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Abstract 

Hydrogen bonds play a crucial role in the catalytic activity of biological systems. In this thesis, 

the effect of hydrogen bonds on the reactivity of phosphate triesters is studied, particularly 

towards hydrolysis and the attack of hydroxylamine.  

The synthesis of methyl 8-hydroxy-1, 9-anthryl cyclic phosphate 46 and its reaction with water 

and nucleophiles are investigated. These reactions are accelerated by the presence of the 

hydroxyl group through hydrogen bonding, with a rate acceleration of about 30 and 173 fold 

(~9 and 13 kJ mol-1, respectively) in comparison to the hydrolysis of methyl 1,9-anthryl cyclic 

phosphate and methyl 1,8-naphthyl cyclic phosphate. It is concluded that the presence of 

hydroxyl group plays a significant catalytic role in increasing the rate of P-O cleavage through 

hydrogen bond catalysis in a system where both the hydrogen bond donor and reacting group 

are held in a fixed relationship. 

The catalytic role of hydrogen bond are also evaluated on the reaction of acyclic phosphate 

triesters with hydroxylamine. The hydrolysis of diethyl 8-hydroxy-1-naphthyl phosphate was 

studied. The rate of hydrolysis was enhanced almost 500 fold compared with diethyl 1-naphthyl 

phosphate and diethyl 2′-hydroxy-2-biphenyl phosphate. The rotational freedom of biphenyl 

rings leads to less effective hydrogen bond interaction between the hydroxyl group and leaving 

group oxygen. 

An attempt was made to study the effect of multiple hydrogen bonds on phenyl triesters. 

Diethyl 1,2- and 1,3-dihydroxy phenyl phosphate were synthesised and their hydrolysis studied 

in the presence of hydroxylamine. The rate of the reaction was a similar to that of diethyl 1-

hydroxy phenyl phosphate. The reaction of these triesters is catalysed by the ionised hydroxyl 

group with a mechanism involving intramolecular nucleophilic catalysis instead of hydrogen 

bond enhanced departure of the aryloxy group. The reaction is stereospecific for displacement 

of alkoxide anion. It is concluded that the hydroxyl group in these structures is more effective 
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as a nucleophile than hydrogen bond donor when an exo-alkyl group is present. The rate of 

reaction of diethyl phenyl phosphate was too slow to measure accurately under these 

conditions, and so any hydrogen bond enhanced cleavage may be too inefficient to be observed 

in the presence of the cyclisation pathway. Attempts to create models with multiple hydrogen 

bond donors acting on the leaving group using an anthracene scaffold are carried out, but were 

not successful in creating the desired targets. 
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Abbreviations 

 

Nu: Nucleophile kJ mol-1 Kilojoule per mole 

I Ionic strength NMR Nuclear magnetic resonance 

R Correlation coefficient MS Mass spectrometry 

EPPS 
4-(2-Hydroxyethyl)piperazine-
1- propanesulfonic acid 

mM Milimolar 

Abs Absorbance DMSO Dimethyl sulfoxide 

pTsOH Para toluenesulfonic acid MES 4-Morpholineethanesulfonic acid 

NH2OH Hydroxylamine MOPS 4-Morpholinepropanesulfonic acid 

TFA Trifluoroacetic acid HEPES 
4-(2-Hydroxyethyl)piperazine-1- 
ethanesulfonic acid 

HPLC 
High performance 
liquid chromatography 

CHES 
2-(Cyclohexylamino)ethanesulfonic 
acid 

THF Tetrahydrofuran CAPS 
3-(Cyclohexylamino)-1- 

propanesulfonic acid 

TEA Triethylamine NaCl Sodium chloride 

SnCl2 Tin chloride PhLi phenyllithium 

 
EtOAc 

 
Ethyl acetate 

iPrOH Isopropanol 

TLC Thin layer chromatography PivCl 

Pivaloyl chloride 

2,2-Dimethylpropanoyl 

chloride 

R.t. Retention time (MeO)O2PCl 
Methyl dichloro 

phosphate 

AcCl Acetylchloride TMSCl Trimethylsilyl chloride 

AcOH Acetic acid kobs The observed rate constant 

PhCH2Cl Benzyl chloride k2 The second-order rate constant 
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1. Chapter one: Introduction 
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1.1. General introduction 

In living cells, huge numbers of chemical reactions occur leading to growth, reproduction and 

movement. Most of these biochemical reactions are not spontaneous but are accelerated by 

biochemical catalysts called enzymes. The catalytic effect of enzymes results in the reactions 

becoming more faster within a biological system. The most widely accepted explanation of 

enzyme activity advanced by Pauling focuses on noncovalent factors. Pauling proposed the 

modern notion of how enzymes obtain their extraordinary catalytic ability in 1948; “enzymes 

are complementary in structure to the activated complexes (transition state) of the reactions 

that they catalyse”.1 A large number of complementary noncovalent interactions form between 

the substrate and the active site of the enzyme, including hydrogen bonds, ionic bonds, and 

hydrophobic interactions that extend along the active site.2 The enzyme binds to the transition 

state more strongly than it binds to the ground state of the substrate. This results in relatively 

greater stabilisation of the transition state, thus lowering the activation energy compared to that 

of the uncatalyzed process, Figure (1-1).3 
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Figure (1-1): Diagram of a catalytic reaction showing difference in activation energy in an uncatalysed and 

catalysed reaction.4 

Recently, Houk et al. studied the binding affinities in a wide variety of enzyme-inhibitors, 

enzyme-transition-states, and antibody-antigens and found that the highest average binding 

affinity observed was in the case of enzyme-transition-states. They proposed that this 

high enzyme proficiency (over 1011 M-1) and binding energy (more than 62 kJ mol-1) is 

achieved by full or partial covalent bond formation to the substrate in the transition state, which 

could involve proton transfer (general acid-base catalysis and low-barrier hydrogen bonds) and 

metal ion coordination (Mg2+, Zn2+, etc.) or cofactors such as pyridoxal. 3  

It can be seen that the hydrogen bond is one of the fundamental interactions in enzyme 

catalysed reactions, and thus considerable attentions have been devoted to provide insight into 

how their contribution affects reactions and how much the power of using hydrogen bonds to 

perform catalysis is. Therefore, designing model systems establishing intramolecular hydrogen 

bonds can be useful to investigate their role in catalysing reactions, such as biological processes 

catalysed by enzymes. 

1.1.1.  Hydrogen bonds 

Hydrogen bonds are important in nature and life, because of their crucial role in various 

chemical processes. They affect physical and chemical properties of molecules.  For example, 

hydrogen bonding is responsible for water's unique solvent capabilities, such as being liquid 

instead of gas and having a high boiling point for its mass. In biological systems, hydrogen 

bonds hold complementary strands of DNA together, and they are responsible for determining 

the three-dimensional structure of folded proteins including enzymes and antibodies. 

As a definition , “The hydrogen bond is an attractive interaction between a hydrogen atom 

from a molecule or a molecular fragment X–H in which X is more electronegative than H, and 

an atom or a group of atoms in the same or a different molecule, in which there is evidence of 

bond formation”.5 There are three types of hydrogen bonds depending on the strength: weak 
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hydrogen bonds have energies (˂ 20 kJ mol-1), hydrogen bonds of moderate strength have 

energies between (20-60 kJ mol-1), and strong hydrogen bonds have energies (60-100 kJ mol-

1). Commonly, the proton in a hydrogen bond exists in a double-well potential; as the length of 

the hydrogen bond becomes shorter the barrier separating the two wells becomes lower (low-

barrier hydrogen bond) or a single-well (very strong hydrogen bond), Figure (1-2).6-7  

 

Figure (1-2 ): General aspects of an ordinary hydrogen bond (HB), a low-barrier hydrogen bond (LBHB) and 
single-well H-B between oxygen heteroatoms.8 

 

Weak and medium hydrogen bonds can be considered as electrostatic interactions, whereas 

strong hydrogen bonds are proposed to have some features of covalent bonding. Based on their 

nature, hydrogen bonds are classified as a strong non-covalent interaction, but still weaker than 

covalent or ionic bonds.  

1.1.2. Enzyme Catalysis by hydrogen bonding 

Enzyme active sites frequently use hydrogen bonds to help catalyse transformations of the main 

functional groups involved in metabolic processes. However, although hydrogen bonds 

between active site of enzymes and substrates were proposed to be essential for the catalytic 

function and specificity of enzymes, the contribution from the variation in strength of normal 

hydrogen bonds in enzyme-catalyzed reactions has been perceived by some workers not to be 
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of sufficient magnitude. To explain the contribution of hydrogen bonds in enzyme catalysis, 

two hypotheses has been invoked and investigated; low barrier hydrogen bond and hydrogen 

bond networks. 

1.1.3. Low-barrier hydrogen bond (LBHB) 

Low-barrier hydrogen bonds which are partially covalent have been proposed to play a role in 

enzyme catalysis. It is likely that when the pKas of the catalytic group and reactant become 

equal, normal hydrogen bonds in the ground state convert to shorter and stronger ones (low-

barrier hydrogen bonds) at the transition state in reactions involving general acid-base 

catalysis.3, 9 For example, Cleland et al. have proposed that hydrogen bonds with perfect pKa 

matching between proton donor and acceptor are remarkably short or even single –well 

hydrogen bonds.10   

Although, the role of hydrogen bonding in catalytic processes has been investigated 

extensively, the involvement of low-barrier hydrogen bonds or unique short strong hydrogen 

bonds in this process is still not clear.11, 6 Most studies on low-barrier hydrogen bonds rely on 

removing or replacing the specific residue on the enzyme that is thought to be involved in 

forming a key hydrogen bond.  For example, Gerlt and Gassman suggested that stabilisation of 

the transition state in reactions catalysed by chymotrypsin and other serine protease involves 

LBHB in the oxyanion hole of the enzyme.12 Bryan et al.  use site-specific mutagenesis to study 

the role of hydrogen bonding in the oxyanion hole in subtilisin and found that loss of one of 

the hydrogen-bonding groups (Asn155 changed to Leu155) decreased kcat by 300 fold. In a 

study of the effect of phenolic pKa on hydrogen bonds in substituted salicylamides, Mock and 

Chua suggested that the loss of one hydrogen bond should reduce the rate by about 30-fold. It 

is clear that the point mutation results with subtilisin lead to large variation in estimating the 

H-bonding factor by an order of magnitude (ca. 330-fold versus 30-fold). Therefore, Mock and 
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Chua state that “involving LBHB in enzyme catalysis needs more evidence before being a 

likely explanation of the kinetic acceleration in the active site”.13  

However, LBHB have some evidence experimentally, such as high 1H NMR chemical shifts, 

a low deuterium fractionation factor, a broad continuum absorption and short heavy atom – 

heavy atom distances.11 Birgit et al. have investigated the electronic nature of low-barrier 

hydrogen bonds using low temperature neutron and X-ray diffraction experiments and high 

level ab initio calculations. They concluded that the low-barrier hydrogen bond involved in 

proton transfer contains a double-well potential with a small barrier. An analysis of the electron 

density of this bond indicates that there is partial charge on oxygen atoms bonded to hydrogen, 

but this feature has changed to include a covalent bond character, and thus the stabilisation can 

be related to both electrostatic interactions and a partially covalent bond. They concluded that 

“all short-strong and LBHB systems possess similar electronic features of the hydrogen-

bonded region, namely polar covalent bonds between the hydrogen atom and both heteroatoms 

in question”.14 

In spite of enzymatic model studies, the mutagenesis data from enzymes suggest that the 

contribution of LBHB could be significantly large, but there is still conflict on the required 

energy provided by LBHB. Thus, the existence of a short strong hydrogen bond is a contentious 

issue. Alternatively, it has been suggested that a significant magnitude of the catalytic power 

of an enzyme can be provided by using multiple hydrogen bond interactions instead of a single 

interaction.15 

1.1.4. Hydrogen bond network 

The use of hydrogen-bonding network (HBN) was proposed as an alternative to LBHB. Here, 

it is suggested that an array of hydrogen bonds can work cooperatively to provide the 

stabilisation energy for enzyme catalysed reactions. A well-known example of using multiple 

hydrogen bonding in enzymatic catalysis is the oxyanion hole of serine protease,  

http://www.ncbi.nlm.nih.gov/pubmed/?term=Schi%26%23x000f8%3Btt%20B%5Bauth%5D
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Figure (1-3), which is an arrangement of hydrogen bond donors that stabilise the transition state 

by hydrogen bonding to a forming tetrahedral intermediate, which becomes a stronger 

hydrogen acceptor as it forms. As shown in Figure (1-3), the serine -OH group is a nucleophile 

that attacks the carbonyl carbon of the scissile peptide bond of a substrate. The nitrogen electron 

pair of histidine accepts the hydrogen from the serine OH-group forming a hydrogen bond; 

they make a coordinated attack on the peptide bond. Moving electrons onto oxygen increases 

the electron density around C=O oxygen. The carboxyl group on the aspartic acid forms a 

hydrogen bond with the histidine, making the histidine nitrogen much more electronegative, 

thus increasing the strength of the hydrogen bond between histidine and serine. The oxyanion 

hole formed by two hydrogen bond donors from the amino acid of Ser195 and Gly193 that 

stabilize the transition state and tetrahedral intermediate shows a contribution in catalyt ic 

hydrolytic activity with a reaction rate 1000-fold higher than that for the uncatalysed 

hydrolysis.16-18 

 

Figure (1-3): Oxyanion hole in active site of a serine protease.19 

 

1.2. Previous work 

Over many years, numerous investigations have been carried out on the catalytic role of 

hydrogen bonding on binding and reactivity, and key examples, which are relevant to this 

research, are described here. 
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1.2.1. The effect of hydrogen bond network on acidity 

Multiple hydrogen bonds can provide greater catalytic power and increase acidities. The 

deprotonation of benzoic acid and related compounds can mimic charge relocalizations 

occurring at active sites of enzymes. For example, Shan and Herschlag have studied the 

deprotonation of the benzoic acid systems (1, 2 and 3) with one or two hydroxyl groups 

adjacent to the carboxylic acid in the ortho positions to reveal whether  the existence of more 

than one hydrogen bond donor would enhance the acidity,  

Scheme (1-1).15 They found that the pKas of these acids in DMSO decreased with increasing 

number of hydroxyl groups for compounds 1 – 3, where pKa is 11.08, 6.6 and 3.08, respectively. 

The result reveals that the formation of two direct hydrogen bonds to the carboxylate anion 

centre in the conjugate base increases the acidity of the benzoic acid by up to 8.0 pKa units (i.e. 

45.6 kJ mol−1). The larger value of the pKa value of 1 (11.08) is due to the lack of intermolecular 

hydrogen bonding and the resulting oxygen anion centre is not stabilised. Thus, deprotonation 

of a carboxylic acid can be preferred when an adjacent hydroxyl proton forms an intramolecular 

hydrogen bond with carboxyl oxygen in the acid form, and then this bond is strengthened upon 

deprotonation of the carboxylic acid, providing specific stabilisation of the monoanion relative 

to the acid form of the compound.20  
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Scheme (1-1): The deprotonation of salicylic acid and related compounds (1 and 3).15 

Shokri et al. have investigated using arrays of hydrogen bonds with different lengths to assess 

whether they provide the required energy for enzyme-catalysed transformations. Simple model 

polyhydroxyl alcohols were studied, Figure (1-4), where different types of hydroxyl groups (1o 

and 2o) and their acidities (pKas) were measured in DMSO and the gas phase.21 The conjugate 

bases can be stabilised by hydrogen bond networks. Primary (1°) hydrogen bonds, those 

between a charged centre and a donor or acceptor group, should be the strongest. Secondary 

(2°) and tertiary (3°) hydrogen bonds, involving noncharged groups, should be weaker.21 
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Figure (1-4): Compounds studied by Shokri et al.21 

Experimental and computational results show that the presence of hydrogen bonds to a 

negatively charged centre and those that are one solvent shell further away (i.e., 1° and 2° 

hydrogen bonds, respectively) provide a significant amount of stabilisation of their conjugate 

bases, providing a significant acidity enhancement. By comparing the pKa’s of 4 and 5, the 

alcohol 4 is 3.5 pKa units (20 kJ mol−1) more acid than alcohol 5. In going from 4 to 6, each of 

the secondary 2o hydrogen bonds afforded further stabilisation of the conjugate base of 6: the 

differences in the pKas are 2.5 units (14 kJmol−1) per hydrogen bond in DMSO. These 

secondary hydrogen bonds are weaker, thus they do not stabilise the anion to the same degree 

as the primary hydrogen bond, but their effect is noticeable in comparison with a 3o hydrogen 

bond.21 However, the 3o hydrogen bonds in 7, which are even further removed from the charged 

centre and even weaker, still provide ~ 0.6 pKa unit (~3.4 kJmol−1) in DMSO per hydrogen 

bond stabilisation. These results indicate that multiple hydrogen bonds in a hydrogen bond 

network can provide considerable energetic stabilisation and enhanced Brønsted acidities.21 
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Hydrogen bond networks and inductive effects have been used in designing efficient catalysts. 

Inductive effects can be transmitted over long distances through a chain of hydrogen bonds, 

increasing H-bond acidity. Electron-withdrawing groups serve to increase the alcohol 

hydrogen bond donating ability and result in stronger Brønsted acids. However, the inductive 

effects along the hydrogen bonding network fall off rapidly with distance.21 

More recently, a study by Samet et al. has exploited hydrogen bond networks and an inductive 

effect on enhancement of the rate of a reaction. They proposed that in a rigid structure such as 

adamantine, triols (8-11) can be utilised as effective catalysts, Figure (1-5). The acidities of a 

series of adamantane like triols (8-11) were measured in DMSO, and reactivity in some 

reactions was studied. These triols have electron-withdrawing groups in combination with 

hydrogen bonds.  

The results revealed that the incorporation of a first and second trifluoromethyl group (CF3) 

enhances the acidity by 4.1 and 4.0 pKa units (23.4 and 23 kJmol−1), and third CF3 group by 2.2 

pKa units (12.5 kJmol−1), since the electron-withdrawing effect of CF3 promotes ionisation. 

The effect provided by the second and third CF3 substituents is not much different from that of 

the first CF3 substituent.22 However, it might be that the latter two CF3 groups have some effects 

due to enhancing the acidity of the hydroxyl groups and their effect can be transmitted through 

the hydrogen bond network similar to resonance stabilization in π-electron systems. 

 

Figure (1-5): Adamantane triols and pKas in DMSO.22 

 

Comparing the rigid structure of triol 11 with 12 and 13 revealed that 11 has the same acidity 

as 13 and is less acidic than diol 12, Figure (1-6).  
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Figure (1-6): Flexible system studied by Samet et al.22 

The benefit of the rigidity can be seen when comparing the reactivity of triols 8-11 with 13 and 

12. The catalytic abilities of this triol series has been examined in catalysing the aminolysis of 

styrene oxide with aniline at 60 °C under solvent-free conditions, Scheme (1-2). In the presence 

of 11 the reaction was faster (1 h) compared with (3.5 h) for triols 8-10, and the greater 

selectivity for the addition product was at the more hindered position (i.e., A).22 Comparing the 

rigid triols with flexible systems 12 and 13, the rigid triol 11 enhances the rate of reaction up 

to 1.5 times over flexible system 13, and slower than 12. However, triol 11 is more selectivity 

than 12, Table (1-1). In polar environment, the activity was found to correlate to DMSO acidity. 

However, this was not the same in non-polar environment, the rigid triol was found to enhance 

the reactions up to 100 fold over flexible acyclic analogues, and the reactivity followed the gas 

phase acidity. The reactivity enhancement of the rigid structure over the flexible acyclic 

structure was proposed to be due to an entropic effect.22 This indicates that the oxyanions of 

triols (8-11) are extensively stabilized due to the hydrogen bond networks and presence of the 

electron withdrawing groups.22 

 

 

Scheme (1-2): The aminolysis reaction  of styrene oxide with aniline.22 
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Table ( 1-1): Acid-Catalyzed Aminolysis of Styrene Oxide with Aniline.22  

Catalyst Time (h) Conversion 

(%) 

krel Product ratio (%) 

Product (A) Product (B) 

No Catalyst 3.5 4.0 1.0 35 65 

8 3.5 11 3.0 54 46 

9 3.5 58 33 75 25 

10 3.5 90 220 84 16 

11 1.0 96 580 91 9 

13 0.5 69 370 81 19 

12 0.25 68 710 88 12 

 

1.2.2. The effect of hydrogen bond network on binding 

Chains of hydrogen bonds can enhance the hydrogen bonding properties of the terminal donor. 

The strength of the terminal H‐bonding between donor and acceptor can increase with the 

length of the hydrogen bond chain.23 Cockroft and coworkers have investigated the effect of 

an array of hydrogen bonds on the strength of the H-bonding interactions between a series of 

phenols and tri-n-butylphosphineoxide in solution, Figure (1-7). They found that as the number 

of OH groups increase, the binding energies became more favorable. The presence of second 

H-bond made significant energy contributions, which almost doubled the strength of the 

terminal H bond, but further increasing the length had little additional effect.23 

 

Figure (1-7): Hydrogen-bonding between the complexation of tri-n-butyl phosphine oxide and phenolic system 

with different number of hydrogen bonds, (Terminal H-bond labelled).23 
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1.2.3. The effect of intramolecular hydrogen bonds on reactivity 

For many years, the mechanisms of systems by which neighbouring groups can catalyse 

reactions has been of interest. The effect of intramolecular catalysis has been investigated with 

hydrogen-bonded leaving groups in the hydrolysis of phosphate esters, carbonate, acetoxy and 

acetal groups. For example, Tillett and Wiggins have reported the intramolecular catalysis by 

a neighbouring hydroxyl group of the hydrolysis of carboxylic ester 14, Figure (1-8).24 

 

Figure (1-8):Structures of carbonate esters studied by Tillett and Wiggins.24 

A plateau region is reached at lower pHs, corresponding to spontaneous hydrolysis. In this 

region, carbonate 14 hydrolysed 10 times faster than 15, which suggested that the hydroxyl 

group has direct involvement in the hydrolysis. They suggested two kinetically 

indistinguishable mechanisms of intramolecular catalysis could be involved: intramolecular 

general acid or general base catalysis as shown in Figure (1-9). General acids can catalyse the 

attack of a nucleophile through hydrogen bonding to the carbonyl and/or leaving group, so it 

should catalyse the reaction with other general bases.  

 

Figure (1-9): Two mechanisms suggested for the hydrolysis of carboxylic ester 4.24 
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In the neutral region , kH2O = 2.04 × l0-5 M-1 s-1 at 35 °C in the absence of acetate, and 2.20 × 

l0-5 M-1 s-1 in the presence of acetate, which has a similar effect on the hydrolysis of ethyl 2-

methoxyphenyl carbonate (1.70 and 1.80 × l0-6 M-1 s-1, respectively). Thus, general acid  

catalysis could be ruled out as there was no difference in the rate of the reaction with hydroxide 

ion or acetate.24 However, from the pH profile, Figure (1-10), the plateau region was observed 

at pH 10 to 11. In this region, if most all of the carbonate was in its ionised form, the dissociated 

hydroxyl group would be involved in general base or nucleophilic catalysis.24 Nucleophilic 

attack by the hydroxyl group in the neutral hydrolysis of 14 was ruled out based on the entropy 

of activation value of -167.36 J K-1 mol-1, which was interpreted as showing the involvement 

of solvent on the hydrolysis of acyl compounds in water by comparison with other related 

reactions e.g. alkyl trifluoroacetates (-209 J K-1 mol-1) and acetic anhydride (-167.36 J K-1 mol-

1).24 

 

 
Figure (1-10): pH-Rate profile for the alkaline hydrolysis of carbonate esters 14, 15 and 16 in NaOH at 25 oC, 

ionic strength at 1.0 (KCl). 24 [Original citation] – Reproduced with permission of Elsevier. 

Hibbert and Spiers have reported the hydrolysis of 1-acetoxy-8-hydroxy- naphthalene 17, in 

which the hydroxyl group can play a role either as an intramolecular general acid or base 

catalyst, Scheme (1-3). 
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Scheme (1-3): Proposed mechanisms involving in the hydrolysis of 17; general acid (blue) and general base 

(red) catalysis.25 

 The linear dependence of rate constant on [OH-] is attributed to reaction of the ionised form 

with OH-, whereas the curved dependence at low [OH-] is due to the reaction of ionised 1-

acetoxy-8-hydroxy- naphthalene with solvent, Figure (1-11).25  

 

Figure (1-11): Variation of the first-order rate constant (kobs) for hydrolysis of 1-acetoxy-8-hydroxy naphthalene 

with hydroxide concentration.25 [Original citation] – Reproduced with permission of The Royal Society of 

Chemistry. 

In the latter case the value of the rate coefficient (k2 3.7 ± 0.4 × 10-3 s-1) for this reaction, in 

comparison with the value for the reaction of 1-acetoxy-naphthalene 17 with water, estimated 

as 7 × 10-8 s-1,  brings about a 5 x 104 fold increase in the rate of spontaneous hydrolysis. This 
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effect could be explained either by the intramolecular general base catalysis by the ionised 

hydroxyl group on the attack of water, or due to the hydroxyl group acting as an intramolecular 

acid catalyst to assist the reaction with OH- , Scheme (1-3). However, a solvent kinetic isotope 

effect value of 2.2 was measured, which is consistent with other reactions involving general 

base catalysis by the hydroxyl group assisting the water attack.25  

Bromilow and Kirby studied the phosphate transfer of salicyl phosphate 18 and showed the 

rate of hydrolysis is enhanced up to 108 fold. A solvent kinetic isotope effect was not observed, 

which was used to rule out the general base catalysis by carboxylate ion. This enhancement 

was attributed to the mechanism involving the carboxyl group as a general acid catalyst, 

Scheme (1-4).26   

 

Scheme (1-4): Hydrolysis of salicyl phosphate.26 

 

Hibbert et al have studied 1-methoxymethoxy 8-substituted naphthalene, Figure (1-12), and 

found that the efficiencies of the intramolecular catalytic groups; OH, COOH and Me2NH+ on 

the rate of the spontaneous hydrolysis of 1-methoxymethoxynaphthalenes were different. 

Using an estimated k0 of 4 x 10-9 s-1 for 1-methoxy methoxy naphthalene, the dimethyl 

ammonium Me2NH+ increases the rate by 1900 fold, while hydroxyl and carboxyl groups show 

an effect of 40 fold and 1000 fold, respectively. This enhancement of the rates accounts for a 

significant effect of an intramolecular hydrogen bond donor. The strength of the intramolecular 

hydrogen bond increased going from the ground state to the transition state, which can stabilise 

the negative charge developing on the leaving group during progress of the reaction. The 

intramolecular hydrogen bond becomes stronger for Me2NH+, and decreases in strength from 
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COOH to OH, respectively. This difference was attributed to the ability of the substituent to 

participate in an intramolecular hydrogen bond. However, the high enhancement of the rate by 

dimethyl ammonium group compared with COOH to OH could not just be related to the 

formation of hydrogen bond, but also to participation of proton transfer (general acid catalysis), 

particularly for Me2NH+.27 All three systems give products involving such a hydrogen bond, 

with the most efficient Me2NH+ system having the strongest product intramolecular H-bonds, 

and 1-methoxymethoxy-8-hydroxy naphthalene 21 is less efficient than COOH and Me2NH+ 

naphthalene system, 19 and 20. In the case of the hydroxyl group, the general acid catalysis 

can be ruled out based on the libido rule suggested by Jencks; “General acid catalysis will 

occur when a thermodynamically unfavourable proton transfer in the ground state is converted 

to a thermodynamically favourable transfer in the transition state”.7 This means that the 

leaving group must be less basic in the ground state than the general acid, but becomes more 

basic in the product. In acetal 21 the leaving group and the general acid are identical, thus there 

is no proton transfer favourable. Kirby has suggested that the key factor for general acid 

catalysis to play a significant catalytic role in systems such as in these acetals is the strong 

intramolecular hydrogen bond, which involves the catalytic proton, in the products of reaction. 

