








































































































































































































































































































Results and Discussion 

Sample D TSA x 10-10m2/s Dpolymer X 10-
10 m2 Is 

8.5mg Polymer 218 - 0.161 

2mM TSA 146 4.251 -

2mM TSA 146 + 8.5mg 0.861 0.161 

Polymer 

Table 8 

As can be seen from Table 8, when the TSA was mixed with polymer 218, the observed 

diffusion coefficient of the TSA decreased by a value of 3.4 x 10-lOm2/s. This is a very 

significant change, and suggests very strong complexation between the TSA and 

polymer. It was a concern that the change might be a result of the increased viscosity of 

the solution caused by the presence of the polymer. In order to determine whether or not 

this was the case, the diffusion coefficient of the water (Dso1v) was measured. This has a 

known value of 2.3 x 10-9m2/s156,157, and should the change in diffusion coefficient be 

due to a change in viscosity of the solution, then the diffusion coefficient of water 

should also be altered. Fortunately, the measured value of Dsolv was the same as the 

literature value, and thus it can be assumed that the observed change in DTsA is due to 

complexation to the polymer. 

As discussed previously, the observed diffusion coefficient, Dobs, is actually a mole 

fraction weighted average of the diffusion coefficient of bound and free molecules 

(Equation 4). As the molecular weight of the polymer is now considerably larger than 

the ligand, the assumption can be made that the diffusion coefficient of the complex 

(DCOMP) is the same as that for the free polymer measured and shown in Table 8, and 

thus the percentage of bound TSA can be calculated from Equation 4. 

Equation 4 

Substituting the values shown in Table 8 into Equation 4, the mole fraction, and thus the 

percentage of bound TSA in the complex was calculated and found to be a very 

significant 820/0. Unfortunately, the exact molecular weight of the polymer is unknown. 
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Results and Discussion 

and hence it is not possible to know the concentration of the polymer in solution, and 

thus measure an exact binding constant Ka using Equation 6. However, an approximate 

value can be obtained, since the molecular weight of the starting polymer is known to 

be -70,000. The concentration of the polymer solution is thus approximately O.lmM, 

and this value can be substituted into Equation 6 to give an approximate value of Ka. 

The concentration of free and bound TSA can be calculated using the mole fraction 

found above. 

K = [COMPLEX] 
a [TSA IPolymer] 

Equation 6 

Substituting the values into Equation 6 gIves a value for Ka of 45555LM- 1±20%. 

Although this figure is only an approximation, it indicates that the TSA has a strong 

affinity for the polymer. The results of these binding studies were encouraging, since if 

the polymer does indeed have a strong affinity for the TSA, then it should also bind the 

transition state in the ester hydrolysis, and hence have some catalytic affect on the 

reaction. 

8.1 Hydrolysis Reactions of the Ester Substrate. 

Before testing the polymers as catalysts for the hydrolysis of ester 145, the rate of the 

control reaction, i.e. in the absence of any polymer had to be measured. The reactions 

were monitored by analytical HPLC. The hydrolysis of ester 145 yields two products, 

acid 219 and alcohol 153 (Scheme 65). Using a reverse phase column, and a solvent 

gradient elution system of acetonitrile and water, ester 145 and acid product 219 

(Scheme 67) could be clearly separated with retention times of 18.01 and 11.9 minutes 

respectively, although phenethyl alcohol 153 could not be observed under these 

conditions. 
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145 

Hydrolysis 

OH OH 

+ 

153 

Scheme 67 

A O.SmM solution of ester 145 in phosphate buffer pH7 was prepared, and stirred at 

room temperature. The reaction was monitored by HPLC after 10 minutes, and 

thereafter at thirty-minute intervals. After 24 hours, none of the peak corresponding to 

acid 219 was observed in the HPLC trace, and IH NMR of the sample confirmed that no 

reaction had occurred. The reaction was repeated, but on this occasion heated at SO°C 

for 24 hours. Again the HPLC trace showed only starting material. 

Four polymers were now tested for their abilities to catalyse the hydrolysis of ester 145. 

Since the control showed no reaction after 24 hours, any production of product during 

the same timescale could be seen as a significant rate increase. The four polymers used 

were the control polymer 204, containing lysine residues only, polymer 218, containing 

the Arg-Arg unit and lysine, polymer 217, with lysine and histidine residues, and the 

vital polymer 215, which contained all three units, Arg-Arg, lysine and histidine (Figure 

43). 

ISO 



1)]. 
o 

204 

217 

o 

Figure 43 

Results and Discussion 

NH 
o 

218 

The conditions used for each polymer catalysed reaction were the same. A O.5mM 

solution of 145 in phosphate buffer (pH7) was stirred with 15mg of polymer for 24 

hours at room temperature. The reaction was monitored as described above using 

HPLC. Both the formation of acid 219, and decrease in concentration of the starting 

material were monitored. In the presence of the control polymer 204, after 24 hours, no 

significant reaction had occurred. The results for the other three polymers are 

summarised in Figures 44 and 45, showing the decrease in concentration of the ester 

145 and the formation of the acid product 219 respectively. 
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Results and Discussion 

Looking at Figures 44 and 45 it is evident that all three polymers had an effect on the 

hydrolysis of ester 145. Figure 44 shows that in all three cases, when the reaction was 

performed in the presence of the polymer, the concentration of ester 145 significantly 

decreased non-linearly with time. In the case of polymer 217, containing only lysine and 

histidine residues, the concentration of the starting material had halved after only 1 

hour. The results indicate that with all three polymers, binding of the substrate to the 

polymer is occurring. 

Figure 45 shows the concentration of acid 219 formed during the course of the reaction. 

Again, all three polymers showed formation of product, which in itself can be seen as a 

significant achievement, when bearing in mind that no product whatsoever was fonned 

in the control reaction. In order to compare the efficiency of the three polymers, the 

initial rate of reaction, kobs was measured. For polymers 217 and 218, the rate was 

relatively slow, and this value could be measured as the gradient of the slope in Figure 

45. For polymer 215 however, the rate was considerably faster, and the rate was 

measured by plotting a logarithmic graph of time against ([ AcidJx:J - [Acid]t). The half­

life tl/2 was read from the graph, and using Equation 12 the initial rate calculated. The 

rates for all three polymers are summarised in Table 9. 

k = 0.643 
obs t 

1/2 

Equation 12 

Polymer kobs 
Polymer 215 0.008 

Polymer 217 9 x 10-6 

Polymer 218 9 x 10-5 

Table 9 

As can be seen from Table 9, the relative rate constants give a reversal of the trends 

observed for the change in ester concentration observed in Figure 44. With an initial 
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rate constant of 9 x 10-
5

, the reaction containing polymer 217, containing lysine and 

histidine only showed the slowest rate of formation of product. Polymer 218, containing 

the Arg-Arg receptor unit, showed a 10-fold rate acceleration over polymer 217. 

Polymer 215, containing both the receptor Arg-Arg unit, and histidine residues had the 

greatest effect on the rate of formation of product and showed a 900-fold rate 

acceleration over polymer 217. 

In order to obtain more information on how the reaction was proceeding, inhibition 

studies were carried out by performing the hydrolysis reactions in the presence of the 

TSA 146. Should the catalysis be occurring due to binding and stabilisation of the 

transition state of the reaction, then the TSA should act as an inhibitor, and the rate of 

reaction should be significantly reduced. Reactions were carried out by stirring a 

solution with 0.5mM concentrations of both ester 145, and TSA 146 in the presence of 

15mg of polymer, and the reaction monitored as before. Unfortunately due to time 

constraints and a lack of available polymer, the inhibition studies were only carried out 

on polymers 217 and 218. Figures 46 and 47 show the rate of formation of acid 219 for 

both polymers, in the presence and absence of TSA. 

Hydrolyis of Ester with Polymer 218 in the Presence and Absence of TSA 
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The initial rates of formation of product were measured in the same way as described 

above, and summarised in Table 10. For comparison, the rates calculated in the absence 

of TSA have also been included in the table. 

Polymer kobs in presence of kobs in absence of TSA 

TSA 

Polymer 217 9 x 10-) 9 x 10-0 

Polymer 218 4 x 10-5 9 X 10-) 

Table 10 

Table 10 shows that for the case of the polymer containing the Arg-Arg receptor unit, 

but no "catalytic groups", the rate decreased by half in the presence of the TSA. This 

suggests, that as intended, the polymer is acting by stabilising the transition state of the 

reaction. On the other hand, polymer 217, showed a 10-fold rate increase in the 

presence of the TSA. This result is interesting, and suggests a much more complex 

lnechanisln is involved in the catalysis. 
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Unfortunately, due to time constraints, no more kinetic studies could be performed, a 

would have been desirable, so it is difficult for us to make accurate statements about 

the actual mode of action of any of the polymers. Varying the concentrations of both 

ester and polymer would provide more information. However it is possible to make 

some deductions from the data collected. To aid in this discussion, it is interesting to 

study Figures 48 and 49, which show the "missing" concentration of ester in the 

reaction mixture in the absence and presence of TSA respectively. The "missing" 

concentration can be described as the initial concentration of ester minus the sum of 

the acid and ester concentrations at any given time. This data gives information on 

how much of the substrate is bound to the polymer. 

"Missing" Concentration of Ester Substrate During Hydrolysis Reaction 
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Figure 48 indicates that Polymer 218 has a low, but fairly constant concentration of 

ester bound to the polymer at any given time. Polymer 217 containing histidine and 

lysine has a very high "missing" concentration. This is a good indication that a large 

proportion of ester is strongly bound to the polymer. Polymer 215, containing both 

binding and catalytic moieties shows a steadily increasing value of missing, or bound 

ester concentration. Figure 49 shows that in the presence of the TSA, the 

concentration shown in the graph varied little for Polymer 218, but in the case of 

polymer 217 is almost halved. 

Polymer 218 containing the Arg-Arg receptor unit but no catalytic groups how a 

distinct rate increase over the control reaction, and very little of the e ter sub trate i 

bound to the polymer at any given time. The inhibition tudies cau ed a 2-fold 

decr a e in reaction rate thus indicating that some aspect of the cataly i wa cau ed 

by binding of a tran ition tate. There i likely to be another factor in the cataly i b 

thi polym r howe r. Th guanidine group of the arginine re idue are protonated at 
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hydroxide ions. If the substrate is bound to the polymer then these hydroxide ions are 

able to hydrolyse the ester to give products. 

The mode of action of the other two polymers is likely to be far more complex. Polymer 

217 containing histidine and lysine residues apparently shows strong binding of the 

ester substrate, and a slow release of product. Approximately half of the initial 

concentration of ester is bound to the polymer at most times. When the TSA is added, 

the rate of release of product more than doubles. Several different theories can be 

proposed to explain the action of this polymer. Firstly, the substrate could bind very 

tightly to the polymer. However, this theory wouldn't explain the increase in reaction 

rate with the addition of TSA. Second, hydrolysis could be occurring at a binding site, 

but the product is binding very tightly to the polymer, either at a similar site, or at a 

different, second type of binding site. When the TSA is added, it may bind 

competitively with the product, and the rate of release of the acid is increased. Third, 

there could be some type of "acyl-enzyme" formed by a covalent reaction between the 

histidine or lysine on the polymer and the substrate. Hydrolysis of this intermediate 

would then become the rate limiting step. The binding of the TSA may change the 

binding, or conformation of binding sites and aid the hydrolysis of this complex. 

Without further studies however, it is impossible to accurately predict whether one of 

these, or another route is the actual mode of action. 

What is clear is that the combination of both receptor site, and histidine in polymer 215 

is required to form an efficient catalyst for the hydrolysis of ester 145. One strange 

feature of this polymer is that as the reaction proceeds, the concentration of the product 

becomes constant, whilst the "missing" ester concentration steadily increases. This 

could be due to the system reaching equilibrium, so that the concentration of the product 

will no longer increase, but ester is still able to bind to the polymer, until the point 

where the polymer binding sites are saturated. The actual role of the histidine molecule 

is however unclear. In the active site of enzymes, histidine has a number of roles but 

most commonly acts as a general acid/base. It is also possible however that the histidine 

may, under certain conditions act as a nucleophile to form an acyl-imidazole 

intermediate, which should break down to give products. With the data in hand it is 

impossible to make a prediction about how the histidine is acting in this case. 
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In spite of the fact that the detailed mechanisms of the catalysis are not yet known, these 

preliminary results show significant rate enhancements, and thereby provide proof of 

the initial concept. Clearly, the modular assembly of designed receptor sites in 

combination with selection of catalytic groups represents a novel strategy for the 

assembly of artificial enzymes in a manner which also allows us to explore the various 

contributing factors which are responsible for enzymic catalysis. 
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9. Conclusions and Future Outlook. 

9.0 Conclusions. 

This thesis has described the development of a novel, "semi-rational" strategy for the 

preparation of artificial enzymes. Many of the previous attempts at developing artificial 

enzymes had achieved success in terms of catalysis, but in many instances, knowledge 

of the active site formed was limited. The initial concept for our approach was inspired 

by this fact. We wished to develop an approach in which it was possible to know which 

factors were responsible for catalysis, and also to be able to change them in order to 

make the catalyst more efficient. The idea was based on designing a known receptor 

site, and incorporating this onto a polymer backbone. The group responsible for binding 

and stabilising the transition state of the reaction was thus known. A range of active 

catalytic groups could then be grafted onto the polymer, and then the best system 

selected based on its ability to catalyse a given reaction, in our case ester hydrolysis. 

The receptor molecule was chosen based on its ability to bind to a phosphonate TSA. 

The phosphonate contained three recognition points in the form of not only the 

phosphonic acid moiety, but also a carboxylic acid and amide linkage. A library of 

dipeptides were chosen as possible candidates since dipeptides possess appropriate 

functionality which could interact as required with the TSA. Binding interactions were 

studied using a combination of NMR and molecular modelling techniques. A novel 

method of studying small molecule-small molecule binding by measuring changes in 

diffusion coefficient by PFG-NMR, followed by molecular modelling to study the 

nature of the binding interactions identified the dipeptide Arg-Arg as a suitable receptor 

molecule to be incorporated into a polymer. 

A range of amino acid residues, senne, histidine and cysteine were chosen to be 

incorporated alongside the receptor into a polymer as potential catalytically active 

groups. The choice of amino acids was based on knowledge of residues that playa vital 

role in the active site of proteases. Polyallylamine was selected as the polymer backbone 

since not only did it contain functionality suitable for coupling to the receptor and 

catalytic groups, but also because it was highly soluble and flexible. A flexible polymer 
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should be able to move freely in solution, and has the potential to exhibit "induced fit" 

as seen in natural enzymes, i.e. a change in conformation to bind a substrate. 

Due to time limitations, only polymers containing the receptor and histidine could be 

prepared and tested for catalysis. A control reaction showed that the chosen ester did 

not hydrolyse under neutral conditions. A set of three polymers, one containing 

hisitidine, one containing the receptor, and one containing both were prepared and 

tested for catalysis of the hydrolysis of the chosen ester. In all three cases rate 

accelerations were observed. However, the polymer which contained both receptor and 

catalytic groups showed a 900-fold rate acceleration over the polymer containing just 

catalytic histidine residues, and a 90-fold rate acceleration over the polymer containing 

the receptor only. 

