of 60 mbar for 1 hour. Compound 92 was recovered without 

decomposition, as determined by 1H NMR spectroscopy. Reweighing the material 

showed a loss of 14% (4.8 mg) of compound 92.175,377 

 

3.8 Optimisation of the cyclisation of N-(2-hydroxyethyl)-4-

nitrobenzamide (103) to 2-(4-nitrophenyl)-4,5-dihydro-1,3-oxazole 

(104) 

Varying the equivalents used of reagent 38 or 53: 

3.8.1 With 2.0 equivalent of reagent 38 

Triflic anhydride (160 µL, 0.95 mmol), triphenylphosphine oxide (636 mg, 2.28 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) and 

DIPEA (362 µL, 2.09 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated 

that compound 104384 (34%) and amide 103384 (19%) were present in conjunction 

with significant amounts of unidentified decomposition products.  

2-(4-Nitrophenyl)-4,5-dihydro-1,3-oxazole (104): Mp 176-178 ºC (lit.,384 mp 177-

179 ºC). δH (400 MHz, CDCl3) 4.13 (2H, t, J = 9.6 Hz, H4), 4.51 (2H, t, J = 9.6 Hz, 

H5), 8.12-8.14 (2H, m, o-C6H5), 8.27-8.29 (2H, m, m-C6H5); MS (ESI, +ve) m/z: 

192.9 ([M+H]+, 47%). 
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3.8.2 With 1.5 equivalent of reagent 38 

Triflic anhydride (120 µL, 0.71 mmol), triphenylphosphine oxide (477 mg, 1.71 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) and 

DIPEA (272 µL, 1.57 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated 

that compound 104384 (52%) and amide 103384 (15%) were present. Small amounts of 

unidentified decomposition products were also present. 

 

3.8.3 With 1.2 equivalent of reagent 38 

Triflic anhydride (96 µL, 0.57 mmol), triphenylphosphine oxide (384 mg, 1.38 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) and 

DIPEA (214 µL, 1.24 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated 

that compound 104384 (54%) and amide 103384 (32%) were present. After work-up 

and purification by silica column chromatography (ethyl acetate/hexane, gradient 

from 25:75 to 100:0) compound 104384 was obtained as an amorphous pale yellow 

solid (45 mg, 49%). Amide 103384 (36 mg, 36%) was also isolated.  

 

3.8.4 With 1.0 equivalent of reagent 38 

Triflic anhydride (80 µL, 0.48 mmol), triphenylphosphine oxide (318 mg, 1.14 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) and 

DIPEA (181 µL, 1.05 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated 

that compound 104384 (56%) and amide 103384 (40%) were present. After work-up 

and purification by silica column chromatography (ethyl acetate/hexane, gradient 

from 25:75 to 100:0) compound 104384 was obtained as an amorphous pale yellow 

solid (51 mg, 56%). Amide 103384 (42 mg, 42%) was also isolated. 

 

3.8.5 With 0.9 equivalent of reagent 38 

Triflic anhydride (40 µL, 0.24 mmol), triphenylphosphine oxide (159 mg, 0.57 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and DIPEA 

(91 µL, 0.52 mmol) were reacted in dry CH2Cl2 (5 mL) according to procedure 3.5.1. 
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Analysis of the crude mixture by 1H NMR spectroscopy indicated that compound 

104384 (52%) and amide 103384 (46%) were present.  

 

3.8.6 With 0.8 equivalent of reagent 38 

Triflic anhydride (64 µL, 0.38 mmol), triphenylphosphine oxide (252 mg, 0.90 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) and 

DIPEA (145 µL, 0.84 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated 

that compound 104384 (39%) and amide 103384 (54%) were present.  

 

3.8.7 With 0.5 equivalent of reagent 38 

Triflic anhydride (40 µL, 0.24 mmol), triphenylphosphine oxide (159 mg, 0.57 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) and 

DIPEA (91 µL, 0.52 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated 

that compound 104384 (21%) and amide 103384 (63%) were present.  

 

3.8.8 With 1.0 equivalent of reagent 53 

Triflic anhydride (80 µL, 0.48 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (227 

mg, 0.57 mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) 

and DIPEA (181 µL, 1.05 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.5.1. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 25:75 to 100:0) compound 104384 was obtained 

as an amorphous pale yellow solid (46 mg, 52%). Amide 103384 (47 mg, 47%) was 

also isolated. 

 

3.8.9 With 1.2 equivalent of reagent 53 

Triflic anhydride (96 µL, 0.57 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (275 

mg, 0.69 mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) 

and DIPEA (214 µL, 1.24 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.5.1. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 25:75 to 100:0) compound 104384 was obtained 
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as an amorphous pale yellow solid (36 mg, 39%). Amide 103384 (46 mg, 46%) was 

also isolated. 

 

Varying the reaction temperature: 

3.8.10 At 0 ºC with reagent 38 

Triflic anhydride (40 µL, 0.24 mmol) was added slowly to a solution of 

triphenylphosphine oxide (159 mg, 0.57 mmol) in dry CH2Cl2 (5 mL) at 0 ºC under a 

nitrogen atmosphere. A white precipitate was formed and left to stir at 0 ºC for 30 

minutes. N-(2-Hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and 

DIPEA (90 µL, 0.52 mmol) were added to the reaction mixture. The pale yellow 

mixture was kept at 0 ºC for 8 hours then slowly warmed to room temperature and 

stirred for an additional 8 hours. Analysis of the crude mixture by 1H NMR 

spectroscopy indicated that compound 104384 (27%) and amide 103384 (62%) were 

present. 

 

3.8.11 At 10 ºC with reagent 38 

Triflic anhydride (80 µL, 0.48 mmol) was added slowly to a solution of 

triphenylphosphine oxide (318 mg, 1.14 mmol) in dry CH2Cl2 (10 mL) at 0 ºC under 

a nitrogen atmosphere. A white precipitate was formed and left to stir at 0 ºC for 30 

minutes. The reaction mixture was warmed to 10 ºC and N-(2-hydroxyethyl)-4-

nitrobenzamide (103) (100 mg, 0.48 mmol) and DIPEA (181 µL, 1.05 mmol) were 

added. The pale yellow mixture was stirred at 10 ºC for 16 hours. Analysis of the 

crude mixture by 1H NMR spectroscopy indicated that compound 104384 (48%) and 

amide 103384 (24%) were present. 

 

At 22 ºC with reagent 38 

For result see procedure 3.8.4 

 

3.8.12 At 40 ºC with reagent 38 

Triflic anhydride (40 µL, 0.24 mmol) was added slowly to a solution of 

triphenylphosphine oxide (159 mg, 0.57 mmol) in dry CH2Cl2 (5 mL) at 0 ºC under a 

nitrogen atmosphere. A white precipitate was formed and left to stir at 0 ºC for 30 
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minutes. N-(2-Hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and 

DIPEA (90 µL, 0.52 mmol) were added to the reaction mixture. The pale yellow 

mixture was heated at reflux for 16 hours. Analysis of the crude mixture by 1H NMR 

spectroscopy indicated that compound 104384 (43%) and amide 103384 (52%) were 

present. 

 

Varying the solvent used in the reaction: 

Using CH2Cl2 and 1.0 equivalent of reagent 38 

For result see procedure 3.8.4 

 

3.8.13 Using CH3CN and 1.0 equivalent of reagent 38 

Triflic anhydride (40 µL, 0.24 mmol), triphenylphosphine oxide (159 mg, 0.57 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and DIPEA 

(90 µL, 0.52 mmol) were reacted in dry CH3CN (5 mL) according to procedure 

3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated that 

compound 104384 (30%) and amide 103384 (67%) were present. 

 

3.8.14 Using THF and 1.0 equivalent of reagent 38 

Triflic anhydride (40 µL, 0.24 mmol), triphenylphosphine oxide (159 mg, 0.57 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and DIPEA 

(90 µL, 0.52 mmol) were reacted in dry THF (5 mL) according to procedure 3.5.1. 

Analysis of the crude mixture by 1H NMR spectroscopy showed a complex mixture 

containing traces (<5%) of compound 104384.  

 

Varying the reaction concentration: 

With 0.048 mM of N-(2-hydroxyethyl)-4-nitrobenzamide (103) and reagent 53  

For result see procedure 3.8.8 
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3.8.15 With 0.095 mM of N-(2-hydroxyethyl)-4-nitrobenzamide (103) and 

reagent 53 

Triflic anhydride (400 µL, 2.38 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (1.14 

g, 2.64 mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (500 mg, 2.38 mmol) 

and DIPEA (906 µL, 5.23 mmol) were reacted in dry CH2Cl2 (25 mL) according to 

procedure 3.5.1. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 25:75 to 100:0) compound 104384 was obtained 

as an amorphous pale yellow solid (204 mg, 45%).  

 

3.8.16 With 0.095 mM of N-(2-hydroxyethyl)-4-nitrobenzamide (103) and 

reagent 38. The yield of compound 104 is the isolated yield 

Triflic anhydride (800 µL, 4.76 mmol), triphenylphosphine oxide (3.18 g, 11.4 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (1.0 g, 4.76 mmol) and DIPEA 

(1.8 mL, 10.55 mmol) were reacted in dry CH2Cl2 (50 mL) according to procedure 

3.5.1. After work-up and purification by silica column chromatography (ethyl 

acetate/hexane, gradient from 25:75 to 100:0) compound 104384 was obtained as an 

amorphous pale yellow solid (420 mg, 46%).  

 

3.8.17 With 0.095 mM of N-(2-hydroxyethyl)-4-nitrobenzamide (103) and 

reagent 38. The yield of compound 104 is based on crude analysis 

Triflic anhydride (40 µL, 0.24 mmol), triphenylphosphine oxide (159 mg, 0.57 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and DIPEA 

(90 µL, 0.52 mmol) were reacted in dry CH2Cl2 (2.5 mL) according to procedure 

3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated that 

compound 104384 (42%) and amide 103384 (47%) were present. 

 

With 0.048 mM of N-(2-hydroxyethyl)-4-nitrobenzamide (103) and reagent 38  

For result see procedure 3.8.4 
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3.8.18 With 0.024 mM of N-(2-hydroxyethyl)-4-nitrobenzamide (103) and 

reagent 38 

Triflic anhydride (40 µL, 0.24 mmol), triphenylphosphine oxide (159 mg, 0.57 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and DIPEA 

(90 µL, 0.52 mmol) were reacted in dry CH2Cl2 (10 mL) according to procedure 

3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated that 

compound 104384 (13%) and amide 103384 (78%) were present. 

 

3.8.19 With 0.005 mM of N-(2-hydroxyethyl)-4-nitrobenzamide (103) and 

reagent 38 

Triflic anhydride (40 µL, 0.24 mmol), triphenylphosphine oxide (159 mg, 0.57 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and DIPEA 

(90 µL, 0.52 mmol) were reacted in dry CH2Cl2 (50 mL) according to procedure 

3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated that 

compound 104384 (13%) and amide 103384 (84%) were present. 

 

Varying the reaction time: 

3.8.20 Reaction time of 2 and 24 hours with 1.0 equivalent of reagent 38  

Triflic anhydride (160 µL, 0.95 mmol), triphenylphosphine oxide (636 mg, 2.28 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (200 mg, 0.95 mmol) and 

DIPEA (362 µL, 2.09 mmol) were reacted in dry CH2Cl2 (20 mL) according to 

procedure 3.5.1. After 2 hours an aliquot (10 mL) was removed from the reaction 

mixture and the solvent removed. Analysis of the crude mixture by 1H NMR 

spectroscopy indicated that compound 104384 (56%) and amide 103384 (40%) were 

present. After an additional 22 hours the remaining reaction mixture was 

concentrated and analysis of the crude mixture by 1H NMR spectroscopy indicated 

that compound 104384 (57%) and amide 103384 (40%) were present. 

 

3.8.21 Reaction time of 72 hours with 1.0 equivalent of reagent 53 

Triflic anhydride (80 µL, 0.48 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (227 

mg, 0.57 mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) 

and DIPEA (181 µL, 1.05 mmol) were reacted in dry CH2Cl2 (10 mL) according to 
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procedure 3.5.1. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 25:75 to 100:0) compound 104384 was obtained 

as an amorphous pale yellow solid (44 mg, 48%).  

 

Varying the equivalents of DIPEA: 

3.8.22 With 4.4 equivalents of DIPEA and reagent 38 

Triflic anhydride (40 µL, 0.24 mmol), triphenylphosphine oxide (159 mg, 0.57 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and DIPEA 

(181 µL, 1.05 mmol) were reacted in dry CH2Cl2 (5 mL) according to procedure 

3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated that amide 

103384 (88%) was present. No trace of compound 104384 was observed. 

 

3.8.23 With 3.0 equivalents of DIPEA and reagent 38 

Triflic anhydride (40 µL, 0.24 mmol), triphenylphosphine oxide (159 mg, 0.57 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and DIPEA 

(124 µL, 0.71 mmol) were reacted in dry CH2Cl2 (5 mL) according to procedure 

3.5.1. Analysis of the crude mixture by 1H NMR spectroscopy indicated that 

compound 104384 (19%) and amide 103384 (67%) were present 

 

With 2.2 equivalents of DIPEA and reagent 38  

For result see procedure 3.8.4 

 

3.8.24 With 1.1 equivalents of DIPEA and reagent 38 

Triflic anhydride (40 µL, 0.24 mmol), triphenylphosphine oxide (159 mg, 0.57 

mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (50 mg, 0.24 mmol) and DIPEA 

(45 µL, 0.26 mmol) were reacted in dry CH2Cl2 (5 mL) according to procedure 3.5.1. 

Analysis of the crude mixture by 1H NMR spectroscopy indicated that compound 

104384 (47%) and amide 103384 (42%) were present 
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Varying the order of addition: 

3.8.25 Synthesis of 2-(4-nitrophenyl)-4,5-dihydro-1,3-oxazole (104) with reverse 

order of addition using reagent 38 

Triflic anhydride (80 µL, 0.48 mmol) was added slowly to a solution of 

triphenylphosphine oxide (318 mg, 1.14 mmol) in dry CH2Cl2 (6 mL) at 0 ºC under a 

nitrogen atmosphere. A white precipitate was formed. The reaction mixture was 

stirred at 0 ºC for 30 minutes. The slurry was added dropwise (over 30 minutes) to a 

mixture of N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) and 

DIPEA (181 µL, 1.05) in dry CH2Cl2 (4 mL) at 0 ºC. The mixture was warmed to 

room temperature and then stirred for 16 hours. The reaction mixture was washed 

with sodium hydrogen carbonate (5% aqueous solution, 2 x 30 mL), dried 

(anhydrous Na2SO4) and filtered. The solvent was removed under reduced pressure. 

Analysis of the crude mixture by 1H NMR spectroscopy indicated that compound 

104384 (25%) and amide 103384 (33%) were present. 

 

3.9 Attempted trapping of proposed by-product 1-(4-

nitrobenzoyl)aziridine (105) 

3.9.1 Attempted synthesis of 4-nitro-N-[2-(propylamino)ethyl]benzamide (106)  

Triflic anhydride (80 µL, 0.48 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (227 

mg, 0.57 mmol), N-(2-hydroxyethyl)-4-nitrobenzamide (103) (100 mg, 0.48 mmol) 

and DIPEA (181 µL, 1.05 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.4.2. The mixture was warmed to room temperature and then stirred for 

16 hours. Propylamine (196 µL, 2.4 mmol) was added and the mixture stirred for an 

additional 16 hours. The reaction mixture was washed with sodium hydrogen 

carbonate (5% aqueous solution, 2 x 15 mL), dried (anhydrous Na2SO4) and filtered. 

The solvent was removed under reduced pressure and the residue purified by silica 

column chromatography (ethyl acetate/hexane, gradient from 25:75 to 100:0). 

Compound 104384 was obtained as a colourless oil (51 mg, 51%) and amide 103384 

was recovered (46 mg, 46%). Compound 106 was not observed or isolated. 
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3.10 Synthesis of heterocycles 101, 112 and 113 from the 

corresponding amides 

3.10.1 2-Phenyl-5,6-dihydro-4H-1,3-oxazine (101) 

Triflic anhydride (179 µL, 1.06 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (549 

mg, 1.28 mmol), N-(3-hydroxypropyl)benzamide (108) (191 mg, 1.06 mmol) and 

DIPEA (405 µL, 2.34 mmol) were reacted in dry CH2Cl2 (20 mL) according to 

procedure 3.5.12. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 25:75 to 100:0) compound 101381,382 was 

obtained as a colourless oil (121 mg, 71%). 

 

3.10.2 2-Phenyl-4,5,6,7-tetrahydro-1,3-oxazepine (112) 

Triflic anhydride (97 µL, 0.57 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (297 

mg, 0.69 mmol), N-(4-hydroxybutyl)benzamide (109) (111 mg, 0.57 mmol) and 

DIPEA (219 µL, 1.26 mmol) were reacted in dry CH2Cl2 (11 mL) according to 

procedure 3.5.12. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 25:75 to 100:0) compound 112 was obtained as 

a colourless oil (11 mg, 11%). IR (KBr) cm-1: 3436, 3052, 2974, 2880, 1626, 1426, 

1266. δH (400 MHz, CDCl3) 1.91 (4H, br s, H5, H6), 3.44 (2H, br s, H7), 3.65 (2H, 

br s, H4), 7.38-7.42 (3H, m, m-C6H5, p-C6H5), 7.50-7.53 (2H, m, o-C6H5); δC (100 

MHz, CDCl3) 24.5 (C5 or C6), 26.1 (C5 or C6), 46.1 (C4), 49.6 (C7), 127.1 (o-

C6H5), 128.2 (m-C6H5), 129.7 (p-C6H5), 137.2 (i-C6H5), 169.7 (C2). MS (ESI, +ve) 

m/z: 175.8 ([M+H]+, 100%), 181.9 ([M+Li]+, 100%). HRMS: calcd for C11H13NO 

[M+H]+: 175.0997. Found: 175.0997. 

 

3.10.3 2-Phenyl-4,5-dihydro-1,3-thiazole (113) 

Triflic anhydride (136 µL, 0.81 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (416 

mg, 0.97 mmol), N-(2-sulfanylethyl)benzamide (110) (146 mg, 0.81 mmol) and 

DIPEA (307 µL, 1.77 mmol) were reacted in dry CH2Cl2 (16 mL) according to 

procedure 3.5.12. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 10:90 to 100:0) compound 113292,396,397 was 

obtained as a pale yellow oil (76 mg, 57%) and disulfide 111391 was isolated as an 

amorphous white solid (22 mg, 16% yield based on 110). Amide 110377,390 (35 mg, 

24%) was also recovered.  
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2-Phenyl-4,5-dihydro-1,3-thiazole (113): δH (400 MHz, CDCl3) 3.43 (2H, t, J = 8.3 

Hz, H5), 4.48 (2H, t, J = 8.3 Hz, H4), 7.40-7.47 (3H, m, m-C6H5, p-C6H5), 7.83-7.86 

(2H, m, o-C6H5); MS (ESI, +ve) m/z: 163.9 ([M+H]+, 100%). 