This hydrogen bond has been proposed to be too weak or absent in the ground states for there 

to be an increase in strength and catalysis to occur.28  

 

Figure (1-12): The structure of model system studied by Hibbert et al.27 

For instance, Bender et al. studied the hydrolysis of the dianion of 8-hydroxy-1-naphthyl 

dihydrogen phosphate 23, Figure (1-13). 
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Figure (1-13): Compounds studied by Bender and et al.29 

 

About  a 10 fold rate enhancement is provided by the hydroxyl group over the dianion of the 

8-methoxy ester 22.29 The rate enhancement is much higher when a metal ion is combined with 

the dianion, Figure (1-14). Williams et al. have reported a rate acceleration of about 5000 and 

50000 fold by the adjacent OH group comparing with the hydrogen atom and methoxy group, 

respectively. The rate increase resulted from cooperation between intramolecular hydrogen 

bond catalysis and metal ion based catalysis.30 The hydrogen atom and methoxy group are 

unable to form hydrogen bonds to the leaving group oxygen, thus they have no effect or even 

a destabilising effect on the transition state. The very low rate in the presence of the methoxy 

group might be due to the orientation of the oxygen lone pair to an unfavoured position near 

the leaving group, resulting in destabilisation of the negative charge developed on the leaving 

group oxygen. Based on libido rule, the product of hydrolysis of the hydroxyl complex has a 

leaving group with pKa identical to the general acid, thus the 50000 fold acceleration in the rate 

which about 21 kJ mol-1 is provided by hydrogen bond catalysis and not general acid catalysis.  

 

Figure (1-14): Compounds studied by Williams et al.30 
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Kirby et al. determined a rate enhancement of 107-108 for the hydrolysis of aryl 2-

carboxyphenyl phosphate anions 24 by the ionised carboxy-group o-COO–, Scheme (1-5).  The 

mechanism of the reaction involves breakdown of a pentacoordinate-intermediate formed by 

addition of COO- of one salicyl group to the phosphorus atom.31 This leads to the departure of 

the exo-aryl group. It was suggested that carboxylate ion is more efficient as a nucleophile 

when an exo-aryl group is present. 

 

Scheme (1-5): Aryl 2-carboxyphenyl phosphate anions studied Kirby et al.31 

 

Kirby et al. observed that the hydrolysis of the diester bis-2-carboxyphenyl phosphate  25 

shows bifunctional catalysis by the ionised carboxy-group o-COO- and o-CO2H group, Figure 

(1-15), when two carboxyl groups are present. The reaction was faster than diphenyl phosphate 

26 by 1010 fold with a half-life of 10.2 min at 39 °C. The reaction is accounted for in terms of 

intramolecular nucleophilic catalysis by the COO-, and intramolecular general acid catalysis 

by the ortho-COOH, Scheme (1-6). The general acid catalysis is unexpectedly inefficient. 

However, nucleophile catalysis is limited by COOH as a general acid due to COOH being 

deprotonated at pH 3.76.26 To follow the reaction of phosphate transfer, which involves a 

general acid catalysis, needs model systems active above pH 4 and near pH 7 to mimic 

biological system. 
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Figure (1-15): The structure of bis-2-carboxyphenyl phosphate and diphenyl phosphate.32. 

 

 

Scheme (1-6): Hydrolysis of aryl 2-carboxyphenyl phosphate anions studied Kirby et al.32 

Recently, Orth et al.33 have studied the role of two imidazole groups in the hydrolysis of 

phosphodiesters, in which these two groups can mimic two histidine imidazoles in enzymes of 

the phospholipase D superfamily34 and Ribonuclease (RNAse A).35 The protonated imidazole 

group of histidine can acts as a general acid while the free imidazole was thought to act either 

as a nucleophile34 or a general base.35 They found that the hydrolysis of bis (2-(1-methyl-1H-

imidazolyl) phenyl) phosphate 27± is catalysed by two imidazole groups. In considering the 

experimental data and computational results, the mechanism shown in Scheme (1-7) has been 

suggested. This suggests that bifunctional catalysis of the zwitterionic species 27± occurs 

through efficient intramolecular nucleophilic catalysis by neutral imidazole and general acid 

catalysis by the imidazolium group to assist the departure of the leaving group. Because of the 

absence of imidazole groups, the hydrolysis of biphenyl phosphate is slower than 27± by a 

factor of about 107.  Comparing the hydrolysis rate constants (kobs for 28+ = 5.83 × 10-6, 29+ = 

3.65 × 10-6 and kobs = 1.98 × 10-3 for BMIPP± 27±, Figure (1-16), shows that the hydrolysis of 

29+ is appreciably slower, by a factor of up to 540, than that of the corresponding diester 27±. 
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In addition, diester 27± is found to be more reactive than 27+, hydrolysing about 100 times 

faster. These results support the role of neutral imidazole as either a general base or 

nucleophile. The hydrolysis of diester 28+ is observed to be approximately 8 times faster than 

hydrolysis of monoester 27+. This reduced reactivity could be attributed to the steric effect of 

the methyl group in 27+. In addition, the difference in the reactivity between 28+ and 29+ is 

two-fold. This is presumably due to the effect of the N-methyl group on the planarity of the 

system, thus, decreasing the catalytic efficiency of the imidazolium general acid. In conclusion, 

based on the detection of a short-lived intermediate, it was proposed that the neutral imidazole 

group is involved in concerted intramolecular nucleophilic catalysis, although IGBC 

mechanism by the free imidazole group cannot be completely ruled out.36-38 

 

Figure (1-16): Structure of phosphate diesters 29+, 27+ and 28+.36 

 

Scheme (1-7): Hydrolysis of bis (2-(1-methyl-1H-imidazolyl) phenyl) phosphate 27±  by two 

imidazole.36 
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The cleavage of the conjugate acids of 8-dimethylammonium-naphthyl-1-phosphate esters 

mono, di and triesters, was studied to probe the effect of the neighbouring Me2NH+ group on 

the hydrolysis and the reaction with nucleophiles. The hydrolysis of the monoanion 30 was 

found to be catalysed by dimethyl ammonium Me2NH+ through a strong hydrogen bond with 

a 106 rate acceleration comparing with diethyl naphthyl-1-phosphate. The corresponding 

diester, methyl 8-dimethylamino-1-naphthyl phosphate 31, has also showed the same effect of 

dimethyl ammonium Me2NH+ on the hydrolysis and nucleophilic attack of oxyanions; 

intramolecular hydrogen bonding is involved and considered the key of the general acid 

catalysis, Scheme (1-8) and Scheme (1-9). The strong hydrogen bond is present in the product, 

and in the ground state.39-40 

 

 

Scheme (1-8): The hydrolysis of 8-dimethylammonium-naphthyl-1-phosphate monoanion.39 

 

 

Scheme (1-9): The hydrolysis of methyl 8-dimethylamino-1-naphthyl phosphate.40 

 

The hydrolysis of the corresponding triester (3H+) 32, diethyl 8-dimethylaminonaphtyl-1-

phosphate Scheme (1-10), is catalysed efficiently by the neighbouring Me2NH+ group. The key 

to efficient intramolecular proton-transfer catalysis appears to be an intramolecular hydrogen 
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bond between the ammonium Me2NH+ general acid and the leaving-group oxygen, which is 

strong in the product and transition states, but weak or absent in the ground state. It shows more 

efficient general acid catalysis than other compounds such as acetal 8-dimethyl-1-

methoxymethoxynaphthalene27 and esters 30 and 31. Kirby et al. found that the hydrolysis of 

triester 32 is catalysed by dimethyl ammonium Me2NH+ through strong intramolecular 

hydrogen bond. The rate acceleration of diethyl 8-dimethylaminonaphthyl-1-phosphate is 106  

compared with diethyl naphthyl-1-phosphate.28  

 

Scheme (1-10): Hydrolysis of diethyl 8-dimethylamino-1-naphthyl phosphate.28 

 

The pKa of the triester is 4.63, which is different to that of monoester 30 and diester 31 which 

have pKas of 9.31 and 7.06, respectively. It was suggested that this variation depends on the 

strength of hydrogen bond between the NH+ and the leaving group oxygen. In triester 32, the 

strong hydrogen bond is present in the transition state and the product, but little or absent in 

the reactant. The proton sponge geometry, which is known to have a strong hydrogen bond 

(N….H….N), leads to a stabilisation of these systems. From the pH profile, Figure (1-17), the 

rate constant of hydrolysis at pHs above the pKa of the ester was found to decrease. The neutral 

amine is unreactive, due to the absence of intramolecular hydrogen bond and destabilisation of 

the negative charge developing on the leaving group in the transition state. 39-40 
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Figure (1-17): pH rate profile for hydrolysis of mono- , di- and triester (30, 31 and 32). The points are derived 

experimentally and the curves are best fit for the reactions of the different ion forms.28, 39-40 

 

In a further study, Williams et al. have studied how changing the ability of a proton donor 

affects the rate of hydrolysis. They altered the methylation of amine in triester 32 as shown in 

Figure (1-18), but found no significant effect on the rate of P-O cleavage. This  reflected that 

the effect of methylation of the amine on the rate of P-O cleavage in the triester is not an 

important factor.41 

 

Figure (1-18): Compounds have been studied by Williams et al.41 

Although many studies of phosphate ester hydrolysis have investigated efficient general acid 

catalysis in phosphate transfer reactions in water and with many nucleophiles, distinguishing 

between hydrogen-bond catalysis and general acid catalysis is often difficult. 
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1.3. The reaction of hydroxylamine with phosphate esters 

Hydroxylamine is known to be a useful, powerful nucleophile that can be employed in the 

conversions of phosphoryl groups of phosphate esters and in nucleophilic substitutions of 

carboxylate esters.40, 42-44 Extensive computational and experimental studies of reactions 

involving hydroxylamine have been discussed in the literature due to its remarkably high 

reactivity in nucleophilic substitutions. Hydroxylamine can be alkylated on nitrogen, or 

acylated and phosphorylated on oxygen.45  Hydroxylamine can be present in various forms in 

three distinct regions of pH: acid, neutral and alkaline region, Scheme (1-11). It was shown 

that the reaction through oxygen is via its ammonia oxide tautomer H3N
+–O−, in which state 

almost 20% of hydroxylamine exists in water and this reactivity appears in the neutral pH 

region because the pKa of hydroxylamine is 6.06 at 25 oC43-44, and reported to be (5.96 at 25 

oC)46. At high pH 13.4 and above, hydroxylamine is mainly present in its anionic form, which 

is the responsible for the reactivity in this pH region.43 

 

Scheme (1-11): Equilibria for hydroxylamine and its known ionic species and pKa values for hydroxylamine and 

its derivatives in aqueous solution at 25 oC; Expirmental values (pKa1 and pKa2)43, and Computed values (pKa3, 

pKa4 and pKa5)46. 

Kirby et al. have reported studies of the reactions of hydroxylamine with 8-dimethylamino-1-

naphthyl phosphate esters 30-32. Hydroxylamine shows higher reactivity than the spontaneous 

hydrolysis, which is attributed to the reactivity of the zwitterionic tautomer ammonia oxide, 

+H3N–O-, as the active nucleophile. Notably, the hydroxylamine reaction with 1-naphthyl 

phosphate esters was found to be slower than 8-dimethylamino-1-naphthyl phosphate esters 
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30-32. This can be attributed to the formation of a hydrogen bond between Me2NH+ and leaving 

group oxygen, which stabilises the developing negative charge in the transition state. 

Therefore, it is clear that this enhancement relies on breaking and forming bonds in the 

transition state; more bond formation to the nucleophile (NH2OH) leads to the generation of 

negative charge on the leaving group. Interestingly, the product of hydroxylamine reaction with 

phosphate triester was not the simple substitution product, which might be expected. Only one 

phosphorus-containing product (diethyl phosphate 39) was formed as detected by 31P NMR, 

whereas the products of the reaction with phosphate mono- and diesters are the hydroxylamine-

O-phosphate, Scheme (1-12). This result poses the question: what is the mechanism for the 

reaction of the triester with hydroxylamine? 

 

Scheme (1-12): The hydroxylamine-phosphate products of mono-, di- and triesters. 

Analysis of the products of the reaction revealed the formation of nitrogen and hydrazine. The 

latter was detected by formation of the hydrazone derivative of p-dimethyl amino 

benzaldehyde. The generation of hydrazine was suggested to occur by the attack of a second 

hydroxylamine molecule on ammonia diethyl phosphate, Scheme (1-13). 
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Scheme (1-13): Suggested mechanism for the decomposition of hydroxylamine-O-phosphate 40 in the presence 

of an excess of hydroxylamine.44, 47 

In a further study, Kirby et al. also studied the reaction of hydroxylamine with aspirin. The 

reaction was found to proceed predominantly through ammonia oxide, +H3N–O-, to give O-

acetyl hydroxylamine as the initial product, Scheme (1-14). Enhancement of the rate up to 104-

fold was observed in the presence of 0.3 M hydroxylamine. The pH profile showed an increase 

in the rate with increasing of pH, which involves both CO2
– and CO2H forms of aspirin, 41- 

and 41 respectively. However, the reaction of hydroxylamine with the CO2H form of the 

substituted aspirins was found to be faster than that for reaction with the anionic form, 2.65 × 

10-1 and 2.18 × 10-2 M-1 s-1, respectively. This can be due to the suggested leaving group 

stabilisation, by intramolecular proton transfer from the carboxylic acid moiety through an 

intramolecular hydrogen bond by the CO2H group, similar to the transition state defined in the 

intramolecular general acid catalysis mechanism favoured by Kirby for phosphate esters.48  
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Scheme (1-14): The reactions of protonated and anionic aspirin with hydroxylamine at 25.0 ºC and ionic 

strength = 1.0 M (KCl).48 

1.4. Phosphate ester hydrolysis as a model reaction 

Phosphate hydrolysis is a simple reaction and may occur in one of two possible ways, which 

involve P–O cleavage or C–O cleavage depending on the site of attack of a nucleophile, 

Scheme ( 1-15). As an example of this, the uncatalyzed hydrolysis of dimethyl phosphate, 

proceeds by at least 99 % C-O bond cleavage at 25 oC, and so with an upper limit of 1 x 10-15 

s -1 for the rate of spontaneous P–O cleavage.49-50 

 

Scheme ( 1-15): Possibly ways of phosphate hydrolysis.49 
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Phosphate esters are extremely stable bonds, and resistant to cleavage under mild aqueous 

solutions without efficient catalysts. The hydrolysis of phosphate mono-, di- and triesters can 

be accelerated by specific or general acid base-catalysis, and/or metal ion-catalysis.51 

In biological systems, reactions involving phosphoryl transfer are ubiquitous, including 

phosphorylation and dephosphorylation, which are accelerated by different enzymes, kinase 

and phosphatase, respectively. Kinase enzymes catalyse the transfer of phosphoryl groups from 

nucleoside triphosphates such as ATP to various organic compounds, and phosphatases transfer 

phosphoryl groups from organic compounds to water, which is a hydrolysis reaction. As an 

example, the spontaneous hydrolysis half-life of phosphodiester DNA is 31 million years. In 

contrast, spectacular rates are achieved in catalysed hydrolysis by enzymes: for example, 

staphylococcus diesterase accelerates phosphate anion hydrolysis up to 6×1014, and a rate 

enhancement of 2×1016 is achieved for the phenyl phosphate dianion cleavage by Yarsinia 

monoesterase.49, 50 

For many kinases and phosphatases, the hydrolysis of phosphate mono and diesters involves 

cooperation of metal ions and functional groups as general acids, bases, or nucleophiles, 

resulting in high catalytic efficiency. However, many of these enzymes involve hydrogen 

bonding. Since the enzyme’s structure is much more complicated, it is difficult to study the 

natural mechanisms of hydrolysis in these esters, so it is often useful to work with simpler 

artificial models. A reactive system with a good and convenient leaving group rather than a 

poor leaving group can simulate the active site of the enzyme, and elucidate the mechanisms 

by which phosphate ester hydrolysis is activated by hydrogen bonding. Breaking the P-O bond 

in phosphate esters is known to be slow and needs catalysis of correspondingly high efficiency 

to achieve biologically useful rates such as found in enzymes.  

Importance of phosphate triesters:  We chose a phosphate triester model as substrate of the 

hydrolysis reaction of phosphate esters. Phosphate triesters do not occur naturally in biological 
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systems as mono and diesters do, and thus their importance in biological systems seems to be 

ignored. Their importance comes from the industrial field as huge quantities of 

organophosphorus compounds were made, and some of them showed toxic activities such as 

warfare agents,52-54 pesticides and insecticides. For examples, triesters such as methyl-

paraoxon, a phosphate-based toxic pesticides and Sarin phosphate-based chemical warfare 

agents, are capable of disrupting biological functions. Thus, there are attempts to overcome 

stockpiles of toxic organophosphorus pesticides, nerve gases as well as herbicides. These 

attempts run into challenges such as employing enzymes that are capable of hydrolyzing and 

detoxifying such agents  and convert them into nontoxic and safely species; for example 

bacterial enzyme capable of hydrolyzing the lethal organophosphate nerve agents.54 Nature has 

evolved enzymes in response to this challenge. A new class of enzyme showed high 

phosphotriesterase activity that seems to be due to the high use of these toxic materials.55 

Phosphotriesterase enzymes, which are a group of organophosphate hydrolysis enzymes 

(OPHs), are classified under the aryl-dialkyl-phosphatase family. These enzymes can 

hydrolyse the phosphotriesters, thiophosphotriesters, and phosphorothiolesters to become 

nontoxic agents. Usually the products of the hydrolysis catalysed by these enzymes are derived 

from cleavage of the P-O bond where the aryloxy group is a leaving group. However, the 

unique phosphotriesterase from Sphingobium sp. TCM1 (Sb-PTE) shows a different selectivity 

towards the cleavage of phosphate triesters. It has an ability to cleave an alkyl group as well as 

the phenyl group from the central phosphorus. Bigley et al. have studied different diethyl 

phenyl triesters and found that this enzyme can hydrolyse the substituted aryl and alkyl of the 

same substrate. For example diethyl phenyl phosphate is hydrolysed by Sb-PTE to give only 

23% cleavage of the phenyl group, in addition to ethyl group cleavage.56 

Thus, there has been intensive work done in studying enzymes, proteins, and small molecules, 

which are capable to cleave phosphate-ester efficiently, particularly on nitro-phenol containing 
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pesticides/nerve-agent simulants to enhance phosphate transfer to water, to convert the active 

triester agent to an unreactive diester i.e. catalysing the hydrolysis using different strategies.55 

1.5. The aim of the project 

Intramolecular hydrogen bond catalysis has been reported in the literature, but how much this 

affects reactivity is still a contentious issue. Therefore, the main aim of this research is to 

investigate the effect of intramolecular hydrogen bonding on the rate of hydrolysis of phosphate 

triesters. Thus, models with different numbers of intramolecular hydrogen bond donors were 

designed, synthesised and studied, Figure (1-19).  

The substrates for the first model have a single hydrogen bond donor, which could form a 

hydrogen bond to the oxygen of the leaving group. This should give stabilisation to the negative 

charge developing on the oxygen in the transition state. These structures will probe the effects 

of varying the geometry on any effect the hydrogen bonds have on the reaction rate.   

Secondly, we will explore multiple hydrogen bonds in systems with two neighbouring groups. 

Each group can provide a hydrogen bond, which may work cooperatively to provide greater 

stabilisation to transition state than the statistical sum of the individual hydrogen bonds. 

As neighbouring groups could be involved in general acid and /or hydrogen bond catalysis,26, 

28, 30 a kinetic study of model system 2, where X is an amino group, will distinguish whether 

the formation of a hydrogen bond is important or if general acid catalysis is essential for 

efficient reaction. If the hydrogen bond plays the major role in catalysis, the rate will increase 

according to the additional energetic benefit. If the general acid is the reason of catalysis, the 

rate will increase statistically. 

Model system 1 
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Model system 2 

 

Figure (1-19): Target model compounds (System 1 and 2) proposed for this research.
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2.1 Introduction 

Cyclic phosphate ester is known to be an intermediate in some biological processes such as the 

hydrolysis of phosphate-ester linkages in single-stranded RNA by Bovine pancreatic 

ribonuclease A (RNase A). For the next step this intermediate undergoes hydrolysis by 

intermolecular attack from water. The active site of this enzyme applies three kinds of catalysis 

general base and acid catalysis by His-119, His-12 residues and hydrogen bond catalysis by 

Lys-41. It was suggested that the hydrogen bond plays a role in stabilising the intermediate, 

which hydrolyses to monoester phosphate in the second step, Scheme (2-1).57 

 

Scheme (2-1): The hydrolysis of phosphate-ester dinucleotides by RNase A by general base and acid catalysis 
assisted by hydrogen bond.57 

Hydrolysis of cyclic phosphate esters has been studied. These compounds were found to 

hydrolysed orders of magnitude faster than the acyclic analogues. Westheimer and Haake 

showed that cyclic ethylene and methylene phosphate is hydrolysed 107 times faster than 

acyclic phosphate analogues in aqueous solution.58 The large enhancement in the rate is 

attributed to ring strain in the cyclic ester. Cyclic phosphate esters become interesting to 
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investigate, not just due to their reactivity but also due to the chemical and biochemical 

activities, such as using cyclic phosphates as potential means for prodrugs delivery.59 In 

addition, some of the cyclic phosphorus esters are toxic compounds such as cyclic phosphorus 

esters of saligenin which are known to be very strong antiesterase agents and have toxic activity 

as well. Therefore, efforts are made to study enzymes, proteins, and small molecules aiming to 

perform phosphate-ester hydrolysis on such agents.60  

Hydrolysis reactions of phosphate monoesters, diesters, and triesters are different and complex, 

which made their study to understanding their mechanism of interest over the years. However, 

most of the relevant work of hydrolysis of cyclic phosphate esters has been done previously 

with relatively reactive systems in absence of intramolecular catalysis. This includes di and 

triester, such as shown in Figure (2-1).61-62 

 

Figure (2-1): Structures of phosphate triesters studied previously.61-62 

2.2  Aim 

Hydrogen bond catalysis is found to take an important role in phosphate hydrolysis as seen in 

introduction chapter. Therefore, in this chapter, hydrolysis of aryl cyclic phosphate system, 

Figure (2-2), with intramolecular hydrogen bond donor is investigated to probe the effect of 

hydrogen bond to catalyse the reaction. It is thought that a neighbouring hydroxyl group in the 

precise position on anthracene system would provide an enhancement on the rate compared 

with no hydroxyl group present. The presence of adjacent catalytic groups, such as hydrogen 
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bond donors, to the leaving group has been shown to catalyse the hydrolysis reaction. For 

example, dimethyl ammonium group of methyl 8-dimethylamino-1-naphthyl phosphate 

showed a high reactivity to enhance the rate of the reaction as general acid catalysis through 

hydrogen bond (presented in the introduction chapter).28, 40, 63 In similar but could not be the 

same, hydroxyl group should show high reactivity probably as hydrogen bond donor. It is not 

clear if the reaction would involve general acid catalysis but it is not expected. This prediction 

is based on the Jencks proposal of the libido rule. The general acid catalysis can be involved in 

the reaction if only the basicity of leaving group is less than the general acid in the ground state, 

but become more basic in the product.64 In the model used here; 8-hydroxy cyclic anthryl 

phosphate 46, the hydroxyl group could play a role as general acid if the pKa of the leaving 

group changes during the course of the reaction; become higher than the pKa of hydroxyl group 

on position 8. However, if the pKas of the leaving group and hydroxyl group are identical, the 

reaction would involve hydrogen bonding catalysis. Thus, there would be change in the 

reactivity in presence of the hydroxyl group on triester 46 compared with 47 with the change 

depending on the activation energy provided by hydrogen bond. 

In a second aim, the reactions of a series of nucleophiles, including hydroxylamine, methoxy 

amine, acetate, and fluoride, with the model 46 are investigated allowing convenient reaction 

rate to be determined.  

 

Figure (2-2): Structures of cyclic triester phosphate in this work. 
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2.3 Result and discussion 

2.3.1 Synthesis of Methyl 8-hydroxy-1, 9-anthryl cyclic phosphate 46  

Compound 46 was synthesised as shown in Scheme (2-2), using 1, 9-dihydroxy anthraquinone 

50, as the starting material, which is reduced to anthrone 51. The anthrone reacted with methyl 

dichlorophosphate to yield cyclic methyl 8-hydroxy-1, 9-anthryl phosphate triester 46. 

The reaction was a challenging as in achieving sufficient quantity and purity for kinetic 

experiments was difficult. The main issues encountered were instability and the purification of 

compound 46, which make the yield of compound low. The reaction was performed under inert 

and dry condition using N2 or Ar and THF as a dry solvent. Although using column 

chromatography failed to yield pure compound with high yield, it was the best method for 

purification giving a pure sample. 1H, 31P, 13C NMR and mass spectrum confirmed the 

structure. 1H NMR did not show OH- proton, but was confirmed by IR; IR 3500(OH) cm-1.  

 

Scheme (2-2): Synthesis of cyclic methyl 8-hydroxy-1,9-anthryl phosphate triester 46. 

2.3.2 Synthesis of Methyl 1, 9-anthryl cyclic phosphate 47  

Compound 47 was synthesised as shown in Scheme (2-3) using 1-hydroxy anthraquinone 52, 

as starting material in this procedure, which is reduced to anthrone 53. The anthrone reacted 

with methyl dichlorophosphate to yield cyclic methyl 1, 9-anthryl phosphate triester 47. The 

reaction was performed under dry condition, using Ar and THF. Purification was by column 

chromatography to yield the pure compound. 1H, 31P, 13C NMR and mass spectrum confirmed 

the structure. However, similar to compound 46, the synthetic challenge of cyclic methyl 1, 9-
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anthryl phosphate triester 47 was found, and the yield was not good, but a sufficient quantity a 

pure enough for kinetic experiments was obtained.  

 

Scheme (2-3): Synthesis of cyclic methyl 8-hydroxy-1,9-anthryl phosphate triester 47 

2.3.3 Synthesis of cyclic phosphate triester 48 

Compound 48 was synthesised as shown in Scheme (2-4). Triethylamine was added to 1, 9-

naphthyldiol 54 with the methyl dichlorophosphate to yield cyclic methyl 1, 9-naphthyl 

phosphate triester. 

 

Scheme (2-4): Synthesis of yield cyclic methyl 1, 9-naphthyl phosphate triester 48 

Although, the procedure looks simple, the yield was not quantitative, due to the decomposing 

of the starting material (1, 9-naphthyldiol). Pyrogallol is known to oxidize in alkaline solutions 

to produce oxidation species such as purpurogallin via quinone, Figure (2-3).65 

 

Figure (2-3): compounds formed of pyrogallol oxidation. 
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2.3.4 Synthesis of cyclic phosphate triester 49 

Compound 49 was synthesised as shown in Scheme (2-5). Triethylamine was added to 1, 9-

naphthyldiol 54 with the ethyl dichlorophosphate to form cyclic ethyl 1,9-naphthyl phosphate 

triester.  

 

Scheme (2-5): Synthesis of yield cyclic ethyl 1, 9-naphthyl phosphate triester 49. 

2.3.5 Kinetic study 

2.3.5.1 The change of absorbance for hydrolysis of triester 46, 47 and 48 

Phosphate triesters 46, 47 and 48 were studied by UV/VIS spectrophotometry, thus scans of 

the reactions were carried out to determine the wavelength, where the absorbance undergoes 

maximum change during the reaction.  

UV scans of hydrolysis of triesters 46 were taken for different pH 3-7 over a range of 200-800 

nm, and after the reaction completed the pH was measured. Figure (2-4), the change of 

absorbance gave a good isosbestic point, which is the same case for the rest of pH in this range. 

Scans of the reaction of phosphate triesters 47 and 48 were also carried out as shown in Figure 

(2-5) and Figure (2-6). From the spectra, changing absorbance of substrates and the appearance 

of products are observed with good isosbestic points.  
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Figure (2-4): Time-dependent spectral changes observed upon the hydrolysis of triester 46 at pH 7. Overall time 

= 1h and 30 min 

 

Figure (2-5): Time-dependent spectral changes observed upon the hydrolysis of triester 47 at pH 7. Overall time 

= 28 h 

255 nm  

275 nm  

258 nm 

285 nm  
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Figure (2-6): Time-dependent spectral changes observed upon the hydrolysis of triester 48 at pH 7.3. Overall 

time = 40 h  

2.3.5.2 Product analysis of methyl 8-hydroxy 1, 9-anthryl cyclic phosphate 46 

In order to check the products of the hydrolysis of phosphate triester 46,3 the reaction was 

monitored by 31P NMR at pH = 6. The 31P NMR spectrum shows two new peaks at -4.38, -5.23 

ppm, which were assigned to diesters 55 and 56 and another peak at -16.12 ppm assigned to 

cyclic phosphate 57, Figure (2-7). 