This result neatly demonstrated the success of our initial concept. A receptor had been 

designed and incorporated into a polymer, and shown to catalyse the chosen ester 

hydrolysis. In addition, a suitable catalytic group had also been found. However, the 

most efficient catalysis was observed using a polymer which contained both receptor 

and catalytic residues. By clearly separating the catalytic groups and receptor, it was 

possible to investigate individually the effect and importance of each on the rate of 

reaction. 

9.1 Future Outlook. 

Our initial work in this area has successfully proved our proposed concept. However 

there is still plenty of scope for further studies. 

With regard to the polymers already synthesised further kinetic studies should be 

performed which could give a greater understanding of the mechanism of catalysis. 

Firstly, studies varying the concentration of the substrate would enable us to calculate 

the maximum rate acceleration, and observe if the system follows Michaelis-Menton 

kinetics, operating by initial formation of a polymer-substrate complex. 
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Second, inhibition studies should be expanded upon. TSA inhibition studies should be 

performed on Polymer 215, in a similar manner to polymers 217 and 218. Also 

important is to study the effect of varying the concentration of the TSA on the rates of 

reaction. This information could provide an insight into the binding and mechanism of 

the polymers, especially polymer 217. 

Competition studies between the substrate that the system was designed for, and a 

simple ester, such as phenyl acetate, which contains no real "binding moieties" would 

also help in identifying the mode of binding. Clearly if the rate of hydrolysis of the 

substrate is increased relative to that of the competitive ester, then the binding of the 

substrate to the polymer, as predicted in Figure 28 is important. However, choice of 

ester here would be crucial, since the rate of hydrolysis of the substrate is exceedingly 

slow. The ester chosen would have to behave in a similar fashion. 

Synthesis of the same polymers usmg the lower molecular weight polyallylamine 

should be performed. All of the catalytic features of the higher molecular weight species 

could still be incorporated into the polymer, but there would be added benefits, such as 

the increased solubility in a variety of solvents. This would enable the polymer to 

behave as a homogeneous catalyst in solution. 

Synthesis of other polymers containing different "catalytic groups", and testing these as 

catalysts in the ester hydrolysis is also a priority. Due to the known role of serine and 

cysteine residues in natural enzymes, the use of these residues, both on their own, and in 

combination with histidine would be desirable. 

Finally, investigations into finding a better "binding unit" could be performed. The 

binding studies described within this thesis were limited to nine dipeptides. However, 

there are clearly a vast number of possible peptides available, and the chances that we 

found the optimum binder are minimal. A more efficient binding assay, that utilized 

techniques such as UV and fluorescence could be set up, for initial studies, and once 

possible binders identified, the NMR diffusion technique could be used to identify the 

best binder. 
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The complexities involved in biomimetic catalysis are difficult to mimic using either 

conventional design, or more modem selection approaches. We have successfully 

demonstrated that the application of a "step by step" approach which combines both 

design and selection elements can be used, not only to synthesise an efficient catalyst, 

but also to provide at every step along the way detailed information about relative 

importance of the groups contributing to the molecular environment of the active site. 
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Experimental 

1. General Experimental. 

IH NMR spectra were recorded at 300MHz on a Bruker AMX300 spectrometer, at 

400MHz on a Bruker AMX400 spectrometer, or at 500MHz on a Bruker A vance 500 

spectrometer. Chemical shifts (OH) are referenced to the residual solvent peak, except 

for spectra recorded in D20, in which case T.S.P was used as an internal standard. 

Chemical shifts are quoted in parts per million (ppm) using the following abbreviations: 

s, singlet; d, doublet; t, triplet; q, quartet; dd, double doublet; dt, doublet of triplets; m, 

multiplet; br, broad. The coupling constants (1) refer to vicinal 3 JHH couplings unless 

otherwise stated, and are recorded in Hertz and quoted to the nearest 0.5Hz. 

l3C NMR spectra were recorded at 75.4MHz on a Bruker AMX300 spectrometer, at 

100.6MHz on a Bruker AMX400 spectrometer, or at 125.7MHz on a Bruker Avance 

500 spectrometer. Chemical shifts (oc) are referenced to the residual solvent peak and 

are quoted to 0.1 ppm. Carbon spectra assignments are supported by DEPT editing. 

Solid state l3C NMR spectra were recorded at 75.4MHz on a Bruker MSL300 

spectrometer. 

31 p NMR were recorded at 121.4MHz on a Bruker AMX300 spectrometer. Chemical 

shifts (op) are referenced to 85% aq. H3P04, and are quoted to O.lppm. 

2D- NOESY NMR spectra were carried out on a Bruker Avance 500 spectrometer. PFG 

Diffusion Ordered SpectroscopY (DOSY) NMR experiments were carried out on a 

Bruker A vance 500 NMR spectrometer equipped with a Bruker GAB-type gradient 

accessory. 

Melting points were determined using a Reichart Hotstage or Electrothermal 9100 

instrument and are uncorrected. 

Infrared spectra were recorded on a Perkin-Elmer 1600 Fourier transform spectrometer, 

and were recorded either as thin films (NaCI), as KBr disks, or as CHCb solutions 

(NaCI). Absorption maxima are reported in wavenumbers (em-I) using the following 

abbreviations: w, weak; m, medium; s, strong; br, broad. Only selected absorbances are 
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reported. Polymer solid state IR were performed using a microscope IR at Imperial 

College, London. 

Mass spectra were recorded under either fast atom bombardment (F AB), or atmospheric 

pressure chemical ionisation (APCI) conditions by the ULIRS mass spectrometry 

service at the School of Pharmacy, University College London. Only molecular ions, or 

fragments from molecular ions are reported. High resolution mass spectra are accurate 

to ±lOppm. 

Microanalyses were performed In the University College London Chemistry 

Department. 

DMF was dried with MgS04, and then distilled from silica gel and stored over Linde 

Type 4A molecular sieves. Diisopropylethylamine (DIPEA) was distilled from, and 

stored over KOH. THF was freshly distilled from sodium-benzophenone under N 2. 

Benzene was distilled from sodium, and DCM was distilled from calcium hydride. 

Methanol was distilled using magnesium turnings and iodine. Triethylamine was 

distilled from P20 5 and stored over KOH. N-Methylmorpholine was distilled from 

calcium hydride and stored over Linde Type 4A molecular sieves. Tert-Butylamine was 

distilled neat immediately prior to use. 

With the exception of FmocLysine(Fmoc )OH which was synthesised in house, all 

protected amino acids, and dipeptides were purchased from BACHEM and used as 

bought. 

Analytical HPLC was carried out on a Shimadzu dual pump LC-I OAS with a Shimadzu 

SPD-6A UVNIS variable wavelength detector, and Shimadzu C-R6A chromatapac 

integrator, and a reverse phase CI8 column (4.6 by 250mm) from HiChrom. Solvents 

were HPLC grade and degassed prior to use. 

Analytical thin layer chromatography was performed on aluminium sheets pre-coated 

with Merck silica gel 60 F254, and visualised with ultraviolet light (254nm), plus either 

basic potassium permanganate, acidic vanillin, or acidic anisaldehyde solution. Flash 

chromatography was performed using BDH silica gel (40-60flm). 
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All glassware was oven dried and cooled under a flow of nitrogen. All reactions 

requiring dry solvents were carried out under an atmosphere of nitrogen. 
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2. Synthesis of Phosphonate Transition State Analogue and Ester 

Substrate 

For consistency when assigning NMR spectra, the following numbering system is used 

for assignment purposes only in the para-substituted benzene rings: 

3 5 

2 6 

1 

NH 

2.0 Synthesis of the Transition State Analogue (TSA). 

Synthesis of Benzyl Phosphonic Acid Dimethyl Ester (149)158. 

149 

A stirred solution of trimethyl phosphite (l95ml, 1.65mol) and benzyl bromide 

(27.82ml, 0.234mol) in benzene (lOOml) was heated at reflux for 19 hours. The solvent 

was removed in vacuo, and the excess trimethyl phosphite removed by distillation to 

yield a colourless oil. This was further purified by fractional distillation (l35-138°C, 

3.5mmHg) to afford benzyl phosphonic acid dimethyl ester 149 as a clear colourless oil 

(27g, 93%); Rr 0.36 (Si02; EtOAc); IH NMR (500MHz, CDCh) DH/ppm 3.13 (d, 

2JPH=21.5, ArCfuP), 3.63 (d, 3JpocH=11.0, 6H, 2 x OCH3), 7.21-7.36 (m, 5H, 5 x ArH): 

13e NMR (lOO.6MHz, CDCh) Dc/ppm 32.8 (d, Jcp=138.0, ArCH2P), 52.7 (2 x OCH3), 

126.9 (C(l)), 128.6 (C(3), C(5)), 129.6 (C(2), C(6)), 131.5 (l x quaternary, C(4)): V max 

(thin filmlcm- 1) 584(m), 700(m), 756(m), 832(s), 916(m), 1026(s, P-OMe), 1186(m), 

1250(s, P=O), 1406(m), 1466(m), 1496(m), 1603(m), 2844(m), 2891 (m), 2957(s). 
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2970(m), 3170(m), 3400(s), 3631(s); m/z (FAB) 201 (100%, [M+Ht); HRMS found 

201.0675, [M+Ht (C9H 140 3P) requires 201.0681. 

Synthesis of (4-Nitro-Benzyl)-Phosphonic Acid Dimethyl Ester (156)159. 

156 

Nitric acid (70% w/v, 24.lml) and sulphuric acid (98% w/v, 24.1ml) were mixed 

together with external cooling. When the temperature reached O°C, benzyl phosphonic 

acid dimethyl ester 149 (19.2g, 0.096mol) was added dropwise over 45mins. The 

mixture was stirred at O°C for 1 hour, after which time the reaction was quenched by 

addition to ice H20 (600ml). The product was extracted with toluene (4 x 150ml), the 

organic layers were combined, washed with aq. NaHC03 (sat., 2 x 100ml), aq. NaCI 

(sat., 1 x 100ml), and dried over Na2S04. The solvent was removed in vacuo to yield (4-

nitro-benzyl) .. phosphonic acid dimethyl ester 156 as a pale yellow solid (10.l3g, 79%); 

m.p. 68-70°C (lit. 75°C159); Rc 0.22 (Si02; EtOAc); IH NMR showed a 9: 1 ratio of 

para:ortho isomers; Data for para isomer only; IH NMR (500MHz, CDCb) bH/ppm 

3.19 (d, 2JpH=22.5, 2H, ArCfuP), 3.62 (d, 3JpocH=11.0, 6H, 2 x OClli) , 7.39 (dd, 

4JpH=2.5, J=8.5, 2H, C(3)H, C(5)H), 8.08 (d, J=8.5, 2H, C(2)H, C(6)H); l3e NMR 

(75.4MHz, CDCb) bclppm 33.3 (d, Jcp=138.0, ArCH2P), 53.4, 53.5 (2 x OCH3), 124.2 

(C(2), C(6», 131.0 (C(3), C(5», 139.8, 147.4 (2 x quaternary, C(1), C(4»; V max 

(CHCb/cm- 1) 549(m), 689(m), 740(m), 829(m), 864(s), 1032(s), 1053(s, P-OMe), 

1186(m), 1249(s, P=O), 1347(s, C-N02), 1403(w), 1452(w), 1487(w), 1515(s, C-N02), 

1599(m), 2454(w), 2853(w), 2851(m), 3000(s), 3414(m, br); m/z (FAB) 246 (100%, 

[M+Ht); HRMS found 246.0540, [M+Ht (C9H13N05P) requires 246.0531. 



Experimental 

Synthesis of (4-Amino-Benzyl)-Phosphonic Acid Dimethyl Ester (150)160. 

150 

To a solution of (4-nitro-benzyl)-phosphonic acid dimethyl ester 156 (15g, 0.061mol) in 

MeOH (200ml) was added 10% Pd/C (1.5g, cat.). The mixture was placed in a Parrs 

hydrogenation equipment under a hydrogen pressure of 50 p.s.i. and shaken for 24 

hours. The catalyst was removed by filtration, and the solvent removed in vacuo. The 

residue was dissolved in aq. HCI (2M, 100ml), and any unreacted starting material 

extracted with toluene (2 x 90ml). The aqueous layer was adjusted to pH9 using 

NaHC03, and the product extracted into DCM (4 x 80ml). The organic layers were 

combined, washed with H20 (1 x 80ml), aq. NaCI (sat., 1 x 80ml), dried over Na2S04, 

and concentrated to ~20ml. On standing crystallisation occurred to afford pink crystals, 

which were collected by filtration to yield (4-amino-benzyl)-phosphonic acid dimethyl 

ester 150 (6.95g, 53%); m.p. 105-107°C (lit. 103°CI60); Rr 0.34 (Si02; EtOAc:MeOH; 

9:1); IH NMR (500MHz, CDCh) DH/ppm 3.00 (d, 2JPH=21.0, 2H, ArCfuP), 3.59 (d, 

3JpocH=l1.0, 6H, 2 x OCH3), 6.57 (d, J=8.0, 2H, C(2)H, C(6)H), 7.01 (dd, 4JPH=2.5, 

J=8.0, 2H, C(3)H, C(5)H); 13e NMR (75.4MHz, CDCh) Dc/ppm 32.7 (d, Jcp=136.0, 

ArCH2P), 53.7, 53.8 (2 x OCH3), 116.1, (C(2), C(6», 121.3 (1 x quaternary, C(4», 

131.3,131.4 (C(3), C(5», 146.4 (1 x quaternary, C(l»; Vrnax (CHCh/cm- l
) 563(m), 

661(m), 696(m), 815(m), 857(s), 1052(s, P-OMe), 1130(w), 1179(s), 1242(s), 1263(s, 

P=O), 1403(m), 1452(m), 1508(s, Ar), 1621(s, Ar), 2853(w), 2951(m), 3001(s), 

3386(m, -NH2), 3449(m, -NH2); m/z (FAB) 216 (70%, [M+H]l; HRMS found 

216.0776, [M+Ht (C9HI5N03P) requires 216.0790. 
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Experimental 

Synthesis of [4-(2,2,2-Trifluoroacetylamino)-Benzyl]-Phosphonic Acid Dimethyl 

Ester (151). 

151 

To a stirred solution of (4-amino-benzyl)-phosphonic acid dimethyl ester 150 (4.04g, 

0.019mol) in anhydrous THF (40ml) under N2 was added trifluoroacetic anhydride 

(2.71ml, 0.019mol) and N-methylmorpholine (2.11ml, 0.019mol). The solution was 

stirred at r.t. for 1.5 hours. The solvent was removed in vacuo, and the residue dissolved 

in EtOAc (lOOml). The solution was washed with aq. KHS04 (IN, 4 x 20ml), aq. 