 

3.10.4 Synthesis of 2-phenyl-4,5-dihydro-1,3-thiazole (113), using degassed 

CH2Cl2 and 30 minutes addition time of N-(2-sulfanylethyl)benzamide (110) and 

DIPEA 

Triflic anhydride (93 µL, 0.55 mmol) was added slowly to a solution of 1,2-

bis(diphenylphosphinyl)ethane (93) (285 mg, 0.66 mmol) in dry degassed CH2Cl2 (8 

mL) at 0 ºC under a nitrogen atmosphere. A thick white precipitate was formed and 

the mixture was stirred at 0 ºC for 30 minutes. N-(2-Sulfanylethyl)benzamide (110) 

(100 mg, 0.55 mmol) and DIPEA (210 µL, 1.21 mmol) in dry degassed CH2Cl2 (3 

mL) were added dropwise (over 30 minutes) to the reaction mixture. After work-up 

according to procedure 3.5.12 analysis of the crude mixture by 1H NMR 

spectroscopy indicated that compound 113292,396,397 (10%), disulfide 111391 (41% 

yield based on 110) and amide 110377,390 (49%) were present. 

 

3.11 Synthesis of trityl protected amides 114, 115, 116, 117, 121, 122 

and 124 

3.11.1 Synthesis of N-[(2-triphenylmethoxy)ethyl]benzamide (114) 

Tritylchloride (1.69 g, 6.05 mmol) was added to N-(2-hydroxyethyl)benzamide (96) 

(500 mg, 3.03 mmol) and DIPEA (1.58 mL, 9.08 mmol) in dry CH2Cl2 (25 mL), and 

the mixture stirred at room temperature under a nitrogen atmosphere for 16 hours. 

The solvent was removed under reduced pressure and the residue purified by silica 

column chromatography (ethyl acetate/hexane, gradient from 10:90 to 50:50). 

Compound 114398 was obtained as an amorphous white solid (1.15 g, 93%). Mp 139-

141 ºC. (lit.,398 mp 135-136 ºC). IR (KBr) cm-1: 3270, 3070, 2917, 1642, 1556, 1317. 

δH (400 MHz, CDCl3) 3.37 (2H, t, J = 5.3 Hz, H2), 3.67 (2H, dt, J = 5.3, 5.3 Hz, H1), 

6.45 (1H, br s, NH), 7.22-7.32 [9H, m, m-C(C6H5)3, p-C(C6H5)3], 7.43-7.47 [8H, m, 

m-C6H5, o-C(C6H5)3], 7.50-7.54 (1H, m, p-C6H5), 7.73-7.76 (2H, m, o-C6H5); δC 

(100 MHz, CD3OD) 41.2 (C1), 63.7 (C2), 87.9 [C(C6H5)3], 128.1 [p-C(C6H5)3], 

128.3 (o-C6H5), 128.8 [m-C(C6H5)3], 129.6 (m-C6H5), 129.8 [o-C(C6H5)3], 132.7 (p-

C6H5), 135.8 (i-C6H5), 145.5 [i-C(C6H5)3], 170.4 (C=O). MS (ESI, +ve) m/z 430.2 
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([M+Na]+, 100%), 414.3 ([M+Li]+, 100%), 243.0 ([C(C6H5)3]+, 76%). HRMS: calcd 

for C28H25NO2Na [M+Na]+: 430.1777. Found: 430.1756.  

 

3.11.2 N-(3-Triphenylmethoxypropyl)benzamide (115) 

Tritylchloride (1.85 g, 6.64 mmol), N-(3-hydroxypropyl)benzamide (108) (793 mg, 

4.42 mmol) and TEA (1.24 mL, 8.90 mmol) were reacted in dry CH2Cl2 (40 mL) 

according to procedure 3.11.1. After purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 115 was obtained as 

an amorphous white solid (1.84 g, 99%). Mp 111-113 ºC. IR (KBr) cm-1: 3365, 3047, 

2934, 2868, 1634, 1534, 1090. δH (400 MHz, CDCl3) 1.91 (2H, tt, J = 5.6, 5.6 Hz, 

H2), 3.31 (2H, t, J = 5.6 Hz, H3), 3.57 (2H, dt, J = 5.6, 6.4 Hz, H1), 6.70 (1H, br s, 

NH), 7.22-7.32 [11H, m, m-C6H5, m-C(C6H5)3, p-C(C6H5)3], 7.41-7.46 [7H, m, o-

C(C6H5)3, p-C6H5], 7.59-7.62 (2H, m, o-C6H5); δC (100 MHz, CDCl3) 29.0 (C2), 38.9 

(C1), 62.8 (C3), 87.2 [C(C6H5)3], 126.9 (o-C6H5), 127.1 [p-C(C6H5)3], 127.9 [m-

C(C6H5)3], 128.3 (m-C6H5), 128.6 [o-C(C6H5)3], 131.1 (p-C6H5), 134.6 (i-C6H5), 

143.8 [i-C(C6H5)3], 167.3 (C=O). MS (ESI, +ve) m/z 444.2 ([M+Na]+, 46%), 243.0 

([C(C6H5)3]+, 100%). HRMS: calcd for C29H27NO2Na [M+Na]+: 444.1934. Found: 

444.1935. 

 

3.11.3 N-(4-Triphenylmethoxybutyl)benzamide (116) 

Tritylchloride (995 mg, 3.57 mmol), N-(4-hydroxybutyl)benzamide (109) (230 mg, 

1.19 mmol) and TEA (497 µL, 3.57 mmol) were reacted in dry CH2Cl2 (20 mL) 

according to procedure 3.11.1. TLC indicated complete conversion of compound 109 

to the desired product 116, however upon purification by silica column 

chromatography (ethyl acetate/hexane with 0.5 % TEA, gradient from 5:95 to 50:50) 

part of the product decomposed and compound 116 was therefore obtained only in 

moderate yield as an amorphous white solid (335 mg, 65%). Amide 109388,389 (161 

mg, 31%) was also isolated.  

N-(4-Triphenylmethoxybutyl)benzamide (116): Mp 153-154 ºC. IR (KBr) cm-1: 

3287, 3056, 2946, 2856, 1629, 1537, 1070. δH (300 MHz, CDCl3) 1.66-1.77 (4H, m, 

H2, H3), 3.14 (2H, t, J = 5.8 Hz, H4), 3.46 (2H, dt, J = 5.8, 6.8 Hz, H1), 6.20 (1H, br 

s, NH), 7.20-7.32 [9H, m, m-C(C6H5)3, p-C(C6H5)3], 7.37-7.52 [9H, m, o-C(C6H5)3, 

p-C6H5, m-C6H5], 7.69-7.73 (2H, m, o-C6H5); δC (100 MHz, CDCl3) 26.1 (C2), 27.1 

(C3), 39.9 (C1), 62.8 (C4), 85.8 [C(C6H5)3], 126.9 [p-C(C6H5)3], 127.1 (o-C6H5), 
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127.9 [o-C(C6H5)3], 128.2 [m-C(C6H5)3], 128.2 (m-C6H5), 131.0 (p-C6H5), 134.7 (i-

C6H5), 144.1 [i-C(C6H5)3], 166.1 (C=O). MS (ESI, +ve) m/z 458.3 ([M+Na]+, 40%), 

243.0 ([C(C6H5)3]+, 100%). HRMS: calcd for C30H29NO2Na [M+Na]+: 458.2091. 

Found: 458.2076. 

 

3.11.4 N-[2-(Triphenylmethylsulfanyl)ethyl]benzamide (117) 

Tritylchloride (308 mg, 1.10 mmol), N-(2-sulfanylethyl)benzamide (110) (100 mg, 

0.55 mmol) and DIPEA (288 µL, 1.66 mmol) were reacted in dry CH2Cl2 (5 mL) 

according to procedure 3.11.1. After purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 10:90 to 50:50) compound 117 was obtained as 

an amorphous white solid (195 mg, 84%). Mp 134-136 ºC. IR (KBr) cm-1: 3326, 

3273, 3044, 2921, 1632, 1541, 1310. δH (400 MHz, CDCl3) 2.53 (2H, t, J = 6.2 Hz, 

H2), 3.30 (2H, dt, J = 6.2, 6.2 Hz, H1), 6.24 (1H, br s, NH), 7.18-7.28 [9H, m, p-

C(C6H5)3, m-C(C6H5)3], 7.40-7.44 [8H, m, o-C(C6H5)3, m-C6H5], 7.47-7.52 (1H, m, 

p-C6H5), 7.69-7.72 (2H, m, o-C6H5); δC (100 MHz, CDCl3) 32.1 (C2), 38.5 (C1), 

66.8 [C(C6H5)3], 126.8 [p-C(C6H5)3], 126.9 (o-C6H5), 127.9 [m-C(C6H5)3], 128.5 (m-

C6H5), 129.5 [(o-C(C6H5)3)], 131.4 (p-C6H5), 134.4 (i-C6H5), 144.6 [i-C(C6H5)3], 

167.2 (C=O). MS (ESI, +ve) m/z 446.2 ([M+Na]+, 100%), 430.3 ([M+Li]+, 44%), 

243.0 ([C(C6H5)3]+, 100%). HRMS: calcd for C28H25NOSNa [M+Na]+: 446.1549. 

Found: 446.1555. 

 

3.11.5 N-(2-Triphenylmethoxypropyl)benzamide (121) 

Tritylchloride (1.63 g, 5.86 mmol), N-(2-hydroxypropyl)benzamide (118) (700 mg, 

3.91 mmol) [with approximately 6% of N-(2-hydroxy-1-methylethyl)benzamide 

present] and TEA (1.1 mL, 7.8 mmol) were reacted in dry CH2Cl2 (40 mL) according 

to procedure 3.11.1. After purification by silica column chromatography (ethyl 

acetate/hexane, gradient from 10:90 to 50:50) compound 121 was obtained as an 

amorphous white solid (1.59 g, 97%) containing 6 % of N-(2-triphenylmethoxy-1-

methylethyl)benzamide.  

N-(2-Triphenylmethoxypropyl)benzamide (121): Mp 110-112 ºC* (decomposed). IR 

(KBr) cm-1: 3322, 3047, 2929, 1639, 1541, 1075. δH (400 MHz, CDCl3) 1.05 (3H, d, 

J = 6.0 Hz, CH3), 2.87-2.93 (1H, m, H1), 3.29-3.36 (1H, m, H1), 3.79-3.85 (1H, m, 

H2), 6.35 (1H, br s, NH), 7.23-7.32 [9H, m, p-C(C6H5)3, m-C(C6H5)3], 7.38-7.42 (2H, 

m, m-C6H5), 7.44-7.53 [7H, m, p-C6H5, o-C(C6H5)3], 7.65-7.67 (2H, m, o-C6H5); δC 
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(100 MHz, CDCl3) 19.9 (CH3), 45.0 (C1), 69.0 (C2), 87.0 [C(C6H5)3], 126.8 (o-

C6H5), 127.3 [p-C(C6H5)3], 127.9 [m-C(C6H5)3], 128.5 (m-C6H5), 128.7 [o-

C(C6H5)3], 131.3 (p-C6H5), 134.6 (i-C6H5), 144.8 [i-C(C6H5)3], 167.2 (C=O). MS 

(ESI, +ve) m/z 444.2 ([M+Na]+, 39%), 243.0 [(C(C6H5)3]+, 100%). HRMS: calcd for 

C29H27NO2Na [M+Na]+: 444.1934. Found: 444.1924. 

N-(2-Triphenylmethoxy-1-methylethyl)benzamide: δH (400 MHz, CDCl3) 1.37 (3H, 

d, J = 6.8 Hz, CH3), 3.22-3.30 (2H, m, H2), 4.37-4.43 (1H, m, H1), 6.35 (1H, br s, 

NH), 7.23-7.32 [9H, m, p-C(C6H5)3, m-C(C6H5)3], 7.38-7.42 (2H, m, m-C6H5), 7.44-

7.53 [7H, m, p-C6H5, o-C(C6H5)3], 7.68-7.72 (2H, m, o-C6H5); δC (100 MHz, CDCl3) 

18.2 (CH3), 45.8 (C1), 66.2 (C2), 86.7 [C(C6H5)3], 126.8 (o-C6H5), 127.1 [p-

C(C6H5)3], 127.9 [m-C(C6H5)3], 128.5 (m-C6H5), 128.6 [o-C(C6H5)3], 131.3 (p-

C6H5), 134.6 (i-C6H5),143.8 [i-C(C6H5)3], 167.2 (C=O). 

* Melting point of 121 containing 6% of N-(2-triphenylmethoxy-1-

methylethyl)benzamide. 

 

3.11.6 Methyl N-benzoyl-O-(triphenylmethylethyl)serinate (122) 

Tritylchloride (936 mg, 3.36 mmol), methyl N-benzoylserinate (119) (500 mg, 2.24 

mmol) and TEA (624 µL, 4.48 mmol) were reacted in dry CH2Cl2 (30 mL) according 

to procedure 3.11.1. After purification by silica column chromatography (ethyl 

acetate/hexane, gradient from 10:90 to 50:50) compound 122 was obtained as an 

amorphous white solid (1.01 g, 97%). Mp 132-134 ºC. IR (KBr) cm-1: 3248, 3060, 

2942, 1746, 1635, 1207. δH (400 MHz, CDCl3) 3.53 (1H, dd, J = 2.9, 9.2 Hz, CH2), 

3.68 (1H, dd, J = 2.9, 9.2 Hz, CH2), 3.81 (3H, s, CH3), 4.92 (1H, ddd, J = 2.9, 5.4, 

8.0 Hz, α-CH), 7.01 (1H, br d, J = 8.0 Hz, NH), 7.20-7.29 [9H, m, p-C(C6H5)3, m-

C(C6H5)3], 7.36-7.39 [6H, m, o-C(C6H5)3], 7.44-7.48 (2H, m, m-C6H5), 7.52-7.55 

(1H, m, p-C6H5), 7.77-7.79 (2H, m, o-C6H5); δC (100 MHz, CDCl3) 52.6 (CH3), 53.1 

(α-CH), 63.7 (CH2), 86.6 [C(C6H5)3], 127.1 (o-C6H5), 127.2 [p-C(C6H5)3], 127.9 [m-

C(C6H5)3], 128.5 [o-C(C6H5)3], 128.6 (m-C6H5), 131.8 (p-C6H5), 134.0 (i-C6H5), 

143.4 [i-C(C6H5)3], 166.9 [C(O)N], 171.1 [C(O)O]. MS (ESI, +ve) m/z 488.3 

([M+Na]+, 58%), 243.0 ([C(C6H5)3]+, 100%). HRMS: calcd for C30H27NO4Na 

[M+Na]+: 488.1832. Found: 488.1819.  
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3.11.7 Methyl N-benzoyl-S-(triphenylmethyl)cysteinate (124) 

Tritylchloride (365 mg, 1.31 mmol), methyl N-benzoylcysteinate (123) (209 mg, 

0.87 mmol) and TEA (243 µL, 1.75 mmol) were reacted in dry CH2Cl2 (15 mL) 

according to procedure 3.11.1. After purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 124399,400 was obtained 

as an amorphous white solid (301 mg, 72%). Mp 130-133 ºC (lit.,400 mp 132-134 ºC). 

δH (300 MHz, CDCl3) 2.78 (2H, m, CH2), 3.75 (3H, s, CH3), 4.84 (1H, dt, J = 6.7, 

10.4 Hz, CH), 6.72 (1H, br d, J = 10.4 Hz, NH), 7.19-7.28 [8H, m, m-C(C6H5)3, m-

C6H5], 7.37-7.56 [9H, m, o-C(C6H5)3, p-C(C6H5)3, p-C6H5], 7.76-7.79 (2H, m, o-

C6H5). MS (ESI, +ve) m/z 482.3 ([M+H]+, 8%), 504.2 ([M+Na]+, 8%), 243.0 

([C(C6H5)3]+, 100%), 488.2 ([M+Li]+, 100%). 

 

3.12 Synthesis of heterocycles 92, 101, 112, 113, 100, 125 and 126 

from the corresponding trityl protected amides 

3.12.1 Synthesis of 2-phenyl-4,5-dihydro-1,3-oxazole (92) with 1.5 equivalent of 

reagent 53 

Triflic anhydride (186 µL, 1.10 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (539 

mg, 1.25 mmol) and N-(2-triphenylmethoxyethyl)benzamide (114) (300 mg, 0.74 

mmol) were reacted in dry CH2Cl2 (15 mL) according to procedure 3.5.12. After 

work-up, analysis of the crude mixture by 1H NMR spectroscopy indicated full 

conversion of amide 114398 to compound 92.175,377 The residue was purified by silica 

column chromatography (ethyl acetate/hexane, gradient from 10:90 to 100:0) to 

afford compound 92175,377 as a colourless oil (102 mg, 94%). 

 

3.12.2 Synthesis of 2-phenyl-4,5-dihydro-1,3-oxazole (92), with one equivalent of 

reagent 53 

Triflic anhydride (41 µL, 0.25 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (127 

mg, 0.29 mmol) and N-(2-triphenylmethoxyethyl)benzamide (114) (100 mg, 0.25 

mmol) were reacted in dry CH2Cl2 (5 mL) according to procedure 3.5.12. Analysis of 

the crude mixture by 1H NMR spectroscopy indicated that compound 92175,377 (93%) 

and amide 114398 (7%) were present.  

 



 

 184

3.12.3 2-Phenyl-5,6-dihydro-4H-1,3-oxazine (101) 

Triflic anhydride (180 µL, 1.07 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (521 

mg, 1.21 mmol) and N-(3-triphenylmethoxypropyl)benzamide (115) (300 mg, 0.71 

mmol) were reacted in dry CH2Cl2 (15 mL) according to procedure 3.5.12. After 

work-up and purification by silica column chromatography (ethyl acetate/hexane, 

gradient from 25:75 to 100:0) compound 101381,382 was obtained as a colourless oil 

(113 mg, 99%).  

 

3.12.4 2-Phenyl-4,5,6,7-tetrahydro-1,3-oxazepine (112) 

Triflic anhydride (55 µL, 0.33 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (160 

mg, 0.37 mmol) and N-(4-triphenylmethoxybutyl)benzamide (116) (95 mg, 0.22 

mmol) were reacted in dry CH2Cl2 (5 mL) according to procedure 3.5.12. After 

work-up and purification by silica column chromatography (ethyl acetate/hexane, 

gradient from 25:75 to 100:0) compound 112 was obtained as a colourless oil (12 

mg, 31%).  

 

3.12.5 2-Phenyl-4,5-dihydro-1,3-thiazole (113) 

Triflic anhydride (179 µL, 1.06 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (518 

mg, 1.20 mmol) and N-[2-(triphenylmethylsulfanyl)ethyl]benzamide (117) (300 mg, 

0.71 mmol) were reacted in dry CH2Cl2 (15 mL) according to procedure 3.5.12. After 

work-up and purification by silica column chromatography (ethyl acetate/hexane, 

gradient from 10:90 to 50:50) compound 113292,396,397 was obtained as a pale yellow 

oil (110 mg, 95%).  

