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Abstract 

Synthesis and Reactions of Protected Aminoacyl Ethyl Phosphates 
Master of  Science, 1998, Peter C. Spencer 

Department of Chemistry, University of Toronto 

Aminoacyl adenylates are enzyme bound intermediates in the synthesis of aminoacyl 

t-RNA's. Aminoacyl t-RNA's are then used by the cell in protein biosynthesis. Aminoacyl ethyl 

phosphates, analogues of aminoacyl adenylates, have been prepared as a means to study the 

reactivity of this class of compounds. Aminoacyl ethyl phosphates react with amines and alcohols, 

making them excellent candidates for potential use in aqueous peptide synthesis and the chemical 

aminoacylation of t-RNA. 

Aminoacyl ethyl phosphates can be produced by using dicyclohexylcarbodiirnide to couple 

N-protected amino acids with tetraethylammonium ethyl phosphate. The tetraethylammonium 

cation can then be replaced using ion exchange procedures. Different salts of arninoacyi ethyl 

phosphates were examined for their potential use in peptide synthesis and for the chemical 

aminoacylation of t-RNA. 

The sodium salt of N-t-Boc-alanyl ethyl phosphate reacts rapidly with alanine in aqueous 

solution to 6-om the dipeptide N-I-Boc-alanyl-alanine in high yield. Sodium N-I-Boc aminoacyl 

ethyl phosphates also react with lower alcohols and diols in water to form the corresponding 

amino acid esters. Divalent metal ions increase the reactivity of aminoacyl ethyl phosphates 

toward alcohols in aqueous solution. This may provide a route to the chemical aminoacylation of 

t-RNA 
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Chapter 1: Introduction 

1.1 Aminoacyl Adenylates 

Most protein syntheses in biological systems progress through three essential steps: 

1) activation of the amino acid with adenosine-triphosphate (ATP) to form an 

arninoacyl adenylate; 

2) transfer of the aminoacyl group to the 2' or 3' hydroxyl of t-WA; 

3) formation o f  peptide bonds by reaction of  t-RNA with the adjacent peptidyl-t- 

RNA ester at the ribosome (1) (Figure 1.1). 

ATP @ AminoacyE 
@-~AM~I + PPi 

~-RNA- 
Synthetase Aminoacyl- I fRNA 

@ =Amino acid 

I Ribosome 

Figrrre 1.1 Schematic diagram of protein synthesis. 

I 



In 1955 Berg proposed that amino acids are activated in biological systems by an enzyme 

mediated reaction with ATP (2). This reaction results in the formation of an aminoacyl adenylate 

(Figure 1.2). This important intermediate cannot be isolated from biological systems and has 

proved difficult to synthesize and purifL (3, 4). As a result, little study on the reactivity of 

aminoacyl adenylates has been done. 

Figure L2 General structure of arninoacyl adenylate 

1.2 Synthesis of Aminoacyl Adenylates 

Aminoacyl adenylates are present in living organisms as reactive enzyme bound 

intermediates (5). As a result, direct isolation of this species from biological extracts is 

impractical. This has motivated a number of research groups to attempt the synthesis of these 

biologically important molecuIes. 

The first practical synthesis was reported by Demoss and coworkers in 1956 (6). In this 

synthesis, an amino acid chloride was reacted with the disilver salt of adenosine-5'-phosphate 

(Scheme 1.1). This resulted in the desired aminoacyl adenyiate in yields of approximately 10 % 

(6) - 



Scheme 1.1 DeMoss and coworkers synthesis of arninoacyl adenylates (6). 

A number of syntheses have been published since DeMoss' original work. These include a 

dicyclohexylcarbodiirnide @CC) coupling of a free amino acid with adenosine-5'-phosphate in 

pyridine, completed by Talbert (7), as well as the reaction of an anhydride with adenosine-5'- 

phosphate in pyridine, accomplished by Jencks (8, 9) (Scheme 1 -2). 

Scheme 1.2 Jencks and coworkers' synthesis of acyl adenylates (8). 

These syntheses give much improved yields over the original DeMoss synthesis. However, an 

analytically pure product cannot be obtained (8). Berg and coworkers also reported that upon 

storage, aminoacyl adenylates degrade at a rate of 5 % per day, even when stored at temperatures 

below O°C (10). Lewinsohn and coworkers later reported that this degradation was due to 

intramolecular and intemolecular reactions (4). These result in the formation of Z', (3') 

aminoacyl adenylate esters, as well as rapid polymerization, giving polypeptides at pH's above 7 

(3, 4) (Scheme 1.3). 



Scheme 1.3 Intramolecular rearrangement of arninoacyl adenylates. 

In order to overcome the difficulties of working with aminoacyl adenylates, a number of 

groups have conducted research using new fbnctionally related compounds. These compounds 

provide a means for the systematic study of the reactivity of this important class of molecules. 

1.3 Aminoacyl Adenylate Analogues 

Aminoacyl adenylate analogues are species which have simplified or removed the 

adenylate portion of the molecule while retaining the important aminoacyl phosphate anhydride 

fimctionality. The first aminoacyl adenylate analogue was synthesized by Chantreme and 

coworkers in 1949 (1  1). This aminoacyl phenyl phosphate was formed by reacting N-Cbz- 

aminoacyl-chloride with disilver phenyl phosphate (Scheme 1.4). These compounds are relatively 

stable in their protected form, but polymerize rapidly to form peptides upon deprotection (1 1). 

This fhding is significant since these analogues show similar reaction patterns to the aminoacyl 

adenylates that they were designed to mimic (4, 12, 13). 



Scheme 1.4 Chantreme and coworkers' synthesis of an arninoacyl phenyl phosphate (1 1). 

Paecht and coworkers synthesized arninoacyl diphenyl phosphates by reacting hydrogen 

bromide with an N-Cbz-amino acid and diphenyl phosphate (14). This procedure not only formed 

the desired mixed anhydride linkage but also deprotected the amino acid in a single step (Scheme 

1.5). They reported that these compounds, although they could not be purified, react rapidly with 

water, amines and other organic bases (14). These compounds also polymerize rapidly forming 

peptide fragments of 5 to 10 amino acids as well as react with adenyIic acid to give adenosine 

diphosphate (ADP). 



H 0 
I II 

H-C-C-OH 

Scheme 1.5 Paecht and coworkers' synthesis ofaminoacyl diphenyl phosphate (14). 

More recently, researchers have tried to exploit the reactivity of this class of compounds 

for peptide synthesis (15). Gorecka and coworkers have formed peptides in high yields by using 

protected aminoacyl diethyl phosphates produced firom diethyl phosphorobrornidates (16) 

(Scheme 1.6). This method has found little use, however, due to racernization of the peptide 

product (Scheme 2.2). Direct studies of the aminoacyl diethyl phosphate reaction were not 

conducted as the aminoacyl diethyl phosphate was formed in silu. 



Scheme 1.6 Gorecka and coworkers' peptide synthesis using protected aminoacyl diethyl 
phosphates (16). 

Kim and coworkers also reported producing peptides in high yields (17). This group used 

benzotriazol- 1 -yl-diethyl phosphate as the in situ coupling reagent. They reported that this 

reaction gave homochiral peptide products when appropriate solvents were used. Once again the 

reactivity of the aminoacyl diethyl phosphate could not be studied as it was produced in situ wich 

the coupling reaction (1 7). 

Scheme I. 7 Kim and coworkers' peptide forming reaction using benzotriazol- 1-yl-diethyl 
phosphate (17). 

In an effort to study the reactivity of the aminoacyl phosphate mixed anhydride, Loo and 

Mazza prepared aminoacyl alkyl phosphates. These compounds were found to form stable 



crystalline solids (18, 19). By using these compounds in dilute solution it was possible to acquire 

rate constants for solvolysis reactions in water and lower alcohols. Loo also studied the reactions 

of aminoacyl alkyl phosphates with a number of amines, under a variety of conditions (1 8). Li 

later investigated the reactions of N-protected aminoacyl alkyl phosphates and used these in a 

number of direct applications such as peptide synthesis and protein modification (20). 

1.4 Summary 

Aminoacyl adenylates are e n q m e  bound intermediates used in protein biosynthesis. 

Chemical study of these important biological intermediates has been hindered by difficulties in 

their isolation and synthesis. A number of groups have synthesized aminoacyl adenylate 

analogues that retain the anhydride linkage but simplify the adenylate portion of the molecule. 

These analogues maintain the reactivity of  their parent compounds but are more easily synthesized 

and isolated. This allows for more accurate analysis of their reactivity and use for direct 

applications such as peptide synthesis and protein modification. The goal of this report is to 

discuss advances that have been made in the synthesis of protected aminoacyl ethyl phosphates. 

In addition, the reactions of these compounds with amino acids and alcohols and their potential 

application in peptide synthesis and in the direct chemical aminoacylation of  t-RNA is discussed. 



Chapter 2: Synthesis of Protected Aminoacyl E thy1 Phosphates 

2.1 Introduction 

The previous chapter described a number of strategies for the preparation of arninoacyl 

adenylates as well as a number of aminoacyl adenylate analogues. The formation of these mixed 

anhydrides, as described in the literature, is accomplished by one of two general methods: 

Nucleophilic attack of the phosphate on an activated carbonyl; 

Nucleophilic attack of a carboxylic acid onto an activated phosphate (Scheme 2.1). 

Scheme 2.1 General strategies for the synthesis of acyl alkyl phosphate anhydrides. 

Successfbl syntheses have been carried out using the latter strategy but the first method 

has generally been preferred. When the activated phosphate method is employed, the reaction 

must be carried out under basic conditions. This increases the potential for the formation of 

oxazolone rings once the product has been formed (21). The formation of oxazolone rings 

enhances the acidity of the a carbon, leading to racemization (21) (Scheme 2.2). In using the 

activated carbonyl method the potential for racemization at the a carbon of the amino acid is 

reduced. 





1 )DCC I CH2CI2 
Stir for 5 min. 4)Aqueous Extraction \ 

Scheme 2.3 Loo's synthesis of tetraethylammonium N-t-Boc-aminoacyl ethyl phosphate ( 1 8,20). 

This chapter reports the recent advances in the synthetic methodology for generating 

tetraallqdammonium N-protected-arninoacyl ethyl phosphates. Exchange of the 

tetraalkylammonium cations as a means of tailoring the reactivity of the aminoacyl ethyl 

phosphate is also discussed. 



2.2 Experimental 

Materials 

All chemicals were purchased from Sigma Chemical Company or Aldrich Chemical 

Company and were used without hrther purification. All solvents used were reagent or E-PLC 

grade. Tetrahydrofiran (m) was dried by distillation from sodium and bemophenone. Acetone 

was purified by fractional distillation and dried over molecular sieves. 

Instrumentation 

M a r e d  spectra were determined using neat samples or using potassium bromide pellets. 

Significant frequencies for structural assignment are recorded in cm? 

High field proton NMR were obtained on either a 200 MHz or a 300 MHz spectrometer. 