NaHC03 (5%, 2 x 20ml), aq. NaCI (sat., 1 x 20ml), and dried over Na2S04. The solvent 

was concentrated in vacuo until precipitation occurred. The solid was collected by 

filtration to yield [4-(2,2,2-trifluoroacetylamino )-benzyl]-phosphonic acid dimethyl 

ester 151 as a white crystalline solid (4.69g, 80%); m.p. 130-132°C; Rr 0.47 (Si02; 

EtOAc:MeOH; 9:1); IH NMR (300MHz, CDCh) DH/ppm 3.16 (d, 2JPH=21.5, 2H, 

ArCfuP), 3.75 (d, 3JpocH=I1.0, 2H, 2 x OCH3), 7.13 (dd, 4JPH=2.5, J=8.5, 2H, C(3)H, 

C(5)H), 7.51 (d, J=8.5, 2H, C(2)H, C(6)H), 10.79 (s, IH, F3CC(O)NH); 13C NMR 

(75.4MHz, CDCh) Dc/ppm 32.4 (d, Jcp=139.5, ArCH2P), 53.4, 53.5 (2 x OCH3), 121.7 

(C(2), C(6», 128.2 (CF3C(O)NH), 130.6 (C(3), C(5», 135.8, 135.9 (2 x quaternary, 

C(I), C(4», 155.9 (CF3C(O)NH); 31p NMR (l21.4MHz, CDCh) Dp/ppm 30.1; Vrnax 

(CHCh/cm-1) 559(m), 725(m), 787(w), 822(m), 866(m), 902(m), 1099(s, C-F), 1062(s, 

P-OMe), 1157(s, C-F), 1195(s, C-F), 1259(s, P=O), 1287(m), 1421(m), 1516(m, 

C(O)NH), 1555(m), 1606(m), 1718(s, C=O), 2951(m), 3000(m), 3042(s), 3197(m), 

3253(m, C(O)NH), 3421(m, C(O)NH); m/z (FAB) 312 (100%
, [M+Hr); HRMS found 

312.0620, [M+Hr (CIIH14F3N04P) requires 312.0613. 
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Synthesis of [4-(2,2,2-Trifluoroacetylamino )-Benzyl]-Phosphonic Acid tert­

Butylamine Salt Methyl Ester (158). 

158 

[4-(2,2,2-Trifluoroacetylamino )-benzyl]-phosphonic acid dimethyl ester 151 (3.08g, 

9.91mmol) was suspended in tert-butylamine (30ml) and the mixture refluxed for 7 

days. The reaction was concentrated in vacuo, and the residue dissolved in H20, and 

lypholised to yield [4-(2,2,2-trifluoroacetylamino )-benzyl]-phosphonic acid tert­

butylamine salt methyl ester 158 as a white solid (3.4g, 920/0); Rr 0.21 (Si02; 

CHCh:MeOH; 3:1); IH NMR (400MHz, D20) DH/ppm 1.12 (s, 9H, (CH3)3CNH3), 3.33 

(d, 2JpH=21.5, 2H, ArClliP), 4.67 (d, 3JpocH=I1.0, 3H, OCH3), 6.94 (d, J=7.5, 2H, 

C(3)H, C(5)H), 7.08 (d, J=7.5, 2H, C(2)H, C(6)H); l3e NMR (l00.6MHz, D20) 

Dc/ppm 27.9 «CH3)3CNH3), 33.8 (d, Jcp=130.0, ArCH2P), 52.3 (OCH3), 117.1, 117.5 (2 

x quaternary), 123.8, 123.9 (C(2), C(6», 130.9, 131.0 (C(3), C(5», 131.7, 141.9 (2 x 

quaternary); 31p NMR (l21.4MHz, D20) Dp/ppm 22.4. 
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Experimental 

Synthesis of [4-(2,2,2-Trifluoroacetylamino)-Benzyl]-Phosphonic Acid Methyl 

Ester (159). 

159 

tert-Butylamine salt 158 (3g, 8mmol) was dissolved in MeOH (50ml) and stirred with 

cation exchange resin Amberlite IR-120 (plus) for 4 hours. The resin was removed by 

filtration and the solvent removed in vacuo to afford [4-(2,2,2-trifluoroacetylamino)­

benzyl]-phosphonic acid methyl ester 159 as a cream coloured solid (1.75g, 68%); m.p. 

206-208°C; IH NMR (500MHz, CD30D) 8H/ppm 3.18 (d, 2JPH=21.5, 2H, ArCfuP), 

3.65 (d, 3JpocH=I1.0, 3H, OCH3), 7.33 (dd, 4JPH=2.5, J=8.5, 2H, C(3)H, C(5)H), 7.58 

(d, J 8.5, 2H, C(2)H, C(6)H); l3e NMR (75.4MHz, CD30D) 8c1ppm 33.9 (d, 

2JpH=139.5, ArCH2P), 53.3 (OCH3), 115.9, 119.8 (2 x quaternary), 122.6 (C(2), C(6», 

131.6 (C(3), C(5», 136.9 (1 x quaternary), 157.4 (CF3C(O)NH); Vrnax (KBr/cm-1
) 

504(m), 556(m), 699(m), 835(s), 1046(m, P-OMe), 1162(s, C-F), 1244(m, P=O), 

1285(m), 1346(w), 1414(m), 1462(m), 1516(m), 1543(m), 1605(m), 1721(s, C=O), 

2858(w), 2913(w), 2960(m), 3083(m), 3137(m), 3206(m, C(O)NH), 3315(m, C(O)NH); 

m/z (FAB) 298 (80%, [Mt); 136 (100%) HRMS found 298.0443, [Mt 

(ClOHIIF3N04P) requires 298.0456. 
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Experimental 

Synthesis of [4-(2,2,2-Trifluoroacetylamino )-Benzyl]-Phosphonic Acid Chloride 

Methyl Ester (152). 

152 

Method 1. 

Phosphorus pentachloride (0.S6g, 2.6mmol) was added to a stirred solution of [4-(2,2,2-

trifluoroacetylamino)-benzyl]-phosphonic acid dimethyl ester 151 (O.Sg, 1.7mmol) in 

CHCh (Sml) under N2 and heated at 40°C for 16 hours. S02 gas was bubbled through 

the solution for 10 mins. to remove any excess phosphorus pentachloride. The solvent 

was removed in vacuo to afford [4-(2,2,2-trifluoroacetylamino )-benzyl]-phosphonic 

acid chloride methyl ester 152 as a brown solid (0.S02g, 98% crude). Analytical data as 

below. 

Method 2. 

[4-(2,2,2-Trifluoroacetylamino )-benzyl]-phosphonic acid methyl ester 159 (4g, 

0.013mol) was suspended in anhydrous DCM (SOml) under N2. Oxalyl chloride 

(1.76ml, 0.02mol) was added followed by the dropwise addition of DMF (Sl~l, 

0.7mmol). The reaction was stirred for 24 hours at r.t. After this time the solution had 

become homogeneous. The solvent was removed in vacuo, and the solid washed with 

toluene (1 x 20ml), to yield [4-(2,2,2-trifluoroacetylamino )-benzyl]-phosphonic acid 

chloride methyl ester 152 as a cream coloured solid (4.l2g, 99%); IH NMR (300MHz, 

CDCh) DH/ppm 3.S8 (dd, 2JPH=21.0, J 7.S, 2H, ArCfuP), 3.9S (d, 3 JpocH=13.S, 3H, 

OCH3), 7.28 (dd, 4JPH=3.0, J=8.0, 2H, C(3)H, C(S)H), 7.62 (d, J=8.0, 2H, C(2)H, 

C(6)H), 9.73 (s, IH, CF3C(O)NH); 13C NMR (7S.4MHz, CDCh) Dc/ppm 40.4 (d, 

Jcp=139.0, ArCH2P), S3.8 (OCH3), 114.4, 118.2 (2 x quaternary), 121.6 (C(3), C(S)), 

131.1 (C(2), C(6)), 136.3 (1 x quaternary), ISS.S (CF3C(O)NH); 31 p NMR (121.4MHz, 

CDCh) Dp/ppm 42.1; m/z (F AB) 31S, 317 (100%, [Mr). 
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Experimental 

Synthesis of [4-(2,2,2-Trifluoroacetylamino)-Benzyl]-Phosphonic Acid Methyl 

Ester Phenethyl Ester (154). 

154 

[4-(2,2,2-Trifluoroacetylamino )-benzyl]-phosphonic acid chloride methyl ester 152 

(4.lg, 0.013mol) was dissolved in anhydrous THF (60ml) and added dropwise to a 

stirred solution of 2-phenylethanol (1.55ml, 0.013mol) and triethylamine (3.6ml, 

0.026mol) in anhydrous THF (20ml) under N2• The solution was stirred for 24 hours at 

r.t. After this time triethylamine hydrochloride had formed as a white precipitate. The 

precipitate was removed by filtration, and the solvent evaporated. The residue was 

dissolved in EtOAc (60ml) and washed with aq. NaHC03 (5%, 2 x 30ml), aq. KHS04 

(50/0, 2 x 40ml), aq. NaCI (sat., 1 x 50ml), and dried over Na2S04. The solvent was 

removed in vacuo to afford a yellow oil that was purified by flash chromatography 

(Si02; EtOAc) to yield [4-(2,2,2 trifluoroacetylamino )-benzyl]-phosphonic acid methyl 

ester phenethyl ester 154 as a yellow solid (4.11g, 79%); m.p. 135-137°; Rr 0.34 (Si02; 

EtOAc); IH NMR (300MHz, CDCh) DH/ppm 2.96 (t, J=7.0, 2H, POCH2ClliAr), 3.10 

(d, 2JPH=21.5, 2H, ArClliP), 3.62 (d, 3JpocH=I1.0, 3H, OCH3), 4.14-4.27 (m, 2H, 

POClliCH2Ar), 7.14 (dd, 4JPH=2.5, J=8.0, 2H, C(3)H, C(5)H), 7.21 (d, J=7.0, 2H, 

ortho-ArH) , 7.30 (t, J=7.0, IH, para-ArH), 7.32 (t, J=7.0, 2H, meta-ArH), 7.55 (d, 

J=8.0, 2H, C(2)H, C(6)H); 13e NMR (75.4MHz, CDCh) Dc/ppm 32.7 (d, Jcp=138.5, 

ArCH2P), 37.3 (POCH2CH2Ar), 53.1 (OCH3), 67.3 (POCH2CH2Ar), 119.2 (l x 

quaternary, CF3C(O)NH), 121.7 (C(2), C(6)), 127.2 (para-ArC) 128.9, 129.3, (2 x 

ortha-ArC, 2 x meta-ArC), 130.6 (C(3), C(5)), 128.1, 136.2, 137.5 (3 x quaternary, 

ArC), 155.9 (CF3C(O)NH); Vmax (CHCh/cm-1
) 557(m), 650(m), 721(s), 769(s), 

1018(m), 1061(m, P-OR), 1157(m, C-F), 1247(s, P=O), 1287(m), 1380(m), 1462(s), 

1515(m), 1551 (m), 1610(m), 1723(s, C=O), 3017(m), 3461 (s, C(O)NH), 3593(s, 
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C(O)NH); m/z (APcr+) 402 (100%, [M+H]l; HRMS found 402.1082, [M+Hr 

(CIsH20F3N04P) requires 402.1090. 

Synthesis of (4-Amino-Benzyl) Phosphonic Acid Methyl Ester Phenethyl Ester 

(160). 

160 

[4-(2,2,2-trifluoroacetylamino )-benzyl]-phosphonic acid methyl ester phenethyl ester 

154 (4g, 9.97mmol) was dissolved in anhydrous MeOH (50ml) and cooled to O°C. To 

the stirred solution was added sodium borohydride (3.77g, 97mmol) in portions. The 

solution was warmed to r.t., and stirred for 2 hours. The solvent was removed in vacuo, 

and the residue diluted with aq. NH40H (10%, 60ml). The aqueous phase was extracted 

with EtOAc (4 x 50ml). The combined organic extracts were dried over Na2S04, and the 

solvent removed in vacuo to yield the product 160 as a yellow gum (2.97g, 96%); Rr 

0.36 (Si02; EtOAc:MeOH; 9: 1); IH NMR (300MHz, CDCh) DH/ppm 2.81 (t, J=7.0, 

2H, POCH2CfuAr), 2.92 (d, 2JPH=21.0, 2H, ArCfuP), 3.47 (d, 3JpocH=11.0, 3H, 

OCH3), 4.01-4.14 (m, 2H, POCfuCH2Ar), 6.52 (d, J=8.0, 2H, C(2)H, C(6)H), 6.93 (dd, 

4JPH=2.5, J=8.0, C(3)H, C(5)H), 7.10 (d, J--7.0, 2H, ortho-ArH), 7.17 (t, IH, para­

ArH), 7.22 (t, J 7.0, 2H, meta-ArH); 13e NMR (75.4MHz, CDCh) Dc/ppm 3l.8 (d, 

Jcp=139.0, ArCH2P), 36.6 (POCH2CH2Ar), 52.3 (OCH3), 66.2 (POCH2CH2Ar), 115.7 

(C(2), C(6)), 120.7 (C(4)), 127.0 (para-ArC), 128.8, 129.5 (2 x ortho-ArC, 2 x meta­

ArC), 130.9 (C(3), C(5)), 137.0 (1 x quaternary, ArC), 145.2 (C(1)); 31 p NMR 

(121.4MHz, CDCh) Dp/ppm 29.3; Vmax (CHCh/cm- l
) 650(m), 729(m), 770(m), 771(m), 

1012(m), 1065(m, P-OR), 1095(m), 1271(s, P=O), 1382(m), 1459(m), 1517(w), 

1623(m), 3012(m), 3619(m, -NH2), 3665(m, -NH2); m/z (APCr+) 306 (1000/0, [M+Hr); 

HRMS found 306.1259, [M+Hr (C I6H21N03P) requires 306.1264. 
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Experimental 

Synthesis of [4-(4-Carboxy-l-0xobutyl)-Amino-Benzyl]-Phosphonic Acid Methyl 

Ester Phenethyl Ester (155). 

o o 

HO N 
H 

155 

Triethylamine (1.73ml, 12.4mmol) and glutaric anhydride (1.35g, 12mmol) were added 

to a stirred solution of (4-amino-benzyl) phosphonic acid methyl ester phenethyl ester 

160 (3g, 9.8mmol) in anhydrous DCM (50ml) under N2, and the reaction stirred at 

reflux for 12 hours. The solution was diluted with H20 (40ml) and adjusted to pH9 

using NaHC03. The layers were separated and the aqueous layer washed with DCM (2 

x 50ml). The pH of the aqueous solution was adjusted to 2 using aq. HCI (2M), and the 

product extracted with DCM (4 x 70ml). The organic layer was dried over Na2S04, and 

the solvent removed in vacua to afford 155 as a white gum (3.44g, 84%); IH NMR 

(300MHz, CDCh) DH/ppm 1.99 (m, 2H, H02CCH2CfuCH2C(O)NH), 2.38, 2.41 (2t, 

J=7.0, 4H, H02CCfuCH2CfuC(O)NH), 2.92 (t, J=7.0, 2H, POCH2CfuAr), 3.07 (d, 

2JPH=21.5, 2H, ArCfuP), 3.56 (d, 3JpocH=I1.0, 3H, OCIL), 4.18 (m, 2H, 

POCfuCH2Ar), 7.12 (d, J=8.0, 2H, C(3)H, C(5)H), 7.18 (d, J=7.0, 2H, artha-ArH), 

7.26 (t, J=7.0, IH, para-ArH), 7.31 (t, J=7.0, 2H, meta-ArH), 7.50 (d, J=8.0, 2H, 

C(2)H, C(6)H), 8.99 (s, IH, C(O)NH), 9.12 (s, br, C02H); l3C NMR (75.4MHz, 

CDCh) Dclppm 21.2 (H02CCH2CH2CH2C(O)NH), 31.7, 32.4 

(H02CCH2CH2CH2C(O)NH), 33.7 (POCH2CH2Ar), 36.9 (d, Jcp=139.0, ArCH2P), 53.3 

(OCH3), 67.4 (POCH2CH2Ar), 120.6 (C(2), C(6», 126.3, 126.4, 127.1, 128.9 (l x para­

ArC, 2 x artha-ArC, 2 x meta-ArC), 129.4 (C(3), C(5», 130.5, 137.5, 137.9 (3 x 

quaternary, ArC), 172.2 (C(O)NH), 176.8 (C02H); 31 p NMR (l21.4MHz, CDCh) 

Dp/ppm 29.5; Vmax (CHCh/cm- l
) 557(w), 650(m), 783(m), 908(m), 1018(m), 1060(m, P­

OR), 1139(w), 1178(w), 1251(s, P=O), 1307(w), 1380(m), 1412(m), 1457(m), 1517(s, 

C(O)NH), 1603(s), 1685(s, C=O), 1703(s, C=O), 2854(m, br, C02H), 2954(m, br, 
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C02H), 2995(m), 3156(m), 3307(m, C(O)NH), 3429(m, C(O)NH); mlz (APCI+) 420 

(80%, [M+Ht); HRMS found 420.1576, [M+Ht (C21H27N06P) requires 420.1543. 