 

3.12.6 5-Methyl-2-phenyl-4,5-dihydro-1,3-oxazole (100) 

Triflic anhydride (180 µL, 1.07 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (521 

mg, 1.21 mmol) and N-(2-triphenylmethoxypropyl)benzamide (121) (300 mg, 0.71 

mmol) [with approximately 6 % of N-(2- triphenylmethoxy-1-

methylethyl)benzamide present] were reacted in dry CH2Cl2 (15 mL) according to 

procedure 3.5.12. After work-up and purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 10:90 to 50:50) compound 100378-380 was 

obtained as a colourless oil (112 mg, 98%) containing approximately 6% 4-methyl-2-

phenyl-4,5-dihydro-1,3-oxazole.  
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3.12.7 Methyl 2-phenyl-4,5-dihydro-1,3-oxazole-4-carboxylate (125) 

Triflic anhydride (163 µL, 0.97 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (472 

mg, 1.10 mmol) and methyl N-benzoyl-O-(triphenylmethylethyl)serinate (122) (300 

mg, 0.64 mmol) were reacted in dry CH2Cl2 (13 mL) according to procedure 3.5.12. 

After work-up and purification by silica column chromatography (ethyl 

acetate/hexane, gradient from 10:90 to 50:50) compound 125401,402 was obtained as a 

pale yellow oil (112 mg, 85%). δH (400 MHz, CDCl3) 3.83 (3H, s, CH3), 4.61 (1H, 

dd, J = 8.3, 10.7 Hz, H5), 4.71 (1H, dd, J = 8.3, 8.3 Hz, H5), 4.97 (1H, dd, J = 8.3, 

10.7 Hz, H4), 7.40-7.44 (2H, m, m-C6H5), 7.49-7.53 (1H, m, p-C6H5), 7.98-8.00 (2H, 

m, o-C6H5). MS (ESI, +ve) m/z: 205.9 ([M+H]+, 52%). HRMS: calcd for C11H12NO3 

[M+H]+: 206.0812. Found: 206.0803. 

 

3.12.8 Methyl 2-phenyl-4,5-dihydro-1,3-thiazole-4-carboxylate (126) 

Triflic anhydride (89 µL, 0.53 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (257 

mg, 0.60 mmol) and N-[2-(triphenylmethylsulfanyl)ethyl]benzamide (124) (169 mg, 

0.35 mmol) were reacted in dry CH2Cl2 (10 mL) according to procedure 3.5.12. After 

work-up and purification by silica column chromatography (ethyl acetate/hexane, 

gradient from 5:95 to 50:50) compound 126397,403 was obtained as a pale yellow oil 

(68 mg, 88%). δH (400 MHz, CDCl3) 3.63-3.76 (2H, m, H5), 3.84 (3H, s, CH3), 5.31 

(1H, t, J = 9.2 Hz, H4), 7.40-7.44 (2H, m, m-C6H5), 7.47-7.51 (1H, m, p-C6H5), 7.87-

7.90 (2H, m, o-C6H5); MS (ESI, +ve) m/z: 221.9 ([M+H]+, 71%), 227.9 ([M+Li]+, 

100%). 
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CHAPTER FOUR 

 

Selective mono reduction of bis-phosphine oxides under mild 

conditions 

4.1 Preparation of bisphosphine oxides 93, 128, 133, 134, 135 and 

142  

4.1.1 1,3-Bis(diphenylphosphinyl)ethane (93)  

For the synthesis of compound 93 see section 3.1 in the experimental. 

 

4.1.2 Bis(diphenylphosphinyl)methane (133)  

A sample of bis(diphenylphosphinyl)methane (133) (1.09 g), previously prepared by 

K. Elson,336 was recrystallised (ethanol) and compound 133376 was obtained as an 

amorphous white solid (1.01g, 93%). Mp 177-180 oC (lit.,376 mp 178-179 oC). δH 

(400 MHz, CDCl3) 3.56 (2H, br t, J = 14.6 Hz), 7.33-7.36 (8H, m), 7.43 (4H, dd, J = 

7.4, 7.4 Hz), 7.72-7.77 (8H, m); δP (162 MHz, CDCl3) δ 26.4 (2P, s). MS (ESI) m/z 

417.2 ([M+H]+, 85%), 439.2 ([M+Na]+, 100%). 

 

4.1.3 1,3-Bis(diphenylphosphinyl)propane (134)  

A sample of 1,3-bis (diphenylphosphinyl) propane (134) (1.07 g), previously 

prepared by K. Elson,200 was recrystallised (toluene/cyclohexane) and compound 

134376 was obtained as an amorphous white solid (1.04 g, 97%). Mp 139-140 oC 

(lit.,376 mp 142-144 oC). δH (400 MHz, CDCl3) 1.96-2.08 (2H, m), 2.47-2.53 (4H, m), 

7.40-7.45 (8H, m), 7.47-7.51 (4H, m), 7.67-7.72 (8H, m); δP (162 MHz, CDCl3) δ 

32.6 (2P, s). MS (ESI) m/z 445.2 ([M+H]+, 37%), 467.2 ([M+Na]+, 100%). 

 

4.1.4 1,4-Bis(diphenylphosphinyl)butane (135)  

A sample of 1,4-bis(diphenylphosphinyl) butane (135) (1.07 g), previously prepared 

by K. Elson,200 was recrystallised (ethanol) and compound 135376 was obtained as an 

amorphous white solid (1.02g, 95%). Mp 267-269 oC (lit.,376 mp 264-266 oC). δH 
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(400 MHz, CDCl3) 1.72-1.74 (4H, m), 2.23-2.29 (4H, m), 7.43-7.48 (8H, m), 7.50-

7.53 (4H, m), 7.67-7.72 (8H, m); δP (162 MHz, CDCl3) δ 34.1 (2P, s). MS (ESI) m/z 

459.2 ([M+H]+, 86%), 481.2 ([M+Na]+, 100%). 

 

4.1.5 rac-2,2’-Bis(diphenylphosphinyl)-1,1’-binaphthyl (128)  

rac-2,2’-Bis(diphenylphosphino)-1,1’-binaphthyl (2.0 g, 3.21 mmol) and hydrogen 

peroxide (20 mL, 30% wt-% solution in water) were reacted in CH2Cl2 (200 mL) 

according to procedure 3.1. After work-up and purification by recrystallisation 

(methanol/ethyl acetate), compound 128329 was obtained as an amorphous white 

solid (2.06 g, 98%). Mp 299-301 ºC (lit.,329 mp 304-306 ºC). δH (400 MHz, CDCl3) 

6.78-6.84 (4H, m), 7.20-7.31 (10H, m), 7.34-7.47 (10H, m), 7.71 (4H, br dd, J = 7.9, 

12.3 Hz), 7.82 (2H, br d, J = 7.9 Hz), 7.86 (2H, dd, J = 2.4, 7.9 Hz); δP (162 MHz, 

CDCl3) 30.6 (2P, s). MS (ESI) m/z 655.3 ([M+H]+, 100%), 677.3 ([M+Na]+, 26%). 

 

4.1.6 (S)-2,2’-Bis(di-p-tolylphosphinyl)-1,1’-binaphthyl (142)  

(S)-2,2’-Bis(di-p-tolylphosphino)-1,1’-binaphthyl (294 mg, 0.43 mmol) and 

hydrogen peroxide (3 mL, 30% wt-% solution in water) were reacted in CH2Cl2 (30 

mL) according to procedure 3.1. After work-up and purification by recrystallisation 

(methanol/ethyl acetate), compound 142329 was obtained as an amorphous white 

solid (299 mg, 97%). Mp 303-304 ºC (lit.,329 mp 310-315 ºC). IR (KBr) cm-1: 3420, 

3040, 2913, 1601, 1200, 1114. δH (400 MHz, CDCl3) 2.31 (12H, d, J = 15.6 Hz), 

6.86-6.92 (4H, m), 6.98-7.04 (8H, m), 7.29-7.32 (4H, m), 7.36-7.54 (8H, m), 7.80-

7.84 (4H, m); δP (162 MHz, CDCl3) 30.6 (2P, s). MS (ESI) m/z 711.3 ([M+H]+, 

100%), 733.3 ([M+Na]+, 24%), 717.4 ([M+Li]+, 100%). HRMS: calcd for 

C48H39O2P2 [M-H]-: 709.2425. Found: 709.2409. 

 

4.2 Synthesis of bis-phosphine monoxide 127, 130, 139, 140, 141 and 

143 

4.2.1 Synthesis of 1,2-bis(diphenylphosphino)ethane monoxide (127) with 1.0 

equivalent of triflic anhydride 

Triflic anhydride (199 µL, 1.18 mmol) was added slowly to an ice-cooled solution of 

1,2-bis(diphenylphosphinyl)ethane (93) (509 mg, 1.18 mmol) in dry CH2Cl2 (15 mL) 



 

 188

under a nitrogen atmosphere. A thick white precipitate was formed. The mixture was 

stirred at 0 ºC for 30 minutes. Consecutive addition of pentane-1-thiol (585 µL, 4.73 

mmol) and DIPEA (409 µL, 2.37 mmol) gave a pale yellow solution which was 

warmed to room temperature and then stirred for 16 hours. The reaction mixture was 

washed with sodium hydrogen carbonate (5% aqueous solution, 2 x 30 mL), dried 

(anhydrous Na2SO4) and filtered. The solvent was removed under reduced pressure 

and the residue purified by silica column chromatography (methanol/ethyl 

acetate/hexane, gradient from 0:25:75 to 10:90:0). Compound 127320,404 was obtained 

as an amorphous white solid (422 mg, 86%). Mp 193-196 oC (lit.,404 mp 193-194 oC). 

δH (400 MHz, CDCl3) 2.30 (4H, br s), 7.30-7.39 (10H, m), 7.41-7.46 (4H, m), 7.49-

7.53 (2H, m), 7.61-7.66 (4H, m); δP (162 MHz, CDCl3) -11.6 (1P, d, J = 48.9 Hz), 

33.2 (1P, d, J = 48.9 Hz). MS (ESI) m/z 415.2 ([M+H]+, 100%), 421.2 ([M+Li]+, 

100%). Compound 93376 was also isolated (50 mg, 10%). 

 

4.2.2 Synthesis of 1,2-bis(diphenylphosphino)ethane monoxide (127) with 1.05 

equivalents of triflic anhydride 

Triflic anhydride (205 µL, 1.22 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (500 

mg, 1.16 mmol), pentane-1-thiol (484 µL, 4.65 mmol) and DIPEA (402 µL, 2.32 

mmol) were reacted in dry CH2Cl2 (15 mL) according to procedure 4.2.1. After 

work-up and purification by silica column chromatography (methanol/ethyl 

acetate/hexane, gradient from 0:0:100 to 10:90:0), compound 127320,404 was obtained 

as an amorphous white solid (418 mg, 87%). Compound 93376 was also isolated (38 

mg, 8%). 

 

4.2.3 Synthesis of 1,2-bis(diphenylphosphino)ethane monoxide (127) with 2.0 

equivalents of triflic anhydride and pentane-1-thiol  

Triflic anhydride (156 µL, 0.93 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (200 

mg, 0.46 mmol), pentane-1-thiol (115 µL, 0.93 mmol) and DIPEA (161 µL, 0.93 

mmol) were reacted in dry CH2Cl2 (6 mL) according to procedure 4.2.1. After work-

up, analysis of the crude mixture by 31P NMR spectroscopy indicated that compound 

127320,404 (20%) and compound 93376 (80%) were present. 
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4.2.4 Synthesis of 1,2-bis(diphenylphosphino)ethane monoxide (127) with 2.0 of 

equivalents pentane-1-thiol 

Triflic anhydride (78 µL, 0.46 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (200 

mg, 0.46 mmol), pentane-1-thiol (115 µL, 0.93 mmol) and DIPEA (161 µL, 0.93 

mmol) were reacted in dry CH2Cl2 (6 mL) according to procedure 4.2.1. After work-

up and purification by silica column chromatography (methanol/ethyl acetate/hexane, 

gradient from 0:0:100 to 10:90:0), compound 127320,404 was obtained as an 

amorphous white solid (418 mg, 31%). Compound 93376 was also isolated (116 mg, 

59%) 

 

4.2.5 Bis(diphenylphosphino)methane monoxide (139) 

Triflic anhydride (121 µL, 0.72 mmol), bis(diphenylphosphinyl)methane (133) (285 

mg, 0.68 mmol), pentane-1-thiol (338 µL, 2.74 mmol) and DIPEA (237 µL, 1.37 

mmol) were reacted in dry CH2Cl2 (9 mL) according to procedure 4.2.1. After work-

up and purification by silica column chromatography (methanol/ethyl acetate/hexane, 

gradient from 0:25:75 to 10:90:0), compound 139405,406 was obtained as an 

amorphous white solid (142 mg, 52%). Mp 188-190 ºC (lit.,406 mp 191-192 oC). δH 

(400 MHz, CDCl3) 3.11 (2H, br d, J = 12.8 Hz), 7.24-7.29 (6H, m), 7.36-7.41 (8H, 

m), 7.44-7.49 (2H, m), 7.70-7.76 (4H, m); δP (162 MHz, CDCl3) -27.3 (1P, d, J = 

51.2 Hz), 30.3 (1P, d, J = 51.2 Hz). MS (ESI) m/z 401.1 ([M+H]+, 100%). 

Compound 133376 was also isolated (110 mg, 39%). 

 

4.2.6 Synthesis of 1,3-bis(diphenylphosphino)propane monoxide (140) with 

reaction time of 16 hours 

Triflic anhydride (126 µL, 0.75 mmol), 1,3-bis(diphenylphosphinyl)propane (134) 

(316 mg, 0.71 mmol), pentane-1-thiol (353 µL, 2.86 mmol) and DIPEA (243 µL, 

1.43 mmol) were reacted in dry CH2Cl2 (9 mL) according to procedure 4.2.1. After 

work-up and purification by silica column chromatography (methanol/ethyl 

acetate/hexane, gradient from 0:25:75 to 10:90:0), compound 140320,404 was obtained 

as an amorphous white solid (217 mg, 71%). Mp 105-107 ºC (lit., mp 106-108 oC). 

δH (400 MHz, CDCl3) 1.74-1.86 (2H, m), 2.17 (2H, br t, J = 7.6 Hz), 2.39-2.46 (2H, 

m), 7.24-7.28 (6H, m), 7.30-7.35 (4H, m), 7.38-7.42 (4H, m), 7.44-7.49 (2H, m), 
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7.65-7.70 (4H, m); δP (162 MHz, CDCl3) -17.26 (1P, s), 33.2 (1P, s). MS (ESI) m/z 

429.2 ([M+H]+, 100%). Compound 134376 was also isolated (82 mg, 26%). 

 

4.2.7 Synthesis of 1,3-bis(diphenylphosphino)propane monoxide (140) with 

reaction time of 48 hours 

Triflic anhydride (56 µL, 0.33 mmol), 1,3-bis(diphenylphosphinyl)propane (134) 

(140 mg, 0.32 mmol), pentane-1-thiol (157 µL, 1.27 mmol) and DIPEA (110 µL, 

0.63 mmol) were reacted in dry CH2Cl2 (4 mL) according to procedure 4.2.1. After 

work-up and purification by silica column chromatography (methanol/ethyl 

acetate/hexane, gradient from 0:25:75 to 10:90:0), compound 140320,404 was obtained 

as an amorphous white solid (95 mg, 70%). Compound 134376 was also isolated (32 

mg, 23%). 

 

4.2.8 1,4-Bis(diphenylphosphino)butane monoxide (141) 

Triflic anhydride (96 µL, 0.57 mmol), 1,4-bis(diphenylphosphinyl)butane (135) (248 

mg, 0.54 mmol), pentane-1-thiol (268 µL, 2.16 mmol) and DIPEA (187 µL, 1.08 

mmol) were reacted in dry CH2Cl2 (7 mL) according to procedure 4.2.1. After work-

up and purification by silica column chromatography (methanol/ethyl acetate/hexane, 

gradient from 0:25:75 to 10:90:0), compound 141320,407 was obtained as an 

amorphous white solid (170 mg, 71%). Mp 189-191 ºC (lit.,407 mp 190-191 oC). δH 

(400 MHz, CDCl3) 1.49-1.58 (2H, m), 1.70-1.80 (2H, m), 2.01-2.05 (2H, m), 2.21-

2.28 (2H, m), 7.30-7.33 (6H, m), 7.36-7.40 (4H, m), 7.43-7.53 (6H, m), 7.69-7.74 

(4H, m); δP (162 MHz, CDCl3) -15.8 (1P, s), 32.6 (1P, s). MS (ESI) m/z 443.2 

([M+H]+, 100%). 1,4-Compound 135376 was also isolated (54 mg, 22%). 

 

4.2.9 (±)-2,2'-Bis(diphenylphosphino)-1,1'-binaphthyl monoxide (130) 

Triflic anhydride (119 µL, 0.71 mmol), rac-2,2’-bis(diphenylphosphinyl)-1,1’-

binaphthyl (128) (440 mg, 0.67 mmol), pentane-1-thiol (332 µL, 2.69 mmol) and 

DIPEA (233 µL, 1.34 mmol) were reacted in dry CH2Cl2 (15 mL) according to 

procedure 4.2.1. After work-up and purification by silica column chromatography 

(methanol/ethyl acetate/hexane, gradient from 0:25:75 to 10:90:0), compound 130328 

was obtained as an amorphous white solid (299 mg, 70%). Mp 266-267 ºC. δH (400 

MHz, CDCl3) 6.65 (1H, br d, J = 8.4 Hz), 6.71-6.75 (1H, m), 6.82 (1H, br d, J = 8.4 
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Hz), 6.87-7.39 (21H, series of m), 7.42 (1H, dd, J = 3.2, 8.4 Hz), 7.61 (3H, dd, J = 

8.6, 11.8 Hz), 7.70 (1H, d, J = 8.0 Hz), 7.75 (1H, d, J = 8.6 Hz), 7.82 (1H, d, J = 8.0 

Hz), 7.91 (1H, br dd, J = 2.4, 8.6 Hz); δP (162 MHz, CDCl3) -14.1 (1P, s), 28.7 (1P, 

s). MS (ESI) m/z 639.3 ([M+H]+, 100%). Compound 128329 was also isolated (110 

mg, 39%). 