All spectra were obtained in deuterated water (D20) or deuterated chlorofonn (CDCL) and DHO 

or CHCll were used as the internal references respectively. Spectral parameters are listed in the 

order: ( frequency, solvent), chemical shift in parts per million @pm) relative to TMS, 

(multiplicity, number or protons, assignment). 
13 C spectra were obtained at 125 MHz and were broad-band decoupled. All spectra were 

obtained in deuterated water (D20) or deuterated chlorofonn (CDC13) and DHO or CHC13 were 

used as the internal references respectively. Spectral parameters are listed in the order: 

(frequency, solvent), chemical shift in ppm. 
3 1 P spectra were obtained at 121 MHz and were broad-band decoupled. All spectra were 

obtained in deuterated water (DzO) or deuterated chloroform (CDCL) and referenced to either 85 

% phosphoric acid in water or 85 % phosphoric acid in chloroform. Spectral parameters are 

listed in the order: (frequency, solvent), chemical shift in ppm. 

Mass spectra were obtained by electron impact ionization (El) or fast atom bombardment 

ionization (FAB) performed by Dr. Alex Young. 



High performance liquid chromatography (HPLC) analysis was recorded at 26 1 nm using 

a C18 reverse phase 3 -9 x 300 mrn column, eluted with a 74:26 mixture (v/v) of water and 

acetonitrile with 0.1 % trifluoroacetic acid (TFA). 

Synthesis of Tetraalkylarnmooium Ethyl Phosphates 

Dichloro ethyl phosphate was added to a ten fold excess of distilled water (viv). The 

aqueous mixture was rotary evaporated for one and one half hours to remove excess hydrogen 

chloride vapor. Once the reaction was complete, water and hydrogen chloride were removed by 

rotary evaporation at 50 OC followed by vacuum desiccation. This yields ethyl phosphoric acid as 

clear oil. 

Introduction of the desired tetraaUcyIammonium cation was accomplished by the addition 

of one or two equivalents of tetraalkylammonium hydroxide to ethylphosphoric acid. The water 

resulting from this reaction was then removed by lyophilization yielding tetraalkylammonium ethyl 

phosphate as a transparent pale yellow oil, or bis(tetraalky1ammonium) ethyl phosphate as a white 

hygroscopic powder. 

Ethyl phosphoric acid: clear oil (100%); 'H NMR (300 MHz, CDCI,) 6 8.29 (s, 2J3, 

Porn, 4.18-4.05 (m, 2H, POCB), 1.34 (t, Jz7.15 Hz, 3H, POCH2CyI); 13c NMR (125 MHz, 

CDCI,) 6 ; 31P NMR (121 MHz, CDC13) 6 2.86. 

Tetraethylammonium ethyl phosphate: transparent pale yellow oil (100%); 1H NMR 

(200 MHz, CDC13) 5 6.89 (s, lH, P O B ,  3.72-3 -94 (m, 2Y POC&), 3 -38 (q, J=7.15 Hz, 8H, 

NCE), 1.3 1 (t, J=7.2 Hz, 1 2 6  NCH2C&), 1.15 (t, J=6.93 Hz, 3H, POCH2C&); 13c NMR (125 

MHq CDC13) 6 58.8, 51.9, 16.4 (d, JpCl=7.7 HZ, POG), 7.1; 3IP NMR (121 MHq CDC13) 6 

1.81. 



Bis(tetraethy1ammonium) ethyl phosphate: white hygroscopic powder (100%); lH 

NMR (200 MHz, CDC13) 6 3.86-7.90 (m, ZJ3, POCl&), 3.41 (q, J=7.28 Hz, 16H, NCEX2), 1.3 1 

(t, J=7.32 Hz, 24H, NCH2CH3), 1.12 (t, .J=7.57 Hz, 3H, POCH2C&); "C NMR ( 125 MHz, 

CDC13) 6 58.8, 5 1.9, 16.4 (d, Jmq=7.7 Hi, POQ, 7.1; j1P NMR (12 I MHz, CDCI,) 6 2.42. 

Synthesis of Sodium Ei-Fmoc-valyl Methyl Phosphate 

N-Fmoc-valine (1 mrnol) was dissolved in 20 mL of dichloromethane. To this solution 

0.1 1 pL (1.5 mmol) of thionyl chloride and one drop of dimethylformarnide @MF) were added. 

This solution was stirred under reflux for one hour. The reaction mixture was then cooled to 

room temperature, rotary evaporated and placed under vacuum. This ensured removal of the 

solvent and any remaining thionyl chloride and resulted in the N-Fmoc-amino acid chloride as a 

tan coloured solid. This solid was resuspended in dry THF. One equivalent (1 mmol) of sodium 

dimethyl phosphate was added and the reaction mixture was stirred for one hour. This resulted 

in N-Fmoc-valyl dimethyl phosphate in solution with sodium chloride present as a white 

precipitate. The reaction mixture was filtered, removing sodium chloride, and the filtrate was 

rotary evaporated. This yielded N-Fmoc-valyl dimethyl phosphate as a clear oil. The oil was 

resuspended in 30 mL of dry acetone and one equivalent ( I  mrnol) of sodium iodide was added to 

the solution. The reaction mixture was stirred for 12 hours at room temperate and resulted in a 

white precipitate. The precipitate was collected and the filtrate was left to stir for another 12 

hours. This solution was refiltered and the filtrate was combined with the previous filtrate. The 

combined filtrate was washed three times with dry acetone yielding sodium N-Fmoc-valyl methyl 

phosphate as a white powder. 



Sodium N-Fmoc-valyl methyl phosphate: white powder (6 1%); IH NMR (200 MHz, 

D20) 8 7-72 (4 2H, Ar), 7-61 (t, 2Y Ar), 7.18-7.36 (m, 4I3, Ar), 4.32-4.57 (rn, 2H, C H C m ) ,  

4.15 (t, J=7.2 Hz, lH, 3.82 (d, J=7.9 Hz, lH, NHCB, 3.42 (d, 3- POCB), 0.66 (t, 

J4.7 Hz, 6Y (C&)2C), 0.52 (q LH, (CH3)2CHCH); ''P NMR (121 MHz, CDCI,) 6 6.3. 

Synthesis of Tetrabutylammonium N-Fmoc-phenylalanyl Ethyl Phosphate 

N-Fmoc-phenylalanine (1 mmol) was dissolved in 40 mL of dichloromethane. One 

equivdent of  dicyclohexylcarbodiirnide @CC) was added to this solution which was then stirred 

for three minutes and resulted in a dense white precipitate. This solution was added to a second 

solution containing one equivalent of bis(tetrabuty1amrnonium) ethyI phosphate (5 mmol) 

dissolved in 10 mL of dichloromethane. The resulting reaction mixture was stirred until the 

reaction was complete (approximately half an hour, monitored by lp NMR). Once the reaction 

was complete, the reaction mixture was extracted three times with 10 mL of distilled water and 

the organic layer was collected. The organic layer was then dried with magnesium sulfate, filtered 

and rotary evaporated to remove the solvent. The residue was resuspended in dry acetonitrile and 

cooled in the freezer overnight. This resulted in the formation of dicyclohexylurea (DCU) as a 

white precipitate which was then removed by filtration. The resulting filtrate was rotary 

evaporated at 50°C. This resulted in tetrabutylarnrnonium N-t-Boc-phenylalanyl ethyl phosphate 

as a yellow hygroscopic oil. 

Tetrabutylammonium N-Fmoc-phenylalanyl ethyl phosphate: yellow hygroscopic oil 

(43%); LEI NMR (200 MHi, CDCf3) 6 7.32 (d, 2H, Ar), 7.54 (t, 2H, Ar), 7.11-7.38 (m, 9H, Ar), 

4.32-4.57 (m, 2H, CHCEO), 4.15 (m, 3H, ArCwOC&), 3.82 (d, J=7.9 H z ,  1% NHCHJ, 3.42 

(d, 3@ POCE), 3.36-3.28 (m, 10Y NCs2/ArC&CH), 1.72-1.62 (m, 8% NCH2C&), 1.25- 

1-52 (m 8H, NCH2CH2C&), 0.95 (t, ISH, NCH2CH2CH2C&IPOCH2C&); 31P N k l R  (121 

M H i ,  CDCI,) 6 7.82. 



Synthesis of Tetraalkylammonium N-tBoc-aminoacyl Ethyi Phosphates 

An N-I-Boc-amino acid (8.75 mrnol) was dissolved in i 5 ml of dichloromethane. One 

equivalent of DCC (8.75 mmol) was added to this solution which was then stirred for three 

minutes and resulted in a dense white precipitate. This solution was added to a second solution 

containing 0.67 equivalents of tetraalkylarnrnonium ethyl phosphate ( 5  mrnol) dissolved in 10 ML 

of dichloromethane. The resulting reaction mixture was stirred until the reaction was complete 

(approximately 3 0 minutes, monitored by 31P NMR). Once the reaction was complete, 7 1 pL 

(17.5 mrnol) of methanol was added to the reaction mixture and the resulting solution was stirred 

for one hour. This converted excess N-i-Boc-amino acid to the N-l-Boc-aminoacyl methyl ester. 

The reaction mixture was then filtered to remove the white DCU precipitate. This resulted in a 

clear solution. The filtrate was then extracted three times with 10 mL of distilled water and the 

water layer was collected. The pooled aqueous layer was then fiozen in liquid nitrogen and 

lyophilized to dryness. This yields tetraalkylamrnonium N-t-Boc-arninoacyl ethyl phosphate salt 

as an opaque oil. 

Tetraethylammonium N-t-Boc-alanyl ethyl phosphate: opaque oil ( 1 00%); FTIR 3250 

0 , 2 9 8 1  (CH), 1703 (GO); 'H NMR (200 MH2, CDC13) 6 5.17 (d, 1H, NHJ, 4.17-4.26 (rn, 

1- c_H), 3 -94-4.02 (m, 2H, POCB), 3.48 (q, J=7.29 Hz,  8H, NC&), 1.29- 1.42 (m, 2 iH, 

NCH2CY1/OC(C&)3), 1.21 (t, Jz6.96 HZ, 3H, POCH2CE3); 31P NMR (1 MHz, CDClj) 6 - 
6.86; FAB-MS (-, glycerol) calc. for CI&Il9N07P 296, found 296 0". 



Tetrabutylammonium N-t-Boc-alanyi ethyl phosphate: opaque oil (100%); FTIR 

3 193 (NH), 2963 (CH), 1706 (C=O); lH NMR (200 M H i ,  CDC13) 6 5-17 (d, lK, m, 4.3 5-4.43 

(rn, lH, C a y  3.96-4.03 (m, 2H, POCE), 3.27-3.36 (m, 8H, NC&), 1.18-1.71 (m, 28H, 

NCH~C&C&21POCH2CE13/0C(C&)3), 0.97 (t, J=7.8 HZ, 1 2yNCH2CH2CH2C&); "C NMR 

(125 MHz, CDC13) G 61.8, 58.8, 55.7, 50.1,34.9, 31.5, 28.2 (d, JP43=12.0 H i ,  POQ, 27.7, 25.6, 

24.7, 24.1; 3 1 ~  NMR (121 MHz, CDC13) 6 -7.58; FAB-MS (-, glycerol) calc. for CIOHI9NO7P 

296, found 296 @l)-. 

Synthesis of Sodium N-t-Boc-aminoacyl Ethyl Phosphate 

An N-t-Boc-amino acid (8.75 mmol) was dissolved in 15 rnL of dichloromethane. One 

equivalent of DCC (8.75 rnrnol) was added to this solution which was then stirred for three 

minutes. This resulted in a dense white precipitate. This solution was added to a second solution 

containing 0.67 equivalents of tetraethylammonium ethyl phosphate (5 mrnol) dissolved in 10 mL 

of dichlorornethane. The resulting reaction mixture was stirred until the reaction was complete 

(approximately 30 minutes, monitored by IP NMR). Once the reaction was complete, 7 10 pL  

(17.5 rnrnol) of methanol was added to the reaction mixture and the resulting solution was stirred 

for one hour. This converted excess N-1-Boc-amino acid to the N-I-Boc-aminoacyl methyl ester. 