Synthesis of [4-( 4-Carboxy-l-0xobutyl)-Amino-Benzyl]-Phosphonic Acid 

Phenethyl Ester (146). 

o 

HO 

o 

N 
H 

146 

A suspension of 155 (2.18g, 5mmol) in tert-butylamine (50ml) was heated at reflux for 

7 days. After this time, the excess tert-butylamine was removed in vacuo, and the 

residue dissolved in water and lypholised to yield a white solid. This was dissolved in 

MeOH (lOOmI) and stirred with cation exchange resin Amberlite IR-120 (plus) for 4 

hours. The resin was removed by filtration, and the solvent evaporated. The residue was 

suspended in aq. HCI (5N, 30ml) and stirred for 24 hours. The product was collected by 

filtration and dried in vacuo, to afford 146 as a white solid (1.42g, 67%); m.p. 139-

141°C; IH NMR (500MHz, D20) DH/ppm l.92 (m, 2H, H02CCH2CfuCH2C(O)NH), 

2.26 (t, J-7.5, 2H, H02CCH2CH2CfuC(O)NH), 2.42 (t, 1=7.5, 

H02CCfuCH2CH2C(O)NH), 2.85 (t, 1=6.5, 2H, POCH2CfuAr), 2.91 (d, 2JPH=20.5, 2H, 

ArCfuP), 4.10 (dt, 3JpOCH=6.5, J=6.5, 2H, POCfuCH2Ar), 7.14 (dd, 4JpOCH=3.0, 1=8.0, 

2H, C(3)H, C(5)H), 7.25 (d, J=7.0, 2H, ortho-ArH), 7.29 (t, J=7.5, IH,para-ArH), 7.36 

(t, J=7.5, 2H, meta-ArH), 7.45 (d, J=8.0, 2H, C(2)H, C(6)H); 13C NMR (75.4MHz, 

CD30D) Dc/ppm 22.5 (H02CCH2CH2CH2C(O)NH), 33.5 (H02CCH2CH2CH2C(O)NH), 

34.6 (H02CCH2CH2CH2C(O)NH), 35.3 (POCH2CH2Ar), 37.8 (d, 1cp=138.5, ArCH2P), 

67.8 (POCH2CH2Ar), 12l.6, 128.0, 129.3, 129.5, 129.9, 130.6 (9 x ArC), 13l.8, 139.1, 

139.4 (3 x quaternary, ArC), 174.1 (C(O)NH), 177.3 (C02H); 31p NMR (l21.4MHz, 

CD30D) Dp/ppm 27.2; Vmax (CHCh/cm-1) 494(m), 570(m), 615(m), 1009(m), 1092(s, P­

OR), 1217(s), 1259(s, P=O), 1312(w), 1410(m), 1516(m, C(O)NH), 1653(s, C=O), 

1698(s, C=O), 2886(m, br, C02 H), 2977(m, br, C02H), 3024(m), 3621 (m, C(O)NH), 
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3686(m, C(O)NH); m/z (FAB) 428 (76%, [M+Na]j, 406 (42%, [M+H]j; HRMS 

found 428.1239, [M+Nat (C2oH24N06PNa) requires 428.1225: Anal. Ca1cd. for 

C2oH24N06P: C, 59.25, H, 5.96, N, 3.46, P, 7.46%, Found: C, 59.53, H, 6.01, N. 3.56, P. 

8.01 %. 

2.1 Synthesis of the Ester Substrate. 

Synthesis of [4-(2,2,2-Trifluoro-Acetylamino)-Phenyl]-Acetic Acid (164)161. 

OH 

164 

4-Aminophenylacetic Acid 163 (lOg, 0.066mol) was dissolved in acetonitrile (90ml) 

and H20 (lOml) and cooled to O°C. Na2C03 (l3.87g, 0.132mol) was added, followed by 

the drop-wise addition of trifluoroacetic anhydride (28.03ml, 0.198mol). The reaction 

was allowed to warm to r.t., and then stirred vigorously for 1 hour. The acetonitrile was 

removed in vacuo, and the residue diluted with EtOAc (lOOml) and H20 (lOOml). The 

pH was adjusted to 2 using conc. HC!. The layers were separated, and the organic phase 

washed with aq. HCI (2M, 2 x 50ml), aq. NaCI (sat., 1 x 50ml), dried over Na2S04, and 

concentrated until a white precipitate appeared. The solid was collected by filtration to 

afford [4-(2,2,2-trifluoro-acetylamino )-phenyl]-acetic acid 164 as a white crystalline 

solid (9.4g, 58%); m.p. 183-185°C (lit. 175°CI61 ); 10 NMR (300MHz, CD30D) 

8H/ppm 3.60 (s, 2H, ArCfuC02H), 7.3 (d, J=8.5, 2H, C(3)H, C(5)H), 7.56 (d, J=8.5, 

2H, C(2)H, C(6)H); Be NMR (75.4MHz, CD30D) 8c1ppm 41.7 (ArCfuC02H), 116.0 

(l x quaternary, CF3C(O)NH), 122.6, 122.7 (C(2), C(6», 131.4, 131.5 (C(3), C(5», 

134.2, 136.9 (2 x quaternary, ArC), 157.4 (CF3C(O)NH), 175.8 (C02H); Vrnax (KBr/cm­

I) 671(m), 712(w), 794(w), 835(m), 1148(m, C-F), 1176(s, C-F), 1250(m), 1291(m), 

1346(m), 1421(s), 1543(s), 1598(m), 1700(s, C=O), 3290(s, C(O)NH); m/z (FAB) 258 

(l000/0, [M+Ht); HRMS found 248.0540, [M+Ht (CIOH9N03F3) requires 248.0535. 
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Synthesis of [4-(2,2,2-Trifluoro-Acetylamino)-Phenyl]-Acetyl Chloride (165)162, 

CI 

165 

To a stirred suspension of [4-(2,2,2-trifluoro-acetylamino )-phenyl]-acetic acid 164 (3g, 

0.012mol) in anhydrous DCM (80ml) under N2 was added oxalyl chloride (I.38ml, 

0.016mol) and DMF (40IlI, trace). The suspension was stirred for 3 hours, after which 

time it had become a homogenous solution. The solvent and excess reagents were 

removed in vacuo to afford [4-(2,2,2-trifluoro-acetylamino)-phenyl]-acetyl chloride 165 

as an off-white solid (3.15g, 99%); IH NMR (400MHz, CD3CN) 8H/ppm 4.28 (s, 2H, 

ArCfuCOCI), 7.33 (d, J-8.5, 2H, C(3)H, C(5)H), 7.62 (d, J=8.5, 2H, C(2)H, C(6)H); 

13C NMR (100.6MHz, CD3CN) 8c1ppm 52.7 (ArCH2COC1), 118.3 (C(2), C(6)), 122.3 

(1 x quaternary, CF3C(O)NH), 130.8 (1 x quaternary, C(4)), 13l.4 (C(3), C(5)), 136.7 

(1 x quaternary, C(1)), 157.3 (CF3C(O)NH), 173.5 (COCI); Vrnax (KBr/cm-1
) 509(m), 

561(m), 599(s), 636(m), 710(s), 800(m), 1002(s), 1151(s), 1203(s), 1 247(m), 1285(m), 

1404(m), 1502(m), 1554(m, C(O)NH), 1614(m), 1704(s, C=O), 1793(s, C=O), 

3102(m), 3147(m, C(O)NH), 3214(m, C(O)NH), 3297(m, C(O)NH); m/z (FAB) 265, 

267 (30%, [Mt). 
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Synthesis of [4-(2,2,2-Trifluoro-Acetylamino)-Phenyl]-Acetic Acid Phenethyl Ester 

(166). 

o 

166 

A solution of [4-(2,2,2-trifluoro-acetylamino )-phenyl]-acetyl chloride 165 (513mg, 

1.93mmoI) in anhydrous THF (lOml) was added slowly to a stirred solution of 2-

phenylethanol (346JlI, 2.9mmoI) and triethylamine (807JlI, 5.8mmol) in anhydrous THF 

(20ml) under N2. The reaction was stirred for 12 hours. Concentration in vacuo, gave a 

white solid which was dissolved in EtOAc (lOOmI), then washed with aq. HCI (0.5M, 2 

x 50mI), aq. NaHC03 (sat., 2 x 50ml), aq. NaCI (sat., 1 x 50ml), and dried over Na2S04. 

The solvent was removed in vacuo to yield the crude product as an orange oil. 

Purification by flash chromatography (Si02; DCM) afforded 166 as a white solid 

(430mg, 63%); m.p. 96-98°C; Rr 0.37 (Si02; DCM); IH NMR (300MHz, CDCh) 

bH/ppm 2.81 (t, J=7.0, 2H, C02CH2CfuAr), 3.48 (s, 2H, ArCfuC02R), 4.20 (t, J=7.0, 

2H, C02CfuCH2Ar), 7.12 (d, J=8.5, 2H, C(3)H, C(5)H), 7.15-7.22 (m, 5H, 5 x ArH), 

7.37 (d, J=8.5, 2H, C(2)H, C(6)H), 8.09 (s, IH, CF3C(O)NH); 13e NMR (75.4MHz, 

CDCh) bclppm 35.4 (C02CH2CH2Ar), 41.2 (ArCH2C02R), 65.9 (C0 2CH2CH2Ar), 

120.9, 121.0 (C(2), C(6)), 124.5 (l x quaternary, CF3C(O)NH), 127.0 (para-ArC), 

128.8, 128.9, 129.3, 129.4 (2 x ortho ArC, 2 x meta ArC), 130.6, 130.7 (C(3), C(5)), 

132.5, 134.5, 137.9 (3 x quaternary, ArC) 157.4 (CF3C(O)NH), 171.7 (C02H); Vmax 

(CHCh/cm-J) 650(m), 708(s), 752(s), 767(m), 1098(m, C-OR), 1250(m, C-OR), 

1278(m), 1287(m), 1342(w), 1380(m), 1465(m), 1543(m), 1605(m), 1744(s, C=O), 

1792(s, C=O), 2900(m), 2959(m), 2978(m), 3149(m), 3422(m, C(O)NH), 3617(m, 

C(O)NH); m/z (FAB) 352 (40%, [M+Ht), 374 (70%, [M+Nat); HRMS found 

374.0969, [M+Nat (CJSHJ6F3N03Na) requires 374.0980. 
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Synthesis of 4-Amino-Phenyl Acetic Acid Phenethyl Ester (167). 

o 

167 

Sodium borohydride (564mg, 15mmol) was added to a stirred solution of 166 (2.62g, 

7.5mmol) in anhydrous MeOH (50ml), and the solution stirred at r.t. for 14 hours. The 

solvent was removed in vacuo, and the residue diluted with EtOAc (200ml), and aq. 

NH40H (10%, 200ml). The layers were separated and the aqueous layer washed with 

EtOAc (2 x 60ml). The organic layers were combined, and the product extracted into 

aq. HCI (2M, 3 x 75ml). The pH was adjusted to 9 using NaHC03, and the product 

extracted into EtOAc (3 x 75ml), dried over Na2S04, and the solvent removed in vacuo 

to afford a yellow oil. Purification by flash chromatography (Si02; DCM:EtOAc; 11: 1) 

afforded 167 as a yellow oil (0.75g, 400/0); Rr 0.4 (Si02; DCM:EtOAc; 11:1); IH NMR 

(300MHz, CDCb) OR/ppm 2.92 (t, J=7.0, 2H, C02CH2CfuAr), 3.49 (s, 2H, 

ArCfuC02R), 4.31 (t, J=7.0, 2H, C02CfuCH2Ar), 6.60, (d, J=8.5, 2H, C(2)H, C(6)H), 

7.03 (d, J:--8.5, 2H, C(3)H, C(5)H), 7.08 (1H, m,para-ArH), 7.18 (d, J=7.5, 2 x ortho­

ArH) , 7.28 (2H, m, 2 x meta-ArH); 13e NMR (75.4MHz, CDCb) Dc/ppm 34.7 

(C02CH2CH2Ar), 40.2 (ArCH2C02R), 64.9 (C02CH2CH2Ar), 114.9 (C(2), C(6)), 123.3 

(1 x quaternary, C(4)), 126.2 (para-ArC), 128.2, 128.7 ( 2 x ortho-ArC, 2 x meta-ArC), 

129.8, 129.9 (C(3), C(5)) 137.6 (1 x quaternary ArC), 145.4 (1 x quaternary, C(1)), 

171.8 (C02R); Vmax (thin film/em-i) 499(w), 519(w), 700(m), 749(m), 833(m), 

1003(m), 1150(s, C-OR), 1254(m, C-OR), 1435(w), 1453(w), 1517(m), 1626(m), 

1725(s, C=O), 2955(m), 3028(w), 3060(w), 3350(w), 3371(s, -NH2) , 3453(s, -NH2); 

m/z (APCI+) 256.0 (1000/0, [M+Ht). 
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Synthesis of Benzene Acetic Acid 4-[(4-Carboxy-l-0xobutyl)amino]-Phenethyl 

Ester (145, Ester Substrate). 

o o 

HO N 
H 

145 

o 

Glutaric anhydride (0.376g, 3.3mmol) was added to a stirred solution of triethylamine 

(483J.lI, 3.5mmol) and 4-amino-phenyl acetic acid phenethyl ester 167 (0.7g, 2.8mmol) 

in anhydrous DCM (25ml) under N2. The solution was heated at reflux for 16 hours. 