Two different hydrolysis routes were proposed, happening by P-O bond cleavage from the ring 

opening (path A and B, leading to two degradation products, phosphate diesters (55 and 56), 

Scheme (2-6).  It could be that the peak shift at -16.12, which was assigned to cyclic phosphate 

diester 57, can be formed either from intramolecular nucleophilic attack by the adjacent 

hydroxyl group leading to cleaving the P-O bond to replace methoxy group or by 

intermolecular attack from water on the methyl carbon resulting in C-O bond cleavage. Both 

reactions have been seen in such hydrolysis reactions of organophosphate esters,66-67 thus both 

reactions can happened at the same time. 

 

 

288 nm  

330 nm  
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Figure (2-7): Following the hydrolysis of cyclic anthryl phosphate triester 46 using 31P NMR at pH = 6 in 

DMSO. 

Scheme (2-6): The proposed route of hydrolysis of phosphate triester 46. 

56 55 

46 

57 t = 300 min 

 

t = 70 min 

 

t = 20 min 

 

t = 7 min 
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It was expected that the P-O cleavage would undergo the way A as the only or the majority 

cleavage if the adjacent hydroxyl group on anthryl ring could provide significant stabilising 

effect to the transition state compared to route B, Scheme (2-7).  

 

Scheme (2-7): Proposed reaction mechanism for the opening the ring (route A) of triester 46 under neutral pH 

conditions. 

2.3.5.3 Product analysis of methyl 1, 9-anthryl cyclic phosphate 47 

Hydrolysis of methyl anthryl phosphate triester 47 was followed by 31P NMR at pH = 7 at 25 

oC using 31P NMR. Due to the solubility problem in water as the reaction preformed in aqueous 

buffer, DMSO was used as a co-solvent in 50 % volume.  31P NMR spectrum shows three peaks 

at -4.11, -1.94 and -13.58 ppm, which are assigned to diesters 58, 59 and 60, Figure (2-8). The 

reaction mixture was analysed by mass spectroscopy to investigate the products of the reaction. 

In corresponding to the information available of the mass spectrum, the products should be 

diesters 58 and / or 59, and 60.   
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Figure (2-8): Following the hydrolysis of cyclic anthryl phosphate triester 47 using 31P NMR at pH = 6 in 
DMSO. 

In combination of initial analysis from mass spectrum and 31P NMR, phosphate triester 47 

could undergo hydrolysis according to proposed route summarised in Scheme (2-8). This route 

can be explained as following points:  

The hydrolysis could happened through P-O bond cleavage from the ring opening (path A and 

B, leading to a two degradation products, methyl anthryl phosphate (58 and 59), which would 

undergo intramolecular nucleophilic attack by deprotonated hydroxyl group to displace 

methoxy group resulting in cyclic diester 60 as shown in Scheme (2-8).   

  

47 

60 

58  

33 hrs 

20 min 

20 hrs 

59  
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Scheme (2-8): The proposed route of hydrolysis of cyclic phosphate triester 47. 

2.3.5.4 Product analysis of hydrolysis of methyl naphthyl cyclic phosphate 48 

The hydroxylamine reaction with cyclic phosphate 48 were monitored by 31P NMR at 25 oC 

using DMSO in 50 % of total volume. Interestingly, the reactions were not exclusively P—O 

cleavage of opening ring, as expected. As the 31P NMR spectra showed, there are two products 

with shifting, singlet peaks at -13.63 ppm and (quartet peak) -4.30 ppm, indicating for cyclic 

diester 61 and acyclic diester 62, respectively. This result was confirmed by mass spectrum 

after the reaction finished. The question here is whether the cyclic ester 61 formed from diester 

62 as result from intramolecular nucleophilic attack or direct from cyclic triester 48, Scheme 

(2-9). Two possible ways could be the result of this case: (i) an intermolecular nucleophile 

attack on methyl carbon of triester 48 lead to C-O bond cleavage to give cyclic ester 61 (ii) an 

intramolecular nucleophile attack of deprotonated OH-group leading to methoxy groups as a 

leaving group.  However, the pKa of methoxy groups is about -13.63, which turns out that 

displacement of the ethoxy groups unlikely to compete with the reaction of interest (the pKa is 

about 9 for first OH of naphthyl ring). Thus, the reaction was monitored for a longer time after 
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disappearing of starting material. As could be seen from Figure (2-9), after the disappearance 

of starting material, the formation of cyclic phosphate 61 did not increase and there was no 

significant decrease of acyclic diester 62. Both cyclic and acyclic diesters were formed in 

50:50. After two days, the percentage of these products had not changed significantly, which 

confirmed that the formation of cyclic ester 61 is exclusively from C—O cleavage of triester 

48. Products of the water reaction was also investigated and found to be the same as the 

hydroxylamine reaction, where both cyclic and acyclic diesters were formed. 

 

Figure (2-9): Following the reaction of naphthyl methyl phosphate cyclic triester 48 with 0.5 M hydroxylamine 

by 31P NMR in DMSO at pH 7 and 25 °C.  

t = 0 min 

t = 20 min 

t = 160 min 

t = 440 min 

t = 3 days 

48 

62 
61 
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Scheme (2-9): The route proposed for hydrolysis of phosphate cyclic triester 48. 

On the other hand, to investigate if this case specific for methyl group, ethyl cyclic phosphate 

ester 49 was prepared and its reaction with hydroxylamine was investigated under similar 

condition to phosphate ester 48. A different result was observed and the only product formed 

was diester 63 of opening ring, Scheme (2-10). It turns out that the difference could be related 

to the steric effect of alkyl group to the attack on carbon and prevents the C-O bond cleavage, 

and thus the attack of the nucleophile; hydroxylamine is more accessible for carbon of methyl 

than ethyl group.   
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Figure (2-10): Following the reaction of naphthyl ethyl phosphate cyclic triester 49 with hydroxylamine by 31P 

NMR in DMSO, at 25 °C and pH 7. 

 

Scheme (2-10): The route proposed for cyclic phosphate triester 49 reaction with hydroxylamine. 

 

t = 0 min 

t = 5 min 

t = 24 h 

49 

63 
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2.3.5.5 Influence of pH on the chemical degradation of triester 46, 47 and 48 

The hydrolysis of cyclic phosphates 46, 47 and 48 have been studied in the range pH 3-10 at 

25 ± 0.1 °C and 1 M NaCl using UV-VIS. The reactions were monitored at 258 nm for 46, and 

255 nm for 47, and 330 nm for 48. The pH of the reactions was maintained using buffer 

solutions including MES, EPPS, CHES, CAPS, formic acid and acetic acid. The presence of 

buffer catalysis was tested for the three phosphates. Unlike cyclic triesters 47 and 48, 

hydrolysis of triester 46 showed slight buffer catalysis. Thus, the hydrolysis of triester 46 was 

performed by varying the concentrations of buffer at the same pH and temperature. Kinetic 

measurements of compound 46 using buffer catalyst were extrapolated to zero buffer catalyst 

by plotting the pseudo first order rate constants against the concentration of the buffer, which 

allowed k0 to be evaluated for the pH profile.  First order rate constants were observed with all 

buffers used here, and the second order rate constants of the buffer catalysed reaction were 

obtained by plotting kobs values against the concentration of the buffer.  For example, Figure 

(2-11) showed that the hydrolysis of 46 at pH 6 and 7 (MES buffer) underoes buffer catalysis. 

Thus, the buffer is likely to be involved in the reaction as a base to assist the water addition as 

shown in Scheme (2-11).  

 

Figure (2-11): Buffer catalysis of 46; MES buffer pH = 6 & 7 ± 0.04; 25 °C, 1 M NaCl. The linear correlation 

was fitted to equation (2-1). 
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kobs = k0 + k2 [buffer]                                                              Equation ( 2-1) 

 

 

Scheme (2-11): Buffer catalysis mechanism involved in hydrolysis of phosphate triester 46. 

The kobs or k0 values for cyclic esters 47 and 48 as well as k0 46 were plotted as a function of 

pH as shown in Figure (2-12). Equation (2-2) was fitted to the experimental points for triester 

46 and equation (2-3) for triesters 47 and 48. 

 

Figure (2-12): Kinetic profile according to pH for the hydrolysis of triester 46 (red), 47 (green) and 48 (blue) at 

25°C and ionic strength of 1 M. The curves correspond to the fit given by equation (2-2) for triester 46 and 

equation (2-3) for triesters 47 and 48. 

log kobs = log(k0)                                                          Equation ( 2-2) 

log kobs = log(k0 + kOH
- [OH]-)                                     Equation ( 2-3) 
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As shown in Figure (2-12), the pH rate profile for the hydrolysis of 46, 47 and 48 shows a 

plateau between pH 3 and 7. This plateau region corresponds to the pH-independent neutral 

reaction involving water. The values of kobs for triester 46, 47 and 48 are 8.0 ± 0.3 × 10-4 s-1, 

2.5 ± 0.4 × 10-5 s-1 and 1.1 ± 0.1 × 10-5 s-1, respectively, giving the relative rate as summarised 

in Figure (2-13). The hydrolysis of cyclic phosphate 47 and 48 at higher pH showed slightly 

increasing of rate above pH 8, which is attributed to the alkaline hydrolysis by hydroxide ion, 

OH-.   

 

Figure (2-13): Structures of cyclic phosphate studied here with relative rate constants of spontaneous hydrolysis. 

2.3.5.6 Analysis the difference in the rates 

The effect of pKa of the leaving group 

From the values of the rate constants obtained above, the rate of cleavage of triester 46 is 

enhanced in the presence of the hydroxyl group compared with 47 and 48, which could indicate 

a catalytic role for the hydroxyl group on the rate. On the other hand, this enhancement could 

be due to a change in the intrinsic properties of the leaving group as well.  

In cyclic naphthyl ester 48, the leaving groups for ring opening on both sides are identical, but 

are not identical in cyclic anthryl triester 46. Thus, if there is no difference in the pKas of leaving 

groups of ring opening in triester 46 as those in cyclic naphthyl ester 48, then both reactions 

(A and B routes) would happen at similar rates, Scheme (2-12). However, this was not the case, 

where the main product was the diester with leaving group of 9-position (route A).   
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Scheme (2-12): The proposed route of hydrolysis of cyclic phosphate triester 46. 

On the other hand, if the leaving groups pKas are not identical, the better leaving group will 

leave more readily, and this needs to be considered along with other factors such as hydrogen 

bond catalysis by the hydroxyl group. 

A direct measurement of the pKa of these leaving groups is not available in the literature. Thus, 

it is necessary to estimate the pKa of the leaving group oxygens (i.e. the pKa of ArOH for the 

cleavage of a P–O bond in path A and B) using similar structures. Limited data are available 

for measuring or calculating pKas of anthrol derivatives (51, 53, 65 and 66), Figure (2-14). 

These data could allow for indirect comparison of the leaving groups in the compound of 

interest 46.  
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Figure (2-14): Structures of anthrols with their pKas.  

Comparing with1-anthrol, 9-anthrol is more acidic. The pKa of 1-anthrol (66) is about 1.7 unit 

larger than 9-anthrol (65) which is about 9.7 kJ mol-1 stabilisation for 9-anthrol relative to 1-

anthrol. In addition, 9-anthrol is more acidic than for phenol (pKa = 10.0) and α-naphthol (pKa 

= 9.4). Thus, the structure of the ring system has a significant effect on the pKa of the 

superficially similar aromatic leaving groups, Figure (2-15). This suggested that there is extra 

stabilisation due to a resonance effect by a strong interaction between a lone pair of electrons 

on the oxygen and the π-electron system of the central anthracene ring. Thus, the difference in 

the rate about 2.5 fold (~ 2.3 kJ mol-1) between 47 and 48, can be attributed to this resonance 

effect. If 47 only reacts to cleave the bond to the O attached to the central ring, then this reaction 

is 5 fold faster than breaking either one of the bonds in 48 due to the statistical factor involved. 

 

Figure (2-15): Phenols and aryl anilinium ions with their pKas in aqueous solution (pKa for 9-

ammonioanthracene reported from ref 72).68, 72-73  

          65          66 51 53 

pKa 7.968 (aq. solution) 9.669 (aq. solution) 
7.970 ( H2O/2-methoxyethanol),   
8.371 ( H2O/methanol ) 

No pKa data 
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In cyclic phosphate ester 47, both the possible leaving groups are comparable to those of triester 

46 as far as the core aromatic ring system is concerned, thus any difference in the rate between 

these two esters should be account for simply by catalysis by the hydroxyl group (i.e. In 

stabilisation of the product 58 or the transition state in route A, Scheme (2-12). Thus, the P-O 

cleavage would undergo pathway (A) as the only or the majority cleavage if the adjacent 

hydroxyl group on anthryl ring could provide a stabilising effect through hydrogen bonding to 

the developing negative charge in the transition state compared to route (B). This is expected 

to assist the opening ring from this side, insofar as this hydrogen bond has developed in the 

transition state for P–O cleavage, Scheme (2-12). 

In addition, the presence of an adjacent hydroxyl group (i.e. the pKa of conjugate base in a 

structure such as 51 and 53) would be expected to reduce the pKa of the leaving group by 

hydrogen bonding stabilisation, which is absent in anthrols 65 and 66.  This stabilisation to the 

conjugate base providing by hydrogen bonding has been shown previously with networks of 

hydrogen bonds (discussed in chapter 1).74-75 The value of the pKa for the ionisation of 51 to 

its anthrolate anion is found to be vary due to using different co-solvents in each case to 

overcome the limited solubility of anthraline in aqueous solution. For example, the value of 7.9 

was measure using a stock solution in DMSO and a mixture of 1:2 (v/v) buffer: ME (ME, 2-

methoxyethanol) and the value of 8.3 was measure using stock solution in methylene chloride 

and a mixture of 1:1 (v/v) buffer: methanol. The pKa for anthrol 65 was measured in aqueous 

buffer. Thus, it is difficult to make the comparison between the structures as the differing 

solvent effects cannot be predicted accurately. Usually, pKas measured in alcohol are higher 

than in aqueous solution, and so the pKa of 51 is likely to be lower than for 65 despite the 

apparent similarity. For example, the pKa of phenol is 10.8 in 50% aqueous methanol, 11.1 in 

50% aqueous ethanol and 9.99 in water.76-77 
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In a different way, 1, 8-dihydroxy naphthalene could be a useful system to estimate the pKa of 

the 9-anthrone with an adjacent hydroxyl group. Ignoring the effect of the third ring of the 

anthracene system and noting that the highlighted part of anthrone 53 is similar to the 

naphthalene system, the pKa of the hydroxyl group on position 9 should be same or less than 

that of the naphthalene system.  

 

Figure (2-16): Naphthalene 54 ion with its pKa and anthracene 53 ion with expected pKa 

Thus, there is a 32-fold rate acceleration by the intramolecular hydroxyl group of triester 46 

(~8.8 kJ mol-1) compared with triester 47. If the pKa of 9-anthrolate is similar to the naphthalene 

ion 54 (the products of hydrolysis of triester 46), the pKa value of the 1-anthrolate 56 is more 

basic (about 2 units, 11.7 kJ mol-1) than the leaving group 9-anthrolate 55. Thus, the libido rule 

is not obeyed and the intramolecular OH group can only contribute to catalysis by hydrogen-

bond formation in the transition state. 

Furthermore, a hydrolysis mechanism involving protonation of P=O unit to give a 

pentacoordinate intermediate has been proposed in RNA transesterification, Scheme (2-13).78 

Thus, it is possible to invoke this in the hydrolysis of phosphate triester 46.  However, this 

possibility mechanism of catalysis can be ruled out based on two reasons. The geometry of the 

P=O unit is not favourable for an interaction with the hydroxyl group through hydrogen 

bonding due to the rigidity of cyclic phosphate preventing the rotation of  P=O unit to approach 

the OH group.  
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Scheme (2-13): The mechanism involving Prior or simultaneous protonation of the phospho- diester (P=O unit) 

with nucleophilic attack leads to a monoanionic phosphorane intermediate that can react further by cleavage or 

migration.78 

On the other hand, the spontaneous hydrolysis rate of fully protonated phosphate diester 67 at 

25 oC, Figure (2-17), kobs = 3.0 ± 0.3 × 10-5 s-1,79 is the same within experimental error as the 

spontaneous reaction of phosphate triester 47, and slower than phosphate triester 46, which 

suggests that the enhancement in the rate is not due to the protonation of P=O unit by hydroxyl 

group. Detailed study on phosphate esters complexes by Williams and Forconi has showed a 

rate acceleration of hydrolysis of phosphate diester 68 of about 60 fold compared with 

phosphate diester 67. This is consistent with the analysis that the hydroxyl group does not 

catalyse the reactions by P=O protonation.80 
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Figure (2-17): Structures of phenyl phosphate diester 67,79 and naphthyl phosphate diester. 68.80 

Recently, triester tris-2-pyridyl phosphate (pKa of phenol = 9.09) is hydrolysed at a surprisingly 

high spontaneous rate (k0 = 2.4± 0.3 × 10-5 s-1 at 25 oC) in water, which was reported to involve 

intramolecular general-base (GB) catalysis.81-82 A similar hydrolysis rate (k0 =1.93 × 10-5 s-1 at 

25 oC in water) has been reported for tris-3-chlorophenyl phosphate (pKa of phenol=9.02) 

which is attributed to the electronic effects of the non-leaving groups, and suggests that 

efficient intramolecular base catalysis was not a factor after all, Figure (2-18).81 These rates are 

the same within experimental error as the water reaction observed for cyclic phosphate 47 

(k0=2.51 ± 0.36 × 10-5 s-1), which has no potential catalytic functionality. On the other hand, 

cyclic aryl triester with a good leaving group such as 4-nitrophenol and 2,4-dinitrophenol (pKa 

= 7.14 and 4.1) hydrolyse at much slower rates (k0 =8.8 × 10-9 and 8.3 × 10-6 s-1 at 39 oC in 

water), respectively.83 Since the cyclic phosphate triester 46 has no potential catalytic 

functionality except the hydroxyl group, the enhancement in the rate of hydrolysis of triester 

46 compared with that for the corresponding triester 47 must be attributed to the catalytic effect 

by the adjacent hydroxyl group through hydrogen bonding catalysis. 
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Figure (2-18): Series of triester phosphate studied previously.81-83 

Clearly, the hydrolysis of phosphate triester 46 involves a transition state (TS3) with a lower 

energy by 8.8 and 10.9 kJ mol-1 than that for phosphate triesters 47 and 48 (TS1 and TS2), 

respectively, which have similar barriers, Figure ( 2-19) and Figure (2-20). However, some of 

the stabilisation could be provided by hydrogen bond in product 55 by the adjacent OH- group 

on the position 1 of anthryl ring. Products 58 and 64 do not have such stability. Thus, it is 

expected that these two products have a similar energy.  

 

Figure ( 2-19): Expected free energy profile of the hydrolysis of phosphate triesters 46, 47 and 48 in water (red), 

(green) and (blue), respectively. 
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Figure (2-20): The structure of transition states involved in the spontaneous hydrolysis of phosphate triester 46, 
47 and 48. 

2.3.5.7 Investigation of the hydrolysis of 46 at high pH  

The hydrolysis of cyclic phosphate 46 was studied at higher pH, and appeared to be slower 

than at pH ≤ 7. The absorbance of starting material at wavelength 258 nm decreased slowly 

and did not reach the minimum absorbance at ~ 0.2 expected from previous reactions at lower 

pH.  Thus, further investigation for the reaction in this pH region by 31P NMR analysis was 

carried out. 

31P NMR analysis was used to follow the reaction at pH 6 and 9 at 25 °C and ionic strength 1 

M, Figure (2-21). DMSO was used as co-solvent to help with the solubility problems found 

with phosphate triester 46. The rates of the hydrolysis of 46 was measured at pH 9 and 6, and 

the result showed no significant difference in the reaction rates, kobs = 2.8 ± 0.2 × 10-4 s-1 and 

kobs = 2.03 ± 0.05 × 10-4 s-1 for pH 9 and 6, respectively. Repeating the reaction under same 

conditions as the NMR experiment and following the reaction by UV/Vis spectroscopy showed 

that the rate of reaction pH 6 is same as the NMR rate, kobs= 2.59 ± 0.01 × 10-4 s-1.  
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Figure (2-21): 31P NMR analysis data of 46; pH = 6 & 9 ± 0.04 (blue and red line, respectively); 25 °C, ionic 

strength 1 M NaCl in DMSO. 

Based on the NMR data, the rate constant at pH 9 is 1.4 times greater than at pH 6. Using this 

value and the rate constant under aqueous conditions at pH 6 from pH profile, kobs = 8.13 ×10-4 

s-1, gave an estimated rate for pH 9 under the same conditions of kobs =1.14×10-3 s-1, which 

provided a prediction for the pH profile as shown in Figure (2-22). Over this pH-independent 

region (pH 3-9), it is believed that the reaction is for the spontaneous reaction and the rate 

acceleration is probably due to intramolecular catalysis by neighbouring hydroxyl group. The 

reaction with OH- ion is not significant up to pH 9. 



64  

 
Figure (2-22): Kinetic profile according to pH for the hydrolysis of triester 46 (red), 47 (green) and 48 (blue) at 

25°C and ionic strength of 1 M. 

2.3.5.8 Mechanism proposed 

The proposed mechanism of phosphate triester 46 is shown in Scheme (2-14). Over the pH 

range studied here, the water attacks the phosphorus centre and the negative charge develops 

on the leaving group. The presence of the rigidly positioned hydroxyl group in position 8 

facilities a hydrogen bond to the leaving group. This stabilises the negative charge, and then 

cleavage of the bond, in two different ways. This intramolecular catalysis is converting ester 

46 to a mixture of two diesters, and one of these products was the majority of the mixture as 

shown by the 31P NMR investigations and by the 1H NMR for the complete reaction at pH 6, 

Figure (2-23) and Figure (2-24). This indicates that this product is diester 55, where the aryl 

proton peaks show asymmetric spectra, Figure (2-23). Intermediate has been seen in 31P NMR 

experiment and the UV spectrum showed a very clear isosbestic point.  
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Figure (2-23): 1H NMR of the complete hydrolysis of cyclic phosphate triester 46 at pH = 6 in DMSO. 

 

Figure (2-24): 31P NMR of the hydrolysis of cyclic anthryl phosphate triester 46 after 4 days at pH = 6 in 

DMSO. 

55  

57  

56  
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Scheme (2-14): The mechanism proposed for hydrolysis of phosphate triester 46. 

2.3.5.9 The effect of nucleophiles on hydrolysis of phosphate ester 46 

Over many years, the reactions of phosphate esters have been studied, and show differing 

reactivity dependencies on nucleophile and leaving group capabilities and also, in the cases of 

tri- and diesters, on the "spectator  group" or groups. A wide range of data has been reported 

for the nucleophilic substitution reactions of phosphate mono-, di- and triesters. 40, 42-43, 63 

Hydroxylamine was of interesting due to its remarkably high reactivity in cleaving phosphate 

esters as discussed in chapter 1. 

A study of the reactions of hydroxylamine and nucleophiles with the cyclic phosphate ester 46 

was carried out to identify the reactive nucleophile(s) and if there is a difference in the 

mechanism involved.  
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2.3.5.10 Reaction with hydroxylamine 

The reactions of cyclic triesters 46, 47 and 48 with 0.5 M hydroxylamine was studied over the 

pH range 3-9 at 25 °C and ionic strength 1.0 M (NaCl), using an excess of hydroxylamine to 

ensure that reactions were pseudo-first order with respect to the substrate. Reactions were 

followed spectrophotometrically by monitoring the disappearance of the esters 46 and 47 at 

258 nm and 255 nm, respectively, and for triester 48 by monitoring the product at 330 nm. The 

reactions were found to follow first order kinetic behaviour, and the logarithm of observed first 

order rate constants were plotted against pH, Figure (2-25). Equation (2-4) was used to fit the 

data for phosphate triester 46, 47 and 48. The water and hydroxylamine reactions rates are 

given in Table (2-1). 

 

Figure (2-25): Kinetic profile according to pH for the reaction of 0.5M  hydroxylamine with triester 46 (blue), 
triester 47 (green) and triester 48 (red) at 25°C and I = 1 M. The curves correspond to the fit by equation (2-4). 

log kobs = log (k0 +k2[NH2OH]total (Ka /( Ka  + [H]+))          Equation (2-4) 

where Ka is the dissociation constant of N-hydroxylammonium. 

 

 



68  

Table (2-1): Rate constants for the reaction of water (k0) and hydroxylamine (k2). (a) The rate was estimated from fitting the 

curve to equation (2-4), based on the same reactivity of hydroxylamine at this pH region. 

Cyclic phosphate 

triester 
k0 / s

-1 k2 / M
-1 s-1 k2 / k0 pKa (NH2OH) 

46 
1.04 ± 0.09 × 10-3 1.6 ± 0.5 × 10-1(a) 1.54 × 102 

7.18 ± 0.17 

47 1.5 ± 0.3 × 10-5 2.6 ± 0.1 × 10-3 1.73 × 102 6.47 ± 0.05 

48 8 ± 2 × 10-6 7.5 ± 0.8 × 10-4 9.38 × 101 6.14 ± 0.11 

 

The pKa of hydroxylamine was obtained from the pH profile as shown in the table (2-1). The 

value of 6.14 ± 0.11 for triester 48 is in an agreement with the previous value reported by Kirby 

et al.  within the experimental error (6.06 at 25 oC)43.  The values 7.18 ± 0.17 and 6.47 ± 0.05 

for triesters 46 and 47, respectively, which are 16 % and 6 % increase in pKa obtained based 

on the estimated extended curve (dashed curve). Increases of 16 % and 6 % compared with the 

pKa reported in the literature could be due to the high reactivity of the reaction for anthryl 

systems 47 and 46 above pH equal to pKa of hydroxylamine, which lead to an increase  of  pKa 

of hydroxylamine. 

It can be seen from the curves that the reaction is dependent on hydroxylamine concentration 

as well as pH. A plateau is reached from pH 6 to 9 for triester 47 and 48, which is consistent 

with the reaction with hydroxylamine in its neutral form (NH2OH ⇌ H3N
+–O−). There is no 

significant difference in the rate between phosphate esters 47 and 48, where the reaction of 

triester 47 is about 2.5 times faster than 48.  

For phosphate triester 46, the reaction is enhanced in the presence of hydroxylamine as well. 

The reaction did not measured at a pH higher than 7, for the same reason discussed above for 

the reaction with water. However, it was expected that the reaction would reach the plateau at 

same range of pH as this depends on the pKa of N-hydroxylammonium.  
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2.3.5.11 Dependence of the reaction on the concentration of hydroxylamine  

To evaluate the influence of hydroxylamine on the degradation of triesters 46, 47 and 48, 

reactions were followed at pH 3-7 for triester 46 with varying concentrations of hydroxylamine, 

and at pH 7 for triesters 47 and 48. The kobs was plotted against hydroxylamine concentration, 

and the data were fitted to Equation (2-5), where k0 and k2 are the rate constants for the 

spontaneous hydrolysis and the first order reaction with hydroxylamine, respectively. Values 

of k2 at pH 7 with relative rate for the reactions are given in Table (2-2). A plot of kobs vs 

hydroxylamine concentration shows linear and curvature behaviour at very low and higher 

concentrations of the nucleophile, evidence for a reaction first and second order in low and 

high hydroxylamine concentrations, respectively, Figure (2-26), Figure ( 2-27) and Figure 

(2-28). Such behaviour has been observed previously for  the reaction of phosphate triesters, 

such as tri-2-pyridyl phosphate hydrolysis with hydroxylamine.43 

kobs = k0 + k1 [NH2OH] + k2 [NH2OH]2                                                         Equation (2-5)         

 

Figure (2-26): Kinetic profile according to the reaction of phosphate triester 46 with NH2OH at pH 6 & 7, 25°C 

and ionic strength of 1 M. The curves correspond to the fit given by Equation (2-5). 
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Figure ( 2-27): Kinetic profile according to the reaction of phosphate triester 47 with NH2OH at pH 7, 25°C and 

ionic strength of 1 M. The curves correspond to the fit given by Equation (2-5). 

 

Figure (2-28): Kinetic profile according to the reaction of phosphate triester 48 with NH2OH at pH 7, 25°C and 

ionic strength of 1 M.  The curves correspond to the fit given by Equation (2-5). 

Table (2-2): the second order rate constants of the reaction of hydroxylamine with triesters 46, 47 and 47 at pH 7 
and 25 °C. 