The reaction mixture was then filtered to remove the white DCU precipitate and resulted in a 

clear solution. The filtrate was then extracted three times with 8 mL of distilled water and the 

water layer was collected. The pooled aqueous layer was then filtered under reduced pressure 

through a cintered glass filter which contained DowexB 50WX2-200 ion exchange resin loaded 

with the appropriate counter ion. This yielded a clear solution. The filtrate was then frozen in 

liquid nitrogen and lyophilized to dlyness. This yields sodium N-t-Boc-aminoacyl ethyl phosphate 

as a white crystalline solid. 



Sodium N-t-Boc-alanyl ethyl phosphate: white crystalline solid (75.9%); 'H NMR (200 

MHz, DzO) 6 4.02 (q, J=7.2 Hz, lE3, CHJ, 3 -82-3.87 (m, 2H, POCE32), 1.22- 1 -25 (m, 12H, 

C(C&)3/CE), 1-09 (t, k7.08 H i ,  3 Y  POCH2C&SJ); 13c NMR (125 MHz,  D20) 6 1 72.2, 158.4, 

82.4, 64.5, 52.1, 51.3, 28.4, 16.9, 16.4; 3lP NMR (121 MHz, Dz0) 6 -6.3 1; FAB-MS (-, 

glycerol) cdc. for C10H19N07P 296, found 296 0-. 

Sodium N-t-Boc-phenylalanyl ethyl phosphate: white crystalline solid (76.0%); 1H 

NMR (200 MHz, D20) 6 7.12-7.23 (m, 5H, Ar), 4.28-4.3 I (rn, lH, CHJ, 3.76-3.86 (m, 2H, 

POCH2), 3 -04-3.1 1 (m, 1 Cb), 2.75-2.84 (m, 1 H, C b ) ,  1 .1  6 (s, 9H, C(Cl&)3), 1.08 (t, 

J=7.14 Hq 3H, POCH2ClQ; 13c NMR (125 MHz, DtO) 6 168.6, 137.4, 130.1, 129.6, 129.5, 

127.9, 82.3, 64.6, 56.7, 28.4, 28.2, 16.4; 31P NMR (121 MHz, DzO) 6 -6.44; FAB-MS (-, 

glycerol) cdc. for Cl&N07P 372, found 372 (kt)-. 

Sodium N-tBoc-valyl ethyl phosphate: white crystalline solid (56.9%); lH NMR (200 

MHq Dz0) 6 3.73-3.88 (m, 3H, NHCwOCB2), 1.99-2.03 (m, 1 H, CEI(CH3)2), 1 -24 (s, 9H, 

C(C&),), 1.08 (t, Jz7.09 HZ, 3 y  POCH2Cu3), 0.74-0.81 (m, 6 q  CH(C&)d; 13c NMR (125 

MEh, D20) 6 170.2, 157.9, 81.5, 63.7, 60.1, 29.8, 27.6, 18.4, 16.9, 15.5; 3lP NMR (121 MHz, 

DzO) 6 -6.60; FAB-MS (-, glycerol) calc. for CIZ&NOIP 324, found 324 @f)-. 

Sodium N-t-Boc-proly ethyl phosphate: white crystalline solid (41 3%); 1H NMR (200 

MHz, 4 0 )  6 4.02 (q, J=7.2 Hz, lH, Ca), 3.82-3.86 (m, 2H, POC&), 1.22-1 -25 (m, 12H, 

C(C&)JCE), 1.09 (t, J=7.08 HZ, 3 8  POCH2C&); NMR (121 MHZ, D20) 6 -6.58; FAB- 

MS (-, glycerol) calc. for CI&C~~NO~P 322, found 322 (MJ-. 



2.3 Results and Discussion 

Synthesis of Tetraalkylammonium Ethyl Phosphates 

The original synthesis of tetraallqlammonium ethyl phosphate was previously described by 

Loo and later by Li (18, 20) (Scheme 2.4): 

Ethyl dichlorophosphate was added to a ten fold excess of doubly distilled deionized water 

(v/v). The aqueous mixture was rotoevaporated for one and one half hours to remove 

excess hydrogen chloride vapor. Upon completion of the reaction, the resulting mixture 

was titrated to pH 7 by the addition of the desired tetraalkylarnrnoniurn hydroxide to yield 

Bis(tetraaUcy1ammonium) ethyl phosphate in aqueous solution. The reaction mixture was 

then frozen in liquid nitrogen and lyophilued without purification to yield 

Bis(tetraa1kylarnmonium) ethyl phosphate as a waxy, white hygroscopic solid (18, 20). 

In using tetraalkylarnmonium ethyl phosphate salts made by this procedure in the synthesis of 

N-t-Boc-arninoacyl ethyl phosphates, low yields of the desired product were obtained (Table 2.1). 

As a result the synthetic strategy for the production of tetraalkylarnrnonium ethyl phosphate was 

reexamined. 

H H  0 Excess H,O H H  0 
H-~-~ -o -~ -c I  rn H-k-6-0-b-OH + ~ H C I  f 

H' A LI Reduced Pressure A ?In 

Scheme 2.4 Original synthesis of bis(tetraethy1ammonium) ethyl phosphate (1 8, 20). 



A problem with the original synthesis of bis(tetradlcy1ammonium) ethyl phosphate is that 

without complete drying of the ethyl phosphoric acid, hydrogen chloride will remain, 

contaminating the reaction mixture. As a result, when the reaction mixture is titrated to neutrality 

with tetraethylammonium hydroxide the hydrogen chloride contaminant will be converted to 

tetraethylammonium chloride. Detection of this tetraethylammonium chlorides contaminant 

proves difficult as it is not easily seen in FAB mass spectroscopy, 31P, 13C or lH NMR. Upon 

closer inspection of the proton NMR data a slight excess of tetraethylammonium cation is 

observed. The absolute excess of tetraalkylammonium cation is difficult to ascertain due to the 

relative high intensity of the tetraethylammonium cation peaks with respect to the other proton 

peaks in the spectra. This large difference in intensity makes the integration less reliable. Further 

intuitive support for contamination of the ethyl phosphoric acid with hydrogen chloride is given 

by the fact that the dissociation for second proton of ethyl phosphoric acid has a pKa of 

approximately 7.2. In the original synthesis the reaction mixture is only titrated to neutrality (20). 

As a result, one would expect that less than half of the ethyl phosphoric acid would be converted 

into the bis(tetraethy1arnrnonium) salt. Again, the proton NMR spectra shows an excess of 

tetraalkylammonium cation. Ifall of the ethyl phosphoric acid is not converted into the dibasic 

salt, an excess of tetraalkylammonium cation should not be seen. This suggests that a strong acid 

contaminant is present. 

In an effort to investigate whether bis(tetraethylammonium) ethyl phosphate was indeed 

being formed, two experiments were conducted using triethylarnine as the base / counterion. In 

the first experiment, the reaction mixture was titrated to neutrality with triethylamine and the 

excess water and triethylamine were removed under vacuum. After lyophilization, a clear oil was 

obtained with the following characterization data: 



TriethyIammonium ethyl phosphate: clear oil (loo%), 1H NMR (200 MHz, 

CDCI,) S 1 1.52 (s, lH, m, 3.8 1-3 -96 (m, 2J3, POCE), 3 -99 (q, J=6.94 Hz, 18Y 

NCK), 1.13-1 -27 (m, 21H, NCH2Cb/POCH2CH;); ''c NMR (125 MHz, CDC13) 6 60.7 

(d, Jp-q=5.2 Hq POQ, 45.4, 16.3 (d, J(pq=8.3 E-k, POCH&H3), 8.4; 3lP NMR (121 

MHz, CDCI,) G 2.05. 

In the second experiment the ethyl phosphoric acid was isolated by vacuum desiccation, yielding a 

clear oil. The triethylamrnonium cations were then introduced by dilution of the ethyl phosphoric 

acid in water, followed by titration of the solution to pH 7 by the addition of triethylamine. M e r  

removal of solvent and excess triethylamine under vacuum a transparent pale yellow oil with the 

following characterization data was obtained: 

Triethylammonium ethyl phosphate: pale yellow oil (loo%), lH NMR (200 MHz, 

CDCl,) 6 1 1.52 (s, lH, w, 3.8 1-3.96 (m, 2H, POCb), 3.99 (q, J=6.94 Hz,  6H, NC&), 

1-13-1 -27 (m 12H, NCH2C&/POCH2CH3); 13c NMR (1 25 IUHi, CDCIj) G 60.7 (d, J p  

~ ~ 5 . 2  HZ, POQ, 45.4, 16.3 (d, Jmo)=8.3 Hz, POCH&H3), 8.4; 3LP NMR (12 1 MHi ,  

CDC13) 6 2.05 

From the first experiment a clear oil was obtained whose proton NMR showed an 

integration ratio of 3: 1 for triethylammonium cation : ethyl phosphate. In the second experiment, 

dry ethyl phosphoric acid was used, ensuring that all hydrogen chloride was removed. When the 

ethyl phosphoric acid was then redissolved in water and titrated to neutrality using triethylamine, 

a pale yellow oil was obtained. This procedure resulted in a 1 : 1 integration ratio of 

triethylamrnonium : ethyl phosphate in the proton NMR spectra. This indicates that the 

monobasic tetraethylammonium ethyl phosphate salt is produced. Thus in order to make the 

desired bis(tetraalky1ammonium) ethyl phosphate, the ethyl phosphoric acid used must be taken to 

complete dlyness to ensure removal of all the hydrogen chloride present. Once pure ethyl 

phosphoric acid is obtained, two equivalents of tetraallqlammonium hydroxide must be added to 



form the desired product. This is what was initially suspected, since the strong acid, hydrogen 

chloride, would be neutralized first by the addition of any strong base and the removal of the 

desired protons f?om ethyl phosphoric acid would be secondary. These results indicate that the 

first procedure results in two equivalents of tetraethylammonium chloride contaminant and the 

product is actually monobasic tetraalkylammoniurn ethyl phosphate. This means that the original 

synthesis for bis(tetraethy1ammonium) ethyl phosphate proposed by Loo and Li (18, 20) actually 

produces the monobasic tetraalkylammoniurn ethyl phosphate with two equivalents of 

tetraethylammonium chloride contaminant (Scheme 2.4). 

Synthesis of Sodium N-Frnoc-valyl Methyl Phosphate 

The synthesis of N-Fmoc-valyl methyl phosphate was initially attempted with the goal of 

using it as an activated intermediate for peptide synthesis. The Fmoc protecting group was 

chosen for several reasons. N-Fmoc-valyl methyl phosphate is the activated species. Therefore, it 

would be desirable to add this compound in excess. By doing this, yields of the peptide product 

could be maximized. Upon completion of the reaction, however, it would be necessary to remove 

all the remaining activated amino acid. This could be readily accomplished by hydrolyzing the . 

activated amino acid with aqueous base. The Fmoc protecting group was chosen since it is also 

removed under basic conditions (22). Therefore, as a means of increasing the efficiency of the 

synthetic cycle it was proposed that both these processes might be achieved in a single step. 