After cooling the solvent was removed in vacuo, and the residue dissolved in EtOAc 

(50ml). The solution was washed with aq. HCI (2M, 1 x 50ml), and aq. NaCI (sat., 1 x 

50ml), dried over Na2S04, and the solvent removed in vacuo to afford a beige solid as 

the crude product. The product was recrystallised from H20/CH3CN to yield 145 as a 

white solid (O.99g, 990/0); m.p. I05-107°C; Rr 0.15 (Si02; DCM:EtOAc; 11:1); IH 

NMR (400MHz, CDCh) DH/ppm 2.03 (m, 2H, H02CCH2CfuCH2C(O)NH), 2.43 (t 

J=7.5, 2H, H02CCH2CH2CfuC(O)NH), 2.47 (t, J=7.5, 2H, 

H02CCfuCH2CH2C(O)NH), 2.95 (t, J=7.0, 2H, C02CH2CfuAr) 3.59 (s, 2H, 

ArCfuC02R), 4.33 (t, J=7.0, 2H, C02CfuCH2Ar), 7.16 (d, J=8.5, C(2)H, C(6)H), 7.18 

(d, J=7.0, 2H, 2 x ortho-ArH), 7.25 (IH, m, para-ArH), 7.28 (2H, m, 2 x meta-ArH), 

7.46 (d, J--8.5, C(3)H, C(5)H), 8.00 (s, IH, C(O)NH); 13C NMR (lOO.6MHz, CDCh) 

Dclppm 20.5 (H02CCH2CH2CH2C(O)NH), 32.9 (H02CCH2CH2CH2C(O)NH), 34.9 

(C02CH2CH2Ar), 36.0 (H02CCH2CH2CH2C(O)NH), 40.7 (ArCH2C02R), 65.4 

(C02CH2CH2Ar), 120.1 (C(2), C(6)), 126.5 (para-ArC), 128.5, 128.9 (2 x ortho-ArC, 2 

x meta-ArC), 129.8 (C(3), C(5)), 130.6, 136.8, 137.5 (3 x quaternary, ArC), 171.1 

(C02R), 171.8 (gO)NH), 177.9 (C02H); Vrnax (nujol/cm-l) 794(w), 941(w), 1 I 66(m), 

1224(m), 1313(w), 1348(w), 1377(s), 1411(m), 1460(s, nujol), 1533(s, C(O)NH), 

1598(m), 1654(s, C=O), 1691(s, C=O), 1730(s, C=O), 2677(m, br, C02H), 2870(m, be 

C02H), 2852(s, nujol), 2923(s, nujol), 3319(m, C(O)NH); m/z (FAB) 392 (75%, 

[M+Nar), 370 (520/0, [M+Hr), 286 (50%), 255 (33%); HRMS found 370.1647. 
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[M+Hr (C21H2SNOs) requires 370.1654; Anal. Calcd. for C21H24NOs: C, 68.28; H. 

6.28, N 3.790/0, Found: C, 68.19; H, 6.22; N, 3.72%. 
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3. Binding Studies - Diffusion Measurements by NMR, and Molecular 

Modelling. 

3.0 Measurement of Diffusion Coefficients of Peptides and TSA (146) 

Using Pulsed Field Gradient (NMR) Techniques. 

The maximum field strength of the gradient accessory was determined to be 50Gcm- 1 

according to standard procedure163
• 

3mM solutions of each dipeptide (168-176, Chapter 2.4) in D20 were prepared. The pD 

was adjusted to 7 using NaOD and DCl. A 30mM solution of TSA 146 in D20 at pD7 

was prepared in the same way. Sample mixtures containing one peptide and the TSA 

146 were also made up so that the concentration of the peptide was 3mM, and TSA 

30mM, and the pD adjusted to 7 using the method above. 

Diffusion coefficients of the peptides and the TSA, both in the pure samples, and the 

mixtures were measured by PFG-NMR spectroscopy using the bipolar pulse pair 

longnitudinal encode-decode (BPP-LED) sequence 125. This pulse sequence contains a 

delay T e (11.2ms in our experiments) at the end of the experiment which avoids special 

artefacts arising from residual eddy currents. 

In these experiments, the attenuation of the NMR resonance depends on gradient areas 

as shown in Equation 2: 

Equation 2 

Where 10 is the intensity of the resonance in the NMR spectrum in the absence of 

gradient pulses, y is the gyromagnetic ratio, ~ is the diffusion delay time, g and 8 are the 

amplitude and duration of the bipolar gradient pulse pair, D is the diffusion coefficient, 

and 't is the delay between the bipolar gradient pulse pair. 

In each experiment, a data set of 32 separate BPP-LED spectra was acquired as a 

function of gradient amplitude which ranged from 5-95% (100% =50Gcm-
1
). The 

spacing of the gradient amplitudes was incremented according to a "squared scale" such 

that spacing between the squared gradient is equal. The following variables were kept 
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constant: 8= 1.2ms, t=O 1 ms, ~=200ms. All of the diffusion measurements were 

performed at 298K. In all experiments, the HOD resonance was suppressed by 

application of a selective saturation pulse to improve the reliability of the measurement 

of a-proton intensities and to increase the value of the receiver gain which could be 

used in the acquisition of the FID. 

Data processing was performed on standard TJ/T2 software under XwinNMR which 

utilises a standard simplex algorithm to fit data to Equation 2. The results are shown in 

Results and Discussion. The error value for the experiments is < ±0.1 x 10- lOm2/s. 

As a control, we always checked the diffusion coefficient of H20 which should have a 

value of2.3 x 10-9 m2/s at 298KJ56,J57. In our experiments a value between 2.2 and 2.4 x 

1 0-9m2 Is was always observed, even when water suppression was performed on the 

residual water peak. 

3.1 Determination of the Binding Constant Ka for the complex between 

TSA 146 and Arginine-Arginine. 

11 Samples were prepared all with a ImM concentration of arginine-arginine 168, and 

with a TSA 146 concentration varying from 0-40mM. The diffusion coefficients of the 

TSA 146 and the peptide 168 were measured in all the samples using the method 

described above (3.0). The Associate 1.6 programme, which employs the non-linear 

least squares Levenberg-Marquardt method to fit parameters to equilibrium 

complexation models, was used to determine the binding constant Ka
J29

,130. The results 

are shown in Chapter 2.4 

3.2 Determination of Internuclear Distances in the TSA Using 2D­

NOESY Experiments. 

A 30mM solution of TSA 146 in D20 was prepared. The pD was adjusted to 7 using 

DCI and NaOD. 2D-NOESY experiments were carried out at 298K using 256 

experiments in F 1 Dimension, and mixing delays (tm) varying from 100-600ms. From 

these spectra integral volume intensities of all of the cross peaks were measured using 

standard XwinNMR routines. Based on the fact that the distance for ortho protons of a 
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phenyl group is normally 2.sA (rref), Equation S was used to calculate the internuclear 

distance (ris) between two nuclei a and b: 

I 

_ [intensity ab ]-6 
rab - rref. . 

mtenSIty ref 
Equation 8 

where intensityab is the cross peak intensity of the two spins to be measured at time t, 

intensitYref is the reference cross peak intensity, rref is the reference distance and rab is the 

unknown distance between nuclei a and b. The results are as shown in Chapter 2.4, 

Table 3. 

The accuracy of this method is reasonably reliable because it relies on the sixth root of 

NOE intensities, thus large errors in intensity measurements have a small effect on the 

derived internuclear seperation136. 

3.3 Molecular Modelling. 

Arginine-arginine 168 was built using the Biopolymer module of Sybyl with extended 

conformations. [4-( 4-Carboxy-l-oxobutyl)-amino-benzyl]-phosphonic acid phenethyl 

ester (TSA) 146 was sketched in Sybyl131 and converted into 3D using Concord. Both 

molecules were minimised using the Tripos force field with Gasteiger-Huckel charges 

and Powell minimiser to an RMS gradient of 0.005kcall A, Non-bonded cut-offs were 

applied at sA and a distance dependant dielectric of SO was used to crudely approximate 

the electrostatic screening due to solvation. Both molecules were then subjected to a 

conformational search using the Random search facility of Sybyl for 5000 iterations 

using the following parameters: Energy cut-off 500kcal/mol; Convergence threshold 

0.05; RMS threshold 0.75 A; Minimum hits 200. Each conformation was minimised for 

100 steps or to gradient less than 0.05 kcall A using the parameters described above. 

The geometrical constraints measured by NOESY NMR were applied to the database of 

conformations generated for the TSA. Four conformations fitted the constraints, and of 

these two were discarded due to distortions of one of the phenyl rings. The distance 

between the carboxylate and phosphonate groups on the remaining two conformers was 

measured and found to be 12-14 A. 

For the Arg-Arg 168 to complex as a bidentate ligand to the TSA 146 the distance 

between either the two guanidine groups, or one guanidine group and the tenninal 
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ammo group had to be similar to this distance. This constraint was applied to the 

database of conformations generated for Arg-Arg and gave ten conformations to dock 

against the TSA. 

All combinations of the above conformations of both molecules were fitted together 

using the DOCK command until the electrostatic interactions were maximised, and the 

steric energy minimised. The complex was then minimised using the parameters above. 

The energies of both the complex (Etotal), and the individual components were 

measured, and used to calculate the interaction energy of the complex (Ei) using 

Equation 9: 

Equation 9 

Where Epep is the energy of the peptide, and ETSA is the energy of the TSA. The results 

are shown in Chapter 2.4, Tables 4-6. 
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4. Synthesis of 'Tripeptide Binding Unit'. 

4.0 Synthesis of 6-(9H-Fluoren-9-ylmethoxycarbonylamino)-Hexanoic 

Acid (182). 

7 

HO 

o 

2 

182 

A stirred solution of 6-aminocaproic acid 179 (3g, 23mmol) in 10% aq. Na2C03 

solution (6.09g, S7mmol in 60ml H20) was cooled to O°C. To the cooled solution was 

added 9-fluorenylmethyl chloroformate (S.92g, 23mmol) in dioxane (30ml). The 

solution was stirred for 10 mins., after which time a white precipitate had formed, and 

then allowed to warm to r.t. and stirred for 4 hours. The mixture was diluted with H20 

(SOOml), and washed with Et20 (2 x 100mI). The aqueous layer was adjusted to pH 1 

using conc. HCI, and a white precipitate formed, which was extracted into EtOAc (3 x 

200mI). The organic layers were combined and dried over Na2S04, and the solvent 

removed in vacuo to yield the crude product as a white solid. Purification by flash 

chromatography (Si02; EtOAc) yielded 6-(9H -fluoren-9-ylmethoxycarbonylamino)­

hexanoic acid 182 as a white solid (6.98g, 86%); m.p. 118-120°C; Rr 0.S8 (Si02; 

EtOAc); IH NMR (SOOMHz, CDCh) DH/ppm 1.37 (m, 2H, H02CCH2CH2CfuCH2), 

LSI (m, 2H, H02CCH2CH2CH2Cfu), 1.67 (m, 2H, H02CCH2CfuCH2CH2), 2.34 (t, 

J=7.0, CfuC02H), 3.04 (br, s, minor rotamer, CfuNHC(O)), 3.17 (q, J=6.5, major 

rotamer, CfuNHC(O)), 4.19 (t, J=6.S, IH, C(9)H), 4.38 (d, J=6.S, major rotamer, 

C(9)HCfuOC(O)), 4.4S (br, s, minor rotamer, C(9)HCfuOC(O)), 4.77 (be s, lH, 

CH2NHC(O)), 7.29 (t, J=7.S, 2H, C(2)H, C(7)H), 7.38 (t, J=7.S, 2H, C(3)H, C(6)H), 

7.S7 (d, J=7.S, 2H, C(1)H, C(8)H), 7.70 (d, J=7.S, 2H, C(4)H, C(S)H); 13e NMR 

(12S.7MHz, CDCh) Dc/ppm 24.2, 26.1, 29.S (3 x CH2, H02CCH2CH2CH2CH2), 33.8 
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(CH2NHC(O)), 40.7 (H02CCH2CH2CH2CH2), 47.2 (C(9)H), 66.9 (C(9)HCH20C(O)). 

119.9, 125.0, 127.0, 127.6 (C(1), C(2), C(3), C(4), C(5), C(6), C(7), C(8)), 141.3 (C(1 '). 

C(8')), 143.9 (C(4'), C(5')), 156.4 (NHC(O)O), 179.0 (C02H); Vrnax (nujoVcm-1) 732(s). 

779(m),949(m), 1002(m), 1031(m), 1078(w), 1102(m), 1131(m), 1249(s), 1260(m). 

1296(m), 1343(m), 1372(m), 1454(s, nujol), 1525(s, C=O), 1684(s, C=O), 1707(s, 

C=O), 2660(m, C02H, str) , 2719(m, C02H, str), 2848(s, CH2, nujol), 2919(s, CH2, 

nujol), 3342(s, OC(O)NH); m/z (F AB) 376 (26%, [M+Nat), 354 (16%, [M+Ht). 179 

(100%); HRMS found 376.1525, [M+Nat (C2\H23N04Na) requires 376.1517; Anal. 

Calcd. for C2\H23N04 : C, 71.37; H, 6.56; N, 3.96%, Found: C, 71.39; H, 6.57; N, 

3.88%. 
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4.1 Synthesis of 6-(Fmoc-Arg(PbO-Arg(PbO)-Amino Hexanoic Acid 

(186). 

Fmoc-CA-OH + 2-Cl-Trt---<::> 

181 

DIPEA, DCM 

Fmoc-CA-O---<::> 

20% Piperidine/DMF 

FmocArg(Pbf)-OH, PyBOP, 
HOBt, DIPEA, DMF 

Fmoc-Arg(Pbf)-CA-o--e::::> 

200/0 Piperidine/DMF 

H2N -Arg(Pbf)-CA-O--C:::> 

FmocArg(Pbf)-OH, PyBOP, 
HOBt, DIPEA, DMF 

Fmoc-Arg(Pbf)-Arg(Pbf)-CA-o---C::> 

2:2:6 
AcOH:MeOH:DCM 

Fmoc-Arg(Pbf)-Arg(Pbf)-CA-OH 

c::> = 2-CITrityl Resin 

CA = -HN(CH2)sC02" 

191 



Experimental 

Coupling of 6-(9H-Fluoren-9-ylmethoxycarbonylamino)-Hexanoic Acid to 2-

Chlorotrityl Resin. 

DIPEA (1.81ml, 10Ammol) was added to a solution of 6-(9H-Fluoren-9-

ylmethoxycarbonylamino)-hexanoic acid 182 (0.9Ig, 2.6mmol) in anhydrous OCM 

(20ml) under N2, and the solution stirred for 10mins. The solution was added to 2-

chlorotrityl resin 181 (substitution 1.08mmol/g) under N2, and the mixture agitated by 

sonication at r.t. for 3 hours. After this time the resin was filtered, and washed with 

MeOH (3 x SOml), MeOH:DCM:DIPEA (2:17:1,3 x SOml), DCM (3 x 50ml), OMF (3 

x SOml) and DCM (3 x SOml), and dried under vacuum (2.91g). 

Test For Level of Fmoc Substitution. 

Two Samples of dry resin (0.S-2mg) were weighed into 10mm silica UV cells and 

dissolved in 20% Piperidine/DMF (3ml). The samples were agitated for 10mins. using a 

Pasteur pipette. The UV absorbance at 290nm for each sample was recorded, and the 

loading calculated using Equation 11: 

Loading (mmol/g) = (Abs/mass of sample) x 1.75 Equation 11 

The loading was found to be 0.88mmol/g. This value was used to calculate no. of mols. 

of reagents to be used in subsequent couplings. 

Fmoc Deprotection. 

The resin (2.9Ig) was suspended in 20% piperidinelDMF (2Sml), and sonicated at r.t. 

for 3 hours. The resin was filtered, and washed with DMF (S x 60ml), and OCM (5 x 

SOml), and dried under vacuum (1.902g). 