Cyclic phosphate 

triester 
Triester 46 Triester 47 Triester 48 

k2 / M
-1 s-1 1.04± 0.2 × 10-1 7.1 ± 0.2 × 10-4 6.0 ± 0.4 × 10-4 

Relative rate  173 1 1 
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The rate of hydrolysis of phosphate triester 46 is enhanced in the presence of hydroxylamine 

compared with triester 47 and 48. Cyclic phosphate triester 46 hydrolysed with a rate constant 

of 1.0 ± 0.2 × 10-1 M-1 s-1, which indicates that the value of k2 (1.6 ± 0.5 × 10-1) from the pH 

profile is reliable within the error of the experimental. The second order reaction of 

hydroxylamine at high concentration is consistent with a reaction involving two molecules of 

hydroxylamine in the reaction. One molecule can attack as a nucleophile and the second 

molecule acts as a general base facilitating nucleophilic attack or is involved in the second step 

of a reaction involving an intermediate, Scheme (2-15). 

 

Scheme (2-15): Two-step mechanism for the reaction of hydroxylamine with phosphate triester 46, by the 

zwitterionic form. In first step the water or hydroxylamine can act as a general base in the first step. 

This mechanism involving the hydroxylamine in this step of hydrolysis of phosphate triesters 

has been proposed before. For example, Kirby has studied the hydrolysis of diethyl 8-dimethyl 

amine 1-naphthyl phosphate with hydroxylamine. The product of the reaction was not the 

intermediate ammonia diester phosphate (ADEP), but instead, hydrazine and nitrogen along 

with diethyl phosphate were formed. They proposed that the second hydroxylamine attacks the 

intermediate according to the mechanism in Scheme (2-16).42, 84 
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Scheme (2-16): Mechanism  of the reaction of phosphate triesters with hydroxylamine, showing hydrolysis of 

the intermediate by second molecule of hydroxylamine.84  

The cleavage of cyclic phosphate triester 46 in the presence of hydroxylamine compared with 

phosphate esters 47 and 48 indicates a catalytic role for the hydroxyl group to assist the attack 

of hydroxylamine. The rate acceleration of 145 to 175 fold equates to ~ 12.6 kJ mol-1 

stabilisation of the negative charge in the transition state by the hydrogen bond, indicating that 

the bond forming with the nucleophile and breaking of the leaving group are well advanced in 

the transition state. Although this value of the activation energy falls in the range of the weak 

hydrogen bond, it reveals a kinetic catalytic role of the hydroxyl group in the structure.   

2.3.5.12 Reactions of phosphate triester 46 with other nucleophiles 

Reactions involving nucleophilic attack on phosphorus can sometimes show different enhanced 

reactivity. To investigate that, the reaction of phosphate triester 46 with different nucleophiles 

was followed at varying concentrations of a range of nucleophiles (i.e. MeONH2, acetate and 

fluoride). Methoxy amine cannot react through its oxygen in contrast to hydroxylamine. A plot 

of log kobs vs. nucleophile concentration, Figure (2-29), shows linear behaviour providing 

evidence for a reaction pathway that is first order in nucleophile (i.e. MeONH2, acetate and 

fluoride). The points are the experimental data, and the lines correspond to the fit given by 
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Equation (2-6). The addition of sodium acetate  at pH 6 and constant ionic strength (1 M) has 

k2 = 1.06 ± 0.02 × 10-2 M-1 s-1, which indicates that sodium acetate has a catalytic effect on the 

reaction either as a general base or nucleophile. 

 

Figure (2-29): Kinetic profile according to the reaction of 46 with nucleophiles (and hydroxylamine for 

comparison), at pH 6, 25°C and ionic strength of 1 M. 

kobs = ko+ k2[Nu]                                                                            Equation (2-6 ) 

Less basic hydroxylamines as expected to react more slowly with phosphate esters than 

hydroxylamine.44 The reaction of phosphate triester 46 with O-methyl hydroxylamine 

derivative is already 13 times slower than with hydroxylamine itself, k2 = 1.3 ± 0.1 × 10-3 M-1 

s-1 and k2 = 1.7 ± 0.4 × 10-2 M-1 s-1, for methoxy amine and hydroxylamine, respectively. This 

behaviour is precedented,44 and consistent with the involvement of N–OH group acting as 

oxygen nucleophiles in their reactions with phosphate triester 46, via the zwitterion tautomer 

+NH3O
-. The fluoride anion, which is a significantly stronger nucleophile compared with an 

oxyanion of the same pKa, showed enhanced reactivity similar to that of acetate anion, k2 = 

1.16 ± 0.03 × 10-2 M-1 s-1. From the Brønsted plot for different types of nucleophile, Figure 

(2-30), the lack of correlation provides evidence that the reactions concerned involves 

nucleophilic rather than general base catalysis. 
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Figure (2-30): Brønsted plot comparing second-order rate constants for the reactions of 46 with NH2OH, 

MeONH2, acetate and fluoride. 

2.4 Conclusion 

The reactivity of phosphate triesters with a neighbouring hydroxyl group as a catalytic group 

has not been investigated before, and so data is not available in the literature to be compared 

with. Therefore, to study the effect of hydroxyl group on the cleavage of cyclic phosphate 

triesters, three methyl cyclic phosphate triesters have been successfully synthesised and the 

result of their reaction with water and hydroxyl amine were studied, giving evidence of the role 

of hydroxyl group effect on the reactions. In this research the presence of a hydroxyl group in 

a specific position of phosphate triester 46 showed an acceleration of more than 25 fold 

compared with the absence of this group in ester 47. Ring opening was not the only reaction 

observed for esters 47 and 48, but subsequent nucleophilic cyclisation leading to the departure 

of methyl group was also observed. The ring opening became more favourable in phosphate 

triester 46, indicating the importance of the adjacent catalytic hydroxyl group to enhance such 

reactions of phosphate esters and other species.  

In addition, the reaction of hydroxylamine with phosphate triester 46 was faster than the 

reaction with phosphate triester 47 and 48, up to 173 fold. This enhancement is attributed to 
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stabilisation by the hydrogen bond in the transition state. Although this hydrogen bond is not 

strong, it still contributes about 13 kJ mol-1 stabilisation. In biological system such these energy 

contribution has been shown previously with values of 2-8 kJ mol-1 by removal of the hydrogen 

bonding interaction in the specific place of interest.85 
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3.1. Introduction 

As has been illustrated in chapter two, the presence of a neighbouring hydroxyl group which 

is able to make an intramolecular hydrogen bond with a leaving group makes a significant 

difference on the reaction rate of cyclic phosphate esters. The reaction of methyl 1-hydroxy 

anthryl phosphate 46 with water and hydroxylamine was accelerated 32 and 173 fold compared 

with the control compound anthryl phosphate 47, Figure (3-1). This chapter will look at the 

effect of hydroxyl groups on the hydrolysis of acyclic phosphate triesters to investigate the 

difference that the presence of an intramolecular hydrogen bond can make. 

 

Figure (3-1): Cyclic triesters 46 and 47 with relative rates of their spontaneous hydrolysis reaction with 

hydroxylamine. 

Four initial targets of acyclic phosphate triesters with and without hydroxyl groups were chosen 

to be synthesised and studied, Figure (3-2). The hydroxyl group in structures 69 and 71 are 

different in the geometry and rigidity. In triesters 69 and 71, the rates would be expected to be 

greater than the unsubstituted controls 70 and 72, respectively.  
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Figure (3-2): Structures of acyclic phosphate triesters studied in this chapter. 

The mechanism shown in Scheme (3-1), which was proposed by Kirby et al. for the hydrolysis 

of diethyl 8-dimethylamine-1-naphthyl phosphate catalysed by dimethylammonium group, 

might be observed for phosphate triesters 69 and 71. Similar to the Kirby model,28, 42 the 

naphthyl ester 69 is a model with a hydrogen bond donor held rigidly in close proximity to the 

leaving group. Using the naphthalene scaffold with a hydrogen bond donor as a model 69 is of 

interest in that the hydrogen bond donor directed to the oxygen of O-Ar bond (leaving group). 

Thus, intramolecular stabilisation of transition state 69‡ could be achieved. 

 

Scheme (3-1): The mechanism proposed for hydrolysis of diethyl 8-hydroxy-1-naphthyl phosphate 69. 
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Phosphate triester 71 has an OH-group with more conformational freedom due to rotation 

around the C-C bond between the phenyl rings.  Hence, the hydroxyl group is not held rigidly 

in close proximity to the triester as in 69. Thus, the possibility of the hydrogen bond to the 

leaving group should be less significant than in 69. Two transition states could be possible in 

this case, TS1 and TS2, Scheme (3-2). In transition state TS1, the hydroxyl group is positioned 

away from the phosphate group. Thus, it is unable to form a hydrogen bond to the leaving 

group oxygen atom to help the cleavage of the P-O bond. By rotation around C-C bond, the 

hydroxyl group becomes closer to the oxygen atom as shown in TS2. In the latter case, the 

position of the hydroxyl group becomes more favourable for forming an intramolecular 

hydrogen bond to the leaving group and thus stabilisation can be achieved, although it might 

not be as effective as in the case of triester 69. 

Compounds 70 and 72 act as control compounds, where the hydroxyl group is replaced by a 

hydrogen atom. Thus, the formation of the hydrogen bond with the leaving group oxygen is 

not available, and as a result, there is no specific stabilising effect in the transition state to be 

observed in these systems. 

 

Scheme (3-2): Possible transition states involved in hydrolysis of triester 71. 
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3.2. Result and discussion 

3.2.1. Synthesis of acyclic aryl triesters 

Phosphate triesters 69, 70, 71 and 72 were synthesised from the commercially available phenols 

73-76 in one-step as shown in Scheme (3-3). 

 

Scheme (3-3): Synthesis of diethyl aryl phosphate triesters 69-72. 

When synthesising phosphate triester 69, both acyclic and cyclic phosphate triester, 69 and 49 

were formed in a ratio that varied with time, Scheme (3-4). Leaving the reaction overnight 

resulted in cyclic phosphate 49 as the dominate product with a low yield of the acyclic triester 

69. However, after approximately an hour, acyclic phosphate 69 was the dominat product and 

isolated in better yield than when the reaction left for more longer time, even though the 

reaction had not proceeded to completion. The formation of cyclic phosphate 49 can be 

attributed to the intramolecular nucleophilic attack by the hydroxyl group on the phosphorus 

centre, which results in expelling the ethoxy group. Thus, the reaction time for synthesising 69 

should take into account the need to avoid formation of the side product 49.  
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Scheme (3-4): Possible route for formation of ethyl naphthyl cyclic phosphate 49. 

Products of the reaction of triester 1 with hydroxylamine 

The hydrolysis of hydroxyl naphthyl phosphate 69 was found to be too slow to follow, thus its 

degradation was studied in presence of hydroxylamine as this nucleophile is of interest because 

of its remarkably high reactivity.  

Monitoring the progress of the reaction of triester 69 by UV spectroscopy showed a change in 

the UV spectrum. The wavelength 343 nm was chosen as the anionic form of 73 absorbed at 

this wavelength, which indicates that the product is 1,8-dihydroxy naphthalene 73, as expected 

for P-O cleavage, Scheme (3-6). In chapter two, loss of an alkoxy group was also observed 

with triesters 46, 47 and 48. Hydrolysis of phosphates 69 and 70 were followed by 31P NMR 

in D2O at 60 °C under the same conditions, Figure (3-3). 
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Scheme (3-5): Hydrolysis of diethyl-8-hydroxy naphthyl phosphate 69 

 

Figure (3-3): The hydrolysis of diethyl 8-hydroxy naphthyl phosphate triester 69, monitored by 31P NMR, in 0.5 

M NH2OH in D2O.  

31P NMR spectroscopies revealed two phosphorus compounds as final products, which were 

assigned as phosphate diesters 63 and 77, Scheme (3-6). One of these products at 0.56 ppm is 

diethyl phosphate as expected from the reaction of a triester with hydroxylamine, but the other 

product at -5.36 ppm is an aryl diester, which is most likely formed from the cyclic phosphate 

49, which was assigned at -13.37 ppm. Cyclic phosphate 49 could be formed as an intermediate 

t = 15 min 

t = 22h  

t = 2 days 

t = 6 days 

69 

49 

63 

77 
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from intramolecular nucleophilic attack and reacts further with hydroxylamine to open the ring. 

By following the whole reaction, cyclic ester 49 was found to be produced gradually and 

disappeared when starting material finished. In addition, the hydrolysis of cyclic ester 49 was 

investigated in chapter two, and revealed that the main product was formed from an opening 

ring reaction. It is possible that the reaction involves C-O bond cleavage of ethyl group by an 

intermolecular nucleophilic reaction, but this may not be a significant contribution. From figure 

(3-3), it can be seen that as cyclic phosphate ester 49 was formed it is hydrolysed to phosphate 

ester 63. On the other hand, considering in-line that the displacement of the ethyl group pKa = 

~ 50 (poor leaving compared with naphthalenediol group, pKa = 6.7 from P-O cleavage) is 

unlikely to compete with the reaction of interest (the displacement of the naphthalenediol group 

73). Thus the scene is set for intramolecular nucleophilic reaction by deprotonated hydroxyl 

group as the main reaction path. This type of intramolecular catalysis by a neighbouring group 

has been observed in phosphate esters previously.86-90 

 

Scheme (3-6): The proposed route for hydrolysis of diethyl-8-hydroxy naphthyl phosphate 69. 
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3.3. Kinetic study 

3.3.1. The reaction of diethyl 8-hydroxy 1-naphthyl phosphate 69 and diethyl 1-naphthyl 

phosphate 70 with hydroxylamine 

As mentioned above, the hydrolysis occurred inconveniently slowly in water, thus it was 

necessary to use a reactive nucleophile for the kinetic study of the degradation of compound 

69.  

The reaction with hydroxylamine at 60 °C was studied initially. The reaction of 0.5 M 

hydroxylamine with phosphate triester 69 was investigated over a pH range from 5 to 10, where 

the neutral form of hydroxylamine is the dominat species. The reaction was followed by 

monitoring the appearance of the product naphthalene-1,8-diol at 343 nm, using an excess of 

hydroxylamine to ensure that reactions were pseudo-first order with respect to the substrate. 

The kobs values were plotted as a function of pH as shown in Figure (3-4). The experimental 

points were fitted to Equation (3-1), where k2 is the second order rate constant for reaction of 

triester 69 with neutral hydroxylamine and pKa is the dissociation constant for hydroxyl amine.  

The pH profile of the reaction with hydroxylamine showed the usual form for a reaction where 

the deprotonation of one of the reactants is required for reaction. A plateau region at pH 7-10 

is consistent with neutral hydroxylamine (NH2OH ⇌ HONH3
+– O−) as the dominant reactive 

species. The pKa of acid dissociation of HONH3
+ obtained from the pH profile has a value of 

5.8 ± 0.2, consistent within experimental error with the reported of  5.9691 and 6.0643 at 25 oC.  
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Figure (3-4): Plot of kobs as a function of pH for reactions with triester 69 at 60 ºC I = 1.0 M (NaCl). 

log kobs = log (k2[NH2OH]total(Ka /( Ka  + [H]+))                                     Equation (3- 1) 

The dependence of the reaction on the concentration of hydroxylamine was also evaluated. The 

reaction of hydroxylamine with triester 69 was investigated at pH 7.3, where almost all of the 

substrate is in its neutral form and hydroxylamine is present almost entirely in the neutral form: 

the kobs values obtained are plotted in Figure (3-5) as a function of [NH2OH] concentration. 

The data were fitted to Equation (3-2), where k0 is the rate constant for the spontaneous 

hydrolysis and k2 is the second order rate constant for reaction of the triester with neutral 

hydroxylamine. From the fitting data of Figure (3-5), using Equation (3-2), the hydroxylamine 

reaction hydrolysis constant could be estimated as k2 = 4.1 ± 0.2 × 10−3 M−1 s−1, whereas the 

hydrolysis in water did not happened spontaneously (too slow). For control compound 70, the 

reaction with hydroxylamine at different concentrations was also investigated at pH 7.3 and 60 

oC: kobs values are plotted against [NH2OH] concentrations as shown in Figure (3-6), and the 

data was fitted to Equation (3-2).   
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Figure (3-5): Plot of kobs as a function of hydroxylamine concentration for reactions with triester 69 at 60.0 ºC, 

pH = 7.3 and I = 1.0 M (NaCl). 

 

Figure (3-6): Plot of kobs as a function of hydroxylamine concentration for reactions with triester 70 at 60 ºC, pH 

= 7.3 and I = 1.0 M (NaCl). 

kobs = k0 + k2[NH2OH]      Equation (3- 2)  

The second-order rate constants so derived are given in Table (3-1), together with the values 

for related compounds already reported. The value of k2 for hydroxylamine reacting with 

triester 70 showed that the reaction rate of 69 is 500 fold higher. This remarkable increase in 

the rate indicates that effective catalysis of the degradation of 69 by the hydroxyl group through 

intramolecular hydrogen bond to the leaving group can be achieved.  
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Table (3-1): The second order rate constants, k2 and the relative rate constants, krel for the reactions of various 

phosphate triesters with NH2OH. 

The most reactive system showed a rate acceleration of 106 for the diethyl 8-dimethylamino 

phosphate triester by general acid catalysis by ammonium group. In this system the hydrogen 

bond has been suggested to assist the general acid catalysis, where this hydrogen bond is 

assumed to be weak or absent in the ground state. Considering that it is the same case in triester 

69, thus as the nucleophile attack the phosphorus centre, the hydrogen bond must be developed 

or become stronger in the transition state (TS1), and then bond formation to the nucleophile 

would be advanced. In the transition state for the reaction of 70, there is no intramolecular 

hydrogen bond due to the absence of a hydroxyl group, so the stability of negative charge that 

developed on the leaving group oxygen was not possible. The acceleration of 500 fold by 

hydroxyl group of hydrolysis of phosphate naphthyl triester 69 indicates a stabilisation of about 

17 kJ mol-1 in transition state (TS1), and thus lowers the energy barrier for the reaction 

compared with 70.  

However, some of the stabilisation could be provided by hydrogen bonds in the product. The 

effect of hydroxyl group in the product anion (the first pKa of 1,8-naphthalenediol is 6.6, 2.8 

units lower than 1-naphthol corresponding to about 16 kJ mol-1).80 It has been reported in the 

literature that the effect of the hydroxyl group that has similar pKa value to the leaving group 

can provide approximately 10-40 fold rate acceleration (in carboxylic ester hydrolysis, 

phosphate monoester hydrolysis80,  phosphate triester hydrolysis92 and acetal27 hydrolysis). 

Triester 

    

k2 / M
-1 s-1 7.9 ± 0.7 × 10-6 4.1 ± 0.2 × 10-3 

5.5 ± 0.7 × 10-2 

(41) 
1.32(42) 

krel 1 500 7 000 170 000 
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Thus, the almost of 500 fold acceleration can be attributed to stabilisation of the transition state 

by hydrogen bonding. Based on this initial analysis, it is clear that the transition state for the 

intramolecular catalysed reaction of 69 is significantly different from that for triester 70 as can 

be illustrated in Figure (3-7). 

 

Figure (3-7): Expected free energy profile of the reactions of phosphate triesters 69 and 70 with hydroxylamine 

(blue) and (red) respectively. 

The rate of cleavage of diethyl 8-dimethylamine 1-naphthyl phosphate is 325-fold faster than 

the reaction of phosphate triester 69, showing that the dimethylammonium group has a 

considerably higher catalytic effect than the hydroxyl group. Kirby et al. have explained this 

reactivity due to the general acid catalysis (GAC) assisted by hydrogen bonding, where the 

general acid catalysis is absent in hydroxyl compound 69 based on the libido rule (explained 

early in introduction chapter). Thus, during progress of the reaction of Kirby model, 

transferring the proton from acid to leaving group becomes more effective to catalyse the 

reaction. In the case of phosphate triester 69, the general acid and the leaving group in the 

product have the same pKa value, thus the contribution of the hydrogen bond by a hydroxyl 

group can only be observed to catalyse the reaction, and the proton transfer will not be involved 

thus the rule is not obeyed in naphthalene system 69.  
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Protonation of the P=O unit by the hydroxyl group to catalyse the reaction was ignored in 

hydrolysis of cyclic phosphate 46 (chapter two), due to geometry as discussed in chapter two. 

In the case of phosphate triester 69 the phosphate unit has more flexibility to be rotated into 

hydroxyl group side, making protonation of the P=O unit more plausible. However, it is not 

possible to use the comparison with full protonated diester 67 (studied at 25 oC)79 and 

phosphate triester 69 (studied at 60 oC) due to different conditions. Thus, it is possible to use 

the comparison between hydrolysis of phosphate diester 67 with phosphate diester 68, Figure 

(3-8), which have been studied previously at the same conditions, to evaluate the catalytic role 

of hydroxyl group by protonating the P=O unit to catalyse reactions. A detailed study on 

phosphate ester complexes by Williams and Forconi has shown a rate acceleration for the 

hydroxide-catalysed reaction of phosphate diester 68 of about 60 fold compared with phosphate 

diester 67.80 This is consistent with the view that the hydroxyl group does not catalyse the 

reactions by P=O protonation. In considering that the effect of the hydroxyl group on the 

similar structure of phosphate triesters would be the same, it is accepted that the OH group of 

naphthyl phosphate triester 69 is not accelerating the reaction by protonating the P=O unit. 

 

Figure (3-8): Structure of phenyl phosphate diester 67,79and naphthyl phosphate diester 68.80 

3.3.2. The reaction of diethyl 2-hydroxy biphenyl phosphate 71 and diethyl biphenyl 

phosphate 72 with hydroxylamine 

The reaction of 71 at different concentrations of hydroxylamine was studied at pH 7.3 and 

60 °C, monitoring the reaction by HPLC, Figure (3-9). Two new products were observed in the 
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HPLC chromatogram of the product mixture from 71: the expected product of P-O cleavage, 2, 

2`-dihydroxy biphenyl at 17.5 min, 75, and another product with a retention time of 12.5 min. 

The reaction of 71 was also monitored by 31P NMR analysis under the same conditions, which 

revealed that the second product at -4.87 ppm is plausibly assigned as the ethyl 2-hydroxy 

biphenyl phosphate diester, 78, Figure (3-10). 

 

Figure (3-9): Representative HPLC chromatogram of the hydrolysis of 71 in the presence of hydroxylamine at 

different times (1=0 h, 2=20 h, 3= 40 h, 4=50 h). (30 % DMSO, pH 7.3 and 60 oC.). 

71 

75 
78 
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Figure (3-10): The hydrolysis of diethyl 2-hydroxy biphenyl-2`-phosphate triester 71, monitored by 31P NMR, in 

0.5 M NH2OH in D2O at pH 7.3 and 60 oC. 

It was expected that this ester could form from intramolecular nucleophilic attack by the 

deprotonated hydroxyl group, forming an intermediate cyclic phosphate diester 80. A similar 

reaction was observed in naphthalene model 60, however, 31P NMR did not detect this 

intermediate 80, Scheme (3-7).  

71 

t = 24 h 

t = 96 h 

t = 216 h 

t = 0 min 

78 
79 
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Scheme (3-7): The proposed mechanisms of cleavage of diethyl 2-hydroxy biphenyl-2`-phosphate triester 71, 

0.5 M NH2OH in D2O, Hydrogen bond catalysis (red), intramolecular nucleophilic catalysis (black) and 

intermolecular nucleophilic catalysis (blue). 

The cyclic ester 80 could be a reactive species and hydrolyse rapidly as soon as it is formed to 

give diester 78. To test this hypothesis it was decided to synthesize the cyclic phosphate 

intermediate 80 to observe its hydrolytic behaviour. Compound 80 was prepared as shown in 

Scheme (3-8) from 2,2’-dihydroxy biphenyl, with triethylamine added to the diethyl 

dichlorophosphate to yield cyclic diethyl phosphate triester. 
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Scheme (3-8): Synthesis of ethyl cyclic biphenyl phosphate triester 80. 

The hydrolysis of 80 was carried out under same conditions as used for the reaction of triester 

71, by following the reaction by 31P NMR in D2O and 60 °C. The 31P NMR spectrum, Figure 

(3-11), showed the disappearance of starting material 80, and two new products forming at 5.4 

ppm and -4.52 ppm in agreement with HPLC data. One of these peaks at 5.4 ppm was assigned 

as cyclic phosphate monoester 81 as the main product of reaction, with ethyl biphenyl 

phosphate 78 as minor product, Scheme (3-9). Clearly, the hydrolysis of cyclic phosphate 

triester 80 was slow enough for this intermediate to be observed if it were formed in hydrolysis 

route of phosphate triester 71. Thus, the conclusion on hydrolysis of phosphate triester 71 

confirms that diester 78 was formed directly of intermolecular nucleophilic attack by the 

nucleophile (hydroxylamine).  

 

Scheme (3-9): The proposed mechanism of hydrolysis of ethyl 2,2`-biphenyl cyclic triester 80, where the 
nucleophile is the hydroxylamine. 
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Figure (3-11): Monitoring the hydrolysis of ethyl biphenyl cyclic phosphate triester 80 by 31P NMR, 0.5 M 

NH2OH in D2O at pH 7.3. 

3.3.3. Influence of the hydroxylamine concentration on diethyl 2-hydroxy biphenyl 

phosphate 71 degradation 

The degradation of phosphate triester 71 was studied in different concentrations of 

hydroxylamine at pH 6.3, Figure (3-12). The second order constant, k2 = 7.82 ± 0.44 x 10-6 M-

1 s-1. This value is about 500-fold lower than for naphthalene model 69, and similar to 

naphthalene model 70. This difference and similarity with 69 and 70, respectively, can be 

attributed to the degree of rotational freedom in 71, which makes the formation of hydrogen 

bond less favourable. Compound 72, which has no hydroxyl group, was found to be more stable 

than 71. The rate constant in the presence of 0.5 M hydroxylamine with phosphate triester 72 

at pH 7.3, kobs = 2.5 ± 0.5 x 10-7 s-1, and for biphenyl phosphate 71 (kobs = 6.7 ± 0.3 x 10-6 s-1) 

showed a difference in the rate of 27 times. Thus, the reaction of phosphate triester 71 with 

hydroxylamine involves a transition state with a smaller energy barrier than phosphate triester 
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72, by ~ 6 kJ mol-1. This difference is a small but makes a noticeable effect on the rate of 

reaction of 71, which can be attributed to some contribution from the hydroxyl group through 

formation of a hydrogen bond. This hydrogen bond must be weak and remarkably inefficient 

when compared with triester 69. These results were not very accurate because of experimental 

difficulties related to solubility problems especially of phosphate triester 72, despite using 50% 

of a co-solvent to help the solubility.  

 

Figure (3-12): Plot of kobs as a function of hydroxylamine concentration for reactions with triester 71 at 60.0 ºC, 

pH = 7.3 and I = 1.0 M (NaCl). 

In summary: The observations made here revealed that the presence of a hydroxyl group in 

triester 69 provides a significant acceleration in the reaction rate, although the effect is 325 fold 

less than for a dimethylammonium group held in the same geometry. The difference between 

reaction rates resulted due to involving of general acid catalysis assisted by hydrogen bonding 

by dimethylammonium group to leaving group, which drives the reaction thermodynamically 

by transferring the proton from ammonium group to leaving group during the reaction. 

The hydroxyl group showed a rate acceleration of 500 fold, equivalent to about 17 kJ mol-1, 

compared with triester 70.  This effect should not be attributed to the stability of the hydrogen 
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bonding in the product as discussed earlier.80 The effective catalysis by hydroxyl group should 

be contributed to hydrogen bonds in the transition state, as has been suggested recently by 

Williams et al.80 In addition, the rigidity of the structure was found to play an important role in 

controlling the reactivity.  The reaction of diethyl 2-hydroxy-2′ -biphenyl phosphate 71 with 

hydroxylamine was 500-fold slower than the reaction of diethyl 8-hydroxy-1-naphthyl 

phosphate 69. The pKa of 2,2′ -biphenol is 7.5, 0.5 units higher than 1, 8-dihydroxy 

naphthalene, 6.6. There is no significant different in the pKas, which indicates again that the 

catalytic reactivity by hydroxyl group in 69 is not due to thermodynamic effect. The activation 

energy of 17 kJ mol-1 is close to data of 71, this indicates that the enforced proximity (the 

precise position of OH on scaffold naphthalene) in triester 69 can be an important factor to 

achieve a hydrogen bond that can have an effect in the transition state.   

However, a difference of 27 fold for the reaction of hydroxylamine with 71 and 72 indicates 

that although there is a degree of rotation and absence of enforced proximity in triester 71, the 

hydroxyl group is still able to provide some catalytic effect (27 fold acceleration ~ 9 kJmol-1). 