Another reason for choosing the Fmoc protecting group is its stability under acidic 

conditions. The synthesis of sodium N-Fmoc-aminoacyl methyl phosphate involves an acid 

chloride intermediate. If there is any hydrolysis of this intermediate, hydrogen chloride is 

Liberated. By using the Fmoc protecting group, which is acid stable, there is no risk of unwanted 

deprotection. The final reason for choosing this protecting group is ease of handling. It is known 

that sodium N-Fmoc-aminoacyl methyl phosphates are stable crystdine compounds, making them 

easy to work with and store for extended periods. 



The synthesis of N-Fmoc-valyl methyl phosphate is straightforward and &ords a 

crystalline solid in yields of greater than 60 % (Scheme 2.5). The majority of product loss likely 

occurs in the preparation and isolation of the acid chloride intermediate. This species is readily 

hydrolyzed in the presence of water and must be kept dry at all times. 

I 
NH O I)CH2C12/DMF 

I I I Reflux for 1 Hour I 
C=O S -0 
I + CI' ' I 

2)Rotoevaporate 0 

4)Rotoevaporate CH3 0 O 

+ J . , , ~ , C H ~  

Nx 
I 
p o  CH3 1)Nd / Acetone 

Stir for 12 Hours ' - Hours 

Scheme 2.5 Synthesis of Sodium N-Fmoc-valyl methyl phosphate. 



Synthesis of Tetrabutylammonium N-Fmoc-phenylalsrnyl Ethyl Phosphate 

In an effort to avoid the use of unstabIe acid chiorides, which may be responsible for the 

low yields in the previous synthesis, a second synthetic strategy was employed. In this synthesis 

DCC was used as the coupling agent t o  form the anhydride linkage between tetrabutylammonium 

ethyl phosphate and N-Fmoc-phenylalanine (Scheme 2.6). The Fmoc protecting group was 

chosen for the reasons discussed in the previous section. The tetrabutylammonium cation was 

chosen to ensure the product would b e  more soluble in organic solvents than in water. As a 

result, unreacted tetrabutylammonium ethyl phosphate could be removed fiom the reaction 

mixture by aqueous extraction. This would make it possible to purify the reactive 

tetrabutylammonium N-Fmoc-phenylalanyl ethyl phosphate without hydrolysis. Finally, N-Fmoc- 

phenylalanine was chosen so the products could be easily monitored by CIV spectroscopy. 

This synthesis proceeds smoothly, but excess tetrabutylammonium cation contaminant 

cannot be removed. The utility of this compound was also limited by a several factors. A 

decrease in yield was observed from the previous synthesis (-40 %). This is likely due to product 

being lost in the aqueous extraction. Second, the product has a very short shelf life, decomposing 

in a matter of days even when stored at below 0°C. The low yields and instability of the product 

are probably due to the presence of the tetrabutylammonium cation. Although this cation afTords 

fast separation of the product fiom excess ethyl phosphate, it adds steric buk to the ethyl 

phosphate reagent. This steric interference may retard the coupling reaction, resulting in reduced 

yields. This cation is also extremely hygroscopic, leading to hydrolysis even at temperatures 

below 0°C. 
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Scheme 2.6 Synthesis of Tetrabutylarnrnonium N-Fmoc-phenylalanyl ethyl phosphate. 

Synthesis of Tetraalkylammonium N-t-Boc-aminoacyl Ethyl Phosphates 

The synthesis of tetraalkylamrnoniurn N-t-Boc-aminoacyl ethyl phosphates was originally 

described by Loo and later by Li(18, 20). This synthesis uses DCC to mediate formation of an 

anhydride linkage between a protected amino acid and bis(tetraa1kylarnmonium) ethyl phosphate. 

As discussed previously, the phosphate species present in the original synthesis was not the 

bis(tetraaIkylammonium) ethyl phosphate, but the monobasic tetraalkylamrnonium ethyl phosphate 

with tetraallcylammonium chloride present as a contaminant (Scheme 2.7). 



3)Filter 

1 )DCC I CH2Ch 
Stir for \ 5 min. 4)Aqueous wash 
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Scheme 2.7 Original synthesis of tetraethylammonium N-t-Boc-aminoacyl ethyl phosphate (1 8, 
20). 

This method claimed to produce the tetraalkylammonium aminoacyl ethyl phosphates in high 

yields. More recent syntheses using this method however, resulted in much lower yields. I also 

found that large amounts of tetradkylammonium cation contaminant are found in the final 

product. In order to understand why lower than expected yields were obtained in more recent 

syntheses of aminoacyl ethyl phosphate I conducted a series of experiments. In these experiments 

aminoacyl ethyl phosphates were prepared using the following reagents: 

1) ethyl phosphoric acid; 

2) triethylammoniurn ethyl phosphate; 

3) tetraethylammonium ethyl phosphate; 

4) bis(tetraethy1ammonium) ethyl phosphate; 



5) tetraethylammonium ethyl phosphate salt produced in the original synthesis by Loo 

and Li (tetraethylanpnonium ethyl phosphate with tetraethyl-ammonium chloride 

contaminant) (1 8, 20) (Scheme 2.4). 

Yields of the N-t-Boc-alanyl ethyl phosphate were compared by 3 1 ~  NMR in terns of the salt 

used (Table 2.1). From these results the reactive tetraethylammonium ethyl phosphate salt was 

identified and the optimal reaction conditions were established. 

Table 2. I Comparative yields of N-t-Boc-alanyl ethyl phosphate. 

Percent Yield Ethvl ~ h o s ~ h a t e  Used 

Ethyl phosphoric acid I 1.0 I 0.0 

Equivalents of 

N-t-Boc-alanine Used 

The results in Table 2.1 show that the reaction of N-l-Boc-alanine with ethyl phosphoric 

- - 

Tetraethylammonium 
Tetraethylammonium 
Tetraethylammonium 
Bis(tetraethy1arnmonium) 
Bis(tetraethylammonium) 
Bis(tetraethylamrnonium) 
Tetraet hylammoniurn + 
Contaminate (N(Et)&I) 
Tetraethylammonium + 
Contaminate (N(Et)&l) 
Tetraethylammonium + 
Contaminate (N@t)&l) 

acid produces no product while the bis(tetraethylarnmonium) ethyl phosphate salts produces 

product only in low yield. Reasonable yields of N-t-Boc-alanyl ethyl phosphate were only 

- 

I .O 
1.5 
2.0 
I .O 
1.5 
2.0 
0.6 

1.5 

3 .O 

obtained when the tetraethylammonium ethyl phosphate salts were used. These data suggests that 

55.7 
100 
100 
32.2 
48.3 
56.4 
64.8 

79.3 

100 

the reactive species is tetraethylammonium ethyl phosphate and not the bis(tetraethylammonium) 



ethyl phosphate that was originally proposed. Upon closer inspection of this reaction, it becomes 

evident that this must be the case. One proton is needed from ethyl phosphate to facilitate the 

formation of DCU (Scheme 2.8). Without this proton, it is not possible for the reaction to 

proceed to give the product. In the case where product is obtained when 

bis(tetraethylarnrnonium) ethyl phosphate is used, the proton necessary for reaction is likely 

obtained from a second molecule of N-t-Boc-alanine. 

DCU 

Scheme 2.8 Possible mechanism for the formation of tetraethylammonium N-t-Boc-alanyl ethyl 
phosphate. 



This proton donation could proceed by two pathways. A proton might be exchanged between 

N-t-Boc-alanine and bis(tetraethylammonium) ethyl phosphate or a second N-r-Boc-alanine 

molecule might directly donate its proton to the amino acid I DCC intermediate. Proton transfer 

between N-t-Boc-alanine and bis(tetraethylammoniurn) ethyl phosphate is the likely reaction 

pathway for product formation. It is most probable that an equilibrium is established, where the 

proton is transferred from the N-t-Boc-danine @Ka=2.3) to the bis(tetraethy1ammonium) ethyl 

phosphate (pKa-6.6) (23). As a result, tetraethylammonium ethyl phosphate is still the reactive 

species but yields are significantly reduced. 

With the identification of the reactive species and a synthetic procedure that gives high 

yields of the desired product, a method for the removal of excess N-t-Boc-alanine was needed. 

Aqueous extraction of the product from the reaction mixture is fast and efficient, however both 

product and N-t-Boc-danine are found in the aqueous layer. As a result, after the coupling 

reaction is complete, as determined by 3IP two equivalents of methanol are added to the 

reaction mixture. This results in the conversion of the excess N-t-Boc-danine to the 

corresponding methyl ester. This methyl ester is then left in the organic layer after the aqueous 

extraction (Scheme 2.9). Isolation of the tetraethylammonium N-t-Boc-alanyl ethyl phosphate 

product by lyophilization of the aqueous layer forms an extremely hygroscopic clear oil. This 

product decomposes quickly upon exposure to air. 
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Scheme 2.9 Revised synthesis of tetraethylammonium N-t-Boc-alanyl ethyl phosphate 

Although this synthesis provides a simple means for producing tetraethylammonium 

N-1-Boc-arninoacyl ethyl phosphates of analytical quality in high yields, its hygroscopic nature and 

its short shelflife Limit its usehlness for hrther study. As a result, efforts were made to increase 

the shelf life of N-t-Boc-aminoacyl ethyl phosphates making long term storage of these 

compounds possible. Different salts of N-t-Boc-arninoacyl ethyl phosphate may provide a means 

for tailoring the reactivity of these compounds, making long term storage possible. As a result, 

experiments were conducted in an attempt to remove the tetraethylammonium cation. 



Synthesis of Sodium N-t-Boc-aminoacyl Ethyl Phosphates 

As was mentioned in the previous section. tetraethylammonium N-r-Boc-alanyl ethyl 

phosphate is extremely hygroscopic and decomposes quickly upon isolation. This leads to later 

problems when attempting to exchange the tetraethylammonium cations. When isolated 

tetraethylammonium N-1-Boc-alanyl ethyl phosphate is exposed to cation exchange conditions, 

the desired sodium N-t-Boc-alanyl ethyl phosphate product is obtained. Unfortunately, this 

product is contaminated with large amounts of hydrolysis product. These hydrolysis products 

cannot be separated fiom the desired product without hrther hydrolysis. In attempts to eliminate 

decomposition of the N-t-Boc-alanyl ethyl phosphate product upon isolation, it was found that the 

aqueous layer could be collected and filtered immediately through a sintered glass filter containing 

sodium-loaded cation exchange resin. This produced the desired sodium N-I-Boc-aminoacyl ethyl 

phosphate salt in high purity and good overall yields (-75 %) (Scheme 2.10). 
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Scheme 2. I 0  Synthesis of sodium N-I-Boc-alanyl ethyl phosphate. 

The sodium salts of protected aminoacyl ethyl phosphates offer cl ear advantages o 

tetraethylammonium salt predecessors. Sodium N-I-Boc-aminoacyl ethyl phosphates are 

tver their 

hygroscopic crystalline compounds, which can be stored indefinitely at temperatures below 0 "C. 

The fact that they are crystalline affords easy handling, while their long shelf-life allows large 

quantities to be made and stored. Another advantage of these compounds is that their reactivity 

toward different nucleophiles can be studied without the steric influence of the 

tetraethylammonium cation. 