1 st Coupling of Fmoc-Arg(Pbt)-OH to Resin. 

Fmoc-Arg(Pbf)-OH (3.2Sg, Smmol), PyBOP (2.6Ig, 5mmol), and HOBt (677mg, 

Smmol) were dissolved in anhydrous OMF (40ml) under N2• DIPEA (1.75ml, 10mmol) 

was added, and the solution added immediately to the resin (1.9g, 1.67mmol). The 

suspension was agitated by sonication at r.t. for 4 hours. After this time the Kaiser test 

indicated complete reaction of the resin bound free amine. The resin was filtered, and 

washed with DMF (4 x 100ml), OCM (3 x 100mI), DMF (2 x 50ml), and OCM (2 x 
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100ml). The reSIn was dried under vacuum (2.734g). The test for level of Fmoc 

substitution was perfonned using the above method, and found to be 0.6mmol/g. 

Fmoc Deprotection. 

The resin (2.7g) was suspended in 20% piperidine/DMF (2Sml), and sonicated at r.t. for 

3 hours. The resin was filtered, and washed with DMF (4 x 7Sml), and DCM (4 x 

7Sml), and dried under vacuum (2.00g) 

2nd Coupling of Fmoc-Arg(Pbt)-OH to Resin. 

Fmoc-Arg(Pbf)-OH (1.74g, 2.7mmol), PyBOP (lAg, 2.7mmol), and HOBt (362mg, 

2.7mmol) were dissolved in anhydrous DMF (30ml) under N2. DIPEA (0.9Sml, 

SAmmol) was added and the solution added immediately to the resin (lg, 0.7mmol) 

under N2. The suspension was sonicated at r.t. for 4 hours. After this time the Kaiser test 

indicated complete reaction of the resin bound amine. The resin was filtered, and 

washed with DMF (4 x 7Sml), DCM (3 x 7Sml), DMF (2 x SOml), and DCM (2 x 

7Sml). The resin was dried under vacuum (lAg). The test for level of Fmoc substitution 

was perfonned using the above method, and found to be 0.3mmol/g. 

Cleavage of Peptide from Resin. 

The resin (lAg) was sonicated in a solution of AcOH:trifluoroethanol:DCM (2:2:6, 

20ml) for 3 hours. The resin was filtered, and washed with the above solution (1 x 

SOml), DCM (l x SOml), MeOH (l x 30ml), and DCM (l x SOml). The solution was 

diluted with hexane (2S0ml), and the solvent removed in vacuo to afford a cream 

coloured solid. Flash chromatography (Si02; EtOAc:MeOH; 8S: IS) yielded 186 as a 

cream solid (0.S8g). 
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Analytical data for 6- (Fmoc-Arg(Pbf)-Arg(Pbf)-)aminohexanoic acid 186 (Fmoc­

Arg(Pbf)Arg(Pbf)CA-OH). 

Numbering and lettering is for analytical purposes only. 

c o 

o ~ 
, a 

,S", 
o NH 

HN~ 
NH 

0--..... c 
o NH 2 ~ 

HO 

H 
N al 

H H b 

NyN,,- a ~ e 
IS", f 

NH 0 0 o 

186 

m.p. l35-137°C; Rr 0.55 (Si02; EtOAc: MeOH; 80:20); IH NMR (500MHz, CD30D) 

8H/ppm 1.36-1.56 (m, 14H, H02CCH2CfuCfuCfu, 2 x (CfuCfuCH2NH(=NH»), 1.41 

(s, 12H, 2 x(-CH2C(CH3)20-», 2.04, 2.05 (2s, 2 rotamers, 6H, 2 x (C(e)Cfu», 2.22 (t, 

J=7.0, 2H, H02CCfu), 2.49, 2.50 (2s, 2 rotamers, 6H, 2 x (C(f)CH3», 2.55, 2.56 (2s, 2 

rotamers, 6H, 2 x (C(b)CH3», 2.94 (d, J=4.5, 4H, 2 x (-CfuC(CH3hO-», 3.14 (m, 6H, 

CfuNHC(O), 2 x (CH2NH(=NH»), 4.05 (m, IH, C(u2)H), 4.18 (t, J=7.0, 2H, C(9)H), 

4.29 (dd, J=5.5, 9.0, IH, C(ul)H), 4.40 (d, J=7.0, 2H, C(9)HCfu), 7.26 (t, J=7.5, 2H, 

C(2)H, C(7)H), 7.34 (t, J=7.5, 2H, C(3)H, C(6)H), 7.60 (d, br, J=7.5, C(I)H, C(8)H), 

7.75 (d, J=7.5, 2H, C(4)H, C(5)H); l3C NMR (l25.7MHz, CD30D) 8c/ppm 12.5 (2 x 

C(e)CH3), 19.4, 19.6 (2 x C(b)CH3, 2 x C(f)CH3), 26.0, 27.5, 28.5, 29.9 
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(H02CCH2CH2CH2CH2. 2 x (CH2CH2CH2NH(=NH»), 36.1 (H02CCH2), 40.2, 41.4 

(CH2NHC(O), 2 x (CH2NH(=NH»), 47.4 (2 x(-CH2C(CH3)20-», 49.5 (C(9)), 54.3 

(C(a1», 56.3 (C(a2», 68.3 (C(9)HCH2), 87.6 (2 x(-CH2C(CH3hO-»), 118.4 (2 x C(e)), 

120.9 (C(4), C(5», 126.1 (C(1), C(8», 128.1 (C(2), C(7», 128.7 (C(3), C(6», 133.5 (2 x 

C(b), 2 x C(f), 134.4 (2 x C(a», 139.4 (C(4'), C(5'», 142.5 (C(1 '), C(8'»), 145.2 (2 x 

C(c», 158.1 (2 x C(d», 158.5, 159.8, (NHC(O)O, 2 x (NH(C=N»)), 173.6, 174.4, 174.6 

(C02H, 2 x (C(O)NH»); Vmax (nujol/cm-1
) 640(w), 663(w), 721(m), 759(m), 783(m), 

806(m), 852(m), 968(w), 991(w), 1087(s), 1153(s, -S02-N), 1242(s), 1299(m), 1377(s, -

S02-N), 1458(s), 1539(s, C(O)NH), 1543(s, C(O)NH), 1620(s, C=O), 1675(s, C=O), 

1712(s, C=O), 2677(m, C02H), 2723(m, C02H), 2854(s, nujol) 2923(s, nujol), 3163(m, 

C(O)NH), 3317(s, C(O)NH), 3433(m, C(O)NH); m/z (FAB) 1193 (100%, [M+Nat), 

1170 (600/0, [M+Ht); HRMS found 1192.5187, [M+Nat (Cs9H79012N9S2Na) requires 

1192.5160. 
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5. Synthesis of Polymers. 

General: The polymer used was polyallylamine hydrochloride mw 70,000. The 

molecule weight of the monomer is 93, and number of mols. refers to the number of 

monomer equivalents in the polymer. 

For spectral editing purposes we have used PFG BPP-LED NMR when analysing 

polymers. This is based on the fact that translational diffusion rates in solution for high 

and low molecular weights are significantly different (x 1 00). Hence at high gradient 

strength (50%, 25Gcm- l
) signals corresponding to low molecular weight species will be 

suppressed, and thus the signals of the polymer observed more clearly. From 

experiments with varying gradient strengths we found that 15-20Gcm-1 was sufficient 

for suppression of peaks corresponding to species of molecular weight < 500amu. 

5.0 Synthesis of Fmoc Protected Lysine (194). 

Synthesis of 9-Fluorenylmethyl-Succinimidyl-Carbonate (Fmoc-OSu, 191)146. 

2 

3 

0 

o~ ___ N 
0 

0 

6 7 

191 

Triethylamine (2.65ml, 0.019mol) was added dropwise to a stirred solution of 9-

fluorenylmethyl chloroformate (5g, 0.019mol) and N-hydroxysuccinimide (2.45g, 

0.021 mol) in dioxane (40ml) at O°C. A white precipitate formed. The mixture was 

allowed to warm to r.t. and stirred for 1 hour. The white precipitate was removed by 

filtration, and the solvent removed in vacuo to yield a white solid. The solid was 

triturated with PE 30-40 (2 x 20ml) and dried under vacuum to yield 191 as a white 

solid (5.75g, 90%); m.p. 125-128°C (lit. 148-150°C
I46

); IH NMR (500MHz. 
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CDCh) 8H/ppm 2.81 (s, 4H, C(O)CfuCfuC(O)N), 4.33 (t, J=7.5, IH, C(9)H), 4.55 (d, 

J=7.5, 2H, C(9)HCfu), 7.33 (dd, J=7.5, 7.5, 2H, C(2)H, C(7)H), 7.42 (dd, J=7.5, 7.5 

2H, C(3)H, C(6)H), 7.61 (d, J=7.5, 2H, C(l)H, C(8)H), 7.76 (d, J=7.5, 2H, C(4)H, 

C(5)H); 13e NMR (75.4MHz, CDCh) 8c1ppm 25.7, 25.8 (C(O)CH2CH2C(O)N), 46.8 

(C(9)HCH2), 73.2 (C(9)HCH2), 120.1, 120.5 (C(4), C(5», 125.6 (C(l), C(8», 127.5, 

127.8 (C(2), C(7», 128.6, 129.2 (C(3), C(6», 141.7, 142.9 (C(l '), C(4'), C(5'), C(8'»), 

151.9 (OC(O)O), 169.1, 172.3 (2 x NC(O»; Vrnax (nujol/cm-l) 709(w), 731(m), 756(m), 

935(w), 950(m), 989(m), 1074(w), 1157(s), 1201(m), 1230(m), 1263(m), 1377(m), 

1461(s, nujol), 1714.6(s), 1737.7(s, C=O), 1784.0(s, C=O), 1814.9(m), 2339.5(m), 

2678.9(m), 2852.5(s, CH2, nujol), 2922.0 (s, CH2, nujol); m/z (FAB) 470 (100%), 379 

(360/0),337 (34%, [Mt); HRMS found 337.0950, [Mt (CI 9H1SOsN) requires 337.0938. 

Synthesis of 2,6-bis-(9-H-Fluoren-9-ylmethoxycarbonylamino )-Hexanoic Acid 

(FmocLys(Fmoc)OH, 194)164. 

7 

5 6 

194 

Lysine.HCI (1.35g, 7.4mmol) was dissolved in aq. Na2C03 solution (9%. 2.36g, 

22mmol in 26ml). The solution was cooled to O°C, and to it added Fmoc-OSu 191 (5g. 
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15mmol) in dioxane (30ml). The solution was allowed to wann to r.t. and stirred for 1 

hour. After this time a white precipitate had fonned. The mixture was diluted with H20 

(400ml), and washed with EhO (1 x 100ml), and EtOAc (1 x 100ml). The pH of the 

aqueous layer was adjusted to 1 using conc. HCI. A white precipitate fonned which was 

extracted into CHCh (3 x 150ml). The organic layers were combined, dried over 

Na2S04, and the solvent removed in vacuo to yield a cream oil, which upon cooling 

solidified. The solid was suspended in water, stirred for 10 hours, and filtered to yield 

194 as a white solid (4.03g, 71 %); m.p. 118°C; Rr 0.47 (Si02; EtOAc:MeOH; 8:2); 10 

NMR (CDCh, 500MHz) DR/ppm 1.23-1.72 (m, 6H, CfuCfuCfuCH(C02H)NH), 3.55 

(m, br, 2H, CfuNHC(O)), 4.15 (s, br, 2H, C(9)H), 4.33 (m, 4H, C(9)HCfu), 4.44 (ru, 

1H, C(a)H), 4.96 (s, br, 2H, 2 x NH), 7.24 (t, J=7.5, 4H, C(3)H, C(6)H), 7.33 (1, J=7.5, 

4H, C(2)H, C(7)H), 7.54 (d, J=7.5, 4H, C(1)H, C(8)H), 7.70 (d, J=7.5, 4H, C(4)H, 

C(5)H); 13e NMR (CDCh, 125.7MHz) Dc/ppm 22.2 (CH2CH2C(u)), 29.2 

(CH2CH2NHC(O)O), 31.7 (CH2C(a)), 40.4 (CH2NHC(O)O), 47.1 (2 x C(9)), 53.6 

(C(a)), 66.8 (2 x C(9)HCH2), 119.9 (C(4), C(5)), 124.8, 124.9 (C(1), C(8)), 126.5 (C(2), 

C(7)), 127.6 (C(3), C(6)), 141.2, 143.6 (C(1'), C(4'), C(5'), C(8')), 156.3, 156.7 (2 x 

OC(O)NH), 175.7 (C02H); Vrnax (nujol/cm-1
) 732(m), 757(m), 1038(m), 1083(m), 

1103(m), 1148(m), 1234(m), 1264(s), 1339(m), 1374(m), 1454(s, nujol), 1535(s, 

OC(O)NH), 1655(m), 1690(s, C=O), 1725(s, C=O), 2675(m, C02H), 2725(m, C02H), 

2845(s, nujol), 2925(s, nujol), 3066(m, OC(O)NH), 3317(s, OC(O)NH); m/z (FAB) 613 

(1000/0, [M+Nat), 591 (42%, [M+Ht); HRMS found 591.2510, [M+Ht (C36H3SN206) 

requires 591.2495. 
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5.1 Synthesis of Polymer containing Benzoic Acid (201). 

KOH, MeOH 
n n 

EDC, NHS 

OH EtOH 

n 

HN 

201 

Polyallylamine hydrochloride (200mg, 2. 14mmol) was stirred with potassium 

hydroxide (1 OOmg, 2.2mmol) in MeOH (30ml) for 15 hours. The solvent was removed 

in vacuo, and the residue taken up in EtOH (30ml). A white solid (KC1) did not 

dissolve. The solution was filtered, and concentrated to a volume of 10ml in vacuo, to 

yield a solution of free polyallylamine 134 in EtOH. 

Benzoic Acid (643mg, 5.3mmol), N-hydroxysuccinimide (848mg, 7.4mmol) and EDC 

(1.2g, 6.3mmol) were dissolved in EtOH (60ml) and stirred at r.t. for 4 hours. The 

polyallylamine solution was added to the reaction. A white precipitate formed instantly. 

The solution was filtered, and the precipitate collected to yield the required polymer 201 

as a white gum (956mg); 13e NMR (75.4MHz, solid state) 14.5, 18.6,26.7, 33.5 (CH~, 

CH from polyallylamine), 57.8, 118.7-129.1 (ArC), 177.6 (C(O)NH). 
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5.2 Synthesis of Polymer 204 Containing Lysine. 

Reaction of Polyallylamine with FmocLys(Fmoc)-OH to Afford 203. 

14 

HN 

)=0 
o 

203 

Experimental 

6 

Polyallylamine hydrochloride (1 OOmg, 1.07mmol) was stirred with potassium 

hydroxide (50mg, 1.lmmol) in MeOH (20ml) for 15 hours. The solvent was removed in 

vacuo, and the residue dissolved in EtOH (20ml). The solution was filtered to remove 

any undissolved KCI which had formed, and concentrated to 10mi in vacuo, to yield a 

solution of free polyallylamine in EtOH. 