In the product anion (the pKa of 2-phenyl phenol is 10.0,93 2.4 units lower than 2, 2′ -biphenol 

(first pKa is 7.6)94 ~14 kJmol-1. This value is higher than the hydroxyl group effect on the 

transition state, which provides ~ 9 kJ mol-1. Thus, the reaction of biphenyl phosphate 71 could 

have a thermodynamic benefit of hydrogen bonding in the product of 2,2′ -biphenol, but there 

is no clear cut evidence of ruling out  the contribution of some extra kinetical benefit of 

formation of a hydrogen bond in the transition state leads to catalyse the reaction. However, 

the biphenyl rings with ortho substituents favours the two phenyl rings to be in the twisted 

conformation to avoid the steric effect, and thus less stable hydrogen bond formation. 

3.4. Conclusion 

The effect of hydrogen bond catalysis has been investigated with hydroxyl group as 

intramolecular hydrogen bond donor in phosphate triester. Dephosphorylation of diethyl 8-
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hydroxy 1-naphthyl phosphate 69 by hydroxylamine has been investigated, and found to be 

promoted by hydroxyl group as hydrogen bond donor. The hydroxyl group showed a rate 

acceleration of 500 fold, equivalent to an up to 17 kJ mol-1 stabilisation in the transition state, 

compared with triesters without of this catalytic group diethyl 1-naphthyl phosphate 70, and 

with flexible system, diethyl 2-hydroxy-2′-biphenyl phosphate 71. The sum total of all the 

above observations indicates that the mechanism of the hydrolysis of naphthyl phosphate 

triester 69 is the hydrogen bond catalysis, and there is no other suggested mechanism involved 

in the reaction such as general acid catalysis or catalyse the reaction by protonating the P=O 

unit of phosphate group.   

It is obvious that the hydroxyl group has clearly a great effect in these systems particularly in 

naphthalene system. Thus, the project aim goes further one hydroxyl group to probe the 

influence of more than one hydroxyl group on the reactivity.  

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 

 

 

 

 

 

 

4.Chapter Four: Multiple Hydrogen Bonds 
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4.1. Introduction 

As described in chapter two and three, even in water a carefully positioned hydroxyl group can 

provide a significant contribution to promoting the reaction of methyl 1, 9-anthryl cyclic 

phosphate triester 46 with water and nucleophiles, as well as diethyl 8-hydroxy-1-naphthyl 

phosphate 69. As this effect appears to be due to hydrogen bond formation rather than general 

acid catalysis, it suggests that investigating the effect of multiple hydrogen bond donors would 

be interesting. In previous studies, intramolecular OH groups can work cooperatively to 

stabilise a conjugate base95 or to increase the binding23 as discussed in the introduction chapter. 

The question posed here is: how does a hydrogen bonding network affect the rate of hydrolysis 

of phosphate esters and will it provide a substantial additional effect compared with single 

hydrogen bond? 

Therefore, this chapter describes studies on two model systems bearing more than one –OH 

group, triesters 82 and 83, Figure (4-1). 

 

Figure (4-1): Structures of acyclic triester phosphates with different number of hydroxyl groups. 
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As described in chapter 1, hydrogen bond arrays were also found to stabilise negatively charged 

centres and thus increase  DMSO acidities of a series of polyols95, and increase the binding affinity 

using a phenol system with different number of hydrogen bond donors.23 Based on findings by 

Shokri. et al.95 and Cockroft et al.23 adding a second H-bond donor to structures 82 and 83 

could significantly enhance stabilisation to the transition state of the P-O cleavage reaction and 

add extra catalytic effect, Figure (4-2). The hydroxyl groups in esters 82 are designed to interact 

simultaneously with a leaving group oxygen, and in 83 a second hydroxyl group is positioned 

to enhance the effect of terminal hydrogen bond donor that interacts with the leaving group and 

then increase its strength, Figure (4-3). Triesters 84-86 are control compounds, to establish the 

effect of a single hydrogen bond donor with this geometry, and to measure the intrinsic 

reactivity of the systems. 

 

Figure (4-2): The mechanism of hydrogen bond catalysis. 

 

Figure (4-3): Transition states for the cleavage of triesters 82 and 83. 

However, intramolecular catalysis by a neighbouring hydroxyl group in its deprotonated form 

might also be observed in these cases:24 general base catalysed hydrolysis or nucleophilic attack 
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could occur and are outlined in Figure (4-4). These are kinetically identical, but give different 

products. 

 

Figure (4-4): General base and intramolecular nucleophilic catalysis mechanisms. 

4.2. Results and discussion 

4.2.1. Synthesis of acyclic phenyl triester 84-86: 

Compounds 84-86 were prepared following Scheme (4-1). The reaction was initiated by adding 

triethylamine to a mixture of phenol and diethyl chlorophosphate and the desired compound 

purified by column chromatography. 

 

Scheme (4-1): Synthesis of diethyl acyclic phenyl phosphate triesters 84-87. 

4.2.2. Synthesis of acyclic phenyl triester 82 and 83: 

The direct phosphorylation of pyrogallol 90 in the specific positions of interest to give triesters 

82 and 83 was a challenge. NMR analysis of the reaction mixture always showed multiple P 

environments in a range -3 to -10, as expected for phosphate triesters. Thus a different synthetic 
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route for compound 83 was adopted, which involved protection of two of the hydroxyl groups 

with trimethyl orthoformate to give the intermediate 91, to prevent multiple phosphorylation 

of pyrogallol. The next step was phosphorylation of the hydroxyl group to give triester 92 

followed by a deprotection step to yield triester 83. Interestingly, the isolated product was a 

mixture of triester 82 and 83, Scheme (4-2).31P NMR, 1H NMR and mass spectrum confirmed 

that a mixture of products form in a ratio of 1:3, Figure (4-5). 

 

Scheme (4-2): Synthesis of diethyl acyclic phenyl phosphate triesters 82 and 83. 
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Figure (4-5): A mixture of 82 and 83 representing by 31P NMR (A), 1H NMR (B) and HPLC chromatogram (C). 
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4.2.3. Attempts to separate the mixture of 82 and 83 

Separation by column chromatography was not possible due to the similar Rf of both 

compounds despite testing a range of different solvents. HPLC showed that these triesters 82 

and 83 have different retention times (RT 12.1 and 13.08 min respectively). Thus, an attempt 

was made to separate them by this technique (using water and acetonitrile as an eluent). The 

separation of these two esters was not quite successful, and 31P NMR and 1H NMR showed 

that some of each isomer can be found with the other, to give mixtures with different ratios, as 

shown in Figure (4-6) and Figure (4-7). However, the sample of fraction 1 (where the majority 

is triester 82 was found to convert to the same ratio as before separation where the majority of 

the mixture is triester 83). Therefore, no more attempts to separate these compounds were 

carried out, and it was decided to carry out the kinetic study on the mixture using HPLC.   

 

Figure (4-6): Triesters 82 and 83 after separation using HPLC as presented by 31P NMR. 
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Figure (4-7): Triesters 82 and 83 after separation using HPLC as presented by 1H NMR. 

4.2.4. Hydroxylamine reaction with triesters 82 and 83  

The reaction of compounds 82 and 83 with hydroxylamine was studied at different 

concentrations (0.1 - 0.7 M) of hydroxylamine, using HPLC at 25 °C, ionic strength 1 M 

(NaCl), and 4-nitrobenzoic acid as internal standard, at pH 6.9. At this pH, hydroxylamine is 

in its neutral form (NH2OH or +NH3O
-). The pseudo first-order reactions of compounds 82 and 

83 were obtained by plotting the ratio of area peaks values as a function of the time.  The second 

order rate constants were obtained by plotting the kobs values as a function of neutral [NH2OH] 

concentration as shown in Figure (4- 1). The data were fitted to equation (4-1), where ko is the 

rate constant for the spontaneous hydrolysis and k2 is the second order rate constant for reaction 

of the phosphate ester with hydroxylamine. The second-order rate constants are k2 = 7.22 ± 

0.36 × 10-5 and 6.94 ± 0.46 × 10-5 M-1 s-1 for  82 and 83 respectively.  It was possible to estimate 

the contribution of intramolecular nucleophilic hydrolysis constants for 82 and 83 as k0 = 2.66 

± 1.5 × 10-6 s-1 and 2.45 ± 1.9 × 10-6 s-1, respectively, from the fitting of the data Figure (4-8) 

using equation (4-1). The rate of degradation of these triesters is enhanced up to 27 fold in the 

presence of hydroxylamine, an indication of a small but significant effect.  
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Figure (4-8): Plot of kobs as a function of hydroxylamine concentration for reactions with triester 82 (red) and 83 

(blue) at 25.0 ºC, pH = 7.3 and I = 1.0 M (NaCl). 

kobs = k0 + k2[NH2OH]                                                  Equation (4- 1) 

The pH-dependence of the reaction was also evaluated. The reactions of 82 and 83 with 

hydroxyl amine (0.5 M) were followed over the pH range 5-10, using HPLC at 25 °C, 1 M 

(NaCl) ionic strength and 4-nitrobenzoic acid as internal standard in buffered solutions. The 

reactions were followed by monitoring the disappearing of starting materials 82 and 83. It was 

not possible to monitoring the pyrogallol as an expected product of the reaction, due to it 

decomposing under these conditions during the final analysis. For pH 5-7, self-buffered 

hydroxylamine was used. The pseudo first-order reactions of compounds 82 and 83 were 

obtained by plotting the ratio of area peaks values against time. The pH profile data are shown 

in Figure (4-9), and equation (4-2) was fitted to the data. 
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Figure (4-9): pH-rate profiles for the reactions of TPP 82 (●) and 83 (   ) with 0.5 M NH2OH, 

at 25 °C and I = 1.0 (NaCl). 

log kobs = log (k′2[NH2OH]total(Ka /( Ka  + [H]+)))                                    Equation (4- 2) 

Equation (4-2) include the pKa value of the hydroxyl amine, and described the correlation 

between this value and the rate data for each pH value, with R2 = 0.99. The rate constant of 

hydrolysis of 82 and 83 were estimated for the contribution of hydroxylamine as, k′2 = 7.4 ± 

1.8× 10-5 and 7.2 ± 1.8 × 10-5, respectively, which showed an agreement within experimental 

error with the linear correlation between hydroxylamine concentration and the observed rate 

constants using Equation (4-1), in terms of k2= k′2. 

Initially, it seemed of this similarity in the rate between 82 and 83, that the position of second 

hydroxyl group did not add different contributions to the catalysis in these structures (ie. 

whether the both hydroxyl groups bonded to the same leaving group or they hydrogen bonded 

in array manner, the rates were similar). However, HPLC analysis revealed that under these 

conditions for the spontaneous and hydroxylamine promoted reactions, 82 and 83 are not 

hydrolysed mainly to the P-O bond cleavage product 90 (RT = 4.9 min), as shown in Scheme 

(4-3), but other two hydrolysis products are formed as dominat species (peaks at RT = 6.2 and 

7.5 min, respectively), Figure (4-10). 
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Scheme (4-3): Expected route for hydrolysis of diethyl phenyl phosphate triesters 82 and 83. 

  

 
Figure (4-10): Representative HPLC chromatogram of the hydrolysis reaction of 82 and 83 in the presence of 

hydroxylamine at different time (1 = 10 min, 2 = 18 h). 

4.2.5. Product analysis of triesters 82 and 83 

As the HPLC data indicated two different products, 31P NMR analysis was carried out in D2O 

under the same conditions, Figure (4-11), and revealed that these two products have triplet 

peaks, which were assigned as phosphate diesters (93 and 94), Scheme (4-4). Mass spectrum 

analysis also indicated the existence of these diesters in the product mixture. These products 

are most likely formed either from the hydroxyl group acting as intramolecular nucleophile, 

82 83 
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which leads to displacement of ethoxy group, or through C-O bond cleavage of the ethyl group 

by reaction with an intermolecular nucleophile. Both reactions could be operating at the same 

time, but the question is whether the hydroxyl group can attack as an effective nucleophile, and 

if it can, which reaction is dominant? Thus, further investigations were carried out on phenyl 

triesters with and without hydroxyl group. If the reaction proceeds predominantly through 

intermolecular nucleophilic attack, reaction rates should not be different. If the rates are higher 

in case of triesters with hydroxyl group in structures, it is likely the dominant reaction does 

involve hydroxyl group as a nucleophile. 

 

Figure (4-11): Monitoring the hydrolysis of phosphate triester 82 and 83 using 31P NMR in D2O. 

 

Scheme (4-4): Hydrolysis of diethyl acyclic phenyl phosphate triesters 82 and 83. 

t = 10 min 

t = 21 h 

t = 56 h 

t = 59 h 
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83 
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4.2.6. Hydrolysis of phenyl phosphate triesters 84-86 

As triester 84 has a hydroxyl group in the same position as 82 and 83, the reaction of triester 

84 with different concentration of hydroxylamine was investigated at pH 7.3, 25 ºC and I = 1.0 

M (NaCl). The reactions were followed by monitoring the diappearance of triester 84 using 

HPLC. The relative peak areas were calculated between triester 84 and the product formed. 

The experimental points were fitted to the first order rate Equation (4-1). The second-order rate 

constants k2 were calculated by plotting these kobs values against the concentration of 

hydroxylamine, Figure (4-12). The values of the rate constant for hydroxylamine reaction is 

5.27 ± 0.14 x 10-5, whereas k0 for the reaction with water is too small to be reliable determined. 

 

Figure (4-12): Plot of kobs as a function of hydroxylamine concentration for reaction of triester 84 at 25.0 ºC, pH 

= 7.3 and I = 1.0 M (NaCl). 

kobs = k0 + k2 [NH2OH]                                                                         Equation ( 4-2 ) 

To confirm that triester 84 hydrolysed mainly to an aryl diester, HPLC was used to show that 

triester 84 has a retention time at 15.03 min and the catechol a retention time of 8.4 min. 

However, when the reaction was monitored by HPLC, the product appeared with a retention 

time of 8.03 min showing that P-O cleavage to form catechol was not occurring. To confirm 

that this product is not catechol, an investigation was carried out using 31P NMR spectroscopy.  
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31P NMR analysis was carried out in D2O under the same conditions, and showed 

disappearance of the triester 84, and a new product with triplet peak was formed as shown in 

Figure (4-13). 

 

Figure (4-13): 31P NMR spectra of the hydrolysis products of phosphate triesters 84 (at 25 °C) in D2O. 

In the same way, for triesters 85 and 86, the reactions were very slow at this temperature, thus 

kinetic experiments were not carried out, and only the reaction products of the reactions were 

investigated by 31P NMR at 60 °C. Again new peaks were observed, which were assigned as 

diesters 96 and 97, respectively, Figure (4-14). 
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Figure (4-14): 31P NMR spectra of the hydrolysis products of phosphate triesters 85 and 86 (at 60 °C) in D2O. 

The new peaks were assigned as phosphate diesters 95, 96 and 97 for reactions of 84, 85 and 

86, respectively, Scheme (4-5). Mass spectrum analysis also indicated the existence of this 

diester in the product mixture as the main product. 

85 96 

86 97 
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Scheme (4-5): Hydrolysis of diethyl acyclic phenyl phosphate triesters 84-86 

4.2.7. Additional notes on HPLC chromatogram: P-O bond cleavage reaction 

The initial observation from 31P NMR analysis of the reactions of phosphate triesters 82 and 

83 did not show P-O cleavage to give the parent phenol. On the other hand, HPLC 

chromatography showed that there was a small peak with a retention time of 4.7 min, which 

could be pyrogallol as the result of P-O cleavage in triesters 82 and 83. This peak was very 

small and did not increase significantly over time. This small quantity may be below the 

detection for 31P NMR, thus the formation of diethylphosphate, not observed in 31P NMR 

spectra, cannot be completely ruled out (although it can only be a minor product). The case 

was the same for catechol triester 84: there was a small peak at RT 8.4 min, which corresponds 

to catechol. In order to confirm these observations, mass spectrometry was used to identify the 

presence of the phenols and diethylphosphate as additional products of hydrolysis. The 

reactions with 0.7 M NH2OH were carried out at room temperature and the products were 

analysed after the reactions were complete (as determined by disappearance of substrates). 

Mass spectral results confirmed the presence of pyrogallol, catechol and diethyl phosphate in 

the reaction mixtures beside the main diaryl ester products 93-95. In contrast to pyrogallol, 

catechol was quite stable under these conditions. From HPLC catechol was found to be formed 

in a 1 % yield, Scheme (4-6). Thus, the rate for this reaction could be estimated approximately. 

From the results obtained earlier, at pH 7.3, the reaction of 84 with hydroxylamine were found 
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to proceed with an observed rate constant of 5.27 ± 0.14 ×10-5 s-1 at 25 °C, corresponding to a 

half time of 6 hrs. That reaction was found to proceed at least 99% (5.22 x 10-5 s-1 of the rate 

constant) by intramolecular and intermolecular nucleophilic reaction through C–O and P-O 

cleavage respectively, suggesting an upper limit of 5.27 x 10-7 s-1 at 25 °C for the rate constant 

for P–O cleavage with phenol as the leaving group. However, although the reaction of P-O 

cleavage of phenolic leaving group appeared to take place, it is clear that the effect of hydrogen 

bonding to catalyse the reaction is inefficient.  

 

Scheme (4-6): The reaction of diethyl-2-hydroxy-phenyl phosphate 84 with hydroxylamine at pH 7.3 and 25 °C.  

4.2.8. Possibility of Intramolecular nucleophilic catalytic reaction  

The linear correlation between kobs and hydroxylamine concentration for the decomposition of 

triesters 82, 83 and 84 showed a similar second order rate constant k2 for hydroxylamine 

reaction with about 27-fold enhancement compared with the reaction in the absence of 

hydroxyl amine (spontaneous hydrolysis). These rates are higher those that of triesters 85 and 

86, which are still too slow to be observed. The data is consistent with two concurrent 

mechanisms operating under these conditions. These are intermolecular and intramolecular 

reactions involving hydroxylamine and an intramolecular phenolic hydroxyl group, 

respectively. The high reactivity observed for 82-84 compared with 85 and 86 indicated that 

the reaction proceeds mainly through P-O cleavage by intramolecular nucleophilic attack by a 

hydroxyl group releasing an ethoxy group. This type of intramolecular catalysis by a 
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neighbouring group has been observed in phosphate esters previously.86-90 For example, 

dimethyl phosphate esters 98 were found to undergo hydrolysis according to Scheme ( 4-7),87 

where there are two steps involving hydroxyl group as a general base and intramolecular 

nucleophile in the reaction. The reaction involved the cyclic intermediate 99, which further 

hydrolysed to product as shown in Scheme (4-7). 

 

Scheme ( 4-7): The hydrolysis of dimethyl 5'-O- methyluridine 2'-phosphate.87 

In another example, dialkyl 2-carboxyphenyl phosphate 100 was found to hydrolyse by the 

deprotonated neighbouring carboxyl group,90 which reacted as an intramolecular nucleophile 

and showed selectivity for exocyclic displacement of the alkoxy group, Scheme ( 4-8).90 



116  

 

Scheme ( 4-8):  The hydrolysis of dialkyl 2-carboxyphenyl phosphate.90 

 It is clear that the intramolecular nucleophilic attack is the dominant reaction of triesters 82, 

83 and 84. Thus, this reaction is expected to involve an intermediate 101 as shown in Scheme 

(4-9).  

 

Scheme (4-9): Proposed possible routes for hydrolysis of diethyl acyclic phenyl phosphate triesters studied here. 

This intermediate is not observed in our experiments, but has been reported to be highly 

reactive, especially in alkaline solutions,96 and so may not accumulate sufficiently to be 

observed.  Attempts were made to synthesise this intermediate, but unfortunately, the 

preliminary synthetic experiments showed that the cyclic triester was not present in the crude 

mixture of the reaction. This can be explained in two ways: (i) the cyclic triester reacted 

(hydrolysis) too rapidly to be observed by either TLC or by mass spectrometry (ii) another 

explanation is that the reaction did not involve the formation of this cyclic phosphate, but 

different side products were formed. Based on 31P NMR spectrum of the crude showed multiple 

P environments between 0 to 10 ppm, which could be related to acyclic mono-, di and triesters, 

thus no attempt to separate these products was carried out.  
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Plausible reaction mechanisms 

Two reaction mechanisms, Scheme (4-10), can be proposed to explain the observed reaction 

rates of 82, 83 and 84 with hydroxylamine and the intramolecular OH group. These involve 

transition states TS1 and TS2 for the initial step. In the transition state (TS1) on route A, the 

oxygen of hydroxylamine attacks the carbon centre resulting in the production of aryl diester 

and ethyl hydroxylamine (CH3CH2ONH2). The second mechanism (route B) involves the 

phenolate group attacking the phosphorus centre as a nucleophile, resulting in formation of 

intermediate 101. The second step involves the rapid hydrolysis of 101 to give the product aryl 

diester.  

 

Scheme (4-10): Proposed routes for the hydrolysis of the diethyl acyclic phenyl phosphate triesters studied here. 
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4.3. Conclusion 

In conclusion, diethyl hydroxyl phenyl phosphates 82, 83 and 84 were synthesised successfully 

and their degradation in the presence of hydroxylamine was studied to investigate the effect of 

hydrogen bond network on the reactivity.  The hydrolysis of these esters seems to involve 

intramolecular nucleophilic catalysis by hydroxyl group as a dominant reaction. The reaction 

should involve formation of a reactive five membered cyclic intermediate. In the literature, the 

observation of large rate enhancements in the similar cases suggests that similar mechanisms 

are involved.  

Enhancements of the rate observed in the anthracene and naphthalene systems due to hydrogen 

bond catalysis (chapters two and three), suggest that the hydroxyl group is required to be held 

in a rigid position and brought into close proximity to the leaving group of phosphate ester, 

thus resulting in intramolecular catalysis by a hydrogen bond. Therefore, it was proposed to 

use an anthracene ring to design a model with two hydrogen bond donors acting on the leaving 

group to assess whether hydrogen-bonding networks can act cooperatively to catalyse 

reactions.   

 

 

 

 

 

 

 

 

 

 

 



 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 

 
 

 

 
 

 

 
 

5. Chapter Five: Multiple Hydrogen Bonds 

(Anthracene System) 
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6.1. Introduction 

The first substrates 82 and 83, Figure (5-1), were synthesised and tested to evaluate the impact 

of two hydrogen bond donors on hydrolytic reactivity and these showed a significant reaction, 

but this involved the hydroxyl group as an intramolecular nucleophile and no detectable effects 

as a hydrogen bond donor. On the other hand, the hydrolysis of cyclic phosphate 46 and diethyl 

naphthyl phosphate 69 showed that when the hydroxyl group is held rigidly in closer proximity 

to the leaving group a significant catalytic role could be measured.  

 

Figure (5-1): Structure of phosphate triesters 82, 83, 69 and 46 

Based on these findings, we designed two further model systems based on the anthracene 

skeleton, system I and II, where one or two proton donors are positioned to form intramolecular 

hydrogen bonds to the leaving group, Figure (5-2). 

The design of molecules a-c is based on the assumption that resulting hydrogen-bonded 

network would provide a large stabilisation to the transition state that may lead to catalytic rate 

enhancements greater than those with one hydrogen bond donor in models d-f. Using the 

anthracene ring allows both two hydroxyl or amine groups and the phosphate ester of the 
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substrate to be held into close proximity, which enforces the hydrogen bond interaction and 

delivers the catalytic effect. A similar additive effect can be obtained in system II. The second 

hydroxyl group can form a hydrogen bond to the terminal hydroxyl group, which should 

increase the strength of primary hydrogen bond 1o and thus provide more stabilisation to the 

negative charge developing on the leaving group in the transition sate. 

 

Figure (5-2): Phosphate triesters proposed to be synthesised in this chapter. 

However, the adjacent amine groups in several model systems also have been shown to catalyse 

the reaction by general acid catalysis through an intramolecular hydrogen bond.28, 42, 63 The 

question arises here is which is the most important mechanism in these systems, is it general 

acid or hydrogen bond catalysis? Thus, kinetic studies of models b and c will provide 

information on the two kinds of mechanisms which could be involved in the catalytic reaction, 

Figure (5-3). If general acid catalysis is the key catalytic process, the rate would be doubled in 

the presence of a second hydrogen bond donor. If hydrogen bonding is the key to catalysis, 

then the rate could increase by the square of the rate acceleration for one hydrogen bond donor.  

 

Figure (5-3): Difference between Hydrogen bonding and general acid mechanisms. 
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6.1. Result and discussion 

5..1. Attempts to synthesis of diethyl 1, 8-diamines anthracene-9-phosphate 

5..1.1. Attempt to synthesis of diethyl 1, 8-dipiperidine anthracene-9-phosphate, 105 

The first proposed route to synthesis compound model 105, which involves three steps 

synthesis, is shown in Scheme (5-1). 1,8-dichloroanthraquinone 102 was first converted into 

1,8-dipiperidine anthraquinone 103 by adding an excess of the piperidine and heating the 

reaction overnight. After column chromatography purification, 103 was obtained in 80 % 

isolated yield. The next step involves a reduction of the carbonyl group in the C-10 position 

and then phosphorylation on position 9.97 The reduction step was carried out with tin chloride 

SnCl2/HCl in acetic acid as described in the literature for reduction of 1,8-dihydroxy 

anthraquinone.97 Following the reaction by TLC did not show any progress of the reaction, so 

analysis by 1H NMR spectroscopy was used to monitor the reaction progress. However, 1H 

NMR of the crude mixture indicates that none of the desired product 104 was formed and only 

starting material 103 was observed and isolated, which confirms that the observation by TLC. 

This revealed that the resulting product 104 could be spontaneously oxidised to 103 or the 

reduction step did not take place at all.  

A different reduction agent were tried using zinc in aqueous ammonia.98 Unfortunately, 

reduction of 103 using the same conditions was not succeed and starting material was 

recovered, thus either anthrone 104 was not formed or spontaneously oxidised.  
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Scheme (5-1): The proposed synthesis of 105. 

Alternatively, anthraquinone, bearing hydroxyl groups (as dithranol) and chlorine atoms (1, 8-

dichroloanthraquinone), are reported to undergo reduction at the C-10 position and give 

relatively stable anthrons.99 Thus, due to the failure of the reduction of 103, attempts to prepare 

the intermediate 107 was carried out starting with 106 as shown in Scheme (5-2).99 

Anthraquinone 106 was successfully reduced to give the compounds 107 and 108 in good 

agreement with literature findings,  
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Scheme (5-2): The reduction C-10 position of 106. 

The next step was the reaction of compound 107 with piperidine as shown in Scheme (5-3), 

but the 1H NMR spectrum of the crude reaction product showed a complicated pattern. Analysis 

by mass spectrum indicated that the desired compound 104 was not obtained, and instead 

products 103, 109 were formed in the mixture. Hence, synthesis of 104 was not continued and 

a different model was tried.   

 

Scheme (5-3): The reaction of 107 with piperidine. 

 Attempt to synthesis of Diethyl 1,8-bis(dimethylamino) anthracene-9-phosphate, 110 

Compound 108 was chosen as a different model to be prepared as shown in Scheme (5-4).The 

attempted synthesis of 1,8-bis-(dimethylamino)anthraquinone 110 through condensing an 
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excess of dimethylamine with commercially available 1,8-dichloro-anthraquinone did not give 

rise to the desired diamino-anthraquinone 110 in good overall yield. Although the reaction was 

heated for 3 days, the monoamino-anthraquinone was the most prominent fraction in the 

product mixture. Repeating the reaction in different solvents (THF, DCM, DMF and toluene) 

did not improve the reaction, thus no further action was taken to synthesise 110. However, the 

substitute amine reaction has been discussed in the literature, leading to the conclusion that it 

was not likely to be general for simpler substituted anthraquinones from 1,8-

dichloroanthraquinone (except when heating in a miniclave is used).100 In addition, the problem 

becomes one of separation and purification of products.100  

 

Scheme (5-4): The proposed synthesis route of 110. 

5..1.2. Attempt Synthesis of Diethyl 1,8-bis(diamino) anthracene-9-phosphate, 115 

 As direct substitution of 1,8-dichloroanthraquinone did not work, a related amine model was 

proposed which had the potential to be synthesised by a different method. Phosphate 115 was 

chosen as the triester and a potential synthesis shown in Scheme (5-5). However, as illustrated 

in the introduction chapter, Williams et al. found that the proton donation ability of the amine 
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group is not an important factor in increasing the rate of the P-O bond cleavage reaction. 