2.3 Summary 

This chapter presents a number of methods for the synthesis of tetraalkylarnmoniurn 

N-protected-aminoacyI ethyl phosphates, and important advances that have been made in this 

area. The usefilness of these salts is limited by the fact that they tend to have high levels of 

impurities, they are extremely hygroscopic and have a limited shelf life. To circumvent these 

problems, a new method has been developed for the synthesis of  sodium N-t-Boc-aminoacyl ethyl 

phosphates. These new compounds can be produced in high yields with a high degree of purity, 

they can be stored for extended periods of time and are easy to handle due to their crystalline 

nature. These new aminoacyl adenylate analogues will provide a means to study the reactivity of 

this important class of compounds and may prove usefid in a number of direct applications such as 

peptide synthesis and protein modification. 



Chapter 3: N-Protected Aminoacyl Ethyl Phosphates as Reagents for Peptide 

Synthesis 

3.1 Introduction 

As mentioned in the first chapter arninoacyl adenylates are important biological 

intermediates in protein synthesis (1). Early studies revealed that these compounds rapidly 

polymerize to form polypeptides in aqueous solution (3,4). Prompted by these discoveries, a 

number of groups have gone on to investigate the use of organophosphate coupling reagents for 

peptide synthesis (17). A number of other research groups have also examined aminoacyl 

adenylate analogues as a means of producing peptides (1 1, 14, 15, 16, 17, 18, 20). However, 

none of these analogues have found widespread acceptance due to their rapid rates of hydrolysis 

and self condensation (14, 16, 17). To avoid these problems, arninoacyl adenylate analogues are 

often produced in siru and the reactions are carried out in organic solvents ( 1  4, 16, 17). As a 

result, these methods of peptide synthesis have little or no advantage over traditional methods. 

As early as 1949, Chantreme and coworkers observed that N-Cbz-aminoacyl phenyl 

phosphates could be used for peptide synthesis under physiological conditions (1 1). However, 

little study exploring this line of research has since been reported. Kiuger and coworkers have 

since found that acyl methyl phosphates react readily with the amine side chains of proteins to 

form the corresponding arnide bonds in aqueous solution (24, 25). Using these observations Loo 

and Li conducted preliminary investigations for the use of aminoacyl ethyl phosphates and 

N-protected-aminoacyk ethyl phosphates for producing peptides in aqueous solution (1 8, 20) 

(Scheme 3.1). 



Scheme 3.1 Peptide synthesis using N-protected-aminoacyl ethyl phosphates (20). 

Loo found that these compounds produce homochiral peptides in high yields in aqueous solution 

(IS). The use of aminoacyl ethyl phosphates is limited by the fact that low concentrations of the 

aminoacyl ethyl phosphate must be used in order to limit self condensation (1 8). This in turn 

limits the overall yields of the growing peptide product. Therefore, it was concluded that the use 

of a protecting group for the aminoacyl ethyl phosphate is necessary (18). Li fixthered this 

research by studying peptide synthesis using tetraalkylarnmonium N-protected-aminoacyl ethyl 

phosphates (20). These tetraalkylarnmonium salts proved difficult to work with and the 

N-protected-aminoacyl ethyl phosphates were produced in siru with the peptide-forming reaction 

(20). These results again showed the limited utility of these compounds as reagents for peptide 

synthesis. 

This chapter discusses the reaction between N-protected aminoacyl ethyl phosphates and 

amino acids to produce dipeptides under a number of different experimental conditions. Peptide 

synthesis is examined using a number of different aminoacyl ethyl phosphate salts, protecting 

groups and solvents. 



3.2 Experimentai 

Materials 

N-protected arninoacyl ethyl phosphates were prepared as described in chapter 2. All 

other chemicals were purchased from Aldrich Chemical Company or from Sigma Chemical 

Company. Water was doubly distilled and deionized. 

Instrumentation 

High field proton NMR were obtained on either a 200 MHz or a 300 MHz spectrometer. 

AU spectra were obtained in deuterated water (D20) or deuterated chloroform (CDC13) and DHO 

or CHCI, were used as the internal references respectively. Spectral parameters are listed in the 

order: ( frequency, solvent), chemical shift in pans per million (ppm) relative to TMS, 

(multiplicity, number or protons, assignment). 

13c spectra were obtained at 125 MHz and were broad-band decoupled. All spectra were 

obtained in deuterated water (D20) or deuterated chloroform (CDC13) and DHO or CHCl; were 

used as the internal references respectively. Spectral parameters are listed in the order: 

(fiequency, solvent), chemical shift in ppm. 

"P spectra were obtained at 121 MHz and were broad-band decoupled. AU spectra were 

obtained in deuterated water (DzO) or deuterated chloroform (CDC13) and referenced to either 

85 % phosphoric acid in water or 85 % phosphoric acid in chloroform. Spectral parameters are 

listed in the order: (fiequency, solvent), chemical shift in ppm. 

Mass spectra were obtained by electron impact ionization (EI) or fast atom bombardment 

ionization (FAB) performed by Dr. Alex Young. 

High performance liquid chromatography (HPLC) analysis was recorded at 261 m using 

a C18 reverse phase 3.9 x 300 rnrn coIumn, eluted with a 74:26 mixture (vh) of water and 

acetonitrile with 0.1 % trifluoroacetic acid (TFA). 



Peptide Synthesis Using Sodium N-Fmoc-aminoacyt Methyl Phosphates 

Phenylalanine methyl ester (0.2 mrnol) was dissolved in 5 rnL of 0.1 M borate buffer or 

deionized distilled water adjusted to pH 8 with sodium hydroxide. 1.5 equivalents of 

N-Fmoc-aminoacyl methyl phosphate was added to this solution. The reaction mixture was then 

stirred for 24 hours and resulted in a cloudy suspension. The reaction mixture was washed three 

times with 5 rnL of dichloromethane and the organic layers are collected and combined. The 

organic solution was dried with magnesium sulfate and gravity filtered. The resulting filtrate was 

rotary evaporated to yield a white residue. This white solid proved to be insoluble in all solvents 

tested including hot DMSO and therefore no characterization data is available. 

Peptide Synthesis Using Tetraalkylammonium N-Fmoc-aminoacyl Ethyl Phosphates 

Tetraalkylarnrnonium N-Fmoc-aminoacyl ethyl phosphate (0.33 rnmol) was dissolved in 

5 mL of dichloromethane. 0.3 mrnol of alanine benzyl ester was added to this solution. A 

solution of 10 % sodium bicarbonate in water was added to the reaction mixture and stirred 

rapidly to remove tetraalkylarnmonium ethyl phosphate as it formed. The organic layer was 

monitored by "P NMR to determine when the reaction is complete (approximately 4 hours). 

After completion of the reaction, the organic layer was collected and 2 mL of 

4-(aminomethyl)-piperidine was added to the organic layer to remove the Fmoc protecting group. 

This resulted in a cloudy suspension. This solution was washed twice with 10 mL of deionized 

distilled water and twice with 10 rnL of 10% phosphate buffer pH 5.5 (26). The aqueous layers 

were combined and rotary evaporated to yield a pale yellow powder. The residue was insoluble in 

all solvents tested including hot DMSO. Therefore no characterization data is available. 

Peptide Synthesis Using Tetraethylammonium N-t-Boc-aminoacyl Ethyl Phosphates in 
Methanol 

Tetraethylammonium N-I-Boc-arninoacyl ethyl phosphate (0.5 mrnol) was dissolved in 

5 mL of methanol. 0.5 rnmol of phenylalanine methyl ester and 1 equivalent of arnine base was 

dissolved in 5 mL of methanol and the two solutions were mixed and stirred. The reaction was 



monitored by "P NMR or by HPLC to determine when the reaction was complete (approximately 

24 hours). The solvent was then removed by rotary evaporation and the residue was resuspended 

in 5 mL of ethyl acetate. This solution was then washed in 10 mL of 10 % citric acid in water, 

5 rnL of 10 % sodium bicarbonate in water and 5 mL of brine (27). The organic layer was 

collected and dried with magnesium sulfate. This mixture was then gravity filtered and rotary 

evaporated resulting in a white solid. This residue was recrystallized from etherlhexane to yield 

N-t-Boc-alanyl-phenylalanyl methyl ester as a white powder. 

N-tBoc-alanyl-phenylalanyl methyl ester: white powder (43 %); FTIR 3250 

m, 1 703 (C=O); 'H NMR (200 MHz, CDCM 6 1.30 (d, J=7.42 Hz, 3H, CBCE-I), 1 -42 (s, 

9H, C(CE&), 1.57 (s, 3H, OC&& 3.05-3.20 (m, 2H, CEAr), - 3.45-3.55 (t, J=7.02 Hz lH, 

CBCH&), 4.10-4.21 (broad, lH, CONH_CHCH&), 4.82-4.94 (q, J=6.96 Hz, lH, CH3Cm7 

6.50-6.60 @road, lH, mCHCH3) 7.28-7.54 (m, SH, Ar); ES-MS calc. for C1&126N201 3 50, 

found 3 5 1 @I)'. 

Deprotection of N-t-Boc-alanyl-phenylalanyl Methyl Ester 

N-t-Boc-alanyl-phenylaianyl methyl ester was dissolved in 5 mL of dichloromethane. 

5 rnL of anhydrous trifluoroacetic acid was added to this solution and the resulting solution was 

stirred for 10 minutes. The resulting mixture was filtered and the filtrate was rotary evaporated 

and vacuum desiccated to remove the solvent. This yields alanyl-phenylalanyl methyl ester as a 

white powder. 

N-t-Boc-alanyl-phenylalanyl methyl ester: white powder ( 1  00 %); FTIR 3250 INH), 

1703 (GO) ;  'H NMR (200 MHz, D20) 6 1.05 (d, k7.06 H z ,  3H, C&-CH), 1.30 (s, 3H, OC&J, 

2.80-3.95 (m, 2H, C b A r ) ,  3.20-3.30 (t, J=6.89 Hz lH, CEJCH2Ar), 3.78-3.88 (q, J=6.86 Hz, 

lH, CH&LI),7.15-7.28 (m, 5l3, Ar); ES-MS cdc. for C L3H18N203 250, found 25 1 (M)'. 



Peptide Synthesis Using Tetraethylammonium N-f-Boc-aminoacyl Ethyl Phosphates in 
Aqueous Phosphate 

Tetraethylammonium N-t-Boc-alanyl ethyl phosphate (0.1 mrnol) was dissolved in 5 mL of 

0.1 M aqueous phosphate pH 8. 1 equivalent of phenylalanine methyl ester was added to this 

solution and the reaction was stirred, resulting in a cloudy suspension. 30 @ aliquots were 

removed at appropriate time intervals and mixed with 60 pL of methanol to dissolve the 

suspension. Samples were then analyzed using a WatersTM p Bond C 18 reverse phase 

3.9 x 300 mm column on a WatersTM 717 Autosampler with a WatersTM 486 Tuneable 

Absorbance detector, analyzing at 261 nm. The column was eluted with 74:26 mixture of water 

and acetonitrile with 0.1 % trifluoroacetic acid. Percent yields were determined by peak area. 

Peptide Synthesis Using Tetraethylammonium N-t-Boc-aminoacyl Ethyl Phosphates in 
Borate Buffer 

Tetraethylammonium N-t-Boc-alanyl ethyl phosphate (0.1 mmol) was dissolved in 5 mL of 

0.1 M borate buffer pH 8. 1 equivalent of phenylalanine methyl ester was added to this solution 

and the reaction was stirred, resulting in a cloudy suspension. 30 pL aliquots were removed at 

appropriate time intervals and mixed with 60 pL of methanol to dissolve the suspension. Samples 

were then analyzed using a Watersm p Bond C 18 reverse phase 3.9 x 300 mrn column on a 

Watersm 717 Autosampler with a WatersTM 486 Tuneable Absorbance detector, analyzing at 

261 m. The column was eluted with 74:26 mixture of water and acetonitrile with 0.1 % 

trinuoroacetic acid. Percent yields were determined by peak area. 