FmocLys(Fmoc)-OH 194 (874mg, 1.6mmol), DCC (396mg, 1.9mmol) and N­

hydroxysuccinimide (258mg, 2.2mmol) were dissolved in CHCh (50ml) and stirred at 

r.t. for 3 hours. The solution of polyallylamine was added to this solution, and the 

reaction stirred for a further 3 hours, after which time a white precipitate had formed. 
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The solid was collected by filtration, and dried under vacuum to yield the desired 

polymer 203 as a white insoluble solid (1.023g); 13e NMR (75.4MHz, solid state) 

Dc/ppm 24.7 (C(11», 27.7 (C(14», 33.3 (C(10), C(12», 36.2 (C(16», 40.9 (C(15», 42.1 

(C(13», 46.6 (C(9», 53.8, 55.8 (CHC(O)NH), 61.9, 63. L 67.7 (C(9)HCH2), 120.6 

(C(1), C(8», 126.8, (C(2), C(3), C(4), C(5), C(6), C(7», 141.9 (C(1 '), C(4'), C(5'), 

C(8'», 157.4 (NHC(O)O), 173.7 (RC(O)NH); Vrnax (nujol/cm-1
) 736(m), 756(m), 

871(w), 937(w), 1033(m), 1087(m), 1103(w), 1141(m), 1242(s), 1377(s), 1461(s, 

nujol), 1539(s, NHC(O», 1651(s, C=O), 1693(s, C=O), 2854(s, nujol), 2923(s, nujol), 

3294(s, br). 

Removal of Base Labile (Fmoc) Protecting Groups to Afford Polymer 204. 

204 

Polymer 203 (583mg) was suspended in a solution of 20% piperidine/DMF (25ml) and 

stirred for 2 hours. The mixture was filtered, and the solid dried under vacuum, to afford 

the desired polymer 204 as a white solid (85mg); 1H NMR (500MHz, D20) bH/ppm 

0.82, 1.31 (CfuCH(CH2)CH2NHC(O), Cfu(CH2hNH2), 1.54 (CfuCH2NH2), 1.80 

(CfuCH(C(O)NH)NH2), 2.89, 3.05 (CH2CH(CH2)CH2NHC(O), CH2NH2, 

CfuNHC(O», 3.95 (CHC(O)NH); 13e NMR (125.7MHz, D20) Dc/ppm 19.5 

(CH
2
CH(CH2)CH2NHC(O», 23.3 (CH2(CH2)2NH2), 28.1 (CH2CH(CH 2)CH2NHC(O», 

32.4, 35.6 (CH2CH(C(O)NH)NH2, CH2CH2NH2), 40.8 (CH2NH2), 53.5, 54.9 
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(CHC(O)NH, CH2NHC(O)), 171.2 (CHC(O)NH); Vmax (solid state/cm- i
) 736(w), 

818(m), 1088(m), 1243(w), 1310(m), 1369(m), 1452(s), 1562.41(s, C(O)NH), 1642(s, 

C=O), 2854(m), 2932(m, C(O)NH), 3274(m, C(O)NH). 

5.3 Synthesis of Polymer 217 Containing Lysine and Histidine. 

m 

HN 

OAHiS 
217 

n 

(i) KOHIMeOH 

(ii)FmocLys(Fmoc)OH 
FmocHis(Trt )OH 
OIC, NHS, CHCl3 

n-m 20% Piperidine/OMF .. 

m n-m 

HN HN 

A ./.ATrt~ /Fmoc 
o His 0 Lys 

I I 
Fmoc Fmoc 

207 

95:2.5:2.5 
TF A:TIS:H20 

m n-m 

HN HN HN 

OALYS OAHiS A /Fmoc 
o Lys 

I I 
Fmoc Fmoc 

220 

Reaction of Polyallylamine with FmocLys(Fmoc)-OH, and FmocHis(Trt)-OH to 

Afford 207. 

Polyallylamine hydrochloride (200mg, 2mmol) was stirred with potassium hydroxide 

(96mg, 2mmol) in MeOH (I5ml) for 13 hours. The solvent was removed in vaCllO, and 
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the residue dissolved in EtOH (20ml). The solution was filtered, and concentrated to a 

volume of Sml under reduced pressure, to yield a solution of free polyallylamine in 

EtOH. 

FmocHis(Trt)-OH (S33mg, 0.86mmol), FmocLys(Fmoc)-OH (761mg, 1.3mmol). DIC 

(376j.l1, 2.4mmol) and N-hydroxysuccinimide (322mg, 2.8mmol) were dissolved in 

CHCl3 (lOOml) and stirred for 3 hours, until no further reaction was observed by TLC 

(Si02; EtOAc:MeOH; 9: 1). The solution of free polyallylamine in EtOH was then added 

to the reaction, and the resulting solution left to stir for 24 hours. After this time a white 

precipitate had formed which was removed by filtration. The solution was concentrated 

to 30ml, and diluted with MeOH (1 OOml). A cream precipitate formed, which was 

collected by filtration, and washed with DCM: MeOH (2:1, 2 x 40ml), and dried under 

vacuum to yield the desired polymer 207 (97Smg); IH NMR (SOOMHz, CDCh - See 

Appendix 1 for spectrum) DH/ppm 1.0-l.9 (br, Cfu of poly allylamine and amino acids), 

2.80, 3.20 (br, CH of polyallylamine, CfuN of amino acids), 3.80-4.40 (br, aH of 

amino acids), 6.80-7.90 (br, H of Fmoc and Trityl groups); Vrnax (solid state/cm- I
) 

670(m), 720(m), 749(w), 892(w), 1047(w), 1088(m), 1158(w), 1 186(w), 1243(m), 

1319(m), 1403(m), 1437(m), IS71(s, C(O)NH), 162S(s, C=O), 1667(s, C=O), 2851(m), 

2928(m), 3324(m). 

Deprotection of Acid Labile (Trt) Protecting Groups to Afford 220. 

Polymer 207 (97Smg) was suspended in a solution of TFA:triisopropylsilane:H20 

(9S:2.S:2.S, 30ml) and sonicated for 4 hours. The mixture was filtered, and the solid 

washed with H20 (2 x 30ml), Et20 (2 x 30ml), H20 (l x 30ml) and dried under vacuum 

to yield the desired polymer 220 (S3l.Smg); IH NMR (SOOMHz, CDCh - See 

Appendix 1 for spectrum) DH/ppm l.OS-l.61 (br, Cfu of poly allylamine/lysine). 2.7-3.5 

(br, Cfu of histidine, CH of poly allylamine, CfuNH- of lysine), 3.7-4.19 (br, aH of 

peptides), 6.S0 (br, CH=CR2), 7.09-7.78 (br, FmocH). 
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Removal of Base Labile (Fmoc) Protecting Groups to Afford Polymer 217. 

n-m 

217 

Polymer 220 (531mg) was suspended in 20% piperidine/DMF (25ml) and sonicated for 

4 hours. After this time the mixture was filtered. The solid was washed with H20 (1 x 

40ml), DMF (2 x 30ml), H20 (1 x 20ml), DCM (1 x 30ml), and dried in vacuo to yield 

the desired polymer 217 (93mg). IH NMR (500MHz, D20 - See Appendix 1 for 

spectrum) oH/ppm l.14, 1.40, l.65, l.85 (br, Clli of lysine/polyallyamine), 2.41, 2.93, 

3.27 (CH of polyallyalmine, ClliNH2 of lysine, Clli of histidine), 4.38, 4.76 (aH of 

peptides), 7.68, 8.67 (CH=N, CH=CR2, histidine ring). 
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5.4 Synthesis of Polymer 218 Containing Lysine and Arginine­

Arginine. 

n-m 

HN 

O~CA 
I 
Arg 

I 
Arg 

218 

n 

HN 

(i) KOHJMeOH 

(ii)FmocLys(Fmoc)OH, 
FmocArg(Pbf)Arg(pbf)CA-OH 
DIC, NHS, CHC13 

m 20% PiperidinelDMF .. 

O~LYS 

n-m m 

O~CA 
I 

HN 

~ /Fmoo 
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I 
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I 
Fmoc 
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I 
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1
95:2.5:2.5 
TF A:TIS:H20 
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HN HN 
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I I 
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I 
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I 
Fmoc 

221 

Reaction of Polyallylamine with FmocArg(Pbt)Arg(Pbt)CA-OH and 

FmocLys(Fmoc)-OH to Afford 206. 

Polyallylamine hydrochloride (IS0mg, l.4mmol) was stirred with potassium hydroxide 

(lOOmg, 2mmol) in MeOH (SOml) for 14 hours. The solvent was removed in vacuo, and 

the residue dissolved in EtOH (SOml). The solution was filtered to remove any KCl 

formed, and the solution concentrated to 10ml, yielding a solution of free 

polyallylamine in EtOH. 

FmocArg(Pbf)Arg(Pbf)CA-OH (622mg, O.Smmol), DIC (303~1, 1.9mmol) and N-

hydroxysuccinimide (260mg, 2.2mmol) were dissolved in CHCb (SOml) and stirred at 
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r.t. for 3 hours, until TLC (Si02; EtOAc:MeOH; 9: 1) showed no further reaction. The 

ethanolic solution of poly allylamine was then added, and the mixture stirred at r.t. 

At the same time, FmocLys(Fmoc)-OH (623mg, Immol), DIC (1981l1, 1.3mmol) and N­

hydroxysuccinimide (170mg, 1.5mmol) were dissolved in CHCh (50ml) and stirred for 

2 hours. This solution was then added to the reaction containing polyallylamine. The 

reaction was stirred for 48 hours. After this time a white precipitate had appeared which 

was removed by filtration. The solution was concentrated in vacuo to 20ml, and diluted 

with MeOH (lOOml). A white gum formed, which was collected by filtration, and 

washed with CHCh (30ml), and MeOH (50ml). The gum was dried under to vacuum to 

yield the desired polymer 206 (564mg); IH NMR (500MHz, CD30D - see appendix 1 

for spectrum) 8H/ppm 1.16-1.41 (br, Cfu from polyallylamine/ amino acids), 2.04 (be 

ArCH3 ofPbfgroup), 2.57, 3.23, 3.87-4.39 (br, aH of pep tides), 7.32-7.77 (br, FmocH). 

Cleavage of Acid Labile (Pbl) Protecting Groups to Afford 221. 

Polymer 206 (560mg) was suspended in a solution of TFA:triisopropylsilane:H20 

(95:2.5:2.5, 40ml) and sonicated at r.t. for 4 hours. The mixture was filtered, and 

washed with H20 (l x 50ml), TFA (1 x 30ml), Et20 (1 x 30ml), CHCl3 (1 x 40ml) and 

H20 (1 x 50ml), and dried under vacuum to yield the desired polymer 221 as a yellow 

gum (249mg); IH NMR (500MHz, CD30D- see appendix 1 for spectrum) 8H/ppm 1.19-

2.20 (br, Cfu of polyallylamine/amino acids), 2.46, 3.17, 4.13-4.35 (br, aH of 

peptides), 7.27-7.71 (br, FmocH); Vmax (solid state/cm-I
) 749(s), 758(m), 1137(m), 

1202(m), 1246(m), 1449(w), 1508(m), 1524(m), 1541(s), 1653(s, C=O), 1685(s, C=O), 

2941(m), 3237(m, C(O)NH), 3343(m, C(O)NH). 
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Cleavage of Base Labile (Fmoc) Protecting Groups to Afford Polymer 218 

o-m m 

HN HN 

o o 

NH 

NH 

o 

218 

Polymer 221 (240mg) was suspended in a solution of 20% piperidine/DMF (40ml) and 

sonicated for 5 hours. The mixture was filtered and the polymer product was removed 

from the filter paper by sonicating in H20 (30ml) for 5 hours. The solvent was removed 

in vacuo, to yield the fully deprotected polymer 218 as a yellow-brown solid (79.8mg); 

IH NMR (500MHz, D20- see appendix 1 for spectrum) oH/ppm 1.15-1.96 (br, Clli of 

polyallylamine/amino acids) 2.14, 2.26, 2.47, 2.86-3.60 (br, CH of polyallylamine, 

CfuNH of amino acids) 3.93- 4.16 (br, aH of amino acids). 
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5.5 Synthesis of Polymer 215 Containing Lysine, Histidine and 

Arginine-Arginine. 

(i) KOHfMeOH .. 
(ii)FmocLys(Fmoc)OH, 
FmocHis(Trt)OH, 
FmocArg(Pbf)Arg(Pbf)CA-OH 
DCC, NHS, CHCl3 

1}t-mf)im bi 
HN HN HN 

A I /Trt I Fmoc 
o c, A O~HiS/ O~L(s 

I I 
Pbf-rg Fmoc Fmoc 

Pbf-rg 208 

Fmoc I 95:2.5:2_5 
TFA:TIS:H20 

}O'io PiPeridindo{jtn-mf)im f)1, 
HN HN HN 

f)1n-:.f)im b1 
HN HN HN 

A I I Fmoc 
o c, A O~HiS O~L(s 

I I trg Fmoc Fmoc 

rg 
214 

OACA OAHiS OALYS 
I 
trg 

Arg 215 

Fmoc 

Reaction of Polyallylamine with FmocArg(Pbt)Arg(PbOCA~OH, FmocLys(Fmoc)­

OH and FmocHis(Trt)-OH to Afford 208. 

Polyallylamine hydrochloride (121mg, 1.3mmol) was stirred in MeOH (20ml) with 

potassium hydroxide (50mg, 1.5mmol) for 16 hours. The solvent was removed in 

vacuo, and the residue dissolved in EtOH (20ml). The solution was filtered to remove 

any KCI formed during the reaction, and concentrated to 10ml to yield a solution of free 

polyallylamine. 

FmocArg(Pbf)Arg(Pbf)CA-OH (450mg, O.38mmol), FmocHis(Trt)-OH (235mg, 

O.38mmol), DCC (188mg, O.91mmol) and N-hydroxysuccinimide (l22mg, 1.06mmol) 

were dissolved in CHCh (50ml) and stirred for 3 hours until TLC (Si02; EtOAc:MeOH: 

9: 1) showed no further reaction. The solution of polyallylamine was added, and the 

resultant solution stirred for 2 hours. 



Experimental 

At the same time, FmocLys(Fmoc)-OH (383mg, 0.65mmol), DCC (l61mg, 0.78mmol) 

and N-hydroxysuccinimide (105mg, 0.91mmol) were dissolved in CHCh (40ml) and 

stirred. After 2 hours, this solution was added to the reaction containing polyallylamine. 

The resulting solution was stirred for 24 hours. After this time the solution was diluted 

with MeOH (100ml). A precipitate formed which was collected by filtration, and dried 

under vacuum to afford the desired polymer 208 as a yellow gel (333mg): 1" NMR 

(500MHz, CDCh - see appendix 1 for spectrum) oH/ppm 0.91-1.80 (be Clli of 

polyallylamine and amino acids), 2.04 (br, ArCH3 of Pbf), 2.50, 3.09 (be CH of 

polyallylamine, CfuN of amino acids), 3.81-4.25 (br, aH of amino acids), 7.21-7.77 

(br, H of Fmoc and Trityl groups); V max (solid state/cm- I
) 732(m), 810(w), 1023(m), 

1090(s), 1149(w), 1257(m), 1301(m), 1386(m), 1555(m), 1656(s, C=O), 2935(m), 

3246(m, C(O)NH), 3312(m, C(O)NH). 