Diamino anthraquinone 112 could be prepared from dinitroanthraquinone 111 by the same 

method described in literature101, and then reduced in aqueous ammonia and zinc dust98 to give 

113. Finally, phosphorylation of anthrone 113 was carried out to give phosphate ester 115. 

Dinitroanthraquionone 111 was successfully converted to its diamine 112, and then the later 

was reduced to anthrone 113 in good yield. 

 

Scheme (5-5): The proposed synthetic route to 115. 

Finally, the last step of the procedure was to introduce the phosphate group into the 9 position 

of the enol form, 114, but unfortunately the desired phosphorylation of the 9-position did not 

take place at all; instead after carrying out the reaction only starting material was recovered in 

addition to the oxidation product 1, 8-diaminoanthraquinone 112. From 31P NMR, there were 

no signals to indicate a new phosphate compound, and only diethyl chlorophosphate was 

observed. A plausible explanation for this is that the conversion of the ketone form 113 to enol 

form 114 is not sufficient for reaction to occur. It is also possible that the NH2 are sp2 
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hybridised and flat, which might hinder the carbonyl oxygen, and thus destabilising effect to 

the developing negative charge in the enol form when the proton is transferred from the 

methylene group of anthrone to the base and thus prevent the reaction.  

5..1.3. Protection attempts of 1, 8-dipiperidine anthraquinone on position 10  

It was proposed by Muller that dithranol is unstable and spontaneously oxidises to form 

multiple decomposition products, Scheme ( 5-6).102-103 Dithranol oxidation is enhanced by some 

factors, such as exposure to air, light, alkaline solution, temperature increase, the presence of 

trace metals, contact with proteins and lipids, and enzymes.  

 

 
Scheme ( 5-6): The routes of decomposition of dithranol.1 04 

Several dithranol derivatives have been prepared and studied, involving modification at the C-

10 methylene group with a phenyl ring with the aim of preventing oxidation of the central 

ring.105 Another study revealed that an aromatic ring or phenyl alkylidene would be the best, 

as these substitutions made anthraline thoroughly stable. Moreover, they would have a small 
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or no effect on the pKa value of anthraline, and could provide an advantage for solubility 

issues.102, 106 

Thus, to overcome the oxidation problem, functionalisation of the 10-position of 103 was 

attempted, following the procedure illustrated in Scheme (5-7). Compound 103 was reacted 

with phenyl lithium  to give anthrone 116 and then reducing anthrone 116 to give anthrone 117, 

using a modified method described by Short.104 The second step involved reduction of 116 with 

SnCl2 in HCl to form 117 as described in the litrature,104 and then 117 reacts with diethyl 

chlorophosphate to form 118. However, this reaction procedure was not attempted, due to the 

failure to reduce 116 to 117. Alternative reducing agents, triethylsilane (Et3SiH) was attempted, 

but the reaction did not succeed and only starting material was recovered. 

 

Scheme (5-7): The proposed protection route of 117. 
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Use of Sodium borohydride: Another reduction attempt was examined with sodium 

borohydride, which could reduce the carbonyl group in the C-9 position to a hydroxyl group to 

give compound 119, and then in the presence of acid, water will be lost to form 117, Scheme 

(5-8). However, the desired product 117 was not detected, and the obtained product was the 

starting material, 116. It could be that the piperidine substituents have a steric effect which 

hinders the addition of (H-) from the borohydride to the carbonyl carbon, and thus no alkoxide 

ion 116¯ will form. 

 

Scheme (5-8): Proposed reduction of 116 by borohydride. 

Functionalisation of 1,8-dichloro anthraquinone: Alternatively, it was thought that it might 

be possible to block 102 at the C-10 position to form 120, and then reduce the hydroxyl group 

to give 121, Scheme (5-9). The next step is the substitution of the chloride atoms with 
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piperidine to give 117. The reaction with PhLi was carried out as described in literature,104 but 

TLC indicated multiple products, which made the separation very challenging  and did not lead 

to any pure fractions. Thus, due to the difficulty of separation, reduction of the crude reaction 

product with SnCl2 was carried out in case subsequent separation becomes easier. After 

purification, a pure compound in small quantity amount and other crude fractions were 

separated. The pure compound was identified by 1H NMR and mass spectrum to be compound 

120, which indicated that the reduction reaction did not possibly take place at all.  

 

Scheme (5-9): The proposed synthesis route of the intermediate 121. 

Blocking the C-10 position with bromine: Another possible way to prevent oxidation in the 

C-10 position is the synthesis of 10-bromo-1,8-dichloroanthrone 122 as described in the 

literature107 followed by replacing the bromine atom with another substituent. This procedure 

has been shown for the synthesis of 10-bromoanthralin, which is an interesting intermediary 

compound, due to the use in the synthesis of antipsoriatic drugs with clinical efficacy and 

reduced side effects.108 Much work has been carried out to replace the substituted 10-bromo 

atom by many other substituents such as alkyl, acyl and ester groups. However, the synthesis 

of 10-bromoanthralin has been described as not simple or straightforward in literature, but 

results in the formation of a mixture of many other substituents on various positions of the 

anthracene backbone.108 

In this work, the procedure shown in Scheme (5-10) was proposed to synthesise anthrone 117, 

involving the 10-bromo-1, 8-dichloroanthrone 122 as an intermediate, with the intention of 
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replacing the chlorine atoms with piperidine to make 123. The substitution of 10-bromo atom 

of 123 can be replaced by phenyl ring to give 117. 

Bromination was carried out, and from the 1H NMR spectrum the isolated product was 

identified as compound 122, where the corresponding peak in C-10 position has been shifted 

from 4.2 to 5.3. However, the yield was not good (10% yield), on a scale where 100 mg of 107 

gave about 10 mg of 122. A larger scale was needed for the next step (substitution reaction), 

where the expected selective substitutions of chloride and bromide atoms is expected. 

However, although the reaction was tried over and over, this was to no avail; all resulted in the 

formation of the compound without improvement of the yield.  

 

Scheme (5-10): The proposed synthesis of 117 by bromination of 107. 

5..2. Attempt to synthesis diethyl 1-piperidine 9-anthryl phosphate 125 

Triester phosphate 125, which has one amine group as hydrogen bond donor, was chosen a 

control compound for comparison with 118. Therefore, compound 125 is expected to exhibit a 
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rate acceleration less than that in a presence of second hydrogen bond donor in 118. Compound 

125 was planned to be synthesised by a procedure similar to that of 118, Scheme (5-11). The 

first and second steps were performed, but the yield of the phenyl lithium reaction (about 16 

mg, 6% of 124) was not high enough to be practical and due to the failure to synthesis the 

model 118, no further attempts to optimise this reaction were made.  

 
 

Scheme (5-11): The proposed synthesis route of 125. 
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5..3. Synthesis of diethyl 1,8-dihydroxy anthracene-9-phosphate 

First attempt to synthesis  triester phosphate was carried out starting with  reducing of 1,8- 

dihydroxy anthraquinone 126 to 1,8-dihydroxy anthrone 127 according to published 

procedure.99 The second step is a direct phosphorylation of 1,8-dihydroxy anthrone to form one 

of the desired phosphate ester products, 128 and 129, Scheme (5-12). 

 

 
Scheme (5-12): The proposed synthesis route of 128 and 129 from anthraquinone 126. 

This route is apparently simple, but resulted in the formation of a mixture of phosphate triesters. 

31P NMR of the crude reaction product revealed multiple signals attributed to triesters in the 

range of 0 ppm to -15 ppm. However, the purification was very difficult, and no pure fraction 

could be obtained. Due to this difficulty, an attempt to protect the hydroxyl groups in 1 and 8 

position of anthraquinone 126 were carried out with different protecting groups. Reactions of 

trimethylsilyl chloride and benzyl chloride reaction with 1,8-dihydroxy anthrone 127 were 

tried, Scheme (5-13), but only starting material 127 was isolated along with the side products 

of oxidation 1,8-dihydroxyanthraquinone and dithranol dimer, Scheme ( 5-6).  



134  

 

Scheme (5-13): A protection attempt of 127. 

Alternatively, trimethyl orthoformate was used to protect the 1 and 9 positions of anthrone 127 

giving cyclic orthoformate 130 to facilitate mono substitution to give 129 as shown in Scheme 

(5-14). However, although some reaction seemed to occur as shown by TLC, this was not 

efficient and the purification efforts led to decomposition of the product. 

 

Scheme (5-14): A protection attempt of 127 by trimethylorthoformate. 

Reactions with acetyl chloride (AcCl), pivaloyl chloride (PivCl) or benzoyl chloride in the 

presence of triethylamine (Et3N) in tetrahydofuran (THF) at room temperature were also 

attempted. Repeating the O-acetylation of 1 following a literature procedure,109-110 either by 

using AcCl or benzoyl chloride, always gave mixtures of 1-O-mono, 1, 8-O-di and 1,8 9-O-
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triester products and side products. These side products are 1,8-dihydroxyanthraquinone  and 

dithranol dimer Scheme (5-6), which were confirmed by comparing TLC and 1H NMR of the 

crude reaction mixture with starting material under basic conditions. The only successful 

reaction was the protection by pivaloyl group, Scheme (5-15). Both hydroxyl groups were 

protected to give 1,8-bis-trimethylacetyloxy-anthracenone 133 in 80 % yield with small 

quantities of side products. It is worth noting that the expected 1,8,9-tripivaloyloxyanthracene 

derivative was not observed, probably due to the size of pivaloyloxyl groups. 

 

Scheme (5-15): Acylation reaction of dithranol 127 and proposed phosphate reaction. 

As the only 1,8-bis(trimethylacetyloxy)-9-antrone  was obtained, it was used for the next step 

and reacted with diethyl chlorophosphate. After carrying out the reaction as presented in 

Scheme (5-15), TLC showed the presence of the starting material along with new compounds, 

expecting to be oxidised products Scheme (5-16), as shown in mass spectrum. 31P NMR did 

not show any peak shifts related to the phosphate triester and the diethyl chlorophosphate at 

4.06 were observed. A plausible explanation for this is that the steric congestion inhibits 

phosphorylation on the 9 position. 
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Scheme (5-16): The oxidation route of 1,8-dipivaloyl-9-anthrone. 

Protection of position 10 

As in the reactions described above, there are side products formed in the protection reactions, 

which could decrease the possibility of forming of the desired product. Therefore, protection 

of the C-10 position with a phenyl ring to give 134 was carried out as described  in the 

literature,104 Scheme (5-17). Anthrone 134 was reduced to anthrone 135 in good yield.  

 

Scheme (5-17): Protection of C-10 position of 126. 

This result suggested that it would be constructive to continue the work to protect the hydroxyl 

groups and then attempt the phosphorylation reaction. For the protection step, the same 

procedures described above for dithranol was carried out, but all failed due to similar issues; 
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all result were a mixture of products with purification difficulties. Again pivaloyl group was 

added successfully on position 1 and 8, but the next step involving addition of phosphate did 

not lead to the 9-phosphate ester 137, Scheme (5-18). 

 

Scheme (5-18): Protection of 1,8-O- positions of 135. 

Repeating these reactions with different solvents (THF, DCM, toluene) and bases (TEA, NaH, 

pyridine and tBuOK) did not succeed and the only starting material was recovered. At this 

point, working with these reactions to prepare these models was not continued due to the lack 

of time, and alternative, procedures, conditions and reagents need to be identified    

6.1. Conclusion  

1-O-mono-substituted and 9-O-mono-substituted phosphate esters have not been reported 

before. In this work, the preparation of acyclic triester anthryl phosphates was not as 

straightforward as expected due to the failure to synthesise key intermediates (protection steps), 

the stability of starting materials (due to the reactivity of the C-10 methylene group) and/or 

purification problems. Due to the stability issue, the reduction of anthraquinones to anthrones 

analogues did not always succeed, and only dithranol (127), 1,8-diamineanthrone (113)  and 1, 

8-dipivolyl (133 and 136) have been obtained. Although dithranol analogs modified at C-10 

have been reported, in this research, the synthesis of 1,8-diamino-10-substituted 9-anthrone 

was not obtained under applying the same conditions, and the reduction step continued to be 

problematic. Only 1, 8-dihydroxy-10-phenyl-9-anthrone 135 has been successfully prepared. 

The direct phosphorylation reaction of dithranol and its analogue 135 was not simple and did 
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not give the desired product and resulted in the formation of multiple products. Therefore, 

several general synthetic methods were proposed based on the protection of hydroxyl groups 

in dithranol, but these failed to yield the anticipated 1-O-mono-substituted and 1,8-O-

disubstituted anthrone derivatives in our hands. The only key intermediates obtained were 1,8- 

dipivaloyl anthrone derivatives 133 and 136, but unfortunately, these did not give the desired 

corresponding phosphate esters 128 and 137 respectively.  

On the basis of these initial observations, the reduction step is very problematic. Thus, 

alternative preparative methods for dithranol phosphate esters models have to be investigated. 

In addition, the 1, 8-diaminoanthrone 39 was successfully prepared, thus it is worth to 

investigating different methods to synthesise the triester model 115.  

Overall, as the synthetic methods failed to yield the anthracene phosphate triesters in our hands, 

no kinetic study was carried out, and no more synthesis work on this section was undertaken 

due to time constraints.  
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6. Chapter Six: Future Work 

 

 

 

 

 

 

 

 

 



140  

6.1. Suggestions for future work 

The hydrolysis of cyclic and acyclic phosphate triesters was enhanced in the presence of 

hydroxyl groups in specific position of anthryl and naphthyl rings. The effect of the hydroxyl 

groups is proposed to be due to hydrogen bond catalysis, thus it is of interest to compare its 

influence on the hydrolysis of other comparable species such as sulfate esters, Figure (6-1). 

Kinetic study of these compound could show if the hydroxyl group would provide a similar 

catalytic effect on a different reactions. In particular, sulfate monoesters have transition states 

in which bond cleavage to the leaving group is far advanced, and so the effect of stabilising 

the leaving group is predicted to have a maximal effect on the transition state. 

 
Figure (6-1): structures of sulfate di- and monoester. 

8-Hydroxyl naphthyl phosphate triester 69 (pKa of leaving groups is 6.6) showed high reactivity 

compared with biphenyl phosphate (pKa of leaving groups is 7.5). The presence of electron-

withdrawing groups was found to increase the acidity and thus increase the hydrogen bonding 

ability of the donor.95, 111 The question is how changing the pKa of hydroxyl group could affect 

its ability as hydrogen bond donor, for example, compounds in Figure (6-2), would be used to 

be compared with triester 69. In this case, proton transfer would be expected as part of the 

reaction, introducing general acid catalysis.  If the leaving group is modified to create a better 

leaving group, then hydrogen bond donation would be the only mechanism that can operate.  

Comparison of the two systems may provide insights into any qualitative differences between 

these two pathways. 
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Figure (6-2): structure of naphthyl phosphate with different substituent. 

As shown in chapter four, triesters phosphate of a substituted phenyl system underwent 

intramolecular nucleophilic catalysis by the hydroxyl group, so it would be useful to study 

phosphate monoester of this system, Figure (6-3), where no displacement of alkoxy group can 

be observed and the only reaction is P-O cleavage of aryl group. This would reveal the effect 

of multiple hydrogen bonds on the reactivity without competing reactions dominating the 

behaviour. As with sulfate monoesters, the transition state structure for phosphate monoesters 

has more advanced cleavage to the leaving group, and so larger effects from hydrogen bonding 

are likely to be evident. 

 

Figure (6-3): structure of phenyl phosphate mono ester with two hydrogen bond donors 
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7. Chapter Seven: Experimental Chapter 
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7.1. General material and instruments 

Synthetic reactions were carried out under dry conditions using dry solvents and under a 

nitrogen or argon atmosphere. All starting materials and reagents were commercially obtained 

from Sigma Aldrich, Fisher Scientific, Fluorochem, Acros Organics and were used without 

further purification. All other chemicals were synthesised as described in chapter six. All 

reaction solvents were obtained from a Grubbs solvents purification system in the department.  

The 1H NMR, 13C NMR, 31P NMR characterisation data were obtained from using a Bruker 

AV1-400 spectrometer; 1H NMR were running at 400 MHz, 13C NMR at 101 MHz and 31P 

NMR at 162 MHz. All kinetic solutions were made up with twice distilled deionised water and 

Analar grade reagents. UV-Vis spectra were recorded on Cary 1 Bio spectrophotometer, and 

Cary 300 Bio spectrophotometer. Analytical high performance liquid chromatography (HPLC) 

was carried out using 150 mm × 4.60 mm column in a HP 1100 Series HPLC. The HLPC 

method used for analytical and kinetics were applied using acetonitrile (MeCN) in water (both 

solvents containing 0.1 % TFA) over a period of 30 minutes, and analytical HLPC flow rate 1 

ml/min.  

7.2. Synthesis of 1,8-dihydroxyanthracen-9( 10 H )-one 51 

 

1,8-dihydroxyanthracen-9( 10 H )-one 51 was synthesised according to published procedure.112 

To a mixture of the 1,8-dihydroxy anthraquinone (3.6 g, 15 mmol ) in glacial acetic acid (150 

mL) heated to  reflux under N2, there was added dropwise over 3 h, a solution of  SnCl2 · 2H 2 

O (20.3 g, 90 mmol) in 37% HCl (40 mL). The solution was then cooled, and the resulting 

crystals were collected by filtration to provide a pure product ; the 1, 8- dihydroxyanthracen-

9(10 H )-one as yellow crystals in (3.15 g, 13.9 mmol, 93 %). mp 103-107 °C;  1H NMR (400 
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MHz, CDCl3) δ 12.32 (s, 2H), 7.51 (t, J = 7.9 Hz, 1H), 6.88 (d, J = 8.0 Hz, 2H), 4.31 (s, 2H). 

13C NMR (101 MHz, CDCl3) δ 194.2, 163.0, 142.0, 136.3, 118.8, 115.9, 115.6, 32.9. ESI-MS 

positive ion mode m/z [(M+H)+]; calculated for C14H10O3, 226.0624, found 226.0634.  IR= 

2980 (OH); 1597 (C=O) cm-1. 

7.3. Synthesis of 1-hydroxyanthracen-9( 10 H )-one 53 

 

1-hydroxyanthracen-9( 10 H )-one 53 was synthesised according to published procedure.112 To 

a mixture of the 1-hydroxy anthraquinone (2 g, 8.9 mmol ) in glacial acetic acid (85 mL) heated 

to  reflux under N2 was added dropwise over 3 h, a solution of  SnCl2·2H2O (12 g, 53.5 mmol) 

in 37% HCl (23 mL). The solution was then cooled, and the resulting crystals were collected 

by filtration to provid a pure product; the 1-hydroxyanthracen-9(10 H)-one as pale orange solid 

in (1.5 g, 7.14 mmol, 80 %). mp = 130-131 oC. 1H NMR (400 MHz, CDCl3) δ 13.05 (s, 1H), 

8.34 (dd, J = 7.9, 1.4 Hz, 1H), 7.63 (td, J = 7.5, 1.5 Hz, 1H), 7.45-7.51 (m, 3H), 6.94 (td, J = 

7.9 Hz, 1H), 4.37 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 189.7, 163.2, 141.8, 140.7, 135.6, 

133.4, 131.1, 128.3, 127.2, 127.1, 118.6, 116.6, 115.1, 32.5. ESI-MS positive ion mode m/z 

[(M+H)+]; calculated for C14H10O2, 211.0754, found 211.0755. IR =   1634 (C=O), 3489 (OH) 

cm-1
. 

7.4. Methyl 8-hydroxy-1,9-anthryl cyclic phosphate 46 
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Methyl 8-hydroxy-1,9-anthryl cyclic phosphate 46 was synthesised according to a modified 

published procedure.113 1,8-dihydroxy-9-anthrone (0.3 g, 1.33 mmol) and methyl dichloro-

phosphate (0.2 g, 1.33 mmol) were dissolved in dry THF (10 mL) under argon at 0 °C and in 

dark conditions. The reaction was stirred for 10 min then triethylamine (0.27g, 0.37 mL, 2.66 

mmol) was added slowly and the solution stirred for 30 min at the same temperature. After 30 

min, the solution was returned to room temperature. After 3h, the white precipitate, which 

formed, was filtered off and the solvent removed in vacuo. The crude product was purified over 

silica chromatography using 40 % ethylacetate (EtOAc) in petroleum ether, provided (36 mg, 

0.12 mmol, 9 %) of methyl 8-hydroxy-1,9-anthryl cyclic phosphate as a yellowish solid.  mp 

(decomposition) 179-180 °C; 1H NMR (400 MHz, CDCl3) δ 8.19 (s, 1H), 7.72 (d, J = 8.6 Hz, 

1H), 7.52 (d, J = 8.1 Hz, 1H), 7.44 (m, 2H), 7.7 (d, J = 7.7 Hz, 1H), 6.10 (d, J = 8.0 Hz, 1H), 

3.97 (d, J = 11.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 152.2, 134.8, 131.7, 128.1, 126.3, 

124.0, 122.7, 119.9, 111.5, 110.4, 55.5. 31P NMR (162 MHz, CDCl3) δ -17.21 (q, J = 11.6).; 

31P NMR (162 MHz, CDCl3) δ -17.21 (q, J = 11.6 Hz). ESI-MS positive ion mode m/z 

[(M+H)+]; HRMS (TOF mode) calculated for C15H11O5P, 303.0417, found 303.0415. IR= 3500 

(OH) cm-1.     

7.5. Methyl 1,9-anthryl cyclic phosphate 47  

 

Methyl 1,9-anthryl cyclic phosphate 47 was synthesised according to a modified published 

procedure.113 1-hydroxy-9-anthrone (0.5 g, 2.37 mmol) and methyldichlorophosphate (0.35 g, 

2.37 mmol) were dissolved in dry THF (10 mL) under argon at 0 °C and in dark conditions. 

The reaction was stirred for 10 min then triethylamine (0.48 g, 0.7 mL, 4.75 mmol) was added 

slowly and the solution stirred for 30 min at the same temperature. After 30 min, the solution 
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was returned to room temperature. After 3h, the white precipitate, which formed, was filtered 

off and the solvent removed in vacuo. The crude product was purified over silica 

chromatography using 40 % ethylacetate (EtOAc) in petroleum ether  (40 mg, 0.14 mmol, 6 

%) of methyl 1,9-anthryl cyclic phosphate  as a yellowish solid. mp = 118-119 oC 

 1H NMR (400 MHz, CDCl3) δ 8.35 (d, J = 8.0 Hz,  1H), 8.23 (s, 1H), 8.00 (d, J = 8.0 Hz, 1H), 

7.77 (d, J = 8.7 Hz, 1H), 7.60 (m, 2H), 7.42 (t, J = 8.0 Hz, 1H), 7.10 (d, J = 7.4 Hz, 1H), 3.96 

(d, J = 11.7 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 164.7, 164.6, 132.9, 131.7, 127.9, 127.0, 

126.4, 125.9, 123.9, 121.6, 120.8, 110.9, 120.3, 110.4, 55.3. 31P NMR (162 MHz, CDCl3) δ -

14.97 (q, J = 11.8 Hz). ESI-MS positive ion mode m/z [(M+H)+]; calculated for C15H11O4P, 

287.0468, found 287.0477.  

7.6. Methyl naphthyl 1,8-cyclic phosphate 48 

 

Methyl 1,8-naphthyl cyclic phosphate 48 was synthesised according to a modified published 

procedure.113 1,8-dihydroxy-naphthalene (0.15 g, 0.93 mmol) and methyldichlorophosphate 

(0.14 g, 0.93 mmol) were dissolved in dry THF (10 mL) under argon at 0 °C. The reaction was 

stirred for 10 min then triethylamine (0.19 g, 0.26 mL, 1.86 mmol) was added slowly. The 

solution was stirred for 30 min at the same temperature, and then returned to room temperature. 

After 3h, the white precipitate formed was filtered off and the solvent removed in vacuo. The 

crude product was purified over silica chromatography using 50 % ethylacetate (EtOAc) in 

petroleum ether to yield (0.1 g, 0.423 mmol, 45 %) of methyl naphthyl 1,8-cyclic phosphate as 

a brown oil. 1H NMR (400 MHz, DMSO) δ 7.83 (d, J = 8.5 Hz,2H), 7.6 (t, J = 7.8Hz, 2H), 

7.33 (d, J = 7.4 Hz, 2H), 3.86 (d, J = 11.6 Hz, 3H). 13C NMR (101 MHz, DMSO) δ 146.5, 
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164.4, 135.2, 128.5, 124.3, 113.5, 113.4, 55.7. 31P NMR (162 MHz, CDCl3) δ -15.32 (s). ESI-

MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated for C11H9O4P, 237.0311, 

found 237.0323. 

7.7. Ethyl naphthyl 1,8-cyclic phosphate 49 

 

Ethyl 1,8-naphthyl cyclic phosphate 49 was synthesised according to a modified published 

procedure.113 1, 8-dihydroxy-naphthalene (0.17 g, 1.1 mmol) and ethyldichlorophosphate (0.16 

g, 1.1 mmol) were dissolved in dry THF (10 mL) under argon at 0 °C. The reaction was stirred 

for 10 min then triethylamine (0.22 g, 0.3 mL, 2.2 mmol) was added slowly. The solution was 

stirred for 30 min at the same temperature, and then returned to room temperature. After 3h, 

the white precipitate formed was filtered off and the solvent removed in vacuo. The crude 

product was purified over silica chromatography using 50 % ethylacetate (EtOAc) in petroleum 

ether to yield (0.1 g, 0.4 mmol, 40 %) of ethyl naphthyl 1,8-cyclic phosphate as a pale grey 

solid. mp = 64-65 oC. 1H NMR (400 MHz, CDCl3) δ 7.61 (d, J = 8.3 Hz, 2H), 7.44 (t, J = 7.9 

Hz, 2H), 7.10 (d, J = 8.0 Hz, 2H), 4.29 (m, 2H), 1.30 (t, J = 7.2 Hz, 3H).13C NMR (101 MHz, 

CDCl3) δ 146.8, 146.7, 135.1, 127.5, 123.4, 112.5, 77.3, 16.0. 31P NMR (162 MHz, D2O) δ -

15.75 (s). ESI-MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated for 

C12H11O4P, 251.0468, found 251.0468. 

7.8. Synthesis of Ethyl 2,2`-biphenyl cyclic phosphate 80 
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Ethyl 2,2′-Biphenylcyclic phosphate 80 was synthesised according to a modified published 

procedure.113 2, 2′-Biphenol (0.5 g, 2.7 mmol) and ethyl dichlorophosphate (0.44 g, 2.7 mmol) 

were dissolved in dry THF (10 mL) under argon at 0 °C. The reaction was stirred for 10 min 

then triethylamine (0.54 g, 0.75 mL, 5.37 mmol) was added slowly. The solution was stirred 

for 30 min at the same temperature, and then returned to room temperature. After 3h, the white 

precipitate formed was filtered off and the solvent removed in vacuo. The crude product was 

purified over silica chromatography using 50 % ethylacetate (EtOAc) in petroleum ether to 

yield (0.45 g, 1.63 mmol, 60 %) of ethyl 2, 2′-biphenylcyclic phosphate as a colourless oil. 1H 

NMR (400 MHz, CDCl3) δ 7.55 (dd, J = 7.6, 1.8 Hz, 2H), 7.45 (m, 2H), 7.37 (t, J = 7.6 Hz, 

2H), 7.31 (m, 2H), 4.41 (m, 2H), 1.45 (t, J = 7.1, 1.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 

147.8, 130.1, 129.9, 128.3, 126.4, 121.3, 66.0, 16.3. 31P NMR (162 MHz, CD Cl 3) δ 2.25 (s). 

ESI-MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated for C14H13O4P, 

277.0624, found 277.0623.  