 

4.2.10 (S)-2,2'-Bis[di(p-tolyl)phosphino]-1,1'-binaphthyl monoxide (143) 

Triflic anhydride (37 µL, 0.22 mmol), (S)-2,2’-bis(di-p-tolylphosphinyl)-1,1’-

binaphthyl (142) (150 mg, 0.21 mmol), pentane-1-thiol (104 µL, 0.84 mmol) and 

DIPEA (73 µL, 0.42 mmol) were reacted in dry CH2Cl2 (5 mL) according to 

procedure 4.2.1. After work-up and purification by silica column chromatography 

(methanol/ethyl acetate/hexane, gradient from 0:25:75 to 10:90:0), compound 143408 

was obtained as an amorphous white solid (107 mg, 73%). Mp 267-268 ºC. IR (KBr) 

cm-1: 3424, 3040, 2913, 1498, 1202, 1114. δH (400 MHz, CDCl3) 2.25 (6H, br s), 

2.29 (6H, br d, J = 12 Hz), 6.64 (1H, br d, J = 8.4 Hz), 6.75 (1H, br dd, J = 7.6, 7.6 

Hz), 6.84-7.04 (12H, series of m), 7.20 (2H, br dd, J = 7.6, 7.6 Hz), 7.25-7.37 (4H, 

m), 7.41-7.48 (3H, m), 7.71 (3H, br dd, J = 8.5, 13.6 Hz), 7.82 (1H, br d, J = 8.5 Hz), 

7.93 (1H, br dd, J = 8.6, 8.8 Hz); δP (162 MHz, CDCl3) -15.7 (1P, s), 28.8 (1P, s). 

MS (ESI) m/z 695.3 ([M+H]+, 100%). HRMS: calcd for C48H39OP2 [M-H]-: 

693.2476. Found: 693.2474. Anal. Calcd for C48H40OP2: C, 82.98; H, 5.80. Found: 

C, 82.65; H, 6.01. Compound 142329 was also isolated (31 mg, 22%). 

 

4.3 Reduction of triphenylphosphine oxide to triphenylphosphine 

4.3.1 Synthesis of triphenylphosphine 

Triflic anhydride (121 µL, 0.72 mmol), triphenylphosphine oxide (400 mg, 1.44 

mmol), pentane-1-thiol (355 µL, 2.87 mmol) and DIPEA (249 µL, 1.44 mmol) were 

reacted in dry CH2Cl2 (10 mL) according to procedure 4.2.1. After work-up and 

purification by silica column chromatography (ethyl acetate/hexane, gradient from 

0:100 to 100:0), triphenylphosphine409 was obtained as an amorphous white solid 

(177 mg, 47%). Mp 79-80 oC (lit.,409 mp 79-80 oC). δP (162 MHz, CDCl3) -5.1 (1P, 

s). Triphenylphosphine oxide was also isolated (204 mg, 51 %). 
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4.3.2 Synthesis of triphenylphosphine with double equivalents of triflic 

anhydride 

Triflic anhydride (242 µL, 1.44 mmol), triphenylphosphine oxide (400 mg, 1.44 

mmol), pentane-1-thiol (373 µL, 3.02 mmol) and DIPEA (249 µL, 1.44 mmol) were 

reacted in dry CH2Cl2 (10 mL) according to procedure 4.2.1. After work-up and 

purification by silica column chromatography (ethyl acetate/hexane, gradient from 

0:100 to 100:0), triphenylphosphine409 was obtained as an amorphous white solid 

(113 mg, 30%).  
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CHAPTER FIVE 

 

The use of phosphonium anhydrides for the synthesis of 

tetrahydropyrimidines, imidazolines and a tetrahydrodiazepine 

under mild conditions 

5.1 Synthesis of amides 56, 65, 144, 153, 159, 160 and 161 

5.1.1 N-(3-Aminopropyl)benzamide (56) 

For the synthesis of compound 56 see section 2.3.1 in the experimental. 

 

5.1.2 N,N'-Propane-1,3-diyldibenzamide (65) 

For the synthesis of compound 65 see section 2.4.1 in the experimental. 

 

5.1.3 N-(2-aminoethyl)benzamide (144)  

Benzoic anhydride (2.0 g, 8.84 mmol) and ethane-1,2-diamine (2.96 mL, 44.2 mmol) 

were reacted in dry CH2Cl2 (700 mL) according to procedure 2.3.1. After work-up 

compound 144410 was obtained as a colourless oil (778 mg, 54%). δH (400 MHz, 

CH3OD) 2.88 (2H, t, J = 6.2 Hz, H2), 3.48 (2H, t, J = 6.2 Hz, H1), 7.43-7.47 (2H, m, 

m-C6H5), 7.51-7.55 (1H, m, p-C6H5), 7.80-7.86 (2H, m, o-C6H5), NH2 and NH not 

observed; MS (ESI, +ve) m/z: 164.9 ([M+H]+, 19%), 170.9 ([M+Li]+, 100%). 

 

5.1.4 N-(4-aminobutyl)benzamide (153)  

Benzoic anhydride (1.0 g, 4.42 mmol) and butane-1,4-diamine (2.23 mL, 22.1 mmol) 

were reacted in dry CH2Cl2 (400 mL) according to procedure 2.3.1. After work-up 

compound 153411 was obtained as a colourless oil which solidified upon standing 

(802 mg, 94%). IR (KBr) cm-1: 3300, 3065, 2933, 2866, 1637, 1544, 1310. δH (400 

MHz, CD3OD) 1.47-1.69 (4H, m, H2, H3), 2.64 (2H, br s, NH2), 2.68 (2H, t, J = 7.0 

Hz, H4), 3.39 (2H, t, J = 7.0 Hz, H1), 7.42-7.47 (2H, m, m-C6H5), 7.50-7.54 (1H, m, 

p-C6H5), 7.80-7.83 (2H, m, o-C6H5), NH not observed; δC (100 MHz, CD3OD) 27.8 

(C2 or C3), 29.5 (C2 or C3), 40.5 (C1), 41.6 (C4), 128.2 (o-C6H5), 129.6 (m-C6H5), 
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132.6 (p-C6H5), 135.8 (i-C6H5), 170.3 (C=O). MS (ESI, +ve) m/z 193.0 ([M+H]+, 

95%). HRMS: calcd for C11H17N2O [M+H]+: 193.1335. Found: 193.1337. 

 

5.1.5 N-[3-(Isopropylamino)propyl]benzamide (159)  

Benzoic anhydride (1.0 g, 4.42 mmol) and N-isopropylpropane-1,3-diamine (3.09 

mL, 22.1 mmol) were reacted in dry CH2Cl2 (400 mL) according to procedure 2.3.1. 

After work-up and purification by aluminum oxide (basic) chromatography 

(methanol/CH2Cl2, gradient from 0:100 to 3:97) compound 159412 was obtained as a 

colourless oil (919 mg, 94%). δH (400 MHz, CD3OD) 1.08 (6H, d, J = 6.3 Hz, 2 x 

CH3), 1.81 (2H, tt, J = 7.0, 7.0 Hz, H2), 2.65 (2H, t, J = 7.0 Hz, H3), 2.80 (1H, qq, J 

= 6.3, 6.3 Hz, CH), 3.45 (2H, t, J = 7.0 Hz, H1), 7.44-7.47 (2H, m, m-C6H5), 7.51-

7.55 (1H, m, p-C6H5), 7.80-7.82 (2H, m, o-C6H5), NH and C(O)NH not observed; 

MS (ESI, +ve) m/z: 221.0 ([M+H]+, 71%). HRMS: calcd for C13H21N2O [M+H]+: 

221.1648. Found: 221.1647.  

 

5.1.6 N-(3-Amino-2,2-dimethylpropyl)benzamide (160)  

Benzoic anhydride (1.0 g, 4.42 mmol) and 2,2-dimethylpropane-1,3-diamine (2.65 

mL, 22.1 mmol) were reacted in dry CH2Cl2 (400 mL) according to procedure 2.3.1. 

After work-up and purification by aluminum oxide (basic) chromatography 

(methanol/CH2Cl2, gradient from 0:100 to 3:97) compound 160 was obtained as a 

colourless oil (866 mg, 95%). IR (KBr) cm-1: 3298, 3061, 2958, 1643, 1577, 1546, 

1311. δH (400 MHz, acetone-d6) 0.99 (6H, s, 2 x CH3), 3.17 (2H, s, H3), 3.39 (2H, d, 

J = 4.8 Hz, H1), 7.43-7.52 (3H, m, p-C6H5, m-C6H5), 7.84-7.87 (2H, m, o-C6H5), 

8.75 (1H, br s, NH), NH2 not observed; δC (100 MHz, acetone-d6) 24.1 (CH3), 34.7 

(C2), 50.5 (C1), 62.5 (C3), 127.1 (o-C6H5), 128.5 (m-C6H5), 131.0 (p-C6H5), 135.9 

(i-C6H5), 166.3 (C=O). MS (ESI, +ve) m/z 206.9 ([M+H]+, 45%), 213.0 ([M+Li]+, 

50%). HRMS: calcd for C12H19N2O [M+H]+: 207.1492. Found: 207.1490.  

 

5.1.7 N-(2-Aminocyclohexyl)benzamide (161)  

Benzoic anhydride (800 mg, 3.54 mmol) and cis-cyclohexane-1,2-diamine (2.08 mL, 

17.7 mmol) were reacted in dry CH2Cl2 (400 mL) according to procedure 2.3.1. After 

work-up and purification by aluminum oxide (basic) chromatography 

(methanol/CH2Cl2, gradient from 0:100 to 3:97) compound 161413 was obtained as an 



 

 195

amorphous pale yellow solid (752 mg, 97%) Mp 110-112 ºC. IR (KBr) cm-1: 3307, 

3055, 2931, 2857, 1638, 1578, 1532, 1488. δH (400 MHz, CD3OD) 1.44-1.82 (8H, 

m, H3, H4, H5, H6), 3.16 (1H, m, H2), 4.12-4.16 (1H, m, H1), 7.44-7.48 (2H, m, m-

C6H5), 7.51-7.56 (1H, m, p-C6H5), 7.83-7.86 (2H, m, o-C6H5), NH and C(O)NH not 

observed; δC (100 MHz, CD3OD) 21.7 (C4), 24.4 (C5), 28.0 (C6), 32.1 (C3), 51.0 

(C1), 53.0 (C2), 128.5 (o-C6H5), 129.5 (m-C6H5), 132.6 (p-C6H5), 136.0 (i-C6H5), 

170.3 (C=O). MS (ESI, +ve) m/z 219.0 ([M+H]+, 100%), 241.0 ([M+Na]+, 28%), 

225.0 ([M+Li] +, 66%). HRMS: calcd for C13H19N2O [M+H]+: 219.1492. Found: 

219.1498. 

 

5.2 Synthesis of heterocycles 24, 25, 69 and 162 from the 

corresponding amides 

5.2.1 2-Phenyl-1,4,5,6-tetrahydropyrimidine (24) 

Triflic anhydride (94 µL, 0.56 mmol), triphenylphosphine oxide (375 mg, 1.35 

mmol), N-(3-aminopropyl)benzamide (56) (100 mg, 0.56 mmol) and DIPEA (214 

µL, 1.23 mmol) were reacted in dry CH2Cl2 (5 mL) according to procedure 3.5.1. 

The pale yellow mixture was stirred at room temperature for 16 hours. The reaction 

mixture was concentrated and the crude product dissolved in a 1:1 CH2Cl2/water 

mixture (20 mL). The two resulting layers were separated, the solvents were 

removed and the crude products analysed. The 1H NMR spectra of the organic layer 

displayed peaks consistent with the presence of triphenylphosphine oxide. 1H NMR 

spectroscopy of the water layer crude confirmed the presence of compound 

24183,411,412 and amide 56371,372 (relative amounts 38:62). The latter crude product was 

redissolved in a 1:1 CH2Cl2/sodium hydroxide (2 M aqueous solution) mixture (20 

mL) and the two layers separated. The organic layer was concentrated and the 

residue purified by aluminum oxide (basic) chromatography 

(methanol/CH2Cl2/hexane, gradient from 0:4:6 to 1:3:6). Compound 24183,411,412 was 

obtained as an amorphous white solid (32 mg, 36%). Mp 98-99 ºC (lit.,183 mp 88-91 

ºC). δH (400 MHz, CD3OD) 1.97 (2H, tt, J = 5.8, 5.8 Hz, H5), 3.51 (4H, t, J = 5.8 Hz, 

H4, H6), 7.46-7.50 (2H, m, m-C6H5), 7.54-7.58 (1H, m, p-C6H5), 7.64-7.66 (2H, m, 

o-C6H5), NH not observed. MS (ESI, +ve) m/z: 160.9 ([M+H]+, 100%). 
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5.2.2 2-Phenyl-4,5-dihydro-1H-imidazole (25)  

Triflic anhydride (41 µL, 0.24 mmol), triphenylphosphine oxide (163 mg, 0.58 

mmol), N-(2-aminoethyl)benzamide (144) (40 mg, 0.24 mmol) and DIPEA (91 µL, 

0.53 mmol) were reacted in dry CH2Cl2 (3 mL) according to procedure 3.5.1. After 

work-up and purification according to procedure 5.2.1 compound 25411,413 was 

obtained as an amorphous white solid (10 mg, 29%). Mp 147-150 ºC (lit., mp 98-100 

ºC). δH (400 MHz, CD3OD) 3.75 (4H, s, H4, H5), 7.41-7.51 (3H, m, m-C6H5, p-

C6H5), 7.77-7.80 (2H, m, o-C6H5), NH not observed. MS (ESI, +ve) m/z: 146.8 

([M+H]+, 100%). 

 

5.2.3 1-Benzoyl-2-phenyl-1,4,5,6-tetrahydropyrimidine (69)  

Triflic anhydride (188 µL, 1.12 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (576 

mg, 1.34 mmol), N,N'-propane-1,3-diyldibenzamide (65) (295 mg, 1.04 mmol) and 

DIPEA (425 µL, 2.46 mmol) were reacted in dry CH2Cl2 (20 mL) according to 

procedure 3.5.1. After 16 hours, the reaction mixture was quenched with sodium 

hydrogen carbonate (5% aqueous solution, 2 x 30 mL), dried (anhydrous Na2SO4) 

and filtered. The solvent was removed under reduced pressure and analysis of the 

crude mixture by 1H NMR spectroscopy indicated that compound 69 and bis-amide 

65370 were present (relative amounts 92:8). After purification by silica column 

chromatography (ethyl acetate/CH2Cl2, gradient from 25:75 to 100:0) and aluminum 

oxide (basic) chromatography (ethyl acetate/CH2Cl2/hexane, gradient from 0:75:25 

to 80:20:0) compound 69 was obtained as an amorphous white solid (233 mg, 85%) 

in < 90% purity. δH (400 MHz, CDCl3) 2.05 (2H, tt, J = 6.4, 7.0 Hz, H5), 3.76 (2H, t, 

J = 6.4 Hz, H4), 3.92 (2H, t, J = 7.0 Hz, H6), 7.06-7.15 [5H, m, m-C6H5, m-

C(O)C6H5, p-C(O)C6H5], 7.18-7.22 (1H, m, p-C6H5), 7.29-7.32 [4H, m, o-C6H5, o-

C(O)C6H5]; δC (100 MHz, CDCl3) 24.5 (C5), 43.2 (C6), 46.4 (C4), 127.3 [o-

C(O)C6H5], 127.89 [m-C(O)C6H5], 127.90 (m-C6H5), 128.1 (o-C6H5), 129.5 [p-

C(O)C6H5], 131.0 (p-C6H5), 136.3 [i-C(O)C6H5], 137.8 (i-C6H5), 157.9 (C2), 171.7 

(C=O). MS (ESI, +ve) m/z 265.1 ([M+H]+, 100%). 

 

5.2.4 1-Isopropyl-2-phenyl-1,4,5,6-tetrahydropyrimidine (162) 

Triflic anhydride (153 µL, 0.91 mmol), triphenylphosphine oxide (606 mg, 2.18 

mmol), N-[3-(isopropylamino)propyl]benzamide (159) (200 mg, 0.91 mmol) and 
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DIPEA (346 µL, 2.0 mmol) were reacted in dry CH2Cl2 (10 mL) according to 

procedure 3.5.1. After 2 hours, the reaction mixture was quenched with sodium 

hydrogen carbonate (saturated aqueous solution, 2 x 15 mL), dried (anhydrous 

Na2SO4) and filtered. The solvent was removed under reduced pressure and the crude 

mixture purified by silica column chromatography (methanol/ethyl acetate/hexane, 

gradient from 0:50:50 to 20:80:0). Compound 162 was obtained as a colourless oil 

(159 mg, 86%). IR (KBr) cm-1: 3425, 3245, 3121, 1621, 1280, 1251, 1154, 1030. δH 

(400 MHz, CD3OD) 1.23 (6H, d, J = 6.7 Hz, 2 x CH3), 2.17 (2H, tt, J = 5.6, 5.6 Hz, 

H5), 3.51 (2H, t, J = 5.6 Hz, H6), 3.61 (2H, t, J = 5.6 Hz, H4), 3.89 (1H, qq, J = 6.7, 

6.7 Hz, CH), 7.54-7.57 (2H, m, o-C6H5), 7.59-7.69 (3H, m, m-C6H5, p-C6H5); δC 

(100 MHz, CD3OD) 19.5 (2 x CH3), 20.2 (C5), 40.0 (C4), 40.7 (C6), 54.4 

[CH(CH3)2], 128.4 (o-C6H5), 130.6 (m-C6H5), 131.2 (i-C6H5), 133.0 (p-C6H5), 163.0 

(C2). MS (ESI, +ve) m/z 202.9 ([M+H]+, 100%). HRMS: calcd for C13H19N2 

[M+H]+: 203.1543. Found: 203.1549. 

 

5.3 Synthesis of protected amides 73, 145, 147 and 150 

5.3.1 Tert-butyl [3-(benzoylamino)propyl]carbamate (73) 

For the synthesis of compound 73 see section 2.5.3 in the experimental. 

 

5.3.2 N-(3-{[(1E)-(4-Methoxyphenyl)methylene]amino}propyl)benzamide (145)  

Anisaldehyde (100 mg, 0.74 mmol), N-(3-aminopropyl)benzamide (56) (131 mg, 

0.74 mmol) and anhydrous magnesium sulfate (133 µL, 1.11 mmol) were heated at 

reflux for 16 hours in dry CH2Cl2 (2mL) under a nitrogen atmosphere. The reaction 

mixture was filtered and the solvent removed under reduced pressure to give the 

crude product 145 (193, 98%). Compound 145 was used directly in the next step 

without further purification. δH (300 MHz, CDCl3) 1.99 (2H, tt, J = 7.9, 7.9 Hz, H2), 

3.67 (2H, dt, J = 7.9, 7.9 Hz, H1), 3.76 (2H, t, J = 7.9 Hz, H3), 3.87 (3H, s, OCH3), 

6.88-6.93 (2H, m, m-C6H4OCH3), 7.33-7.38 (2H, m, m-C6H5), 7.43-7.49 (1H, m, p-

C6H5), 7.62-7.66 (3H, m, o-C6H4OCH3, NH), 7.74-7.77 (2H, m, o-C6H5), 8.24 (1H, 

br s, N=CH).  
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5.3.3 Synthesis of N-[3-(benzylamino)propyl]benzamide (147) with 1.5 

equivalents of benzaldehyde  

Triacetoxyborohydride (96 mg, 0.44 mmol) was added to a solution of benzaldehyde 

(18 mg, 0.17 mmol) and N-(3-aminopropyl)benzamide (56) (20 mg, 0.11 mmol) in 

dry CH2Cl2 (10 mL) at room temperature under a nitrogen atmosphere. The reaction 

was concentrated after 16 hours and a crude mixture obtained. Analysis by 1H NMR 

spectroscopy indicated that compound 147414 and N-[3-(dibenzylamino)propyl] 

benzamide (148) were present (relative amounts 1:1). 