Peptide Synthesis Using Sodium N-t-Boc-aminoacyl Ethyl Phosphates in Borate Buffer 

Sodium N-f-Boc-alanyi ethyl phosphate (0.1 mmol) was dissolved in 5 mL of 0.1 M 

borate buffer pH 8. 1 equivalent of phenylalanine or phenylalanine methyl ester was added to this 

solution and the reaction mixture was stirred rapidly. 30 pL aliquots were removed at 

appropriate time intervals for analysis. If phenylalanine methyl ester was used the reaction 

resulted in a cloudy suspension and the 30 CLZ. aliquots were mixed with 60 p.L+ of methanol to 



dissolve the suspension. Samples were then analyzed using a WatersTM p Bond C18 reverse 

phase 3 -9 x 300 mm column on a WatersTM 7 17 Autosampler with a Watersm 486 Tuneable 

Absorbance detector, analyzing at 261 nm. The column was eluted with 74:26 mixture of water 

and acetonitrile with 0.1 % trifluoroacetic acid. Percent yields were determined by peak area. 

Kinetic Analysis of Peptide Synthesis Using HPLC 

Phenylalanine (0.5 pmol) was dissolved in 5 mL 0.55 M of borate buffer at the desired pH. 

6 equivalents of sodium t-Boc-alanyl ethyl phosphate were dissolved in 4 mL of borate buffer at 

the desired pH. The reaction was initiated by rapidly combining the two solutions and stimng in a 

water bath held at a constant temperature of 25 O C .  300 p L  aliquots of the reaction mixture were 

removed at one minute intervals and quenched by addition of 200 pL of cold hydrochloric acid. 

These aliquots were then placed on ice for later analysis. Samples were analyzed using a 

WatersTM p Bond C18 reverse phase 3.9 x 300 mm column on a WatersTM 7 17 Autosampler with 

a WatersM 486 Tuneable Absorbance detector, analyzing at 26 1 run. The column was eluted 

with 74:26 mixture of water and acetonitrile with 0. I % trifluoroacetic acid. Yields were 

determined by peak area, and data was analyzed using nonlinear regression software. 

Kinetic Analysis of Peptide Synthesis Using W V i s  Spectroscopy 

Sodium N-t-Boc-alanyl ethyl phosphate (1 mM) was placed in a 100 rnL round bottom 

flask. The reaction was initiated by the rapid addition of 50 rnL of 100 mM alanine buffer at the 

desired pH. The reaction mixture was mixed rapidly at 25 OC. At appropriate time intervals 1 ml 

aliquots were removed and added to test tubes containing 1 rnL of 2 M hydroxylarnine solution 

and 1 mL of 3.5 M sodium hydroxide solution. These test tubes were analyzed by adding 1 mL of 

50 % hydrochloric acid in water and 1 mL of 0.37 M ferric chloride in 0.1 M hydrochloric acid 

(28). Samples were analyzed Immediately using a Perkin Elmer Lambda 19 W M S T M  

spectrophotometer detecting at 503 nrn at 25 OC and data was analyzed using nonlinear regression 

s o h a r e .  



Results and Discussion 

Peptide Synthesis Using N-Fmoc-aminoacyl Alkyl Phosphates 

To produce peptides &om aminoacyl alkyl phosphates it is necessary to have a protecting 

group for the primary amine to avoid self condensation. Initially the Fmoc protecting group was 

chosen since Fmoc-aminoacyl alkyl phosphates are powders which can easily be stored and 

handled. This quality is advantageous for peptide synthesis since the activated amino acid 

building blocks can easily be added into solution directly to extend a growing peptide chain. This 

eliminates the extra steps needed to activate the amino acids in a traditional peptide synthesis 

(Scheme 3.2). 

0 

Scheme 3.2 Peptide synthesis using N-Fmoc-aminoacyl alkyl phosphates. 

Peptide synthesis using N-Fmoc-aminoacyl alkyl phosphates was attempted in two systems, 

water and dichloromethane/sodium bicarbonate. Initial attempts at peptide synthesis used sodium 

N-Fmoc-aminoacyl ethyl phosphate in water to see if the reaction would occur in an aqueous 

system. As the reaction progressed a cloudy suspension was observed. Attempts to isolate the 

peptide product after the reaction was complete (as determined by 3 L ~  NMR) resulted in a in an 

inseparable emulsion. As a result, no product could not be obtained. To overcome the solubility 



problems experienced in the first syntheses, peptide synthesis using tetrabutylammonium N-Fmoc- 

aminoacyl ethyl phosphate was attempted using dichloromethane stirred with aqueous 

bicarbonate. It was proposed that the peptide synthesis would occur in the organic layer while the 

phosphate salt byproducts would move to the aqueous layer and the bicarbonate would ensure a 

constant pH. Isolation of the organic layer followed by rotary evaporation resulted in a yellow 

solid. This yellow solid however, could not be redissolved in any solvents tested including hot 

DMSO. To overcome this problem attempts were made to remove the Fmoc protecting group 

before isolation of the dipeptide product. Therefore the organic phase was isolated and the 4- 

(aminomethyl)-pipedine was added. This resulted in a cloudy suspension which could not be 

separated by filtration and aqueous extraction resulted in an inseparable emulsion. As a result, it 

was concluded that solubility and isolation problems of product when using N-Fmoc-aminoacyl 

allql phosphates limit their use for peptide synthesis. 

Peptide Synthesis Using Tetraethylammonium N-t-Boc-aminoacyl Ethyl Phosphates in 
Methanol 

With the failure of producing peptides from Fmoc protected aminoacyl alkyl phosphates, 

peptide synthesis was attempted using tetraethylammonium N-I-Boc-arninoacyl ethyl phosphates 

(Scheme 3 -3). 

': O H O  
I II 0 

K-C-&-NH-C-C-0- 
I I 

NH R"' 

Scheme 3.3 Peptide synthesis using N-t-Boc-aminoacyl alkyI phosphates. 



Methanol was chosen as the solvent in which to conduct the peptide synthesis for a 

number of reasons. Both products and reactants are readily soluble in methanol. This allows for 

easy analysis of the ongoing reaction by HPLC. The use of a more polar solvent then 

dichloromethane might also be more conducive to amide bond formation increasing the yield of 

the dipeptide product. Methanol also minimizes hydrolysis and therefore maximizes the yield of 

peptide product. A series of mines were also added to the reaction mixtures to act as bases that 

will remove a proton from the amino acid, allowing it to react with the N-I-Boc-aminoacyl ethyl 

phosphate. The results of these experiments were examined by comparing the yield of dipeptide 

product to the pKa of these amine bases. This was done to find the optimal pH for the peptide 

forming reaction (Table 3.1) (Figure 3.1). 

Table 3.1 Comparison the yield of dipeptide product to pKa of amhe bases. 

Base 1 pKa 1 Percent Yield 

Figure 3.1 Comparison of yield of peptide product to the pKa of the amine base. 

Morpholine 
2-Met hoxyrnethylamine 

8.63 
9.20 

20.5 % 
25.1% 
29.2 % 
43.1% 
43.8% 
40.3% 

N,N-Dimethyl-n-butylamine 
Isopropylamine 
Triethylarnine 
Diisopropylamine 

10.02 
10.63 
10.65 
2 1-05 



These experiments show that arnine bases with conjugate acid pKaYs in excess of 10 are 

best for peptide bond formation in methanol. This is exactly what is expected since the pKa of the 

amino acid used in the reaction (phenylalanine methyl ester) is 9.13 (29). As a result any of the 

amines with pKa7s less than 9.13 would be primarily in their unprotonated form and would 

therefore compete with the amino acid for reaction with N-r-Boc-aminoacyl ethyl phosphate. TJ 

avoid reaction of the protected amino acid ethyl phosphate and the amines, potassium carbonate 

in methanol was used as the base to neutralize the free amino acid. This reaction gave very low 

yields of peptide product over a hventy four hour period. This is likely due to buffer catalyzed 

hydrolysis of the N-Z-Boc-aminoacyl ethyl phosphate (30). 

Although using the t-Boc protecting group was better for peptide synthesis than the Fmoc 

protecting group, the extraction of the protected dipeptide product from the reaction mixture was 

much more time consuming. In this system extraction of the protected dipeptide product was 

completed by evaporation of the solvent in vacuo and resuspension of the residue in ethyl acetate. 

This was followed by consecutive washings with citric acid, bicarbonate and brine. The organic 

layer was then dried and filtered and the solvent evaporated to yield the protected dipeptide 

product. The t-Boc protecting group was then removed by dissolving the protected dipeptide in a 

50 % solution of dichloromethane and anhydrous trifluoroacetic acid. After 10 minutes, the 

solvent and byproducts were removed by evaporation, yielding the pure dipeptide product. 

Although relatively good yields can be obtained by addition of excess tetraethylammonium 

N-t-Boc-aminoacyl ethyl phosphate (approximately 80% with 4 equivalents), the reaction time for 

the peptide synthesis combined with the time-consuming extraction limit the usefblness of this 

methodology in practical peptide synthesis. 

Peptide Synthesis Using Tetraethylammonium N-f-Boc-aminoacyl Ethyl Phosphates in 
Aqueous Phosphate 

In an effort to improve on the limited success by the changes made above, it was decided 

to return to the original reaction conditions (aqueous phosphate pH 8) (20). First to be 



investigated was the effect of the concentration of tetraethylammonium N-I-Boc-aminoacyl ethyl 

phosphate on the yield of the coupling reaction under these conditions (Table 3.2). 

Table 3.2 Effect of excess N-t-Boc-arninoacyl ethyl phosphate on the yield of dipeptide product. 

Number of Equivalents of 
N-t-Boc-aminoacyl ethyl 

1 Percent Yield I 

These data show that as the concentration of tetraethylammonium N-t-Boc-aminoacyl ethyl 

phosphate increases, the yield of the dipeptide product also increases. Lt should be noted however 

that this increase in yield is not linear with respect to the concentration of the aminoacyl 

phosphate as might be expected (Figure 3.2). 

phosphate 
1 
2 

0.5 I 1.5 2 2 5  3 3.5 

Number of equivalents 

28.2 % 
52.4 % 

Figure 3.2 Percent yield of peptide product as compared to the number of equivalents of 
N-t-Boc-aminoacyl ethyl phosphate. 



This nonlinearity may be due to higher concentrations of the tetraethylammonium cation. When 

the tetraethylammonium cation is in high concentration, an equilibrium may force exchange of 

cations between the tetraethylammonium N-t-Boc-aminoacyl ethyl phosphate and the amino acid 

salt. This cation exchange may be adding steric bulk to the incoming amine nucleophile and 

therefore slow down the peptide forming reaction while having little or no effect on the rate of 

hydrolysis. Since the largest increase in yield is achieved by using two equivalents of 

tetraethylammonium N-t-Boc-arninoacyl ethyl phosphate further experiments using aqueous 

phosphate were conducted using this condition. 

As with peptide synthesis in methanol, a series of experiments were conducted to 

determine the optimal pH for this reaction in aqueous phosphate (Table 3.3) (Figure 3.3). 

Tdle  3.3 Effect of the pH of aqueous phosphate on the yield of dipeptide product. 