Synthesis of diethyl 8-hydroxy-1-naphthyl phosphate 69 

 

Diethyl 8-hydroxy-1-naphthyl phosphate 69 was synthesised according to a modified published 

procedure.113 1,8-dihydroxy-naphthalene (0.2 g, 1.24 mmol) and diethylchlorophosphate (0.21 

g, 1.24 mmol) were dissolved in dry THF (10 mL) under argon at 0 °C. The reaction was stirred 

for 10 min then triethylamine (0.25g, 0.35 mL, 2.5 mmol) was added slowly and the solution 

stirred for 10 min at the same temperature. After that, the solution was returned to room 

temperature. The reaction was monetring by TLC to avoid forming cyclic phosphate as major 

product. After 4 hr, the white precipitate which formed was filtered off and the solvent removed 
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in vacuo. The crude product was purified over silica chromatography using 40 % EtOAc in 

petroleum ether to yield (0.14 g, 0.472 mmol, 38 %) of diethyl 8-hydroxy-1-naphthyl phosphate 

as a grey solid. mp = 74-75 oC. 1H NMR (400 MHz, CDCl3) δ 8.14 (s, 1H), 7.64 (dt, J = 8.3, 

0.9 Hz, 1H), 7.46 (dt, J = 7.8, 1.2 Hz, 1H), 7.42 – 7.32 (m, 3H), 6.99 (dd, J = 5.4, 3.3 Hz, 1H), 

4.41 – 4.22 (m, 4H), 1.37 (td, J = 7.1, 1.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 152.5, 146.6, 

136.9, 127.7, 125.5, 125.3, 119.8, 114.0, 111.9, 65.4, 65.3, 16.1, 16.0. 31P NMR (162 MHz, 

CDCl3) δ -6.61 (p, J = 8.8 Hz).  ESI-MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) 

calculated for C14H17O5P, 297.0886, found 297.0891. IR= 3132 (OH) cm-1. 

7.9. Synthesis of Diethyl 2- hydroxyl-2`-biphenyl phosphate 71 

 

Diethyl 2-hydroxyl-2`-biphenyl phosphate 71 was synthesised according to a modified 

published procedure.113 Biphenyl-2,2`-diol (0.3 g, 1.61 mmol) and diethyl dichlorophosphate 

(0.28 g, 1.61 mmol) were dissolved in dry THF (10 mL) under argon at 0 °C. The reaction was 

stirred for 10 min then triethylamine (0.32 g, 0.45 mL, 3.22 mmol) was added slowly and the 

solution stirred for 30 min at the same temperature. After that, the solution was returned to 

room temperature. After 5 h, the white precipitate, which formed, was filtered off and the 

solvent removed in vacuo. The crude product was purified over silica chromatography using 

40 % EtOAc  in petroleum ether to yield (0.28 g, 0.87 mmol, 55 %) of diethyl 2- hydroxyl-2`-

biphenyl phosphate as a white solid. mp = 72-73 oC. 1H NMR (400 MHz, CDCl3) δ 7.43 – 7.33 

(m, 3H), 7.31 – 7.22 (m, 2H), 7.18 (dd, J = 7.6, 1.7 Hz, 1H), 6.97 (m, 2H), 6.36 (s, 1H), 4.02 – 

3.82 (m, 4H), 1.21 (td, J = 7.1, 1.1 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 153.7, 148.3, 132.3, 

131.0, 130.0, 129.4, 125.5, 125.0, 120.5, 120.2, 117.1, 64.6, 15.9. 31P NMR (162 MHz, CDCl3) 
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δ -6.07 (p, J = 8.8 Hz). ESI-MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) 

calculated for C16H19O5P, 323.1043, found 323.1045. IR= 3169 (OH) cm-1. 

7.10. Synthesis of Diethyl 1-naphthyl phosphate 70 

 

Diethyl 1-naphthyl phosphate 70 was synthesised according to a modified published 

procedure.113 1-naphthol (0.5 g, 3.47 mmol) and diethyl dichlorophosphate (0.6 g, 3.47 mmol) 

were dissolved in dry THF (10 mL) under argon at 0 °C. The reaction was stirred for 10 min 

then triethylamine (0.7 g, 0.97 mL, 6.93 mmol) was added slowly and the solution stirred for 

30 min at the same temperature. After that, the solution was returned to room temperature. 

After 3h, the white precipitate which formed was filtered off and the solvent removed in vacuo. 

The crude product was purified over silica chromatography using 50 % EtOAc  in petroleum 

ether to yield (0.6 g, 2.14 mmol, 70 %) of diethyl 1-naphthyl phosphate as a light brown oil.  

1H NMR (400 MHz, CDCl3) δ 8.16 (d, J = 8.0 Hz, 1H), 7.82 (dd, J = 7.9, 1.6 Hz, 1H), 7.64 (d, 

J = 8, 1.0 Hz, 1H), 7.56 – 7.45 (m, 3H), 7.39 (t, J = 7.9 Hz, 1H), 4.24 (m, 4H), 1.32 (t, J = 7.1 

Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 146.6, 134.7, 127.7, 126.5, 126,3, 126.2, 125.4, 124.7, 

121.5, 114.7, 64.6, 16.0..31P NMR (162 MHz, CDCl3) δ -6.03 (p, J = 8.3 Hz). ESI-MS positive 

ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated for C14H17O4P, 281.0937, found 

281.093. 

Synthesis of Diethyl 2-biphenyl phosphate 72 
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Diethyl 2-biphenyl phosphate 72 was synthesised according to a modified published 

procedure.113  Biphenyl-2,2`-diol (0.5 g, 2.93 mmol) and diethyl dichlorophosphate (0.5 g, 2.93 

mmol) were dissolved in dry THF (10 mL) under argon at 0 °C. The reaction was stirred for 

10 min then triethylamine (0.6 g, 0.82 mL, 5.86 mmol) was added slowly and the solution 

stirred for 30 min at the same temperature. The solution was returned to room temperature, and 

stirred overnight. The white precipitate which formed was filtered off and the solvent removed 

in vacuo. The crude product was purified over silica chromatography using 50 % EtOAc  in 

petroleum ether to yield (0.73 g, 2.38 mmol, 81 %) of diethyl 2-biphenyl phosphate as a 

colourless oil. 1H NMR (400 MHz, CDCl3) δ 7.44 (t, J = 8.4 Hz, 3H), 7.38 – 7.23 (m, 6H), 7.16 

(tt, J = 7.5, 1.1 Hz, 1H), 3.95 – 3.80 (m, 4H), 1.13 (td, J = 7.1, 1.1 Hz, 6H).13C NMR (101 

MHz, CDCl3) δ 147.6, 137.4, 133.5, 131.0, 129.4, 128.6, 127.9, 127.2, 125.1, 120.4, 64.2, 15.8. 

31P NMR (162 MHz, CDCl3) δ -6.93 (p, J = 8.1 Hz). ESI-MS positive ion mode m/z [(M+H)+]; 

HRMS (TOF mode) calculated for C16H19O4P, 307.1094, found 307.1094.  

7.11. Synthesis of Diethyl 1,2-dimethoxy-3-phenyl phosphate 85 

 

Diethyl 1,2-dimethoxy-3-phenyl phosphate 85 was synthesised according to a modified 

published procedure.113 2,3-dimethoxyphenol (0.3 g, 1.95 mmol) and diethyl 

dichlorophosphate (0.33 g, 1.95 mmol) were dissolved in dry THF (10 mL) under argon at 0 

°C. The reaction was stirred for 10 min then triethylamine (0.39 g, 0.55 mL, 3.9 mmol) was 

added slowly and the solution stirred for 30 min at the same temperature. After that, the solution 

was returned to room temperature, and stirred overnight. The white precipitate, which formed 

was filtered off and the solvent removed in vacuo. The crude mixture was washed with brine 
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and water and then extracted with DCM. The solvent evaporated, and the residue was purified 

over silica chromatography using 50 % EtOAc in petroleum ether to yield diethyl 1,2-

dimethoxy-3-phenyl phosphate as a brown oil (0.48 g, 1.65 mmol, 85 %).  

1H NMR (400 MHz, CDCl3) δ 7.03 – 6.94 (m, 2H), 6.76 (dd, J = 7.7, 1.8 Hz, 1H), 4.27 (m, 

4H), 3.89 (d, J = 9.2 Hz, 6H), 1.38 (td, J = 7.1, 1.1 Hz, 6H).13C NMR (101 MHz, CDCl3) δ 

152.5, 149.5, 135.7, 124.0, 108.1, 104.1, 60.9, 55.8. 31P NMR (162 MHz, CDCl3) δ -6.25 (p, J 

= 8.3 Hz). ESI-MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated for 

C20H16O2P, 291.0992, found 291.0995.  

7.12. Synthesis of Diethyl phenyl phosphate 86 

 

Diethyl phenyl phosphate 86 was synthesised according to a modified published procedure.113 

phenol (0.5 g, 5.3 mmol) and diethyldichlorophosphate (0.91 g, 5.3 mmol) were dissolved in 

dry THF (10 mL) under argon at 0 °C. The reaction was stirred for 10 min then triethylamine 

(1.1 g, 1.5 mL, 10.6 mmol) was added slowly and the solution stirred for 30 min at the same 

temperature. After that, the solution was returned to room temperature, and stirred overnight. 

The white precipitate which formed was filtered off and the solvent removed in vacuo. The 

crude mixture was washed with brine and water and then extracted with DCM. The solvent 

evaporated, and the residue was purified over silica chromatography using 50 % EtOAc in 

petroleum ether to yield diethyl phenyl phosphate as a brown oil (1.06 g, 4.6 mmol, 87 %).  

1H NMR (400 MHz, CDCl3) δ 7.29 – 7.19 (t, J = 8.0 Hz, 2H), 7.13 (d, J = 7.8 Hz, 2H), 7.09 – 

7.03 (t, J = 7.1 Hz, 1H). 13C NMR (101 MHz, CDCl3) δ 150.6, 129.5, 124.8, 119.8, 119.7, 64.3, 
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15.8. 31P NMR (162 MHz, CDCl3) δ -6.46 (p, J = 8.4 Hz). ESI-MS positive ion mode m/z 

[(M+H)+]; HRMS (TOF mode) calculated for C10H15O4P, 231.0781, found 231.0791.  

7.13. Synthesis of diethyl 2-hydroxy-1-phenyl phosphate 84 

 

Diethyl 2-hydroxy-1-phenyl phosphate 84 was synthesised according to a modified published 

procedure.113 Catechol (0.5 g, 4.54 mmol) and diethyldichlorophosphate (0.78 g, 4.54 mmol) 

were dissolved in dry THF (10 mL) under argon at 0 °C. The reaction was stirred for 10 min 

then triethylamine (0.92 g, 1.3 mL, 9.08 mmol) was added slowly and the solution stirred for 

30 min at the same temperature. After that, the solution was returned to room temperature. 

After 5h, the white precipitate which formed was filtered off and the solvent removed in vacuo. 

The crude product was purified over silica chromatography using 50 % EtOAc in petroleum 

ether to yield diethyl 2-hydroxy-phenyl phosphate as a yellowish solid (0.83 g, 3.37 mmol, 74 

%). 1H NMR (400 MHz, CDCl3) δ 7.95 (s, 1H), 7.17 – 6.98 (m, 2H), 6.87 (t, J = 8.0 Hz, 2H), 

4.39 – 4.18 (m, 4H), 1.36 (t, J = 7.2 Hz 6H). 13C NMR (101 MHz, CDCl3) δ 147.6, 138.4, 

126.6, 121.3, 120.6, 119.2, 65.5, 15.9. 31P NMR (162 MHz, CDCl3) δ -3.07 (p, J = 8.6 Hz).  

ESI-MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated for C10H15O5P, 

247.1073, found 247.0737. IR= 3192 (OH) cm-1. 

7.14. Synthesis of 2-Methoxybenzo[1,3]dioxol-4-ol 91 
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2-Ethoxybenzo[1,3]dioxol-4-ol 91 was synthesised according to a modified published 

procedure.114-115 A mixture of pyrogallol (1 g, 7.93 mmol), and  CH(OMe)3 (2.524 g, 2.6 ml, 

23.79 mmol, 3eq.), in dry toluene (25 ml) was refluxed for 22 h in a flask under N2.  The 

reaction mixture was cooled to 0 °C, filtered to remove the unreacted pyrogallol, and 

concentrated under vacuum. The residue was washed with cooled chloroform (3 × 50 ml), then 

filtered. The solvent was evaporated to give 2-ethoxybenzo[1,3]dioxol-4-ol (1.08 g, 6.42 

mmol,  81 %). 1H NMR (400 MHz, CDCl3) δ 6.86 (s, 1H), 6.75 (t, J = 8.2 Hz, 1H), 6.51 (d, J 

= 8.2 Hz, 2H), 4.93 (br s, 1H), 3.42 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 147.1, 138.8, 132.8, 

122.1, 119.3, 110.9, 101.4, 50.1. ESI-MS positive ion mode m/z  [(M+H)+]; HRMS (TOF 

mode) calculated for C8H8O4, 169.0495, found 169.0498. IR= 3391 cm-1 (OH) 

7.15. Synthesis of diethyl 2-methoxybenzo[1,3]dioxol-4- phosphate 92  

 

Diethyl 2-methoxybenzo[1,3]dioxol-4- phosphate 92 was synthesised according to a modified 

published procedure.113 2-Methoxybenzo[1,3]dioxol-4-ol (19) (0.6 g, 3.57 mmol) and diethyl 

chlorophosphate (0.62 g, 3.57 mmol) were dissolved in dry THF (10 mL) under argon at 0 °C. 

The reaction was stirred for 10 min then triethylamine (0.72 g, 1 mL, 7.13 mmol) was added 

slowly and the solution stirred for 30 min at the same temperature. After that, the solution was 

returned to room temperature. After 6 hrs, the white precipitate which formed was filtered off 

and the solvent removed in vacuo. The crude product was purified over silica chromatography 

using 40 % EtOAc in petroleum ether to yield diethyl 2-methoxybenzo[1,3]dioxol-4- 

phosphate as a yellowish solid (0.48 g, 1.58 mmol,  45 %).. 1H NMR (400 MHz, CDCl3) δ 6.92 

(s, 1H), 6.89 (d, J = 8.4 Hz, 1H), 6.83 (t, J = 8.1 Hz, 1H), 6.74 (d, J = 8.0 Hz, 1H), 4.33 – 4.22 
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(m, 4H), 3.43 (s, 1H), 1.39 (t, J = 7.1 Hz, 6H). 31P NMR (162 MHz, CDCl3) δ -5.98 (p, J = 7.9 

Hz). 13C NMR (101 MHz, CDCl3) δ 147.8, 136.4, 133.3, 121.8, 119.6, 114.9, 105.2, 64.8, 

49.8, 16.0. ESI-MS positive ion mode m/z [(M+Na)+]; HRMS (TOF mode) calculated for 

C12H17O7P, 327.0604, found 327.0616 

7.16. Synthesis of Diethyl 1, 3-dihydroxy-2-phenyl phosphate and diethyl 1, 2-hydroxy-

3-phenyl phosphate 82 and 83 

Diethyl 2,3-dihydroxy-1-phenyl phosphate and diethyl 1,2-hydroxy-2-phenyl phosphate were 

synthesised according to a modified published procedure.115 To a solution of diethyl 2-

methoxybenzo[1,3]dioxol-4- phosphate (0.3 g, 0.986 mmol) in CHCl3 (5 mL) was added p-

toluenesulfonic acid (0.15%) as catalyst. The reaction mixture was stirred at room temperature 

overnight, then washed with saturated solution of NaHCO3, and dried over Na2SO4. The 

solvent was removed and the crude was purified by flash column chromatography  using (silica 

gel, EtOAc /petroleum ether 40:60) to yield 0.2 g, 0.76 mmol, 77 % of a mixture of  82 & 83 ( 

in ratio 1:3) as a brown oil. 

  

Diethyl 1, 3-dihydroxy-2-phenyl phosphate 82: 1H NMR (400 MHz, CDCl3) δ 6.92 (s, 2H), 

6.97 (dt, J = 8.5, 1.1 Hz, 1H), 6.62 (dd, J = 2.3, 1.4 Hz, 2H), 4.33 – 4.22 (m, 4H), 1.39 (t, J = 

7.1 Hz, 6H). 31P NMR (162 MHz, CDCl3) δ -0.66 (p, J = 8.9 Hz). 13C NMR (101 MHz, CDCl3) 

δ 148.5, 127.2, 126.2, 109.7, 65.7, 16.9. ESI-MS positive ion mode m/z [(M+H)+]; HRMS 

(TOF mode) calculated for C10H15O6P, 263.0679; found 263.0679. 
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Diethyl 1,2-dihydroxy-3-phenyl phosphate 83: 1H NMR (400 MHz, CDCl3) δ 8.77 (s, 1H), 

6.85 – 6.74 (m, 2H), 6.61 (t, J = 8.1 Hz, 1H), 5.96 (s, 1H),  4.33 – 4.22 (m, 4H), 1.39 (t, J = 7.1 

Hz, 6H). 31P NMR (162 MHz, CDCl3) δ -2.29 (p, J = 8.6 Hz). 13C NMR (101 MHz, CDCl3) δ 

147.6, 138.6, 135.2, 120.4, 112.7, 112.3, 65.7, 16.0. ESI-MS positive ion mode m/z [(M+H)+]; 

HRMS (TOF mode) calculated for C10H15O6P, 263.0679, found 263.0679. 

7.17. Synthesis  of   10-phenyl,  1,8,10-trihydroxy-9- anthrone 134 

 

10-phenyl,  1,8,10-trihydroxy-9-  anthrone 134.105  In  a  500 ml  round flask, there  was  added 

1,8-dihydroxy  anthraquinone (3 g, 12.5 mmol) and anhydrous  tetrahydrofuran 200 mL.  The  

reaction mixture  is  cooled  to  -70° C, then 4  equivalents  of  phenyllithium  was  added,  with  

stirring,  over  a  30  minute  period,    This  temperature  was  maintained  throughout  the  

addition  between  -  60° C and  -70° C.  The reaction was monitored by TLC until the 1,8-

dihydroxy  anthraquinone  has  been  transformed. The  reaction  mixture  was  acidified  by  

adding acetic  acid (40 mL)  at  the same temperature (60 oC) and  it  is  then  permitted  to  

return  to  ambient  temperature.  The  solvent  is removed under  reduced  pressure  and  the  

resulting  oily  product  crystallised on  stirring  in  water, and then  filtered,  washed  with  

dichloromethane  and  dried,  yielding yellow  crystals (3.15 g, 9.9 mmol, 79 %) of 10-phenyl,  

1,8,10-trihydroxy-9-  anthrone,  which  were  recrystallized  in  methanol.  mp = 216-217 oC 

(lit. mp = 216 oC). 1H NMR (400 MHz, CDCl3) δ 12.26 (s, 2H), 7.46 (t, J = 8.0 Hz, 2H), 7.36 
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– 7.30 (m, 2H), 7.25 (dd, J = 10.2, 4.9 Hz, 2H), 7.22 – 7.15 (m, 1H), 7.13 (dd, J = 7.7, 0.8 Hz, 

2H), 6.85 (dd, J = 8.3, 0.8 Hz, 2H), 3.15 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 192.8, 162.3, 

149.0, 146.0, 137.4, 128.4, 127.0, 124.8, 119.3, 117.2, 113.6, 73.3. ESI-MS negative ion mode 

m/z 317.1 [(M+H)+]; HRMS (TOF mode) calculated for C20H14O4, 317.0819, found 317.0823. 

IR = 1633 cm-1 (C=O), 3485.6 & 3033 (OH) cm-1. 

7.18. Preparation  of   1,8-dihydroxy-10-phenyl-9-  anthrone 135  

 

1,8-dihydroxy-10-phenyl-9-anthrone 135 was prepared according to the published 

procedure.105 To 10  phenyl-1,8,10-trihydroxy-9-anthrone 134 (2  g, 6.28 mmol) under argon,  

there  was  introduced  crushed  tin  chloride (8  g)  and acetic acid (80 ml).  The reaction 

mixture was stirred at ambient temperature, and then concentrated  HCl (8 ml) was slowly 

added over  a  30-minute  period.  The  disappearance  of  the  10-phenyl  1,8,10-trihydroxy-9-

anthrone  was  followed  by  TLC.  After about 4 hours, the reduction reaction is terminated.  

The  1,8-dihydroxy-10-phenyl-9-  anthrone,  precipitated  in   the   medium,  is   filtered,  washed  

with  water  and  dried,  yielding  light  green  solid (1.56  g, 5.16 mmol, 82 %).  mp = 193-

195°C (193-194 °C, lit). 1H NMR (400 MHz, CDCl3) δ 12.40 (s, 2H), 7.41 (t, J = 8.0 Hz, 2H), 

7.33 – 7.27 (m, 2H), 7.24 (t, J = 7.3 Hz, 1H), 7.12 (d, J = 7.0 Hz, 2H), 6.90 (d, J = 8.3 Hz, 2H), 

6.74 (d, J = 7.6 Hz, 2H), 5.37 (s, 1H). 13C NMR (101 MHz, CDCl3) δ 193.8, 162.6, 146.2, 

145.8, 144.3, 136.6, 129.1, 128.4, 127.0, 120.3, 115.8, 114.9, 48.8. ESI-MS negative ion mode 

m/z [(M-H)-]; HRMS (TOF mode) calculated for C20H14O3, 301.087, found 301.0877. IR= 

3035 & 1600 (C=O) cm-1. 

7.19. Synthesis of 1,8-dipiperidine anthraquinone 103 
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1,8-dipiperidine anthraquinone 103 was synthesised according to a modified published 

procedure116. In a flask fitted with a magnetic stirrer and condenser, a mixture of 1,8-dichloro 

anthraquinone (1 g, 3.6 mmol)  in 8 ml of THF and 9 ml of piperidine (access) was refluxed at  

40 Co with stirring for 48 h. After cooling down to room temperature, water was added and the 

mixture was extracted with CHCl3. The organic layer was separated then dried over anhydrous 

magnesium sulfate,filtered and then the solvent was evaporated in vacuo. The crude material 

was purified by column chromatography on silica (hexane:EtOAc, 80:20) to give 1,8-

dipiperidine anthraquinone as a dark crimson solid (1.13 g, 3.02 mmol, 90 %.). m.p. 182-184 

°C. 1H NMR (400 MHz, CDCl3) δ 7.80 (d, J = 7.5 Hz, 2H), 7.53 (t, J = 8.0 Hz 2H), 7.37 (d, J 

= 8.3 Hz, 2H), 3.14 (t, J = 5.2 Hz, 8H), 1.87 (q, J = 11.0, 5.6 Hz, 8H), 1.68 (q, J = 11.6, 5.9 

Hz,  4H). 13C NMR (101 MHz, CDCl3) δ 185.2, 183.6, 153.2, 135.1, 132.5, 127.3, 125.3, 119.4, 

54.5, 26.3, 24.3. ESI-MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated for 

C24H26N2O2, 375.2067, found 375.2083.  IR = 1669 & 1647 (C=O) cm-1. 

7.20. Synthesis of 1-piperidine anthraquinone 109 
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1-piperidine anthraquinone 109 was synthesised according to a modified published 

procedure116. In a flask fitted with a magnetic stirrer and condenser, a mixture of 1-

chloroanthraquinone (1 g, 4.13 mmol) in THF (8 ml) and piperidine (5 ml) was refluxed at 40 

°C with stirring for 48 h. After cooling down to room temperature, water was added and the 

mixture was extracted with CHCl3. The organic layer was separated then dried over anhydrous 

magnesium sulfate, filtered and the solvent was then evaporated in vacuo. The crude material 

was purified by column chromatography on silica (hexane:EtOAc, 80:20) to yield 1-piperidine 

anthraquinone as a red solid: m.p.  (1.06 g, 3.63 mmol, 88 %). m.p. 120_122 °C. 1H NMR (400 

MHz, CDCl 3 ) δ 8.3 (dd, J = 7.7, 1.2 Hz, 1H), 8.24 (dd, J = 7.6, 1.2 Hz, 1H), 7.90 (dd, J = 7.5, 

1.2 Hz, 1H), 7.77 (td, J =7.5, 1.5 Hz, 1H), 7.72 (td, J = 7.5, 1.5 Hz, 1H), 7.62 (dd, J = 8.4, 7.4 

Hz, 1H), 7.42 (dd, J = 8.4, 1.2 Hz, 1H). 3.19 (t, J = 5.1 Hz, 8H), 1.87 (q, J = 11.3, 5.5 Hz, 8H), 

1.68 (q, J = 11.4, 6.0 Hz,  4H).13C NMR (101 MHz, CDCl3) δ 184.3, 181.6, 154.1, 136.5, 135.5, 

134.0, 133.9, 132.7, 132.3, 127.2, 126.3, 125.0, 122.2, 119.8, 53.9, 26.0, 24.1.ESI-MS positive 

ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated for C19H17NO2, 292.1332, found 

292.1335.  IR = 1663 & 1647 (C=O) cm-1. 

7.21. Synthesis of 1,8-dipiperidine-10-hydroxy-10-phenyl-9- anthrone 119 

 

1,8-dipiperidine-10-hydroxy-10-phenyl-9- anthrone 119 was synthesised according to a 

modified published procedure.105 To (1g, 2.88 mmol) of 1,8-dipiperidine anthraquinone in 70 

ml of anhydrous tetrahydrofuran in two neck flask fitted with a condenser under argon and at 

70 oC, there was then added (4 eq.) of phenyl lithium over a 30 minute period. The reaction 
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was followed by TLC to confirm that all the 1,8-dipiperidine anthraquinone is transformed. 

The reaction mixture was acidified by adding acetic acid (16 ml) at this same temperature. The 

reaction mixture was returned to ambient temperature. The solvent was removed to dryness 

and the resulting oily mass, crystallizes by stirring in water. The resulting crystals are filtered, 

washed with diethylether and then dried, yielding 1,8-dipiperidine-10-phenyl-10-hydroxy-9-

anthrone (0.17 g, 3.75 mmol, 14 %). mp = 152-153 oC.  1H NMR (400 MHz, CDCl3) δ 7.51 

(dd, J = 7.8, 1.1 Hz, 2H), 7.42 (t, J = 7.9 Hz, 2H), 7.32 – 7.26 (m, 2H), 7.20 – 7.09 (m, 3H), 

7.06 (dd, J = 8.2, 1.1 Hz, 2H), 3.22 (m, 4H), 2.91 (m, 4H), 2.75 (s, 1H), 1.83 (m, 8H), 1.62 (p, 

J = 6.0 Hz, 4H).13C NMR (101 MHz, CDCl3) δ 186.2, 152.7, 147.6, 146.3, 132.09, 128.2, 

127.5, 127.1, 125.7, 118.7, 117.9, 74.9, 55.0, 26.4, 24.4. ESI-MS positive ion mode m/z 

[(M+H)+]; HRMS (TOF mode) calculated for C30H32N2O2, 453.2537, found 453.2547. IR = 

1667 cm-1 (C=O), 3429 (OH) cm-1.  

7.22. Synthesis of 1, 8-diamino anthraquinone 112 

 

1,8-Diamino anthraquinone 112 was synthesised according to a published procedure117. A 

solution of Na2S·9H2O (4.8 g, 20 mmol) in water (100ml) was added to a solution of 1,8-

dinitroanthracene-9,10-dione (1.5 g, 5 mmol) in EtOH (30 mL) at RT. The reaction mixture 

was refluxed for 48 h, cooled to RT and then poured into an ice/water mixture with stirring. 

The resulting precipitate was collected by filtration, washed with water (2 × 15 mL) and dried 

in vacuo. Recrystallization from EtOH yielded 1, 8-diamino anthraquinone as red solid (1.08 

g, 4.53 mmol, 90 %). 1H NMR (400 MHz, DMSO) δ 7.86 (s,br, 4H), 7.45 (t, J = 7.7, Hz, 2H), 

7.35 (d, J = 7.3, Hz, 2H), 7.16 (d, J = 8.2 Hz, 2H). 13C NMR (101 MHz, DMSO) δ 188.1, 
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183.9, 152.0, 134.1, 133.9, 123.9, 115.3, 113.5. ESI-MS positive ion mode m/z [(M+H)+]; 

HRMS (TOF mode) calculated for C14H10N2O2, 239.0815, found 239.0818.  IR= 1652 (C=O) 

cm-1. 

Synthesis of 1, 8-diamino anthrone 113 

 

1,8-diamino anthrone 113 was synthesised according to a published procedure.98 To a 

vigorously stirred suspension of (2.14 g, 9.0 mmol) of diamino anthraquinone in a mixture of 

aqueous ammonia (25%, 100 ml) and isopropyl alcohol (10 ml) at 90°C under argon, there was 

(8.0 g, 0.122 mol) of zinc dust was added in small portions during 1 h. Then the temperature 

was raised to 120°C for another 1 h. After cooling, the reaction mixture was extracted with 

diethyl ether (6 × 100 ml). The combined ethereal extracts were dried with anhydrous 

magnesium sulfate, the solvent was evaporated, and the residue was crystallized from toluene: 

(1.4 g, 6.24 mmol, 74%) of 1,8-diamino-9-anthrone as orange crystals. 1H NMR (400 MHz, 

DMSO) δ 7.63 – 7.33 (br.s, 4H), 7.17 (t, J = 7.8 Hz, 2H), 6.64 (d, J = 8.3 Hz, 2H), 6.48 (d, J = 

7.3 Hz, 2H), 4.14 (s, 2H). 13C NMR (101 MHz, DMSO) δ 190.5, 151.97, 141.7, 133.5, 115.1, 

114.5, 114.3, 34.1. ESI-MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated 

for C14H12N2O, 225.1022, found 225.1022.  IR=1579 (C=O) cm-1. 