 

5.3.4 Synthesis of N-[3-(benzylamino)propyl]benzamide (147) with 1.0 

equivalents of benzaldehyde 

Triacetoxyborohydride (476 mg, 2.24 mmol), benzaldehyde (119 mg, 1.12 mmol) 

and N-(3-aminopropyl)benzamide (56) (200 mg, 1.12 mmol) were reacted in dry 

CH2Cl2 (100 mL) according to procedure 5.3.3. After purification by silica column 

chromatography (methanol/ethyl acetate/CH2Cl2, gradient from 0:5:95 to 10:90:0) 

compound 147414 was obtained as an amorphous white solid (193 mg, 64%) along 

with N-[3-(dibenzylamino)propyl]benzamide (148) which also was also isolated as 

an amorphous white solid (48 mg, 24% yield based on benzaldehyde).  

N-[3-(benzylamino)propyl]benzamide (147)414 Mp 190-191 ºC (decomposed). IR 

(KBr) cm-1: 3318, 3059, 2935, 1640, 1577, 1540, 1490, 1311. δH (400 MHz, 

CD3OD) 1.93 (2H, tt, J = 6.9, 6.9 Hz, H2), 2.89 (2H, t, J = 6.9 Hz, H3), 3.48 (2H, t, J 

= 6.9 Hz, H1), 3.98 (2H, s, CH2C6H5), 7.31-7.40 (3H, m, m-CH2C6H5, p-CH2C6H5), 

7.42-7.48 (4H, m, o-CH2C6H5, m-C6H5), 7.52-7.56 (1H, m, p-C6H5), 7.80-7.83 (2H, 

m, o-C6H5), NH and C(O)NH not observed; δC (100 MHz, CD3OD) 28.8 (C2), 38.2 

(C1), 46.6 (C3), 53.4 (CH2C6H5), 128.3 (o-C6H5), 129.4 (p-CH2C6H5), 129.6 (m-

C6H5), 129.9 (o-CH2C6H5), 130.3 (m-CH2C6H5), 132.8 (p-C6H5), 135.3 (i-C6H5), 

136.6 (i-CH2C6H5), 170.7 (C=O). MS (ESI, +ve) m/z 269.1 ([M+H]+, 100%), 275.1 

([M+Li]+, 15%). HRMS: calcd for C17H21N2O [M+H]+: 269.1648. Found: 269.1640. 

N-[3-(dibenzylamino)propyl]benzamide (148) Mp 110-112 ºC. IR (KBr) cm-1: 3355, 

3019, 2941, 2786, 1639, 1526, 1294. δH (400 MHz, acetone-d6) 1.86 (2H, tt, J = 6.8, 

6.8 Hz, H2), 2.53 (2H, t, J = 6.8 Hz, H3), 3.42 (2H, dt, J = 6.0, 6.8 Hz, H1), 3.58 

(4H, s, 2 x CH2C6H5), 7.20-7.24 (2H, m, p-CH2C6H5), 7.28-7.32 (4H, m, m-

CH2C6H5), 7.39-7.44 (7H, m, m-C6H5, o-CH2C6H5, NH), 7.47-7.51 (1H, m, p-C6H5), 

7.72-7.75 (2H, m, o-C6H5); δC (100 MHz, acetone-d6) 27.6 (C2), 38.7 (C1), 51.6 
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(C3), 58.9 (2 x CH2C6H5), 127.7 (p-CHC6H5), 127.9 (o-C6H5), 129.0 (m-CH2C6H5, 

m-C6H5), 129.7 (o-CH2C6H5), 131.7 (p-C6H5), 136.2 (i-C6H5), 140.7 (i-CH2C6H5), 

167.1 (C=O). MS (ESI, +ve) m/z 359.2 ([M+H]+, 40%). HRMS: calcd for C24H27N2O 

[M+H]+: 359.2118. Found: 359.2124. 

 

5.3.5 2-(Benzoylamino)ethanaminium chloride (150)  

N-(2-Aminoethyl)benzamide (144) (113 mg, 0.69 mmol) was stirred in a 4 M 

hydrochloric acid and dioxane solution (10 mL) for two hours at room temperature. 

The reaction mixture was concentrated and the crude product recrystallised 

(methanol/ether) to give compound 150385 as an amorphous white solid (98 mg, 

71%). Mp 165-167 ºC (lit.,385 mp 166-167 ºC). δH (400 MHz, CH3OD) 3.16 (2H, t, J 

= 5.8 Hz, H1), 3.65 (2H, t, J = 5.8 Hz, H2), 7.46-7.49 (2H, m, m-C6H5), 7.54-7.58 

(1H, m, p-C6H5), 7.85-7.87 (2H, m, o-C6H5), NH and [NH3]+ not observed. 

 

5.4 Synthesis of heterocycles 25, 74, 146 and 149 from the 

corresponding protected amides 

5.4.1 Synthesis of tert-butyl 2-phenyl-5,6-dihydropyrimidine-1(4H)-carboxylate 

(74) with 1.0 equivalent of reagent 38 and a reaction time of two hours  

Triflic anhydride (30 µL, 0.18 mmol), triphenylphosphine oxide (120 mg, 0.43 

mmol), tert-butyl [3-(benzoylamino)propyl]carbamate (73) (50 mg, 0.18 mmol) and 

DIPEA (68 µL, 0.40 mmol) were reacted in dry CH2Cl2 (5 mL) according to 

procedure 3.5.12. After 2 hours, the reaction mixture was quenched with sodium 

hydrogen carbonate (5% aqueous solution, 2 x 10 mL), dried (anhydrous Na2SO4) 

and filtered. The solvent was removed under reduced pressure and analysis of the 

crude mixture by 1H NMR spectroscopy indicated that compound 74 and Boc-amide 

73374 were present (relative amounts 58:42). 

 

5.4.2 Synthesis of tert-butyl 2-phenyl-5,6-dihydropyrimidine-1(4H)-carboxylate 

(74) with 1.0 equivalent of reagent 38 and a reaction time of 24 hours  

Triflic anhydride (30 µL, 0.18 mmol), triphenylphosphine oxide (120 mg, 0.43 

mmol), tert-butyl [3-(benzoylamino)propyl]carbamate (73) (50 mg, 0.18 mmol) and 

DIPEA (68 µL, 0.40 mmol) were reacted in dry CH2Cl2 (5 mL) according to 
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procedure 3.5.12. After 24 hours, the reaction mixture was quenched with sodium 

hydrogen carbonate (5% aqueous solution, 2 x 10 mL), dried (anhydrous Na2SO4) 

and filtered. The solvent was removed under reduced pressure and analysis of the 

crude mixture by 1H NMR spectroscopy indicated that compound 74 and Boc-amide 

73374 were present (relative amounts 60:40). 

 

5.4.3 Synthesis of tert-butyl 2-phenyl-5,6-dihydropyrimidine-1(4H)-carboxylate 

(74) with 3.0 equivalents of reagent 38  

Triflic anhydride (91 µL, 0.54 mmol), triphenylphosphine oxide (360 mg, 1.29 

mmol), tert-butyl [3-(benzoylamino)propyl]carbamate (73) (50 mg, 0.18 mmol) and 

DIPEA (187 µL, 1.1 mmol) were reacted in dry CH2Cl2 (5 mL) according to 

procedure 3.5.12. After 16 hours, the reaction mixture was quenched with sodium 

hydrogen carbonate (5% aqueous solution, 2 x 10 mL), dried (anhydrous Na2SO4) 

and filtered. The solvent was removed under reduced pressure and analysis of the 

crude mixture by 1H NMR spectroscopy indicated that compound 74 and Boc-amide 

73374 were present (relative amounts 35:65). 

 

5.4.4 Synthesis of tert-butyl 2-phenyl-5,6-dihydropyrimidine-1(4H)-carboxylate 

(74) with 1.0 equivalent of reagent 38 and 3.0 equivalents of DIPEA  

Triflic anhydride (30 µL, 0.18 mmol), triphenylphosphine oxide (120 mg, 0.43 

mmol), tert-butyl [3-(benzoylamino)propyl]carbamate (73) (50 mg, 0.18 mmol) and 

DIPEA (93 µL, 0.54 mmol) were reacted in dry CH2Cl2 (5 mL) according to 

procedure 3.5.12. After 16 hours, the reaction mixture was quenched with sodium 

hydrogen carbonate (5% aqueous solution, 2 x 10 mL), dried (anhydrous Na2SO4) 

and filtered. The solvent was removed under reduced pressure and analysis of the 

crude mixture by 1H NMR spectroscopy indicated that compound 74 and Boc-amide 

73374 were present (relative amounts 31:69). 

 

5.4.5 Synthesis of tert-butyl 2-phenyl-5,6-dihydropyrimidine-1(4H)-carboxylate 

(74) with 1.0 equivalent of reagent 53  

Triflic anhydride (25 µL, 0.15 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (78 

mg, 0.18 mmol), tert-butyl [3-(benzoylamino)propyl]carbamate (73) (42 mg, 0.15 

mmol) and DIPEA (57 µL, 0.33 mmol) were reacted in dry CH2Cl2 (3 mL) according 
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to procedure 3.5.12. After 16 hours, the reaction mixture was quenched with sodium 

hydrogen carbonate (5% aqueous solution, 2 x 8 mL), dried (anhydrous Na2SO4) and 

filtered. The solvent was removed under reduced pressure and the residue purified by 

silica column chromatography (ethyl acetate/hexane, gradient from 25:75 to 100:0), 

followed by aluminum oxide (basic) chromatography (methanol/CH2Cl2/hexane, 

gradient from 0:50:50 to 1:99:0). Compound 74 was obtained as a colourless oil 

which solidified upon standing (20 mg, 51%). IR (KBr) cm-1: 3395, 2969, 2931, 

1711, 1624, 1366, 1336, 1158. δH (400 MHz, CD3OD) 1.14 [9H, s, C(CH3)3], 1.99 

(2H, tt, J = 6.9, 6.9 Hz, H5), 3.49 (2H, t, J = 6.9 Hz, H4), 3.92 (2H, t, J = 6.9 Hz, 

H6), 7.43-7.49 (2H, m, m-C6H5), 7.51-7.56 (1H, m, p-C6H5), 7.83-7.85 (2H, m, o-

C6H5); δC (100 MHz, acetone-d6) 24.9 (C5), 27.8 (3 x CH3), 44.4 (C6), 46.7 (C4), 

83.3 [C(CH3)3], 128.0 (o-C6H5), 129.2 (m-C6H5), 130.6 (p-C6H5), 140.5 (i-C6H5), 

154.5 (C2). 159.0 (C=O). MS (ESI, +ve) m/z 260.9 ([M+H]+, 4%), 204.9 ([M-

OC(CH3)3]+, 64%). HRMS: calcd for C15H21N2O2 [M+H]+: 261.1598. Found: 

261.1588. 

 

5.4.6 Synthesis of tert-butyl 2-phenyl-5,6-dihydropyrimidine-1(4H)-carboxylate 

(74) with 1.5 equivalent of reagent 53  

Triflic anhydride (91 µL, 0.54 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (278 

mg, 0.65 mmol), tert-butyl [3-(benzoylamino)propyl]carbamate (73) (100 mg, 0.36 

mmol) and DIPEA (233 µL, 1.35 mmol) were reacted in dry CH2Cl2 (5 mL) 

according to procedure 3.5.12. After 16 hours, the reaction mixture was quenched 

with sodium hydrogen carbonate (5% aqueous solution, 2 x 10 mL), dried 

(anhydrous Na2SO4) and filtered. The solvent was removed under reduced pressure 

and the residue purified by silica column chromatography (ethyl acetate/hexane, 

gradient from 25:75 to 100:0). Compound 74 was obtained as a colourless oil which 

solidified upon standing (60 mg, 64%). 

 

5.4.7 Synthesis of tert-butyl 2-phenyl-5,6-dihydropyrimidine-1(4H)-carboxylate 

(74) with 1.5 equivalent of reagent 53 and in the absence of DIPEA  

Triflic anhydride (52 µL, 0.31 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (150 

mg, 0.35 mmol) and tert-butyl [3-(benzoylamino)propyl]carbamate (73) (57 mg, 0.20 

mmol) were reacted in dry CH2Cl2 (3 mL) according to procedure 3.5.12. After 16 

hours, the solvent was removed under reduced pressure and analysis of the crude 
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mixture by 1H NMR spectroscopy indicated that amide 56371,372 was present in 

conjunction with traces (<5%) of compound 74. 

 

5.4.8 Attempted synthesis of 1-(4-methoxybenzyl)-2-phenyl-1,4,5,6-

tetrahydropyrimidine (146)  

Triflic anhydride (124 µL, 0.74 mmol), triphenylphosphine oxide (491 mg, 1.76 

mmol), N-(3-{[(1E)-(4-methoxyphenyl)methylene]amino}propyl)benzamide (145) 

(193 mg, 0.72 mmol) and DIPEA (280 µL, 1.62 mmol) were reacted in dry CH2Cl2 

(7 mL) according to procedure 3.5.12. After 16 hours the solvent was removed under 

reduced pressure and analysis of the crude mixture by 1H NMR spectroscopy 

indicated that amide 56,371,372 anisaldehyde and DIPEA were present. Compound 146 

was not isolated. 

 

5.4.9 Synthesis of 1-benzyl-2-phenyl-1,4,5,6-tetrahydropyrimidine (149) 

Triflic anhydride (31 µL, 0.19 mmol), triphenylphosphine oxide (124 mg, 0.45 

mmol), N-[3-(benzylamino)propyl]benzamide (147) (50 mg, 0.19 mmol) and DIPEA 

(71 µL, 0.41 mmol) were reacted in dry CH2Cl2 (3 mL) according to procedure 

3.5.12. After 16 hours the solvent was removed under reduced pressure and analysis 

of the crude mixture by 1H NMR spectroscopy indicated that compound 149415,416 

and 147414 were present (relative amounts 1:1). MS (ESI, +ve) m/z 251.0 ([M+H]+, 

100%). HRMS: calcd for C17H19N2 [M+H]+: 251.1543. Found: 251.1534. 

Purification by silica column chromatography (methanol/ethyl acetate/hexane, 

gradient from 0:50:50 to 20:80:0) gave compound 147414 (25 mg, 50%). Compound 

149415,416 was not isolated, it was presumed to have decomposed. 

 

5.4.10 Attempted synthesis of 2-phenyl-4,5-dihydro-1H-imidazole (25) from 2-

(benzoylamino)ethanaminium chloride (150)  

Triflic anhydride (71 µL, 0.42 mmol), 1,2-bis(diphenylphosphinyl)ethane (93) (219 

mg, 0.51 mmol) and 2-(benzoylamino)ethanaminium chloride (150) (85 mg, 0.42) 

were reacted in dry CH2Cl2 (8 mL) according to procedure 3.5.1. After 1 hour 

DIPEA (176 µL, 1.02 mmol) was added slowly (over 45 minutes) and the reaction 

mixture stirred for 16 hours. Analysis of the crude mixture by 1H NMR spectroscopy 
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indicated that amide 144,410 bis-phosphine oxide 93 and DIPEA were present. 

Compound 25183,417 was not observed. 

 

5.5 Attempted synthesis of tert-butyl 2-phenyl-5,6-

dihydropyrimidine-1(4H)-carboxylate (74) by cyclodehydration of 

Boc-protected amide 73 using the Mitsunobu reaction 

5.5.1 Mitsunobu reaction performed at 22 ºC  

Tert-butyl [3-(benzoylamino)propyl]carbamate (73) (50 mg, 0.18 mmol), 

triphenylphosphine oxide (47 mg, 0.18 mmol) and DIPEA (37 µL, 0.22 mmol) were 

stirred in dry CH2Cl2 (2mL) at 0 ºC under a nitrogen atmosphere. DIAD (42 µL, 0.22 

mmol) was dropwise added and the reaction mixture warmed to room temperature 

and then stirred for 16 hours. The solvent was removed under removed pressure and 

analysis of the crude mixture by 1H NMR spectroscopy indicated that amide 73,374 

triphenylphosphine oxide, DIAD and DIPEA were present. Compound 74 was not 

observed. 

 

5.5.2 Mitsunobu reaction performed at 80 ºC 

Tert-butyl [3-(benzoylamino)propyl]carbamate (73) (50 mg, 0.18 mmol), 

triphenylphosphine oxide (47 mg, 0.18 mmol), DIPEA (37 µL, 0.22 mmol) and 

DIAD (37 µL, 0.22 mmol) were reacted in dry CH2Cl2 (2mL) according to procedure 

5.5.1. The reaction mixture was warmed to 80 ºC and then stirred for 16 hours. The 

solvent was removed under removed pressure and analysis of the crude mixture by 
1H NMR spectroscopy indicated that amide 73,374 triphenylphosphine oxide, DIAD 

and DIPEA were present. Compound 74 was not observed. 

 

5.6 Synthesis of trityl protected amides 151, 154, 155, 157, 158, 163 

and 164 

5.6.1 N-[3-(Tritylamino)propyl]benzamide (151) 

Tritylchloride (626 mg, 2.24 mmol), N-(3-aminopropyl)benzamide (56) (200 mg, 

1.12 mmol) and TEA (390 µL, 2.81 mmol) were reacted in dry CH2Cl2 (10 mL) 

according to procedure 3.11.1. After purification by silica column chromatography 
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(ethyl acetate/hexane, gradient from 10:90 to 50:50) compound 151 was obtained as 

an amorphous white solid (678 mg, 94%). Mp 167-169 ºC. IR (KBr) cm-1: 3422, 

3291, 3056, 3023, 2835, 1656, 1519, 1487, 1475. δH (400 MHz, CDCl3) 1.69 (2H, tt, 

J = 6.2, 6.2 Hz, H2), 2.25 (2H, t, J = 6.2 Hz, H3), 3.56 (2H, dt, J = 6.2, 6.2 Hz, H1), 

6.83 [1H, br s, C(O)NH], 7.09-7.21 [9H, m, m-C(C6H5)3, p-C(C6H5)3], 7.29-7.41 

[9H, m, o-C(C6H5)3, m-C6H5, p-C6H5], 7.63-7.66 (2H, m, o-C6H5), NH not observed; 

δC (100 MHz, CDCl3) 30.0 (C2), 39.0 (C1), 42.1 (C3), 71.2 [C(C6H5)3], 126.4 [p-

C(C6H5)3], 126.9 (o-C6H5), 127.9 [m-C(C6H5)3], 128.5 (m-C6H5), 128.6 [o-

C(C6H5)3], 131.3 (p-C6H5), 134.9 (i-C6H5), 145.7 [i-C(C6H5)3], 167.6 (C=O). MS 

(ESI, +ve) m/z 443.3 ([M+Na]+, 63%), 243.0 ([C(C6H5)3]+, 100%), 427.3 ([M+Li]+, 

100%). HRMS: calcd for C29H28N2ONa [M+Na]+: 443.2094. Found: 443.2106. Anal. 