Figure 3.3 Percent yield of peptide product as compared to the of pH of aqueous phosphate. 

pH 
8.0 
8.5 

Percent Yield 
28.2 % 
50.6 % 



As can be seen the best yields of peptide product are achieved by using an aqueous 

phosphate solution with a pH of approximately 9. This again is expected since the pKa of 

phenylalanine methyl ester (the fiee amino acid) has a pKa of 9-13 (29). This pH likely gives the 

largest concentration of fiee arnine for the given rate of hydrolysis of the aminoacyl ethyl 

phosphate. As the pH rises above the pKa of the amine, the rate of hydrolysis of the aminoacyl 

ethyl phosphate increases more than does the concentration of free arnine. This results in lower 

overall yields of peptide product after the reaction is complete. 

With the optimum pH determined for peptide synthesis in aqueous phosphate, a series of 

experiments were conducted to determine the optimal concentration of phosphate present in 

solution. These experiments were deemed necessary because the pH range being used lies outside 

of phosphates buffering range. This could result in the reaction slowing over time due to a drop 

in pH. This set of experiments ensured that enough excess phosphate was present in solution to 

resist changes in pH and ensure overall yields of the peptide product were not limited by pH 

changes as the reaction proceeds (Table 3.4) (Figure 3 -4). 

Tdle  3.4 Effect of the concentration of aqueous phosphate on the yield of dipeptide product. 

Concentration of 
Phosphate (M) 

0.0 1 
0.10 

percent ~ i d d  

48.7 % 
63.5 % 

0.25 56.8 Yo 
0.SO 58.1 % A 



Concentration of Phosphate (M) 

Figure 3.4 Percent yield of peptide product as compared to the concentration of phosphate. 

The results of this experiment show that 0.1 M phosphate is adequate for peptide 

formation in a 0.2 mM solution of the arninoacyl ethyl phosphate. However, realizing that 

aqueous phosphate at pH 9 is not a buffered system, a series of experiments using a non- 

nucleophilic buffer with a pKa of approximately 9 were conducted. For these experiments borate 

buffer pH 9, (Boric acid pKa=9.2) (23), was used. 

Peptide Synthesis Using Tetraethylammonium N-t-Boc-aminoacyl Ethyl Phosphates in 
Borate Buffer 

In experiments using 0.1 M borate buffer pH 9 peptide synthesis proceeded but showed a 

slightly lower yield (57.6 %) than reaction run in aqueous phosphate reaction medium (63.5 %). 

This decrease in yield may be due to several factors. The borate buffer may be increasing the  

hydrolysis of the aminoacyl ethyl phosphate. This in turn would lower the overall yield of the  

peptide product. The phosphate anions in the aqueous phosphate medium may be removing the 

tetraethylammonium counter ion of the arninoacyl ethyl phosphate. This would leave the 

aminoacyl ethyl phosphate less sterically hindered increasing the rate of reaction with the free 

amino acid. 



A second pH study was conducted using 0.1 M borate buffer to see if the overall yield o f  

the dipeptide product could be increased (Table 3 -5 )  Figure 3 -5 ) .  

Table 3.5 Effect of the pH of  borate buffer on the yield of dipeptide product. 

Figure 3.5 Percent yield of peptide product as compared to the pH of borate buffer. 

pH 
I 

8.0 

These data show that borate buffer at pH 9.5 is effective for producing peptides in 

Percent Yield 
26.3 % 

reasonable yields. In fbrther experiments final overall yields of peptide product couid be increased 

to approximately 8 1% when an excess of the arninoacyl ethyl phosphate is used. This reaction is 

complete in approximately 2 hours (as monitored by 3 1 ~  W). This procedure also has the 

advantage o f  quick extraction and purification of  the dipeptide product. Upon 2 washings with 



dichloromethane all the protected dipeptide product is found in the organic layer, while all the 

other byproducts are left in the aqueous layer. Deprotection is then easily performed in 

approximately 10 minutes by the addition of trifluoroacetic acid. This results in the free dipeptide 

which can then be used for further synthesis. With conditions that give reasonable yields of 

peptide, product can be obtained in a time frame which is competitive with traditional peptide 

syntheses, attempts were made understand rates of peptide formation as compared to rates of 

hydrolysis. 

Kinetic Analysis of Peptide Synthesis Using HPLC 

Dipeptides can be obtained in reasonable yields in aqueous solution. However, the rate of 

peptide formation as compared to the rate of hydrolysis is unknown. The rate of aminolysis 

increases as the pH increases. However, the rate of hydrolysis also increases (Scheme 3.2). 

L i n o l p i s  
t-Boc-aminoacyl ethyl phosphate + Amino Acid - t-Boc-aminoacyl-amino acid 

t-Boc-amino acid Amino Acid H + 

+ 
Ethyl phosphate 

Scheme 3.2 Rate equation for an N-I-Boc-aminoacyl ethyl phosphate with an amino acid in water. 

As a result, relative rate constants of aminolysis at different pH's cannot be compared. In an 

effort to gain a better understanding of the rate of peptide formation, attempts to conduct peptide 

syntheses under pseudo first order kinetics were performed. These reactions were conducted in 

the presence of an excess of sodium N-I-Boc-alanyl ethyl phosphate, in an effort to minimize the 

effect of hydrolysis and enable caiculations of a rate constants. When using 10 equivalents of the 

aminoacyl ethyl phosphate in borate buffer pH 9.5 approximately 78 % product formation was 



observed .in less than 2 hours. Although a good fit could be obtained for first order kinetics using 

non-linear regression the reaction would not proceed to completion (Figure3.6). 

0 5000 10000 15000 20000 25000 

Time (sec) 

Figure 3.6 Yield of peptide product as a function of time. 

This indicates that even when an excess of the aminoacyl ethyl phosphate is present the rate of 

hydrolysis is still significant enough to influence the concentration of the aminoacyl ethyl 

phosphate and therefore a reliable rate constant for aminolysis cannot be determined by this 

method. 

As a result, the initial rate method was empIoyed and the half-life of amine in the presence 

of excess N-t-Boc-aminoacyl ethyl phosphate was determined (Figure 3 -7). Using the initial rate 

method for these results gives only an approximate value for the rate of aminolysis but allows for 

a qualitative comparison of rates of aminolysis to rates of hydrolysis (Table 3.6). 
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Figure 3.7 Concentration of phenylalanine as a iknction of time. 

Table 3.6 Kinetic analysis of peptide synthesis using initial rates. 

These results show that the half life of the conversion of the amino acid to the dipeptide in an 

aqueous solution of pH 9.5 with an excess of N-t-Boc-alanyl ethyl phosphate, is approximately 

three minutes. This compares to a half-life for the hydrolysis of N-t-Boc-alanyi ethyl phosphate at 

pH 9 of 276 minutes or at pH 10 of 30 minutes. A qualitative comparison of half-lives between 

Slope (Mkec) 
koh (s-') 
tin (sec) 

~ $ 1  k m i n d , % i s ~  ) 

Trial 1 
1.75~10" 
4.9 x 10" 

140 

Trial 2 
l . 29x lo5  
3.6 x loJ 

190 

Average 3 

4.25 x 10" 
165 

0.09 I 0.07 0.08 



aminolysis and hydrolysis under similar conditions shows that the half-life of aminolysis is at least 

an order of magnitude smaller than that of hydrolysis indicating that arninolysis is the favoured 

reaction. This indicates that under the proper conditions peptides can be synthesized quickly and 

in high yields in aqueous solution. 

In this attempt to measure the pseudo first order rate constant for aminolysis the species 

used in excess was the reactive aminoacyl ethyl phosphate. In measuring kinetics by this method 

error is introduced due to hydrolysis (Scheme 3.2). In these experiments, it is also not practical to 

use the arninoacyl ethyl phosphate in large excess because this compound must be synthesized 

prior to the experiments. As a result, when only 10 fold excess of the aminoacyl ethyl phosphate 

is used, any hydrolysis will lead to significant error and therefore, accurate pseudo first order 

kinetics cannot be obtained. 

Kinetic Analysis of Peptide Synthesis Using UV\Vis Spectroscopy 

In an effort to overcome the limitations of using the arninoacyl ethyl phosphate in excess 

to obtain pseudo first order kinetics, a second series of experiments was conducted using the fiee 

amino acid in excess. Using this reagent in excess allows for more accurate data for the 

calculations of rate constants and half-bves. In these experiments, alanine buffer was used to 

guarantee a large excess of alanine as the free amine. The disappearance of N-I-Boc-alanyl ethyl 

phosphate was measured by converting it to the corresponding hydroxamic acid using the alkaline 

hydroxamic acid method (28). Using this method, it is possible to follow the decrease in 

absorbance (concentration) of the arninoacyl ethyl phosphate as the reaction progresses (Figure 

3 -8). 
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Figure 3.8 Absorbance of hydroxylarnine derivative of N-I-Boc-alanyl ethyi phosphate as a 
fimction of time. 

Initial rates were again employed in the analysis of these data to minimize the effect of the slower 

hydrolysis reaction (Figure 3 -9) (Table 3 -7). 



Time (s) 

Figure 3.9 The disappearance of N-I-Boc-alanyl ethyl phosphate as a function of time. 

Table 3.7 Effect of buffer concentration on the observed rate constant. 

Unfortunately, by monitoring the disappearance of the N-I-Boc-alanyl ethyl phosphate the effects 

Concentration 
of Alanine (M) 
Slope (M/sec) 

of general base catalysis as well as uncatdyzed hydrolysis are incorporated into the observed rate 

constant (Scheme 3.2). As a result, the half-life of the aminoacyl ethyl phosphate is expected to 

0.05 

1.1 x lo6 

be shorter than that of the amine as shown in the previous section. However, the half-lives of the 
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conditions used in these experiments, the rate of aminolysis must be slower than that of the 

previous section and general base catalysis of the aminoacyl ethyl phosphate is not likely to 

contribute to hydrolysis significantly. The half-life of the aminoacyl ethyl phosphate at pH 9.5 

ranges from approximately 10.5 minutes in 0.05 M alanine buffer to approximately 5.5 minutes in 

0.1 M alanine buffer (Table 3.7). These half-lives are still significantly lower than the half-life of 

hydrolysis of N-I-Boc-alanyl ethyl phosphate (276 minutes at pH 9 or 30 minutes at pH 10). 

These findings show that peptide synthesis is possible at pH's above neutrality without 

significant interference fiom hydrolysis. Since amino acids have pKaYs in the range of 8 to 1 1 

(291, it will be necessary to conduct peptide syntheses at pH's above neutrality to ensure a high 

enough concentration of the free amine. These results indicate that even at pH 9.5, the half-life of 

the aminoacyl ethyl phosphate in the presence of excess amine is at least three times smaller than 

the half-life of aminoacyl ethyl phosphate in water. This indicates that aminolysis of the aminoacyl 

ethyl phosphate is favoured over hydrolysis, and as a result, the yield of the peptide product can 

be increased by the addition of excess aminoacyl ethyl phosphate. 



3.4 Summary 

This chapter presents the results from a number of methods for producing peptides fiom 

N-protected-aminoacyl ethyl phosphates. The use of N-Fmoc-aminoacyl ethyl phosphates for 

peptide synthesis is hindered by solubility and isolation problems while the use of 

tetraethylammonium N-t-Boc-arninoacyl ethyl phosphates is limited by their stability and limited 

shelf-life. Sodium N-t-Boc-aminoacyl ethyl phosphates are easily handled due to their crystalline 

nature and can be stored for extended periods of time without decomposition. These compounds 

can produce peptides in high yields in less than an hour in aqueous medium at a pH of 9.5 without 

significant hydrolysis. With firther research, these new arninoacyl adenylate analogues may 

provide a means to conduct efficient peptide synthesis in an aqueous medium. 