Cleavage of Acid Labile (Pbf, Trt) Protecting Groups to Afford 214. 

Polymer 208 (300mg) was suspended in a solution of TFA:triisopropylsilane:H20 

(95:2.5:2.5, 15ml) and sonicated at r.t. for 3 hours. The mixture was filtered, and 

washed with H20 (2 x 40ml), TFA (1 x 50ml), and H20 (1 x 50ml), and dried under 

vacuum to yield the desired polymer 214 as a yellow solid (227mg); 1" NMR 

(500MHz, CD30D - see appendix 1 for spectrum) oH/ppm l.21-1.90 (br, CH2 of 

polyallylamine/ amino acids), 2.47, 2.93, 3.20 (CH of poly allylamine, ClliNH of amino 

acids), 3.8-4.58 (br, aH of amino acids), 7.26-7.71 (br, FmocH); Vmax (solid state/cm-I
) 

652(w), 725(s), 799(m), 823(w), 907(m), 1135(s), 1199(s), 1448(w), 1549(m), 1670(s, 

C=O), 2917(m), 3089(m, br, C(O)NH). 
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Cleavage of Base Labile (Fmoc) Protecting Groups to Afford Polymer 215. 

m 

HN 

NH 

NH 

215 

Polymer 214 (220mg) was suspended in a 20% piperidine/DMF solution (40ml) and 

sonicated at r.t. for 3 hours. The mixture was filtered and washed with DMF (3 x 40ml), 

H20 (2 x 40ml) and DCM (2 x 40ml). The solid was dried under vacuum to yield the 

fully deprotected polymer 215 as an orange solid (84mg); IH NMR (SOOMHz, CD30D 

- see appendix 1 for spectrum) 8H/ppm 0.9-2.1 (br, Cfu of polyallylamine and amino 

acids), 2.2-3.5 (br, CH of polyallylamine, Cfu of histidine, CH2NH of lysine/arginine), 

3.8-4.3 (br, aH of amino acids), 7.32 (br, CH=N, CH=CR2 of histidine); Ymax (solid 

state/cm- I
) 673(s), 727(m), 7SS(m), 1070(s), 1995(s), 11SI (m), 1214(m), 1232( m), 

1384(m), 1447(m), lS61(s, br), 1644(s, C=O), 2929(m), 2942(m), 3189(m, C(O)NH), 

3299(m, C(O)NH), 3367(m, C(O)NH). 
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5.6 Synthesis of Polymer 216 Containing Lysine and CYsteine. 

216 

(i) KOHIMeOH 

(ii )FmocLys(Fmoc )OH, 
FmocCys(Trt)OH, 
HA TU, DIPEA, DCM 

t)tn_mt)tm 
HN HN 

~ ._______TrtA /Fmoe 
o Cys 0 Lys 

I I 
Fmoc Fmoc 

213 

j 95:2.5:2.5 
TFA:TIS:H20 

20% Piperidine/Dl\1F ~ ~ 
· l ) J n-m l_) J m 

HN HN 

A ~ /Fmoe 
o Cys 0 LrS 

~moe Fmoe 

222 

Reaction of Polyallylamine with FmocCys(Trt)-OH and FmocLys(Fmoc)-OH to 

Afford 213. 

Polyallylamine hydrochloride (200mg, 2mmol) was stirred with potassium hydroxide 

(lOOmg, 2mmol) in MeOH (SOml) for 14 hours. The solvent was removed in vacuo, and 

the residue dissolved in EtOH (SOml). The solution was filtered to remove any KCI 

fonned, and the solution concentrated to 10ml, yielding a solution of free 

polyallylamine in EtOH. 

FmocCys(Trt)-OH (470mg, 0.8mmol), HATU (304mg, 0.8mmol) and DIPEA (279ul, 

1.6mmol) were dissolved in DCM (SOml) and stirred at r.t. for 30 mins, until TLC 

(Si02; EtOAc:MeOH; 9: 1) showed no further reaction. The ethanolic solution of 

polyallylamine was then added, and the mixture stirred at r.t. 
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At the same time, FmocLys(Fmoc)-OH (708mg, 1.2mmol), HATU (456mg, 1.2mmol) 

and DIPEA (418ul, 2.4mmol) were dissolved in DCM (50ml) and stirred for 30 mins. 

This solution was then added to the reaction containing polyallylamine. The reaction 

was stirred for 48 hours. Methanol (lOOml) was added to the solution and a \\'hite 

precipitate formed. The solid was collected by filtration, and washed with DCM 

(30ml), and MeOH (50ml). The solid was dried under to vacuum to yield the desired 

polymer 213 (658mg); IH NMR (500MHz, CDCh - see appendix 1 for spectrum) 

oH/ppm 1.20-2.00 (br, Cfu of polyallylamine and amino acids), 2.60-3.20 (br, CH of 

polyallylamine, CfuN of amino acids), 4.70-4.40 (br, aH of amino acids), 6.50-7.70 

(br, H of Fmoc and Trityl groups); Vrnax (solid state/cm- I
) 732(m), 810(w), 1023(m), 

1090(s), 1149(w), 1257(m), 1301(m), 1386(m), 1555(m), 1656(s, C=O), 2935(m), 

3246(m, C(O)NH), 3312(m, C(O)NH). 

Cleavage of Acid Labile (Trt) Protecting Groups to Afford 222. 

Polymer 213 (640mg) was suspended in a solution of TFA:triisopropylsilane:H20 

(95:2.5:2.5, 15ml) and sonicated at r.t. for 5 hours. The mixture was filtered, and 

washed with H20 (2 x 40ml), TFA (l x 50ml), and H20 (2 x 50ml), and dried under 

vacuum to yield the desired polymer 222 as an off-white solid (572mg); IH NMR 

(500MHz, CD30D - see appendix 1 for spectrum) oH/ppm 1.0-1.9 (be Cfu of 

polyallylamine/ amino acids), 2.6-3.6 (CH of polyallylamine, CfuNH of amino acids), 

3.7-4.4 (br, aH of amino acids), 6.50-7.80 (br, FmocH). 
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Cleavage of Base Labile (Fmoc) Protecting Groups to Afford 216. 

216 

Polymer 222 (560mg) was suspended in a 20%) piperidine/DMF solution (40ml) and 

sonicated at r.t. for 3 hours. The mixture was filtered and washed with DMF (3 x 40ml), 

H20 (2 x 40ml) and DCM (2 x 40ml). The solid was dried under vacuum to yield the 

fully deprotected polymer 216 as a cream coloured solid (93mg); 10 NMR (500MHz, 

D20 - see appendix 1 for spectra) bH/ppm 0.8-1.9 (br, Clli of polyallylamine and amino 

acids), 2.3-2.4 (br, CH of polyallylamine, Clli of cysteine, ClliNH of lysine), 3.7-4.4 

(br, aH of amino acids). 
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6. Binding and Reactions of Polymers. 

6.0 Binding Studies of Polymer 218 using PFG-NMR. 

Measurement of the Diffusion Coefficient of Polymer 218. 

Polymer 218 (8.5mg) was dissolved in D20 (lml) using sonication to ensure complete 

dissolution. The pD was adjusted to 7 using DCI and NaOD. The diffusion coefficient 

of the polymer in solution was measured by PFG-NMR using the BPP-LED pulse 

sequence l25
. A series of 32 BPP-LED spectra were acquired with gradient strength 

varying on a "squared" scale from 5-95% (lOO%=50Gcm- 1
). The parameters used were: 

o=6ms, T=Olms, L\=200ms. The data was processed as described in section 3. The 

results are shown in Chapter 2.8. 

Measurement of the Diffusion Coefficient of the TSA 146 in a 2mM solution. 

A 2mM solution of TSA 146 in D20 was prepared, and the pD adjusted to 7 using DCI 

and NaOD. The diffusion coefficient was measured using the method and parameters 

described in section 3. The results are shown in Chapter 2.8 

Measurement of the Diffusion Coefficient of the TSA 146 in the presence of 

Polymer 218. 

TSA 146 (O.8mg) was added to the sample used to measure the diffusion coefficient of 

polymer 218, so that the concentration of TSA 146 in the solution was 2mM. The 

diffusion coefficient of the TSA 146 was then measured using the same method as 

described above. The parameters used were: o=3.2ms, T=O.l ms, L\=200ms. The data 

was processed as described in section 3. The results are shown in Chapter 2.8 
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6.1 Synthesis of Acid Product 219 (for use as a standard in HPLC). 

Synthesis of 4-[(4-Carboxy-l-Oxobutyl)amino] Benzene Acetic Acid (219) 

o o 

HO N 
H 

219 

3 
OH 

2 

1 

6 

4-Aminophenylacetic acid (lg, 6.6mmol) was suspended in 50ml DCM. Glutaric 

anhydride (0.91g, 7.9mmol) and triethylamine (2.05ml, 14.5mmol) were added and the 

mixture heated to reflux. After 12 hours a yellow solution had formed. The solution was 

cooled, and diluted with H20 (1 OOml). The organic layer was separated. The pH of the 

aqueous layer was adjusted to 1 using aq. HCI (2M), and extracted with EtOAc (2 x 

100ml). The organic layer was dried over Na2S04, and the solvent removed in vacuo to 

yield 219 as a cream solid (1.65g, 95%); m.p. 168-169°C; IH NMR (300MHz, 0 20) 

DH/ppm 1.92 (m, 2H, CH2CfuCH2), 2.30 (t, J=7.5, 2H, CfuC(O)NH), 2.42 (t, J=7.5, 

2H, CH2CfuC02H), 3.51 (s, 2H, ArCfuC02H), 7.27 (d, J=8.0, 2H, C(3)H, C(5)H), 

7.36 (d, J=8.0, 2H, C(2)H, C(6)H); I3C NMR (D20, 75.4MHz) Dc/ppm 22.7 

(CH2CH2CH2), 36.4 (CH2C(0)NH), 37.1 (CH2CH2C02H), 44.3 (ArCH2C02H), 122.7 

(C(3)H, C(5)H), 130.1 (C(2)H, C(6)H), 134.9 (C( 4)H), 135.4 (C(1 )H), 175.6 

(CH2C(0)NH), 181.3, 183.0 (2 x C02H); Yrnax (nujol/cm-1) 653(w), 721(w), 798(m), 

895(w, br), 1182(w), 1247(m), 1306(m), 1377(s), 1397(m), 1456(s), 1462(s), 1537(s), 

1599(m), 1633(m), 1660(s, C(O)NH), 1699(s, C=O), 1728(s, C=O), 2627(m, br), 

2852(s), 2922(s, O-H st), 3300(s, C(O)NH); m/z (FAB) 288 (74%, [M+Nar), 266 

(80%, [M+Ht), 248 (65%, [M+Hr-H20), 220 (43%, [M-C02Hr); HRMS found 

266.1033, M+H (C 13H1 6NOs) requires 266.1028; Anal. Calcd. For C\3H1SNOs: C. 

58.86; H, 5.70; N, 5.28%, Found: C, 58.73; H, 5.71: N, 5.25%. 
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6.2 Calibration of HPLC by the External Standard Method165• 

The compounds used as standards were all synthesised as described earlier (section 2.0, 

2.1). HPLC conditions were: Reverse phase C18 column (4.6 x 250mm), sample 

injection volume of 2J.lI, elution of CH3CN (+5%H20, 0.I%TFA)/H20 (0.1% TFA), 

solvent gradient 5-95% CH3CN over 20mins, flow rate Iml/min, UV detection at 

254nM. 

6.2.1 Calibration of Ester Starting Material. 

A 5mM solution of the ester substrate 145 (46.1mg in 25ml) in aq. phosphate buffer 

pH7 was prepared. From this stock solution, 5 solutions of differing concentrations (see 

Table 11) were prepared, and analysed by HPLC. The area of the peak at retention time 

18.01 mins. was measured. 

Concentration Of Ester Area of Ester Peak 

ImM 606353 

O.8mM 506804 

O.6mM 367242 

O.4mM 240582 

0.2mM 127880 

Table 11 

A plot of the area of the peak against the concentration was made, and linear regression 

analysis performed (Equation 13): 

y = 615796x Equation 13 

where y is the area of the ester, and x is the concentration. 

6.2.2 Calibration of Acid Product. 

A 5mM solution of the acid product 219 (33.1mg in 25ml) in aq. phosphate buffer pH7 

was prepared. From this stock solution, 5 solutions of differing concentrations (see 
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Table 12) were prepared, and analysed by HPLC. The area of the peak at retention time 

11.9 mins. was measured. 

Concentration of Acid Area of Acid Peak 

ImM 556559 

0.8mM 437926 

0.6mM 331037 

O.4mM 216663 

0.2mM 111659 

Table 12 

A plot of the area of the peak against the concentration was made, and linear regression 

analysis performed (Equation 14): 

y = 551939x Equation 14 

where y is the area of the acid, and x is the concentration. 

6.2.3 Calibration of TSA 146. 

A 5mM solution of the TSA 146 (50.0mg in 25ml) in aq. phosphate buffer pH7 was 

prepared. From this stock solution, 4 solutions of differing concentrations (see Table 

13) were prepared, and analysed by HPLC. The area of the peak at retention time 13.9 

mins. was measured. 

Concentration Of TSA Area of TSA Peak 

ImM 587627 

0.8mM 479769 

O.4mM 237143 

0.2mM 122796 

Table 13 

A plot of the area of the peak against the concentration was made, and linear regression 

analysis performed (Equation 15): 
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y = 592858x Equation 15 

where y is the area of the TSA, and x is the concentration. 

6.3 Hydrolysis of Ester 145 with Polymers. 

Control Reaction. 

Iml of a 0.5mM solution of ester 145 in aq. phosphate buffer pH7 was stirred at r.t. and 

pressure, and the change in concentration of ester 145, and formation of acid product 

219 were monitored by HPLC at time t=O, t=10mins, and then every 30mins for 7 

hours, and then after 24 hours. The results are described in Chapter 2.8 

General Procedure. 

1ml of a 0.5mM solution of ester 145 in aq. phosphate buffer pH7 was added to 15mg 

of polymer (1 of 204, 215, 217 or 218). The mixture was stirred at r.t. and pressure, 

and the change in concentration of ester 145, and formation of acid product 219 were 

monitored by HPLC at time t=O, t= 1 Omins, and then every 30mins for 7 hours, and then 

after 24 hours. The results are described in Chapter 2.8. 

6.4 Inhibition Experiments Using TSA 146. 

General Procedure. 

1ml of a solution of concentration 0.5mM ester 145 and 0.5mM TSA 146 in aq. 

phosphate buffer pH7 was added to 15mg of polymer (1 of 204, 215, 217 or 218). The 

mixture was stirred at r. t. and pressure, and and the change in concentration of ester 

145, TSA 146, and formation of acid product 219 were monitored by HPLC at time t=O, 

t= 1 Omins, and then every 30mins for 7 hours, and then after 24 hours. The results are 

described in Chapter 2.8. 

218 



Appendix 1. 



Appendix 1. NMR Spectra of Polymers. 

a) Polymers Containing Lysine and Histidine. 
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b) Polymers containing Lysine and Arg-Arg. 
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c) Polymers Containing Lysine, Histidine and Arg-Arg. 
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