Calcd for C29H28N2O: C, 82.82; H, 6.71; N, 6.66. Found: C, 82.96; H, 6.64; N, 6.70. 

 

5.6.2 N-[2-(Tritylamino)ethyl]benzamide (154) 

Tritylchloride (433 mg, 1.55 mmol), N-(2-aminoethyl)benzamide (144) (170 mg, 

1.04 mmol) and TEA (288 µL, 2.07 mmol) were reacted in dry CH2Cl2 (8 mL) 

according to procedure 3.11.1. After purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 10:90 to 50:50) compound 154 was obtained as 

an amorphous white solid (366 mg, 87%). Mp 149-151 ºC. IR (KBr) cm-1: 3263, 

3052, 2917, 2840, 1639, 1545, 1488, 1311. δH (400 MHz, CDCl3) 1.81 [1H, s, 

NHC(C6H5)3], 2.43 (2H, t, J = 6.0 Hz, H2), 3.54 (2H, dt, J = 6.0, 6.0 Hz, H1), 6.70 

[1H, br s, C(O)NH], 7.17-7.21 [3H, m, p-C(C6H5)3], 7.24-7.28 [6H, m, m-C(C6H5)3], 

7.42-7.53 [9H, m, o-C(C6H5)3, p-C6H5, m-C6H5], 7.79-7.81 (2H, m, o-C6H5); δC (100 

MHz, CDCl3) 40.3 (C1), 43.8 (C2), 77.3 [C(C6H5)3], 126.7 [p-C(C6H5)3], 127.0 (o-

C6H5), 128.0 [m-C(C6H5)3], 128.56 (m-C6H5), 128.61 [o-C(C6H5)3], 131.5 (p-C6H5), 

134.5 (i-C6H5), 145.4 [i-C(C6H5)3], 167.6 (C=O). MS (ESI, +ve) m/z 429.2 

([M+Na]+, 3%), 243.0 ([C(C6H5)3]+, 100%). HRMS: calcd for C28H27N2O [M+H]+: 

407.2118. Found: 407.2114. Anal. Calcd for C28H26N2O: C, 82.73; H, 6.45; N, 6.89. 

Found: C, 82.61; H, 6.43; N, 6.78. 

 

5.6.3 N-[4-(Tritylamino)butyl]benzamide (155)  

Tritylchloride (1.09 g, 3.90 mmol), N-(4-aminobutyl)benzamide (153) (500 mg, 2.60 

mmol) and TEA (724 µL, 5.20 mmol) were reacted in dry CH2Cl2 (25 mL) according 

to procedure 3.11.1. After purification by silica column chromatography (ethyl 
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acetate/hexane, gradient from 10:90 to 50:50) compound 155 was obtained as an 

amorphous white solid (883 mg, 78%). Mp 140-143 ºC. IR (KBr) cm-1: 3299, 3056, 

2950, 2860, 2815, 1630, 1534, 1489, 1449. δH (400 MHz, CDCl3) 1.53-1.69 (5H, m, 

H2, H3, NH), 2.18 (2H, t, J = 6.8 Hz, H4), 3.42 (2H, dt, J = 6.0, 6.8 Hz, H1), 6.11 

(1H, br s, C(O)NH), 7.15-7.19 [3H, m, p-C(C6H5)3], 7.24-7.28 [6H, m, m-C(C6H5)3], 

7.40-7.50 [9H, m, m-C6H5, p-C6H5, o-C(C6H5)3], 7.72-7.74 (2H, m, o-C6H5); δC (100 

MHz, CDCl3) 27.6 (C2), 28.3 (C3), 40.1 (C1), 43.3 (C4), 70.9 [C(C6H5)3], 126.2 [p-

C(C6H5)3], 126.8 (o-C6H5), 127.8 [m-C(C6H5)3], 128.5 (m-C6H5), 128.6 [o-

C(C6H5)3], 131.3 (p-C6H5), 134.8 (i-C6H5), 146.1 [i-C(C6H5)3], 167.5 (C=O). MS 

(ESI, +ve) m/z 435.3 ([M+H]+, 16%), 457.3 ([M+Na]+, 100%). HRMS: calcd for 

C30H30N2ONa [M+Na]+: 457.2250. Found: 457.2239. Anal. Calcd for C30H30N2O: C, 

82.91; H, 6.96; N, 6.45. Found: C, 83.06; H, 6.82; N, 6.32. 

 

5.6.4 Tert-butyl [3-(benzoylamino)propyl]tritylcarbamate (157)  

Di-tert-butyl dicarbonate (93 mg, 0.43 mmol), N-[3-(tritylamino)propyl]benzamide 

(150) (150 mg, 0.36 mmol) and TEA (60 µL, 0.43 mmol) were reacted in dry CH2Cl2 

(10 mL) according to procedure 2.5.3. Analysis of the crude mixture by 1H NMR 

spectroscopy indicated that no reaction had occurred; only compound 151 and 

reagents were present. Compound 157 was not observed or isolated. 

 

5.6.5 N-{3-[Benzyl(trityl)amino]propyl}benzamide (158)  

Tritylchloride (109 mg, 0.39 mmol), N-[3-(benzylamino)propyl]benzamide (147) (70 

mg, 0.26 mmol) and TEA (73 µL, 0.52 mmol) were reacted in dry CH2Cl2 (5 mL) 

according to procedure 3.11.1. After purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 158 was obtained as 

an amorphous white solid (91 mg, 69%). Mp 153-155 ºC (decomposed). IR (KBr) 

cm-1: 3269, 3056, 3019, 2823, 1636, 1535, 1489, 1447. δH (300 MHz, CDCl3) 1.19-

1.29 (2H, m, H2), 2.43-2.48 (2H, m, H3), 3.06 (2H, dt, J = 5.7, 6.6 Hz, H1), 3.62 

(2H, s, CH2C6H5), 5.58 (1H, br s, C(O)NH), 7.15-7.19 [3H, m, p-C(C6H5)3], 7.26-

7.38 [11H, m, m-C6H5, m-CH2C6H5, m-C(C6H5)3, p-CH2C6H5], 7.43-7.48 (3H, m, o-

C6H5, p-C6H5), 7.56-7.58 (2H, m, o-CH2C6H5), 7.63-7.66 [6H, m, o-C(C6H5)3]; δC 

(100 MHz, CDCl3) 29.6 (C2), 38.1 (C1), 52.0 (C3), 57.2 (CH2C6H5), 79.1 

[C(C6H5)3], 126.2 [p-C(C6H5)3], 126.7 (o-C6H5), 126.8 (p-CH2C6H5), 127.6 [m-

C(C6H5)3], 128.2 (o-CH2C6H5), 128.3 (m-CH2C6H5), 128.4 (m-C6H5), 129.3 [o-
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C(C6H5)3], 131.1 (p-C6H5), 134.7 (i-C6H5), 141.5 (i-CH2C6H5), 143.6 [i-C(C6H5)3], 

167.4 (C=O). MS (ESI, +ve) m/z 533.3 ([M+H]+, 7%), 243.0 ([C(C6H5)3]+, 100%). 

HRMS: calcd for C36H34N2ONa [M+Na]+: 533.2563. Found: 533.2549. 

 

5.6.6 N-[3-(Tritylamino)-2,2-dimethylpropyl]benzamide (163)  

Tritylchloride (1.12 g, 4.03 mmol), N-(3-amino-2,2-dimethylpropyl)benzamide (160) 

(554 mg, 2.69 mmol) and TEA (734 µL, 5.27 mmol) were reacted in dry CH2Cl2 (25 

mL) according to procedure 3.11.1. After purification by silica column 

chromatography (ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 163 

was obtained as an amorphous white solid (1.03 g, 86%). Mp 143-145 ºC. IR (KBr) 

cm-1: 3322, 3052, 2958, 2917, 1644, 1538, 1487, 1448. δH (400 MHz, CD3OD) 1.01 

(6H, s, 2 x CH3), 1.91 (2H, s, H3), 3.34 (2H, s, H1), 7.07-7.11 [3H, m, p-C(C6H5)3], 

7.15-7.19 [6H, m, m-C(C6H5)3], 7.37-7.41 (2H, m, m-C6H5), 7.44-7.52 [7H, m, o-

C(C6H5)3, p-C6H5], 7.58-7.60 (2H, m, o-C6H5), NH and C(O)NH not observed; δC 

(100 MHz, CD3OD) 25.3 (2 x CH3), 37.7 (C2), 48.6 (C1), 52.5 (C3), 72.0 

[C(C6H5)3], 127.1 [p-C(C6H5)3], 128.4 (o-C6H5), 128.6 [m-C(C6H5)3], 129.4 (m-

C6H5), 130.0 [o-C(C6H5)3], 132.5 (p-C6H5), 135.9 (i-C6H5), 147.6 [i-C(C6H5)3], 170.6 

(C=O). MS (ESI, +ve) m/z 243.0 ([C(C6H5)3]+, 100%). HRMS: calcd for C31H33N2O 

[M+H]+: 449.2587. Found: 449.2607. Anal. Calcd for C31H32N2O: C, 83.00; H, 7.19; 

N, 6.24. Found: C, 83.12; H, 7.00; N, 6.40. 

 

5.6.7 N-[2-(Tritylamino)cyclohexyl]benzamide (164) 

Tritylchloride (923 mg, 3.31 mmol), N-(2-aminocyclohexyl)benzamide (161) (482 

mg, 2.21 mmol) and TEA (615 µL, 4.42 mmol) were reacted in dry CH2Cl2 (20 mL) 

according to procedure 3.11.1. After purification by silica column chromatography 

(ethyl acetate/hexane, gradient from 5:95 to 50:50) compound 164 was obtained as 

an amorphous white solid (936 mg, 92%). Mp 163-164 ºC. IR (KBr) cm-1: 3422, 

3300, 3052, 2932, 1624, 1535, 1488. δH (400 MHz, DMSO-d6) 0.26 (1H, br d, J = 

12.8 Hz, H3), 0.75-0.81 (1H, m, H4 or H5), 0.91-0.99 (1H, m, H3), 1.18-1.41 (4H, 

m, H4, H5, H6), 1.91-1.94 (1H, m, H6), 2.58 (2H, br s, H2, NH), 4.13 (1H, br s, H1), 

7.15 [3H, t, J = 7.4 Hz, p-C(C6H5)3], 7.23 [6H, t, J = 7.4 Hz, m-C(C6H5)3], 7.49-7.58 

[9H, m, p-C6H5, m-C6H5, o-C(C6H5)3], 7.91-7.95 (3H, m, o-C6H5, C(O)NH); δC (100 

MHz, DMSO-d6) 20.8 (C4 or C5), 23.7 (C4 or C5), 27.9 (C3), 29.1 (C6), 51.6 (C1), 

52.5 (C2), 70.7 [C(C6H5)3], 126.1 [p-C(C6H5)3], 127.5 (o-C6H5), 127.6 [m-C(C6H5)3], 
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128.1 (m-C6H5), 128.4 [o-C(C6H5)3], 130.9 (p-C6H5), 135.4 (i-C6H5), 147.1 [i-

C(C6H5)3], 166.9 (C=O). MS (ESI, +ve) m/z 243.0 ([C(C6H5)3]+, 100%). HRMS: 

calcd for C32H32N2ONa [M+Na]+: 483.2407. Found: 483.2387. Anal. Calcd for 

C32H32N2O: C, 83.44; H, 7.00; N, 6.08. Found: C, 83.27; H, 6.90; N, 5.88. 

 

5.7 Synthesis of heterocycles 24, 25, 149, 156, 162, 165 and 166 from 

the corresponding trityl protected amides 

5.7.1 Synthesis of 2-phenyl-1,4,5,6-tetrahydropyrimidine (24) in the absence of 

DIPEA  

Triflic anhydride (180 µL, 1.07 mmol), triphenylphosphine oxide (715 mg, 2.57 

mmol) and N-[3-(tritylamino)propyl]benzamide (151) (300 mg, 0.71 mmol) were 

reacted in dry CH2Cl2 (15 mL) according to procedure 3.5.12. After work-up, 

according to procedure 5.2.1, and purification by aluminum oxide (basic) 

chromatography (methanol/CH2Cl2/hexane, gradient from 0:4:6 to 1:3:6) compound 

24411,412 was obtained as an amorphous white solid (90 mg, 79%).  

 

5.7.2 Attempted synthesis of 2-phenyl-1,4,5,6-tetrahydropyrimidine (24) in the 

presence of DIPEA  

Triflic anhydride (30 µL, 0.18 mmol), triphenylphosphine oxide (119 mg, 0.43 

mmol), N-[3-(tritylamino)propyl]benzamide (151) (50 mg, 0.12 mmol) and DIPEA 

(41 µL, 0.24 mmol) were reacted in dry CH2Cl2 (3 mL) according to procedure 

3.5.12. The solvent was removed under removed pressure and analysis of the crude 

mixture by 1H NMR spectroscopy indicated that amide 151, triphenylphosphine 

oxide, and DIPEA were present. Compound 24411,412 was not observed. 

 

5.7.3 2-Phenyl-4,5-dihydro-1H-imidazole (25)  

Triflic anhydride (127 µL, 0.76 mmol), triphenylphosphine oxide (505 mg, 1.82 

mmol) and N-[2-(tritylamino)ethyl]benzamide (154) (205 mg, 0.50 mmol) were 

reacted in dry CH2Cl2 (10 mL) according to procedure 3.5.12. After work-up, 

according to procedure 5.2.1, and purification by aluminum oxide (basic) 

chromatography (methanol/CH2Cl2/hexane, gradient from 0:4:6 to 1:3:6) compound 

25183,417 was obtained as an amorphous white solid (65 mg, 89%).  



 

 208

5.7.4 Synthesis of 1-benzyl-2-phenyl-1,4,5,6-tetrahydropyrimidine (149) with 1.5 

equivalents of reagent 38 

Triflic anhydride (18 µL, 0.11 mmol), triphenylphosphine oxide (71 mg, 0.25 mmol) 

and N-{3-[benzyl(trityl)amino]propyl}benzamide (158) (36 mg, 0.07 mmol) were 

reacted in dry CH2Cl2 (2 mL) according to procedure 3.5.12. After 16 hours the 

solvent was removed under reduced pressure and analysis of the crude mixture by 1H 

NMR spectroscopy indicated that compound 149415,416 and 147414 were present 

(relative amounts 39:61).  

 

5.7.5 Synthesis of 1-benzyl-2-phenyl-1,4,5,6-tetrahydropyrimidine (149) with 1.5 

equivalents of reagent 38 

Triflic anhydride (40 µL, 0.23 mmol), triphenylphosphine oxide (153 mg, 0.55 

mmol) and N-{3-[benzyl(trityl)amino]propyl}benzamide (158) (40 mg, 0.08 mmol) 

were reacted in dry CH2Cl2 (4 mL) according to procedure 3.5.12. After 16 hours the 

solvent was removed under reduced pressure and analysis of the crude mixture by 1H 

NMR spectroscopy indicated that compound 149415,416 and 147414 were present 

(relative amounts 46:54).  

 

5.7.6 2-Phenyl-4,5,6,7-tetrahydro-1H-1,3-diazepine (156) 

Triflic anhydride (149 µL, 0.89 mmol), triphenylphosphine oxide (592 mg, 2.13 

mmol) and N-[4-(tritylamino)butyl]benzamide (155) (257 mg, 0.59 mmol) were 

reacted in dry CH2Cl2 (10 mL) according to procedure 3.5.12. After work-up, 

according to procedure 5.2.1, and purification by aluminum oxide (basic) 

chromatography (methanol/CH2Cl2/hexane, gradient from 0:4:6 to 1:3:6) compound 

156183 was obtained as an amorphous white solid (52 mg, 51%). Mp 96-99 ºC (lit.,183 

mp 99-102 ºC).δH (400 MHz, CD3OD) 1.92 (4H, tt, J = 2.4, 3.2 Hz, H5, H6), 3.52-

3.55 (4H, m, H4, H7), 7.38-7.43 (2H, m, m-C6H5), 7.45-7.49 (1H, m, p-C6H5), 7.60-

7.62 (2H, m, o-C6H5), NH not observed. MS (ESI, +ve) m/z 174.9 ([M+H]+, 100%). 

 

5.7.7 5,5-Dimethyl-2-phenyl-1,4,5,6-tetrahydropyrimidine (165) 

Triflic anhydride (156 µL, 0.93 mmol), triphenylphosphine oxide (621 mg, 2.23 

mmol) and N-[3-(tritylamino)-2,2-dimethylpropyl]benzamide (163) (278 mg, 0.62 

mmol) were reacted in dry CH2Cl2 (12 mL) according to procedure 3.5.12. Work-up, 
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according to procedure 5.2.1, and purification by aluminum oxide (basic) 

chromatography (methanol/CH2Cl2, gradient from 0:100 to 5:95) of both organic 

layers gave compound 165418,419 as a colourless oil which solidified upon standing 

(109 mg, 93%). Mp 113-116 ºC (lit.,418 mp 116-118 ºC) δH (400 MHz, CD3OD) 1.01 

(6H, s, 2 x CH3), 3.08 (4H, s, H4, H6), 7.38-7.46 (3H, m, m-C6H5, p-C6H5), 7.62-

7.65 (2H, m, o-C6H5), NH not observed. MS (ESI, +ve) m/z 188.9 ([M+H]+, 100%). 

 

5.7.8 2-Phenyl-3a,4,5,6,7,7a-hexahydro-1H-benzimidazole (166) 

Triflic anhydride (115 µL, 0.68 mmol), triphenylphosphine oxide (457 mg, 1.64 

mmol) and N-[2-(tritylamino)cyclohexyl]benzamide (164) (210 mg, 0.46 mmol) 

were reacted in dry CH2Cl2 (10 mL) according to procedure 3.5.12. Work-up, 

according to procedure 5.2.1, and purification by aluminum oxide (basic) 

chromatography (methanol/CH2Cl2, gradient from 0:100 to 5:95) of both organic 

layers gave compound 166413 as a colourless oil (88 mg, 95%). Compound 166413 

was characterised as the CF3SO2OH salt: Mp 140-142 ºC. IR (KBr) cm-1: 3223, 

2946, 2868, 1616, 1587, 1557, 1237, 1167, 1032. δH (400 MHz, CD3OD) 1.51-1.68 

(4H, m, 2 x H5, 2 x H6), 1.76-1.81 (2H, m, H4, H7), 1.96-2.02 (2H, m, H4, H7), 

4.36-4.42 (2H, m, H3a, H7a), 7.64-7.68 (2H, m, m-C6H5), 7.78-7.82 (1H, m, p-

C6H5), 7.87-7.90 (2H, m, o-C6H5), NH not observed; δC (100 MHz, CD3OD) 19.9 

(C5, C6), 26.8 (C4, C7), 57.8 (C3a, C7a), 121.8 (1C, q, J = 316.7 Hz, CF3), 123.9 

(m-C6H5), 129.2 (o-C6H5), 130.8 (i-C6H5), 136.1 (p-C6H5), 167.4 (C2). MS (ESI, 

+ve) m/z 200.9 ([M+H]+, 100%). HRMS: calcd for C13H17N2 [M+H]+: 201.1386. 