7.23. Synthesis of 1,8-dichloro- -9- anthrone 107 

1,8-dichloro-9-anthrone 107 was synthesised according to a published procedure.112 A solution 

of the 1,8-dichloroanthracene-9,10-dione (1g, 3.6 mmol) in glacial acetic acid (50 mL) was 

heated to reflux, then a solution of SnCl2·2H2O (7.5 g, 33.23 mmol) in Conc HCl (13.4 mL) 

was added dropwise over 3 h. The solution was returned to room temperature, and the resulting 

crystals were collected by filtration. Purification by column chromatography (hexanes: ethyl 
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acetate = 80:20) provided the 1, 8-dichloroanthracen-9(10H)-one (0.39 g, 1.48 mmol, 41 %) 

and 4,5-dichloroanthracen-9(10H)-one  (0.51 g, 1.94 mmol, 54%).  

1.8-dichloro-9(10H)-anthrone 107. 1H NMR (400 MHz, CDCl3) δ 7.44 (dd, J = 7.8, 1.6 Hz, 

2H), 7.42 – 7.37 (m, 2H), 7.37 – 7.30 (m, 2H), 4.21 (s, 2H). 13C NMR (101 MHz, CDCl3) δ 

183.5, 140.8, 133.4, 132.0, 131.7, 130.2, 126.3, 33.8. ESI-MS positive ion mode m/z  

[(M+H)+]; HRMS (TOF mode) calculated for C14H7Cl2O, 263.9919, found 263. 9919. IR = 

1677 (C=O) cm-1. 

 

1.8-dichloro-10(9H)-anthrone 108. 1H NMR (400 MHz, CDCl 3) δ 8.31 (d, J = 7.9 Hz, 2H), 

7.72 (dd, J = 7.8, 1.3 Hz, 2H), 7.53 – 7.43 (m, 2H), 4.25 (s, 2H). 13C NMR (101 MHz, CDCl3) 

δ 182.70, 137.30, 134.15, 133.72, 132.78, 128.09, 126.36, 29.45. ESI-MS positive ion mode 

m/z ((M+H)+); HRMS (TOF mode) calculated for C14H7Cl2O, 263.9919, found 263. 9919. IR 

= 1655 (C=O) cm-1. 

 

7.24. Synthesis of 1,8-dichloro-10-bromo-9- anthrone 122 
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1,8-dichloro-10-bromo-9-anthrone 122 was synthesised according to a modified published 

procedure.108, 118 1.8 - Dichloride – anthrone (0.1 g, 0.36 mmol) was dissolved in freshly 

distilled carbon disulphide CS2 (0.28 mL) at RT. Bromine (0.06 g, 0.75 mmol) was added 

dropwise over 20 minutes with stirring at RT. The solution was left stirring for 3 hours then, 

petroleum ether was added and the washed-out precipitate recrystallized from toluene to result 

(10 mg, 0.03 mmol, 8 %) of a white solid. 1H NMR (400 MHz, CDCl 3) δ 7.45 (dd, J = 14.0, 

5.4 Hz, 2H), 7.36 (t, J = 7.7 Hz, 2H), 7.25 –7.14 (m, 2H), 5.33 (s, 1H). 1H NMR (400 MHz, 

DMSO) δ 7.73 (d, J = 2.7 Hz, 1H), 7.72 (d, J = 2.7 Hz, 1H), 7.67 – 7.63 (m, 4H), 7.08 (s, 1H).  

13C NMR (101 MHz, DMSO) δ 182.5, 142.8, 134.4, 132.6, 132.4, 131.5, 128.1, 55.3. ESI-MS 

positive ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated for C14H7OBrCl2, 342.9107; 

found 342.9107. IR = 1680.3 (C=O) cm-1. 

7.25. Synthesis of 1,8-dipivaloyl-10-phenyl-9- anthrone 136 

 

1,8-dipivaloyl-10-phenyl-9- anthrone 136 was synthesised according to a modified published 

procedure.109 To a solution of anthrone 1 (1 g, 3.3 mmol) and PivCl (1.19 g, 9.9 mmol) in 10 

mL of dry THF was added (0.67 g, 0.93 ml, 6.62 mmol) of Et3N at 0 Co under Ar. After 10 

min, the reaction mixture was returned to the room temperature. The reaction was monitored 

by TLC until the reaction was finished. The white precipitate formed was filtered. The filtrate 

was poured into water, then extracted with dichloromethane (3 × 10 mL). The combined 

organic layers were washed with 10% aq. NaHCO3 solution, water, and brine, dried over 

anhydrous MgSO4, filtered, and evaporated in vacuo. The resulting residue was purified by 
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column chromatography on silica gel eluting with 20 % EtOAc in hexane, to afford the 

corresponding product as pale yellow solid (1.1 g, 2.34 mmol, 70.6 %). mp = 156-57 oC 

1H NMR (400 MHz, CDCl3) δ 7.45 (t, J = 7.9 Hz, 2H), 7.23 (m, 5H), 7.17 – 7.13 (d, J = 8.0 

Hz, 2H), 6.95 (d, J = 8.0 Hz, 2H), 5.45 (s, 1H), 1.48 (s, 18H). 13C NMR (101 MHz, CDCl3) δ 

181.7, 176.8, 150.4, 144.9, 143.6, 133.0, 129.1, 128.2, 127.0, 126.7, 125.6, 122.4, 49.5, 39.1, 

27.3.  ESI-MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) calculated for C30H30O5, 

471.2166; found 471.2164.  IR= 1745 & 1666 (C=O) cm-1. 

7.26. Synthesis of 1,8-dipivaloyl-9- anthrone 133 

 

1,8-dipivaloyl-9- anthrone 136 was synthesised according to a modified published procedure. 

109 To a solution of 1 (1g, 4.42 mmol) and PivCl (1.6 g, 13.26 mmol) in 10 mL of dry THF was 

added (0.895 g, 1.2 ml, 8.84 mmol) of Et3N at 0 Co  and under Ar. After 10 min, the reaction 

mixture was returned to the room temperature. The reaction was monitored by TLC until the 

reaction was finished. The white precipitate formed was filtered. The filtrate was poured into 

water, then extracted with dichloromethane (3 X 10 mL). The combined organic layers were 

washed with 10% aq. NaHCO3 solution, water, and brine, dried over anhydrous MgSO4, 

filtered, and evaporated in vacuo. The resulting residue was purified by column 

chromatography on silica gel eluting with  30 % EtOAc in hexane to afford the corresponding 

product as pale yellow solid (1.02 g, 2.59 mmol, 58 %). mp = 164 oC. 1H NMR (400 MHz, 

CDCl3) δ 7.53 (t, J = 7.8 Hz,2H), 7.32 (d, J = 7.7 Hz, 2H), 6.98 (d, J = 8.0 Hz, 2H), 4.34 (s, 

1H), 1.46 (s, 19H). 13C NMR (101 MHz, CDCl3) δ 181.3, 177.0, 150.7, 141.2, 132.8, 126.1, 
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125.7, 122.2, 33.4, 27.3. ESI-MS positive ion mode m/z [(M+H)+]; HRMS (TOF mode) 

calculated for C24H26O5, 395.1853; found 395.1834.  IR= 1745 & 1666 (C=O) cm-1. 

7.27. Kinetic experiments  

7.27.1. Hydrolysis of phosphate triesters 46, 47 and 48 

Reactions were followed spectrophotometrically by monitoring the absorbance of substrates; 

at 255 nm for 47, 258 nm for 46 and 330 nm for triester 48. The analyses employed an Agilent 

Cary 1 and 300 Bio-UV/Vis spectrophotometers, with a thermostabiliser to maintain the 

temperature at 25°C. The measurements of reaction rates were studied at 25 °C and ionic 

strength 1 M NaCl between pH = 3-10. Various buffer solutions (Formic acid, Acetic acid, 

MES, EPPS, CHES, CAPS) were using to keep the pHs of the solutions stabilised.  

All the substrates (1-2 mM) were dissolved in acetonitrile as a stock solution. The reactions 

were initiated by adding 20 µL of 46 and 47, and 100 µL of 48 to the suitable amount of 200 

mM buffer solution to yield total volume 2.5 mL. This gives a 50 mM of the buffer, and 0.016 

mM of triesters 46 and 47, and (0.08 mM) of triester 48.  The kobs was calculated from 

correlation between time and absorbance. All reactions were followed first order reactions.  

7.27.2. The reaction of 46, 47 and 48 with hydroxylamine 

The reaction of 46, 47 and 48 with the 0.5 M hydroxylamine was evaluated at different range 

pH 4-7. For pH 5 to 7, self-buffered solutions of hydroxylamine were used. Reactions were 

followed spectrophotometrically by monitoring signals of the triesters 46, 47 and 48 at at 255 

nm for 47, 258 nm for 46 and 330 nm for  triester 48 at 25 Co and ionic strength 1 M (NaCl) in 

aqueous solutions. Reactions were started by adding 20 µL (triesters 46 and 47) or 100 µL 

(triester 48) of an acetonitrile stock solution to 2.5 mL of reaction mixture. This gives 

substrate concentration in the cuvette (0.016 mM) of 46 and 47 and (0.08 mM) of 48. All 

observed first-order rate constants, kobs, were calculated from correlation of absorbance 

against time.  
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7.27.3. The effect of hydroxylamine concentration on 46, 47 and 48 degradation 

For evaluate the effect of the concentration of hydroxylamine, different concentrations of 

[NH2OH] 0.01 -0.7 were used, and the reaction was investigated at pH 3-7 for triester 46 and 

pH 7 for triesters 47 and 48. Reactions were followed spectrophotometrically by monitoring 

signals of the triesters 46, 47 and 48 at an appropriate wavelength, at 25 °C and ionic strength 

1 M (NaCl) in aqueous solutions. Second-order rate constants were calculated from plots of 

kobs against [NH2OH].  

7.27.4. The reaction of 46 with nucleophiles 

The same procedure above was followed to evaluate the effect of fluoride, acetate and 

methoxyamine on the degradation of phosphate esters 46. Different concentrations of the 

nucleophiles were used, and second-order rate constants were calculated from plots of kobs 

against [nucleophile]. 

7.27.5. Product analysis for the hydrolysis of phosphate triesters 46, 47, 48 and 49 by 31P 

NMR  

The hydrolysis of 46, 47, 48 and 49 was followed in DMSO or D2O at 25 °C, 1M ionic strength 

and pH 6 and 9 for triester 46, pH 6 for triester 47 and pH 7 for triester 48 and 49, using 31P 

NMR. A solution of substrate (12 mg of triester 1 and 9, 8, and 2 mg for triester 7) in DMSO 

was added to the buffer solution in NMP tube to achieve 50 mM [buffer]. 31P NMR 

experiments were performed on a 162 MHz spectrometer. 

7.27.6. The effect of DMSO on the degradation of triesters 46. 

For evaluate the effect of DMSO on the hydrolysis of triester 46, different concentrations of 

[DMSO] were used, and the reaction was investigated at pH 6. Reactions were followed 

spectrophotometrically by monitoring signals of the triester 46 at 258 nm, at 25 °C and ionic 

strength 1 M (NaCl) in aqueous solutions. 
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7.27.7. Product analysis for the hydrolysis of ethyl biphenyl cyclic phosphate by 31P 

NMR 

The products of hydrolysis of cyclic phosphate 80 was analysed using 31P NMR in D2O at 25 

°C, 1M ionic strength and pH 7.3. A solution of substrate (12 mg of triester 80) in acetonitrile 

was added to the buffer solution in NMR tube to achieve 50 mM [buffer]. 31P NMR 

experiments were performed on a 162 MHz spectrometer. 

7.27.8. The reaction of diethyl 8-hydroxy-1-naphthyl phosphate 69 with hydroxylamine 

The reaction of 69 with the 0.5 M hydroxylamine was evaluated at different range pH 4-10. 

For pH 5 to 7, self-buffered solutions of hydroxylamine were used. Reactions were followed 

spectrophotometrically using an Agilent Cary 1 and 300 Bio-UV/Vis spectrophotometers, 

with a thermostabiliser to maintain the temperature at 60°C by monitoring signals of the 

triester at 343 nm and ionic strength 1 M (NaCl) in aqueous solutions. Reactions were started 

by adding 100 µL (2 mM) of an acetonitrile stock solution of the substrate to the reaction 

mixture to give total volume 2.5 ml. This yields substrate concentration in the cuvette 0.08 

mM of 69. All observed first-order rate constants, kobs, were calculated from correlation of 

absorbance against time.  

7.27.9. Effect of hydroxylamine concentrations on diethyl 8-hydroxy-1-naphthyl 

phosphate 69 

The effect of hydroxylamine concentration was evaluated using solutions prepared at 

concentrations between 0.1 and 1.0 M. The reactions were followed at 343 nm and monitored 

at pH 7.3, ionic strength 1 M (NaCl) and a constant temperature of 60°C. The reactions were 

initiated by adding 100 µL (2 mM) of an acetonitrile stock solution of the substrate to the 

reaction mixture to give total volume 2.5 ml. Second-order rate constants were calculated 

from plots of kobs against [NH2OH].  
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7.27.10. The reaction of hydroxylamine with phosphate triesters 70, 71 and 72 using 

HPLC. 

The degradations of triesters 70-71 and 82-84 were studied at different concentrations of 

hydroxylamine at 25 or 60 oC and pH 7.3 ± 0.1. This allowed estimating the hydrolysis rate 

constants in absence of hydroxylamine, and evaluating the effect of hydroxylamine on the 

reactions. These reactions were monitored at appropriate wavelength of the substrates using 

150 mm × 4.60 mm column in a HP 1100 Series HPLC. The eluent system was 0.1% TFA in 

distilled water/0.1% TFA in acetonitrile as illustrated in Table (7-1). The substrates were 

dissolved in acetonitrile with concentrations (30 or 50 mM), and the injection volume 20 µL. 

The total volume of the reaction mixture was 1.2 ml, yielding (0.5-4 mM) of the substrate.   

Table (7-1): The Solvent system used in HPLC analysis to follow the hydrolysis of triesters studied here. 

7.27.10.1. Hydrolysis of phosphate triesters 70-72. 

Triesters 70-72 were dissolved in acetonitrile or DMSO with 50 mM concentration and added to 

the reaction mixture in water bath at 60 °C. Aliquots of the reaction mixtures were injected into 

HPLC by the automated sampler, and loaded into the column during a different time. The 

products were found to be the corresponding aryl diesters as a major product confirmed by mass 

spectrum, and corresponding phenol, as shown in Tables (6-2), (6-3) and (6-4). 

 

Time/min 

0.1% TFA in 

CH3CN 

% 

0.1% TFA in D.W 

% 

Flow rate  

mL/min 

0 5 95 1 

15 50 50 1 

20 50 50 1 

22 5 50 1 

30 5 95 1 
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Table (7-2): Structure and retention time of triester 71 and the corresponding products of hydrolysis. 

Compound Structure Retention time / min 

Triester 71 

 

19.1 

Diester 78 

(Main Product) 

 

12.6 

2, 2`-biphenyl-diol 73 

(Second product) 

 

21.1 

 

Table (7-3): Structure and retention time of triester 72, and the corresponding products of hydrolysis. 

Compound Structure Retention time / min 

Triester 72 

 

19.1 

Diester 

(Main Product) 

 

19 
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1-biphenol 

(Second product) 

 

20 

 
 

 

 

 
 

 

 

Table (7-4): Structure and retention time of triester 70, and the corresponding products of hydrolysis. 

Compound Structure Retention time / min 

Triester 70 

 

19.1 

Diester 

(Main Product) 

 

15 

1-naphthol 

(Second product)  
17.7 

7.27.10.2. Hydrolysis of phosphate triesters 82-84 

For triesters 1,2- and 1,3- dihydroxy phenyl diethyl phosphate 82 and 83, and 1-hydroxy phenyl 

diethyl phosphate 84. The reactions were studied at 25 °C and 1 M NaCl, and the samples were 

injected each 30 min. These esters were monitored at 270 nm for 82 and 83, and at 275 for 84, 

the wavelength of the substrates. The products of 82 and 83 were found to be diesters 93 and 

94 and the pyrogallol, and the products of 84 were found to be diester 95 and catechol, Tables 

(6-5) and (6-6).  
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Table (7-5): Structure and retention time of triesters 82 and 83 and the corresponding products of hydrolysis. 

 

Table (7-6): Structure and retention time of triester 84 and the corresponding products of hydrolysis. 

Compound Structure Retention time / min 

Triester 82 and 83 

 

13.08 and 12.1 

Diesers 93 and 94 

(Main products) 

 

 

6.2 and 7.5 

Pyrogallol 

(Second product)  

 

4.9 

Compound Structure Retention time / min 

Triester 84 

 

15.03 
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Diester 95 

(Main Product) 

 

8.03 

Catechol  

(Second product) 

 

8.4 
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A. Appendix: Chapter Two 

Table (A-1): First-order rate constants for buffer catalysis of the hydrolysis of triester 46, at 25 °C and 

ionic strength 1.0 M. 

 

Table (A-2): First-order rate constants for hydrolysis of triester 46, at 25 °C and ionic strength 1.0 M. 

pH kobs / s
-1 log kobs / s

-1 

3.0 8.14 ×10-4 -3.0893 

4.0 7.29 ×10-4 -3.1374 

5.0 7.73 ×10-4 -3.1120 

6.1 7.73 ×10-4 -3.1118 

7.1 9.32 ×10-4 -3.0306 

9.8 1. 017 ×10-3 -2.9928 

 

kobs / s
-1 

[Buffer] / M pH 3 pH 4 pH 5 pH 6 pH 7 

50 1.13×10-3 1.01 ×10-3 1.3 ×10-3 1.0 ×10-3 1.41 ×10-3 

70     1.56 ×10-3 

100  1.31 ×10-3 1.19 ×10-3 1.68 ×10-3 1.18 ×10-3 1.84 ×10-3 

130       2. 03 ×10-3 

140 1.50 ×10-3 1.38 ×10-3 2.04 ×10-3 1.30 ×10-3  

160    1.33 ×10-3 2.25 ×10-3 

170  1.55 ×10-3 1.5 ×10-3   2.2 ×10-3   

190 1.714 ×10-3 1.52 ×10-3 2.51×10-3 1.43 ×10-3 2.51 ×10-3 
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Table (A-3): First-order rate constants for the effect of DMSO on the hydrolysis of triester 46, at pH 6, 

25 °C and ionic strength 1.0 M 

DMSO 

volume µL 

Volume (DMSO) 

/volume (mixture) %  

(v/v)% 

kobs / s
-1 

200 8 4.48 ×10-4  

300 12 5.35 ×10-4 

400 16 7.52 ×10-4 

600 24 8.39 ×10-4 

1030 41.2 9.36 ×10-4 

1230 49.2 9.61 ×10-4 

Table (A-4): First-order rate constants for hydrolysis of triester 47, at 25 °C and ionic strength 1.0 M. 

pH kobs / s
-1 log kobs / s

-1 

4.01 2.26 ×10-5 -4.6462 

5.0 2.26 ×10-5 -4.6448 

6.0 2.29 ×10-5 -4.6394 

6.85 2.75 ×10-5 -4.5601 

7.97 4.21 ×10-5 -4.3753 

8.84 1.51 ×10-4 -3.8223 

9.8 4.37 ×10-4 -3.3592 
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Table (A-5): First-order rate constants for hydrolysis of triester 48, at 25 °C and ionic strength 1.0 M. 

pH kobs / s
-1 log kobs / s

-1 

3.0 9.18 ×10-6 -5.037 

4.0 1.05 ×10-5 -4.979 

5.0 8.92 ×10-6 -5.0496 

6.1 1.01×10-5 -4.9958 

7.1 1.81×10-5 -4.7434 

8.2 2.14 ×10-5 -4.6702 

8.9 1.18 ×10-4 -3.9287 

9.8                 4.54 ×10-4 -3.3432 

Table (A-6): First-order rate constants for the reaction of triester 46 with hydroxylamine, at 25 °C and 

ionic strength 1.0 M. 

pH kobs / s
-1 log kobs / s

-1 

3.03 1.07 ×10-3 -2.9705 

4.01 1.18 ×10-3 -2.9291 

4.6 1.32 ×10-3 -2.8797 

5.0 1.98 ×10-3 -2.7033 

5.34 3.55 ×10-3 -2.4497 

5.8 7.59 ×10-3 -2.1197 

6.35 2.32 ×10-2 -1.6337 

6.67 2.95 ×10-2 -1.5297 

7.1 7.95 ×10-2 -1.0997 
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Table (A-7): First-order rate constants for the reaction of triester 47 with hydroxylamine, at 25 °C and 

ionic strength 1.0 M. 

pH kobs / s
-1 log kobs / s

-1 

3.98 2.26 ×10-5 -4.6462 

4.8 8.1 ×10-5 -4.0917 

6.08 6.99 ×10-4 -3.1553 

6.7 1.49 ×10-3 -2.8253 

7.73 2.51 ×10-3 -2.6011 

8.18 2.59 ×10-3 -2.5855 

9.0 2.63 ×10-3 -2.5803 

9.75 2.78 ×10-3 -2.5553 

Table (A-8): First-order rate constants for the reaction of triester 48 with hydroxylamine, at 25 °C and 

ionic strength 1.0 M. 

pH kobs / s
-1 log kobs / s

-1 

3.03 9.18333E-06 -5.0370 

3.89 1.05 ×10-5 -4.9790 

5.1 8.56 ×10-5 -4.0676 

6.01 2.79 ×10-4 -3.5538 

7.03 4.67 ×10-4 -3.3301 

8.13 8.39 ×10-4 -3.0761 

8.71 7.65 ×10-4 -3.1163 

8.84 7.6 ×10-4 -3.1191 

9.81 9.84 ×10-4 -3.0070 
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Table (A-9): First-order rate constants for the reaction of triester 46 with vary concentration of 

hydroxylamine, at 25 °C and ionic strength 1.0 M. 

kobs / s
-1 

[NH2OH]/M pH 3 pH 4 pH 5 pH 6 pH 7 

0.02 - - - 1.08 ×10-3 1.40 ×10-3 

0.04 - - - 1.51 ×10-3 3.16 ×10-3 

0.06 - - - 1.94 ×10-3 4.10 ×10-3 

0.08 - - 1.11 ×10-3 2.67 ×10-3 5.35 ×10-3 

0.1 1.09 ×10-3 1.1 ×10-3 1.16 ×10-3 3.04 ×10-3 7.26 ×10-3 

0.3 1.09 ×10-3 1.25 ×10-3 1.59 ×10-3 1. 02 ×10-2 3.47 ×10-2 

0.5 1.2 ×10-3 1.32 ×10-3   2.22 ×10-3 2.34 ×10-2 8.08 ×10-2 

0.7 1.21 ×10-3 1.43 ×10-3 3.01 ×10-3 4.27 ×10-2 1.16 ×10-1 

Table (A-10): First-order rate constants for the reaction of triester 47 with vary concentration of 

hydroxylamine, at 25 °C and ionic strength 1.0 M at pH 7. 

[NH2OH] / M kobs / s
-1 

0 2.78 ×10-5 

0.05 1.19 ×10-4 

0.1 2.1 ×10-4 

0.3 6.99 ×10-4 

0.5 1.5 ×10-3 

0.6 2.17 ×10-3 

0.7 2.8 ×10-3 
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Table (A-11): First-order rate constants for the reaction of triester 48 with vary concentration of 

hydroxylamine, at 25 °C and ionic strength 1.0 M at pH 7. 

[NH2OH] / M kobs / s
-1 

0 1.81 ×10-5 

0.05 4.68 ×10-5 

0.1 8.13 ×10-5 

0.12 9.57 ×10-5 

0.15 1.13 ×10-4 

0.17 1.25 ×10-4 

0.3 2.16 ×10-4 

0.5 4.32 ×10-4 

0.7 6.47 ×10-4 

0.9 8.92 ×10-4 

Table (A-12): First-order rate constants for the reaction of triester 46 with nucleophiles, at 25 °C and 
ionic strength 1.0 M at pH 6. 

kobs / s
-1 

[Nucleophile] / M F- Acetate MeONH2 

0 7.73 ×10-4 7.73 ×10-4 7.73 ×10-4 

0.02 1.07 ×10-3 9.81 ×10-4 7.99 ×10-4 

0.04 1.25 ×10-3 1.16 ×10-3 8.26 ×10-4 

0.06 1.51 ×10-3 1.38 ×10-3 8.69 ×10-4 

0.08 1.69 ×10-3 1.60 ×10-3 8.88 ×10-4 

0.1 1.96 ×10-3 1.82 ×10-3 8.89 ×10-4 
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Table (A-13): First order rate constants for the reaction of triester 46 with nucleophiles, at 25 °C and 

ionic strength 1.0 M at pH 6. 

Nucleophile pKa  k2 M
-1 s-1  log k2 M

-1 s-1  

MeONH2 4.6 1.3 ± 0.1 ×10-3 -2.8477 

F- 3.1 1.16 ± 0.03 ×10-2 -1.8861 

Acetate 4.81 1.05 ± 0.02 ×10-2 -1.9318 

NH2OH 6.1 1.7 ± 0.4 ×10-2 -1.7000 
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B. Appendix: Chapter Three 

Table (B-1): First-order rate constants for the hydrolysis of triester 69 at 60 °C and ionic strength 1.0 M. 

pH kobs / s
-1

 log kobs / s
-1

 

5 3.98 ×10-4 -3.4 

6.1 1.09 ×10-3 -2.96 

6.6 2.09 ×10-3 -2.68 

7.5 2.48 ×10-3 -2.60 

7.9 2.2 ×10-3 -2.65 

8.97 2.88 ×10-3 -2.54 

9.7 3.23×10-3 -2.49 

 

Table (B-2): First-order rate constants for the reaction of triester 69, 70 and 71 with vary concentrations 

of hydroxylamine, at pH 7.3, 60 °C and ionic strength 1.0 M. 

 Triester 69 Triester 70 Triester 71 

[NH2OH] /M kobs / s
-1 kobs / s

-1 kobs / s
-1 

0.1 5.5 ×10-4 5.1 ×10-6 5.31 ×10-6 

0.2 9 ×10-4 - - 

0.3 1.27 ×10-3 6.2 ×10-6 6.7 ×10-6 

0.4 1.65 ×10-3 8.07 ×10-6 8.4 ×10-6 

0.5 2.2 ×10-3 9.7×10-6 9.9 ×10-6 
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C. Appendix: Chapter Four 

Table (C-1): First-order rate constants for the hydrolysis of triester 82 and 83 at pH 7.3, 25 °C and ionic 

strength 1.0 M. 

 Triester 82 Triester 83 

pH kobs / s
-1 log kobs / s

-1 kobs / s
-1 log kobs / s

-1 

5 7.54×10-6 -5.1226 7.5 ×10-6 -5.1249 

6.22 2.40 ×10-5 -4.6189 2.42 ×10-5 -4.6158 

7.2 4.06 ×10-5 -4.3915 4.17 ×10-5 -4.3799 

8 6.54 ×10-5 -4.1844 6.88 ×10-5 -4.1624 

8.7 9.41 ×10-5 -4.0263 9.34 ×10-5 -4.0298 

9.6 1.25 ×10-4 -3.9006 1.28 ×10-4 -3.8932 

 

Table (C-2): First-order rate constants for the reaction of triester 82, 83 and 84 with vary concentrations 

of hydroxylamine, at pH 7.3, 25 °C and ionic strength 1.0 M. 

 Triester 82 Triester 83 Triester 84 

[NH2OH] / M kobs / s
-1 kobs / s

-1 kobs / s
-1 

0 2.09 ×10-7 3.03 ×10-7 2.31 ×10-7 

0.1 6.2 ×10-6 7.2 ×10-6 6.65 ×10-6 

0.3 2.06 ×10-5 2.3 ×10-5 1.73 ×10-5 

0.5 4.06 ×10-5 4.17 ×10-5 2.87 ×10-5 

0.7 4.96 ×10-5 5.17×10-5   3.73 ×10-5 

 