Found: 201.1393.  
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CHAPTER SIX 

 

Novel hyphodermin derivatives as potential glycogen phosphorylase 

inhibitors 

6.1 Synthesis of the molecular scaffold anhydride 167 

6.1.1 Ethoxycyclohex-2-en-1-one (169) 

Hydrochloric acid (concentrated, 1.0 mL) was added to 1,3-cyclohexadione (168) 

(10.16 g, 90.61 mmol) in ethanol (100 mL), and the mixture stirred at room 

temperature for 16 hours. The reaction mixture was quenched with sodium hydrogen 

carbonate (saturated aqueous solution). The aqueous layers were extracted with 

CH2Cl2 (3 x 100 mL). The combined organic layers were washed with water (2 x 100 

mL), brine (2 x 100 mL), dried (anhydrous MgSO4), and filtered. The solvent was 

removed under reduced pressure to give compound 169 as a yellow oil420 (12.2 g, 

96%). 1H NMR (400 MHz, CDCl3) δ 1.27 (3H, t, J = 6.8 Hz, OCH2CH3), 1.88 (2H, 

tt, J = 6.5, 6.5 Hz, H5), 2.24 (2H, t, J = 6.5 Hz, H4), 2.31 (2H, t, J = 6.5 Hz, H6), 

3.81 (2H, q, J = 6.8 Hz, OCH2CH3), 5.24 (1H, s, H2). MS (ESI) m/z 141 ([M+H]+, 

60%), 147 ([M+Li]+, 100%).  

 

6.1.2 3-Vinylcyclohex-2-en-1-one (170) 

Vinyl magnesium bromide (1 M in tetrahydrofuran, 66 mL, 65.8 mmol) was added 

drop wise to 3-ethoxycyclohex-2-en-1-one (169) (8.39 g, 59.8 mmol) in dry ether 

(100 mL) at 0 ºC. The mixture was stirred at room temperature under nitrogen for 16 

hours, cooled to 0 ºC and quenched with ammonium chloride (saturated aqueous 

solution). The aqueous layers were extracted with diethyl ether (2 x 100 mL). The 

combined organic layers were washed with water (2 x 100 mL), dried (anhydrous 

MgSO4), and filtered. The solvent was removed under reduced pressure to give an 

orange oil. Purification by silica column chromatography (plug; CH2Cl2 100%) gave 

compound 170 as a yellow oil421 (5.5 g, 75%). 1H NMR (400 MHz, CDCl3) δ 2.01-

2.08 (2H, m, H5), 2.40-2.49 (4H, m, H4, H6), 5.46 (1H, d, J = 10.6 Hz, CH=CH2), 

5.69 (1H, d, J = 17.6 Hz, CH=CH2), 5.95 (1H, s, H2), 6.49 (1H, dd, J = 10.6, 17.6 

Hz, CH=CH2). MS (ESI) m/z 123 ([M+H]+, 100%), 129 ([M+Li]+, 100%). 
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6.1.3 Dimethyl-8-oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylate (172) 

Dimethyl acetylene dicarboxylate (7.5 mL, 61.38 mmol) was added to a solution of 

3-vinylcyclohex-2-en-1-one (170) (5.0 g, 40.92 mmol) and hydroquinone (75 mg, 

0.67 mmol) in dry toluene (25 mL). The reaction solution was heated at reflux for 48 

hours. The solvent was removed under reduced pressure to afford an orange oil. The 

oil was dissolved in acetic acid (100 mL), palladium on carbon (10% wt, 325 mg) 

was added, and the mixture heated at reflux for 16 hours. The reaction mixture was 

filtered through celite 545 and concentrated. The residue was dissolved in ethyl 

acetate (50 mL) and washed with potassium bicarbonate (1 M aqueous solution, 100 

mL), brine (100 mL), dried (anhydrous MgSO4), and filtered. The solvent was 

removed under reduced pressure to afford an orange oil. Purification by silica 

column chromatography (ethyl acetate/CH2Cl2, gradient from 0:100 to 50:50) and 

recrystallisation (diethyl ether) gave compound 172422 as a white solid (6.22 g, 41%). 

Mp 97 ºC (lit.,422 mp 96 ºC). 1H NMR (400 MHz , CDCl3) δ 2.12 (2H, tt, J = 6.3, 6.3 

Hz, H6), 2.67 (2H, t, J = 6.3 Hz, H7), 3.02 (2H, t, J = 6.3 Hz, H5), 3.87 (3H, s, 

OCH3), 3.99 (3H, s, OCH3), 7.38 (1H, d, J = 8.0 Hz, H4), 8.10 (1H, d, J = 8.0 Hz, 

H3). MS (ESI) m/z 285 ([M+Na]+, 40%) 269 ([M+Li]+, 100%). 

 

6.1.4 8-Oxo-5,6,7,8-tetrahydronaphthalene-1,2-dicarboxylic acid (173) 

Sodium hydroxide (10% aqueous solution, 35 mL) was added to diester 172 (1.74 g, 

6.65 mmol) in tetrahydrofuran (15 mL), and the mixture stirred at room temperature 

for 4 hours. Tetrahydrofuran was removed under reduced pressure, and the aqueous 

layer washed with hexane (100 mL), and ethyl acetate (100 mL). The aqueous layer 

was acidified (pH 1) by addition of concentrated hydrochloric acid, and extracted 

with ethyl acetate (4 x 100 mL). The combined organic layers were washed with 

brine (100 mL), dried (anhydrous MgSO4), and filtered. The solvent was removed 

under reduced pressure to afford a pale yellow solid. Recrystallisation (ethyl acetate) 

of the solid gave compound 173 as an amorphous white solid (1.01 g, 65%). Mp 222-

223 ºC. IR (KBr) cm-1: 1692. δH (400 MHz, DMSO-d6) 2.03 (2H, tt, J = 6.2, 6.2 Hz, 

H6), 2.63 (2H, t, J = 6.2 Hz, H7), 3.02 (2H, t, J = 6.2 Hz, H5), 7.49 (1H, d, J = 8.2 

Hz, H4), 8.00 (1H, d, J = 8.2 Hz, H3), 12.95 (2H, br s, CO2H). δC (100 MHz, 

DMSO-d6) 22.1 (C6), 29.6 (C5), 39.6 (C7), 127.5 (C2), 129.2 (C8a), 129.5 (C4), 

133.8 (C3), 136.4 (C1), 149.4 (C4a), 166.3 (CO2H), 169.2 (CO2H), 196.3 (C8). MS 
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(ESI) m/z 257 ([M+Na]+, 100%). Anal. Calcd for C12H10O5: C, 61.54; H, 4.30. 

Found: C, 61.44; H, 4.47. 

 

6.1.5 7,8-Dihydro-6H-naphtho[1,2-c]furan-1,3,9-trione (167) 

Dicarboxylic acid 173 (866 mg, 3.70 mmol) was suspended in acetic anhydride (30 

mL), and the mixture heated under nitrogen at 50 ºC for 16 hours. Co-evaporation of 

the solvent with toluene under reduced pressure gave compound 167 as an 

amorphous white solid (785 mg, 98%). Mp 185 ºC. IR (KBr) cm-1: 1845, 1774, 1698. 

δH (200 MHz, CDCl3) 2.25 (2H, tt, J = 6.5, 6.5 Hz, H7), 2.84 (2H, t, J = 6.5 Hz, H8), 

3.15 (2H, t, J = 6.5 Hz, H6), 7.81 (1H, d, J = 7.7 Hz, H5), 8.06 (1H, d, J = 7.7 Hz, 

H4). δC (100 MHz, CDCl3) 22.6 (C7), 30.8 (C6), 39.5 (C8), 128.1 (C4), 130.1 (C9b), 

132.3 (C3a), 133.3 (C9a), 137.2 (C5), 153.9 (C5a), 159.2 (C1), 162.5 (C3), 194.3 

(C9). MS (ESI) m/z 239 ([M+Na]+, 100%), 223 ([M+Li]+, 100%). EIMS m/e 216 (M, 

18%), 188 (M-CO, 40%), 172 (M-CO2, 10%). HRMS: calcd for C12H8O4 [M]+: 

216.0423. Found: 216.0418.  

 

6.2 Synthesis of ester analogues 174, 175 and 176 

6.2.1 1-(Methoxycarbonyl)-8-oxo-5,6,7,8-tetrahydronaphthalene-2-carboxylic 

acid (174) 

Pyridine (353 µL, 4.15 mmol) was added to a suspension of anhydride 167 (180 mg, 

0.83 mmol) in methanol (20 mL), and the mixture stirred under nitrogen at room 

temperature for 16 hours. The solvent was removed under reduced pressure and 

hydrochloric acid (1 M aqueous solution, 10 mL) was added. The aqueous layer was 

extracted with ethyl acetate (3 x 30 mL), and the combined organic layers were 

washed with brine (50 mL), dried (anhydrous MgSO4), and filtered. The solvent was 

removed under reduced pressure and the residue purified by silica column 

chromatography [methanol/CH2Cl2, gradient from 0:100 to 10:90; Rf = 0.6 

(methanol/CH2Cl2, 10:90)] followed by recrystallisation (ethyl acetate). Compound 

174 was obtained as colorless plates (132 mg, 64%). Mp 176 ºC. IR (KBr) cm-1: 

3300-3600, 1714, 1697, 1264, 1236. δH (400 MHz, acetone-d6) 2.14 (1H, tt, J = 6.3, 

6.3 Hz, 2H, H6), 2.65 (2H, t, J = 6.3 Hz, H7), 3.11 (2H, t, J = 6.3 Hz, H5), 3.83 (3H, 

s, OCH3), 7.54 (1H, dt, J = 0.9, 8.0 Hz, H4), 8.14 (1H, d, J = 8.0 Hz, H3), CO2H 

proton not observed. δC (100 MHz, acetone-d6) 22.5 (C6), 30.1 (C5), 39.2 (C7), 51.7 
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(OCH3), 127.4 (C8a), 130.2 (C2), 130.3 (C4), 134.3 (C3), 136.4 (C1), 150.4 (C4a), 

165.5 (CO2H), 168.6 (CO2CH), 195.9 (C8). MS (ESI) m/z 271 ([M+Na]+, 100%), 

255 ([M+Li]+, 100%). HRMS: calcd for C13H12O5 [M]+: 248.0685. Found: 248.0688.  

 

6.2.2 Synthesis of 1-(isopropoxycarbonyl)-8-oxo-5,6,7,8-tetrahydronaphthalene-

2-carboxylic acid (175) with one equivalent of pyridine 

Pyridine (16.5 µL, 0.19 mmol) was added to a suspension of anhydride 167 (42 mg, 

0.19 mmol) in 2-propanol (5 mL), and the mixture stirred under nitrogen at room 

temperature for 16 hours. The solvent was removed under reduced pressure and 

hydrochloric acid (1 M aqueous solution, 5 mL) was added. The aqueous layer was 

extracted with ethyl acetate (3 x 15 mL), and the combined organic layers were 

washed with brine (25 mL), dried (anhydrous MgSO4), and filtered. The solvent was 

removed under reduced pressure and the residue purified by silica column 

chromatography [methanol/CH2Cl2, gradient from 0:100 to 10:90; Rf = 0.4 

(methanol/CH2Cl2, 10:90)] followed by recrystallisation (ethyl acetate). Compound 

175 was obtained as an amorphous white solid (32 mg, 60%). Mp 183 ºC. IR (KBr) 

cm-1: 3300-3600, 1732, 1701. δH (400 MHz, acetone-d6) 1.32 (6H, d, J = 6.0 Hz, 

CH3), 2.14 (2H, tt, J = 6.4, 6.4 Hz, H6), 2.66 (2H, t, J = 6.4 Hz, H7), 3.11 (2H, t, J = 

6.4 Hz, H5), 5.26 (1H, qq, J = 6.0, 6.5 Hz, CH), 7.53 (1H, d, J = 7.8 Hz, H4), 8.13 

(1H, d, J = 7.8 Hz, H3), 11.49 (1H, br s, CO2H). δC (100 MHz, acetone-d6) 21.0 

(2xCH3), 22.5 (C6), 30.2 (C5), 39.3 (C7), 67.9 (OCH), 127.4 (C2), 130.0 (C4), 130.2 

(C8a), 134.3 (C3), 137.0 (C1), 150.2 (C4a), 165.5 (CO2H), 167.4 (CO2iPr), 195.7 

(C8). MS (ESI) m/z 299 ([M+Na]+, 100%), 283 ([M+Li]+, 100%). Anal. Calcd for 

C15H16O5: C, 65.21; H, 5.84. Found: C, 65.18; H, 5.83. 

 

6.2.3 Synthesis of 1-(isopropoxycarbonyl)-8-oxo-5,6,7,8-tetrahydronaphthalene-

2-carboxylic acid (175) with 5 equivalents of pyridine 

Pyridine (371 µL, 4.6 mmol) and anhydride 167 (198 mg, 0.92 mmol) were reacted 

in 2-propanol (20.0 mL) according to procedure 6.2.2. After work-up, a crude yield 

of compound 175 (94%) was obtained. According to analysis of the crude mixture by 
1H NMR spectroscopy compound 175 was >98% pure.  
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6.2.4 1-[(N-thiopentyl)carbonyl]-8-oxo-5,6,7,8-tetrahydronaphthalene-2-

carboxylic acid (176) 

A solution of anhydride 167 (100 mg, 0.46 mmol) in CH2Cl2 (2 mL) was added 

dropwise to pentane-1-thiol (286 µL, 2.31 mmol) and pyridine (187 µL, 2.31 mmol) 

in CH2Cl2 (5 mL). The resulting reaction solution was stirred under nitrogen at room 

temperature for 16 hours. The solvent was removed under reduced pressure and 

hydrochloric acid (1 M aqueous solution, 15 mL) was added. The aqueous layer was 

extracted with ethyl acetate (3 x 30 mL), and the combined organic layers were 

washed with brine (50 mL), dried (anhydrous MgSO4), and filtered. The solvent was 

removed under reduced pressure and the residue purified by silica column 

chromatography (ethyl acetate/CH2Cl2, gradient from 0:100 to 50:50) followed by 

high pressure liquid chromatography (5m Hypersil® BDS C18 250 x10 mm column; 

Rt 16 min; H2O/CH3CN with 0.2% TFA gradient: 60:40 for 20 min then 40:60 for 5 

min). Compound 176 was obtained as an amorphous white solid (32 mg, 60%). Mp 

184-187 ºC. IR (KBr) cm-1: 3300-3600, 1703, 1686, 1676. δH (400 MHz, acetone-d6) 

0.92 (3H, t, J = 6.8 Hz, H5’), 1.38-1.46 (4H, m, H3’, H4’), 1.75 (2H, tt, J = 7.3, 7.3 

Hz, H2’), 2.15 (2H, tt, J = 6.4, 6.4 Hz, H6), 2.65 (2H, t, J = 6.4 Hz, H7), 3.04 (2H, t, 

J = 7.3 Hz, H1’), 3.12 (2H, t, J = 6.4 Hz, H5), 7.58 (1H, d, J = 8.2 Hz, H4), 8.09 (1H, 

d, J = 8.2 Hz, H3), CO2H not observed. δC (100 MHz, acetone-d6) 14.25 (C5’), 22.90 

(C4’), 23.15 (C6), 29.35 (C2’), 30.05 (C1’), 30.88 (C5), 31.87 (C3’), 40.10 (C7), 

128.89 (C2), 131.15 (C8a), 131.48 (C4), 134.83 (C3), 142.24 (C1), 150.89 (C4a), 

166.18 (CO2H), 193.31 [C(O)S], 195.99 (C8). MS (ESI) m/z 327 ([M+Li]+, 18%), 

343 ([M+Na]+, 100%). HRMS: calcd for C17H20SO4.Na [M+Na]+: 343.0975. Found: 

343.0981.  

 

6.3 Synthesis of amide analogues 177, 178, 179 and 180 

6.3.1 Synthesis of 1-[(N,N-Diethylamino)carbonyl]-8-oxo-5,6,7,8-tetrahydro 

naphthalene-2-carboxylic acid (177) with 16 hours reaction time 

Diethylamine (45 µL, 0.43 mmol) was added to a solution of anhydride 167 (94 mg, 

0.43 mmol) in ethyl acetate (4 mL), and the mixture was stirred under nitrogen at 

room temperature for 16 hours. The solvent was removed under reduced pressure and 

the residue recrystallised (ethyl acetate). Compound 177 was obtained as small 

yellow plates (99 mg, 80%). An analytically pure sample of 117 was prepared by 
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further recrystallisation (ethyl acetate). Mp 172-174 ºC. IR (KBr) cm-1: 3300-3600, 

1697, 1582. δH (400 MHz, acetone-d6) 0.94 (3H, t, J = 7.1 Hz, CH3), 1.24 (3H, t, J = 

7.1 Hz, CH3), 2.08-2.15 (2H, m, H6), 2.56-2.9 (2H, m, H7), 3.01 (2H, q, J = 7.1 Hz, 

NCH2), 3.07-3.10 (2H, m, H5), 3.44-3.57 (2H, m, NCH2), 7.45 (1H, dt, J = 0.8, 8.0 

Hz, H4), 8.06 (1H, d, J = 8.0 Hz, H3), CO2H not observed. δC (100 MHz, acetone-d6) 

12.6 (CH3), 13.7 (CH3), 23.7 (C6), 31.6 (C5), 39.4 (NCH2), 40.9 (C7), 43.6 (NCH2), 

129.2 (C2), 130.2 (C4), 131.3 (C8a), 135.6 (C3), 140.9 (C1), 151.0 (C4a), 167.4 

(CO2H), 169.2 [C(O)N], 197.3 (C8). MS (ESI) m/z 290 ([M+H]+, 93%), 296 

([M+Li]+, 100%). Anal. Calcd for C16H19NO4: C, 66.42; H, 6.62; N, 4.84. Found: C, 

66.54; H, 6.71; N, 4.58.  

 

6.3.2 Synthesis of 1-[(N,N-Diethylamino)carbonyl]-8-oxo-5,6,7,8-tetrahydro 

naphthalene-2-carboxylic acid (177) with 2 hours reaction time 

Diethylamine (45 µL, 0.43 mmol) and anhydride 167 (94 mg, 0.43 mmol) were 

reacted in ethyl acetate (4 mL) according to procedure 6.3.1. After work-up and 

purification by silica column chromatography (ethyl acetate/hexane, gradient from 

5:95 to 100:0) compound 177 was obtained an amorphous yellow solid (85 mg, 

69%). 

 

6.3.3 1-[(N-Morpholino)carbonyl]-8-oxo-5,6,7,8-tetrahydronaphthalene-2-

carboxylic acid (178) 

Morpholine (16.6 µL, 0.19 mmol) was added to a solution of anhydride 167 (41 mg, 

0.19 mmol) in ethyl acetate (3 mL). The mixture was stirred under nitrogen at room 

temperature for 3hours and the solvent removed under reduced pressure. The residue 

was purified by silica column chromatography [acetone/CH2Cl2, gradient from 50:50 

to 100:0; Rf = 0.1 (acetone)]. Compound 178 was obtained as an amorphous white 

solid (47 mg, 82%). Mp 202-206 ºC. IR (KBr) cm-1: 3300-3600, 1718, 1688, 1591. 

δH (400 MHz, acetone-d6) 2.13 (2H, tt, J = 6.5, 6.5 Hz, H6), 2.59-2.71 (2H, m, H7), 

2.96-3.05 (2H, m, NCH2), 3.07-3.11 (2H, m, H5), 3.50 (2H, t, J = 5.0 Hz, OCH2), 

3.57-3.80 (4H, m, OCH2, NCH2), 7.48 (1H, dt, J = 0.9, 8.0 Hz, H4), 8.08 (1H, d, J = 

8.0 Hz, H3), CO2H proton not observed. δC (100 MHz, DMSO-d6) 22.1 (C6), 29.7 

(C5), 39.2 (C7), 41.2 (NCH2), 46.0 (NCH2), 65.2 (OCH2), 65.3 (OCH2), 128.2 (C2), 

129.4 (C8a), 129.4 (C4), 134.0 (C3), 137.5 (C1), 149.6 (C4a), 166.6 [C(O)N], 167.3 
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(CO2H), 197.8 (C8). MS (ESI) m/z 304 ([M+H]+, 100%), 326 ([M+Na]+, 36%), 310 

([M+Li]+, 100%). HRMS: calcd for C16H16NO5 [M-H]-. 302.1034. Found: 302.1029.  

 

6.3.4 1-[(N-Phenylamino)carbonyl]-8-oxo-5,6,7,8-tetrahydronaphthalene-2-

carboxylic acid (179) 

Aniline (23 µL, 0.25 mmol) was added to a solution of anhydride 167 (54 mg, 0.25 

mmol) in chloroform (3 mL, de-acidified with K2CO3) and the reaction mixture 

stirred under nitrogen at room temperature for 15 minutes. The reaction mixture was 

filtered and the solvent removed under reduced pressure. Compound 179 was 

obtained as a amorphous brown solid (77 mg, 99%). Mp 164-166 ºC. IR (KBr) cm-1: 

3200-3500, 2929, 1693, 1596. δH (400 MHz, DMSO-d6) 2.04 (2H, tt, J = 6.3, 6.3 Hz, 

H6), 2.61 (2H, t, J = 6.3 Hz, H7), 3.03 (2H, t, J = 6.3 Hz, H5), 7.01 (1H, dd, J = 7.8, 

7.8 Hz, p-C6H5), 7.28 (2H, dd, J = 7.8, 7.8 Hz, m-C6H5), 7.51 (1H, d, J = 8.8 Hz, 

C4), 7.59 (2H, d, J = 8.8 Hz, o-C6H5), 7.99 (1H, d, J = 7.8 Hz, H3), 9.96 (1H, s, NH), 

CO2H not observed. δC (100 MHz, acetone-d6) 23.3 (C6), 31.0 (C5), 40.3 (C7), 120.5 

(o-C6H5), 123.6 (p-C6H5), 129.1 (C2), 129.3 (m-C6H5), 130.5 (C4), 131.5 (C8a), 

134.8 (C3), 140.1 (C1), 141.2 (i-C6H5), 150.4 (C4a), 166.8 [C(O)N], 167.4 (CO2H), 

196.8 (C8). MS (ESI) m/z 310 ([M+H]+, 58%), 316 ([M+Li]+, 100%). HRMS: calcd 

for C18H14NO4 [M-H]-: 308.0929. Found: 308.0928.  

 

6.3.5 1-[(N-Benzylamino)carbonyl]-8-oxo-5,6,7,8-tetrahydronaphthalene-2-

carboxylic acid (180) 

Benzylamine (42 µL, 0.38 mmol) was added to a solution of anhydride 167 (82 mg, 

0.38 mmol) in chloroform (3 mL, de-acidified with K2CO3), and the reaction mixture 

stirred under nitrogen at room temperature for 45 minutes. The reaction mixture was 

filtered and the solvent removed under reduced pressure. Compound 180 was 

obtained as an amorphous white solid (119 mg, 97%). Mp 140-142 ºC. IR (KBr) cm-

1: 3200-3600, 3257, 1713, 1692, 1646. δH (400 MHz, DMSO-d6) 2.02 (2H, tt, J = 6.3, 

6.3 Hz, H6), 2.60 (2H, t, J = 6.3 Hz, H7), 2.99 (2H, t, J = 6.3 Hz, H5), 4.39 (2H, d, J 

= 5.7 Hz, NCH2), 7.20-7.23 (1H, m, p-C6H5), 7.30 (2H, t, J = 7.2 Hz, m-C6H5), 7.43 

(1H, d, J = 8.0 Hz, H4), 7.47 (2H, d, J = 7.2 Hz, o-C6H5), 7.90 (1H, d, J = 8.0 Hz, 

H3), 8.28 (1H, t, J = 5.7 Hz, NH), 14.09 (1H, br s, CO2H). δC (100 MHz, acetone-d6) 

23.4 (C6), 31.1 (C5), 40.5 (C7), 44.5 (NCH2), 127.5 (p-C6H5), 128.9 (o-C6H5), 129.0 

(m-C6H5), 129.8 (C2), 130.2 (C4), 131.8 (C8a), 134.6 (C3), 140.3 (C1), 140.6 (i-
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C6H5), 151.0 (C4a), 167.2 (CO2H), 169.2 [C(O)N], 196.8 (C8). MS (ESI) m/z 324 

([M+H]+, 100%), 330 ([M+Li]+, 74%). Anal. Calcd for C19H17NO4: C, 70.58; H, 

5.30; N, 4.33. Found: C, 70.96; H, 5.33; N, 4.06. 

 

6.4 Regioselectivity investigation 

6.4.1 Reactivity investigation, anhydride 167 versus phthalic anhydride 181 

Diethylamine [(i) 2, (ii) and (iii) 1 equivalent] was added to a solution of anhydride 

167 [(i) 1, (ii) 2 or (iii) 10 equivalents] and phthalic anhydride 181 [(i) 1, (ii) 2 or (iii) 

10 equivalents] in ethyl acetate, and the mixture was stirred under nitrogen at room 

temperature for 16 hours. The crude product mixtures were dried under high vacuum 

and the 1H NMR spectra obtained using acetone-d6 as solvent. Integration of the 

baseline resolved peaks at δ 1.02 ppm [CH3 for 2-(diethylcarbamoyl)benzoic acid 

182423], 7.45 ppm (H4 for amide 177), 8.06 ppm (H4 for anhydride 167), and 8.05-

8.11 (for the sum of H4-7 for phthalic anhydride 181 plus H4 for 167, plus H3 for 

177, plus H2-6 for 182), was used to calculate the percentage composition of these 

components from the integral of the total crude mixture. 

 

6.5 Unexpected reactivity of anhydride 167 with benzylamine and 
aniline 

6.5.1 Synthesis of 1-benzyl-8a-hydroxy-2-oxo-1,2,6,7,8,8a-hexa hydrobenzo[cd] 

indole-3-carboxylic acid (183) in non de-acidified ethyl acetate 

Benzylamine (74 µL, 0.68 mmol) was added to a solution of anhydride 167 (146 mg, 

0.68 mmol) in ethyl acetate (5 mL), and the reaction mixture stirred under nitrogen at 

room temperature for 1 hour. The solvent was removed under reduced pressure and 

the residue recrystallised (ethyl acetate). Compound 183 was obtained as an 

amorphous white solid (159 mg, 72%). Mp 184 ºC. IR (KBr) cm-1: 3300-3500, 1622, 

1463, 1454. δH (400 MHz, DMSO-d6) 1.11-1.19 (1H, m, H8), 1.81-1.91 (1H, m, H7), 

2.01-2.06 (1H, m, H8), 2.10-2.21 (1H, m, H7), 2.69-2.77 (1H, m, H6), 2.98-3.05 

(1H, m, H6), 4.48 (1H, d, J = 15.8 Hz, NCH2), 4.93 (1H, d, J = 15.8 Hz, NCH2), 6.63 

(1H, s, OH), 7.24-7.38 (5H, m, C6H5), 7.59 (1H, d, J = 8.0 Hz, H5), 8.04 (1H, d, J = 

8.0 Hz, H4), 14.6 (1H, br s, CO2H). δC (100 MHz, DMSO-d6) 18.0 (C7), 23.8 (C6), 

30.2 (C8), 42.2 (NCH2), 87.0 (C8a), 125.3 (C3), 126.4 (C2a), 127.3 (o-C6H5), 127.7 

(m or p-C6H5), 128.4 (m or p-C6H5), 132.3 (C5), 132.9 (C4), 137.3 (i-C6H5), 140.2 
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(C5a), 145.2 (C8b), 164.7 (CO2H), 169.1 [C(O)N]. MS (ESI) m/z 324 ([M+H]+, 

100%), 346 ([M+Na]+, 89%), 330 ([M+Li]+, 100%). HRMS: calcd for C19H18NO4 

[M+H]+: 324.1236. Found: 324.1230.  

 

6.5.2 Synthesis of 1-benzyl-8a-hydroxy-2-oxo-1,2,6,7,8,8a-hexa hydrobenzo[cd] 

indole-3-carboxylic acid (183) in de-acidified ethyl acetate 

Amide 180 (6 mg, 0.019 mmol) was stirred under nitrogen in ethyl acetate (1 mL, 

de-acidified) at room temperature for 48 hours. The reaction solution was filtered and 

the solvent removed. Compound 183 was obtained as an amorphous white solid 

(5.95 mg, 99%). 

 

6.5.3 1-Benzyl-2-oxo-1,2,6,7-tetrahydrobenzo[cd] indole-3-carboxylic acid (184) 

Lactamol 183 (100 mg, 0.31 mmol) was stirred with 2 drops of hydrochloric acid 

under nitrogen in chloroform (5 mL) at room temperature for 4 hours. The reaction 

solution was diluted with chloroform (20 mL), washed with brine (20 mL), dried 

(anhydrous MgSO4), and filtered. The solvent was removed and the residue 

recrystallised (ethyl acetate). Compound 184 was obtained as small pale yellow 

plates (67 mg, 72%). An analytical pure sample of 184 was prepared by further 

recrystallisation (ethyl acetate). Mp 198-200 ºC. IR (KBr) cm-1: 3200-3600, 1716, 

1616. δH (400 MHz, acetone-d6) 2.82 (2H, dt, J = 4.4, 7.9 Hz, H7), 3.11 (2H, t, J = 

7.9 Hz, H6), 5.11 (2H, s, NCH2), 5.96 (1H, t, J = 4.4 Hz, H8), 7.28-7.43 (5H, m, 

C6H5), 7.60 (1H, d, J = 7.6 Hz, H5), 8.13 (1H, d, J = 7.6 Hz, H4), 14.13 (1H, br s, 

CO2H). δC (100 MHz, acetone-d6) 24.80 (C7), 24.91 (C6), 45.21 (NCH2), 110.17 

(C8), 123.39 (C2a), 127.21 (C3), 129.08 (o-C6H5), 129.14 (p-C6H5), 130.16 (m-

C6H5), 132.20 (C5), 135.05 (C8a), 135.10 (C4), 135.53 (C8b), 137.98 (i-C6H5), 

138.97 (C5a), 165.58 (CO2H), 171.00 [C(O)N]. MS (ESI) m/z 306 ([M+H]+, 36%), 

328 ([M+Na]+, 89%), 312 ([M+Li]+, 100%). Anal. Calcd for C19H15NO3: C, 74.74; 

H, 4.95; N, 4.59. Found: C, 74.56; H, 4.82; N, 4.63.  

 

6.5.4 1-Phenyl-8a-hydroxy-2-oxo-1,2,6,7,8,8a-hexahydrobenzo[cd]indole-3-

carboxylic acid (185) 

Phenylamide 179 (26 mg, 0.08 mmol) was stirred under nitrogen in acetone (5 mL) 

at room temperature for 48 hours. The reaction solution was filtered and the solvent 
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removed. Compound 185 was obtained as an amorphous white solid (25 mg, 96%) 

with <5% of 186 present (c.f. 1H NMR δ 5.81). Mp 171-173 ºC. IR (KBr) cm-1: 

3300-3600, 1701, 1618, 1589, 1451. 1H NMR (400 MHz, acetone-d6) δ 1.75-1.83 

(1H, m, H8), 2.07-2.12 (1H, m, H7), 2.30-2.44 (2H, m, H8, H7), 2.86-2.94 (1H, m, 

H6), 3.12-3.22 (1H, m, H6), 5.90 (1H, d, J = 2.4 Hz, OH), 7.46 (1H, dt, J = 1.8, 7.6 

Hz, p-C6H5), 7.54 (2H, t, J = 7.6 Hz, m-C6H5), 7.63-7.68 (3H, m, H5, o-C6H5), 8.21 

(1H, J = 8.0 Hz, H4), 14.65 (1H, br s, CO2H). δC (100 MHz, acetone-d6) 19.8 (C7), 

25.6 (C6), 31.4 (C8), 90.6 (C8a), 127.8 (C3), 128.2 (C2a), 128.7 (o-C6H5), 129.4 (p-

C6H5), 130.5 (m-C6H5), 134.0 (C5), 135.4 (C4), 136.4 (i-C6H5), 142.1 (C5a), 146.6 

(C8b), 165.6 (CO2H), 170.9 (C2). MS (ESI) m/z 310 ([M+H]+, 100%), 332 

([M+Na]+, 100%), 316 ([M+Li]+, 100%). HRMS: calcd for C18H14NO4 [M-H]-: 

308.0929. Found: 308.0918.  

 

6.5.5 1-Phenyl-2-oxo-1,2,6,7-tetrahydrobenzo[cd] indole-3-carboxylic acid (186) 

Lactamol 185 (80 mg, 0.26 mmol) was stirred with 1 drop of hydrochloric acid under 

nitrogen in chloroform (4 mL) at room temperature for 16 hours. The reaction 

solution was diluted with chloroform (20 mL), washed with brine (20 mL), dried 

(anhydrous MgSO4), and filtered. The solvent was removed and the residue purified 

by silica column chromatography [CH2Cl2/ethyl acetate, gradient from 100:0 to 

0:100; Rf = 0.6 (CH2Cl2/ethyl acetate, 90:10)]. Compound 186 was obtained as an 

amorphous white solid (59 mg, 78%) in approximately 95% purity. Mp 143-146 ºC. 

IR (KBr) cm-1: 3300-3600, 1726, 1622. δH (400 MHz, acetone-d6) 2.88 (2H, dt, J = 

4.4, 7.9 Hz, H7), 3.20 (2H, t, J = 7.9 Hz, H6), 5.82 (1H, t, J = 4.4 Hz, H8), 7.50-7.53 

(1H, m, C6H5), 7.58-7.64 (4H, m, C6H5), 7.68 (1H, dd, J = 1.6, 7.2 Hz, H5), 8.20 

(1H, d, J = 7.2 Hz, H4), CO2H not observed. δC (100 MHz, acetone-d6) 24.27 (C7), 

24.48 (C6), 110.08 (C8), 122.67 (C2a), 126.63 (C3), 127.69 (o- or m-C6H5), 129.22 

(p-C6H5), 130.25 (o- or m-C6H5), 131.91 (C5), 134.70 (i-C6H5), 134.89 (C4), 135.01 

(C8b), 135.43 (C8a), 138.64 (C5a), 164.84 [C(O)N], 169.79 (CO2H). MS (ESI) m/z 

292 ([M+H]+, 100%), 298 ([M+Li]+, 89%). HRMS: calcd for C18H14NO3 [M+H]+: 

292.0968. Found: 292.0972. 
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CHAPTER SEVEN 

 

Evaluation of selected heterocycles and hyphodermins derivatives as 

Glycogen Phosphorylase a inhibitors. 

Screening of compounds against Glycogen Phosphorylase a was carried out by Dr 

Michael Jobling, Aaron Lock and Deborah Wessling at the Eskitis Institute for Cell 

and Molecular Therapies. A description of the Glycogen Phosphorylase a assay is 

given below. 

 

7.1 GPa Enzyme assay  

Rabbit Muscle Glycogen Phosphorylase a (from Sigma, 0.475ug/mL) activity was 

measured in the direction of glycogen synthesis by the release of phosphate from 

glucose-1-phosphate424 using a 384 well plate at 22°C in 45 µl of buffer containing 

50 mM Hepes (pH 7.2), 100 mM KCl, 2.5 mM EGTA, 2.5 mM MgCl2, 0.25 mM 

glucose-1-phosphate, and 1 mg/ml glycogen with a 30 minutes incubation time. 

Phosphate was measured at 620 nm, 5 minutes after the addition of 150 µl of 1 M 

HCl containing 10 mg/ml ammonium molybdate and 0.38 mg/ml malachite green.425 

Test compounds were added to the assay in 5µl of 14% dimethyl sulfoxide (DMSO). 

A low percent component of DMSO was added to solubilise compounds and thus 

improved compound solubility in the assay. Compounds were tested against a 

caffeine standard, on each day of the assay, in 11pt CRC in duplicate on two separate 

occasions, with Hill slopes between 0.5 and 3.0 and Z’ values of ~0.8. Depending on 

synthetic availability, compounds were also screened at a higher concentration range 

with maximal concentrations of 0.4 mM (187, 191), 1.4 mM (188, 192, 193), 1.9mM 

(196), 2.2 mM (113, 126), 3 mM (189, 194, 197), 4.7 mM (190, 195), 5.6 mM (104), 

11.1 mM (100, 101) and 22 mM (24, 74, 92, 112, 156, 162, 165, 166, 167, 172-180, 

183-186). Apparent IC50 values were determined with curve prediction and with % 

inhibition observed at 22 mM of; 71% for 92, 66% for 166, 55% for 176, 89% for 

180, 65% for 183, 46% for 184, 46% for 186. Percentage inhibitions below 20% 

were ignored. Apparent IC50 values were assigned to compounds with less than 90% 

final inhibition. These values were moderated by the final percent inhibition 

observed and are reported in conjunction with maximal % inhibition.  
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Figure 22. Example of CRC curve for caffeine standard. 
 

 
Figure 23. Example of CRC curve for IC50 determination (compound 112). 
 

 
Figure 24. Example of CRC curve for determination of percentage inhibition of GPa 

(compound 100). An apparent IC50 value not reported due to erros in datas points. 
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