Chapter 4: The Aminoacylation of t-RNA 

4.1 Introduction 

The previous sections have focused on improvements in the synthesis of 

N-protected-aminoacyl ethyl phosphates, as well as their reactivity towards amino acids to form 

peptide bonds. Another important aspect of this project is to investigate the possibility of 

selectively aminoacylating the terminal 2' or 3' hydroxyl group of t-RNA using these compounds. 

These chemically aminoacylated t-RNA's could be used in translation for the incorporation of 

unnatural amino acids into proteins. This would provide a route for constructing modified 

proteins which could be used for the study of structure and function. This would also provide a 

means for tailoring the reactivity of a given protein or engineering desired physical or chemical 

properties into a protein of interest (3 1). 

Aminoacyl t-RNA Synthetases 

In biological systems t-RNA's are aminoacylated via a group of enzymes known as the 

aminoacyl t-RNA synthetases. These enzymes are highly specific for a given amino acid and its 

appropriate t-RNA (32). In the enzyme's catalytic cycle an amino acid is transferred to the 5' 

a-phosphate of ATP, producing an aminoacyl adenylate and pyrophosphate. The 3' hydroxyl 

group of the corresponding enzyme bound t-RNA attacks the carbonyl of the aminoacyl adenylate 

producing the aminoacyl-t-RNA and adenosine mono phosphate (AMP) (33, 31) (Scheme 4.1 ). 
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Scheme 4.1 The general mechanism for the aminoacylation of t-EWA by aminoacyl-t-RNA 
synthetase. 

Due to the high specificity of the arninoacyl t-RNA synthetases, other means must be developed 

to aminoacylate t-RNA' s if unnatural aminoacyl t-RNA's are to be constructed (3 5). 

Incorporation of Unnatural Amino Acids into Proteins 

To date there are a number of methods that have been developed for the modification of 

proteins. These include such techniques as site directed mutagenesis, rnisacylation or chemical 

modification of naturally occumng t-RNA's, suppression of stop codons (Figure 4.1) and 

extension of the genetic code (3 1, 3 5,  3 6, 3 7, 3 8). 

Site directed mutagenesis has gained wide spread acceptance and is routinely used but is 

limited to the naturally occumng amino acids (3 1). This method is used for structure / fbnction 



studies, as well as providing a means to probe the active site or residues important for catalysis in 

an enzyme (3 1). Site directed mutagenesis has a distinct advantage over misacylation or chemical 

modification of t-RNA's, as it is specific for a given residue in the protein (3 1). This specificity 

provides a means for production of a protein with a known primary structure, making direct 

studies possible. In site directed mutagenesis a single nucleotide in the DNA is changed, resulting 

in a different codon in the m-RNA after transcription. Once this m-RNA is translated, a different 

amino acid is incorporated at that site in the protein. As a result, only one of the twenty natural 

amino acids can be incorporated into the protein (3 1). Suppression and extension of the genetic 

code offer the specificity of site directed mutagenesis, but also allow for a more diverse range of 

amino acids that can be incorporated into a given protein (3 1, 36, 38). 

The ability to incorporate an unnatural amino acid specifically into a protein provides a 

powefil means of manipulating a given protein's structure, function or reactivity. Suppression 

and extension of the genetic code offer this specificity, but both require the construction of a t- 

RNA with the appropriate anticodon, followed by chemical aminoacylation of this t-RNA (3 1, 35) 

(Figure 4.1 ). 



Figure X I  Schematic representation of the incorporation of an unnatural amino acid into a 
protein by suppression (36). 

Specific Chemical AminoacyIation of t-RNA 

The first step in suppression is the location of the codon encoding for the residue of 

interest. This codon is then mutated by site directed mutagenesis into a stop codon (Figure 4.1). 

When this mutant is transcribed the resulting m-RNA displays a stop codon at the appropriate site 

(36, 38). Consequently, a t-RNA must be constructed with the appropriate anticodon (37) which 

is complimentary to this stop codon (35, 36, 38) (Figure 4.2). This general procedure is similar 

for extension of the genetic code. Here a t-RNA must be constructed with an anticodon 

containing an u ~ a t u r a l  base which is complementary to the unnatural base engineered into m- 

RNA (3 1). 



Figure 4.2 Incorporation of a stop anticodon into t-RNA (35). 

Once a suppressor t-RNA is constructed it is necessary to chemically arninoacylate the 3' 

terminus. To simplify this process, suppressor t-RNAs are often truncated so they lack the 3' 

cytosine arid adenosine residues (35). This makes it possible to aminoacylate a cytosine-adenine 

dinucleotide and use the product to construct the blly charged t-RNA (35, 36, 38). Schultz and 

coworkers have hrther developed a runoff transcription method for the production of suppressor 

t-RNA. This method can be used to produce large amounts of suppressor t-RNA with or 

without the 3' terminal cytosine-adenosine dinucleotide (39). Since suppressor t-RNA can be 

made in large amounts, chemical aminoacylation of this t-RNA becomes the key step in the 

production of klly charged suppressor t-RNA (3 1). 

Schultz and coworkers have developed a method for aminoacylating the dinucleotide 

deoxycytodine-adenosine (pdCpA) (38), using cyanomethyl amino acids protected by photolabile 

protecting groups (38). These aminoacyl dinucleotides can then be ligated to the 3' end of the 

truncated suppressor t-RNAs. This method results in the filly charged suppressor t-RNA in 

yields of up to 78 %, but suffers from a number of drawbacks. In this synthesis the 



tetrabutylammonium salts of the dinucleotide must be prepared. These tetrabutylammonium salts 

are only sparingly soluble in organic solvents such as DMF and DMSO, limiting the amount of 

klly charged suppressor t-RNA that can be prepared. This reaction also results in some 

diacylation of the 2' (3') hydroxyl hnctional groups and racemization of the amino acids may be 

seen at longer reaction times. Finally, this reaction must be performed under dry conditions 

further complicating the synthesis (38). As a result production of a convenient, water soluble 

aminoacylating agent, which could be used to aminoacylate either the dinucleotide or the full 

suppressor t-RNA directly, would be extremely useful. 

Proposal 

As mentioned previously, aminoacyl adenylates are intermediates in the biosynthetic 

pathway for the production of arninoacyl t-RNA (5). Therefore, the use of an aminoacyl 

adenylate analogue, arninoacyl ethyl phosphate, would be a good starting p0in.t for the chemical 

aminoacylation of t-RNA. Aminoacyl phosphates react with arnines and water in a similar fashion 

to their aminoacyl adenylate predecessors. (4, 12, 13). These compounds have also been used for 

site specific acylation of proteins such as D-3-hydroxybutyrate dehydrogenase and hemoglobin 

(24. 40). The potential for macromolecular specificity combined with the fact that these 

compounds react similarly to aminoacyl adenylates make them excellent candidates for the site 

specific aminoacylation of t-RNA. 

For effective aminoacylation of t-RNq the aminoacyl phosphate must be directed to the 

2' (3') hydroxyl fiinctiond groups of the terminal ribose ring of the suppressor of t-RNA. This 

could be accomplished in a number of ways. The negatively charged phosphates in the t-RNA 

backbone would repel the negatively charged phosphate in the arninoacyl phosphate. This 

repulsive electrostatic interaction might prevent reaction of the aminoacyl phosphate with any of 

the ribose rings along the RNA backbone except for the 3' terminal ribose. These repulsive forces 

may also guide the arninoacyl phosphate to the 3' terminus of the t-RNA where there is less 

negative charge density. This would place the aminoacyl phosphate in the appropriate vicinity of 

the t-RNA for the desired amino acylation reaction to occur. Although side reactions with the 



functional groups of the bases are still a possibility, these unwanted side reactions may be reduced 

by the tertiary structure of the t-RNA. This keeps the bases packed toward the inside of the t- 

RNA making them inaccessible for reaction (29). A second possible method for directing the 

aminoacyl phosphate to the 3' end of t-RNA may be the use of metal ions. Ions such as calcium, 

coordinate in a bidentate fashion to the ribose hydroxyls of inosine-5'-phosphate (41) (Figure 

4.3). 

Figure 4.3: Calcium ion coordinated to the ribose ring of inosine-5 '-phosphate. 

Metal ions are also found to catalyze the hydrolysis of acyl phosphates and aminoacyl 

phosphates (19,42,43). This catalysis is likely due to the metal ion acting as a Lewis acid and 

coordinating between the carbonyl oxygen of the amino acid and a phosphate oxygen. This 

enhances the electrophilicity of the carbonyl carbon and facilitates attack by either a metal 

coordinated hydroxide ion or a hydroxide ion from the bulk solution (1 9, 42) (Figure 4.4). 



Figure 4.4: Metal ion facilitated hydrolysis of an aminoacyl ethylphosphate. 

To exploit the properties of divalent metal ion interactions with both nucleotides and 

aminoacyl phosphates, metal ions may be used to bridge these two species bringing them together 

for reaction. This would bring the 3' terminal hydroxyis of the t-RNA into the proximity of the 

aminoacyl phosphate carbonyl, facilitating the aminoacylation of the t-RNA, while minimizing the 

competing hydrolysis reaction (Figure 4.5). 

Figure 4.5: Metal ion facilitated aminoacylation of t-RNA. 



Suppression and extension of the genetic code provide a method for the site specific incorporation 

of unnatural amino acids into proteins (3 1, 36, 38). These methods both require the chemical 

arninoacylation of t-RNA, which has proved to be a difficult task (3 1). Aminoacyl phosphates 

may provide a new and convenient route for the site specific aminoacylation of t-RNq 

simplifying these procedures. 



4.2 Experimental 

Materials 

N-t-Boc-phenylalanyl ethyl phosphate was prepared as described in chapter 2. All other 

chemicals were purchased from Aldrich Chemical Company or from Sigma Chemical Company. 

Water was doubly distilled and deionized. 

Instrumentation 

High field proton NMR were obtained on either a 200 MHz or a 300 MHz spectrometer. 

All spectra were obtained in deuterated water (DzO) or deuterated chloroform (CDCI3) and DHO 

or CHCb were used as the internal references respectively. Spectral parameters are listed in the 

order: ( frequency, solvent), chemical shift in parts per million (ppm) relative to TMS, 

(multiplicity, number or protons, assignment). 

Mass spectra were obtained by electron impact ionization @I) or fast atom bombardment 

ionization (FAB) performed by Dr. Alex Young. 

High performance liquid chromatography (HPLC) analysis was recorded at 26 1 nm using 

a C18 reverse phase 3.9 x 300 mm column, eluted with a 74126 mixture (viv) of water and 

acetonitrile with 0.1 % trifluoroacetic acid (TFA). 



Generd Procedure for the Aminoacylation of Alcohols 

Sodium N-t-Boc-phenylalanyl ethyl phosphate (0.25 mol) was dissolved in 5 mL of the 

indicated solvent at room temperature. 1 equivalent of copper (II) chloride was added to the 

indicated solutions. 250 pL of solution was removed at various time intervals and filtered 

through Millipore 4 rnm Millex-HVTM to remove any precipitate. The resulting filtrate was 

subject to HPLC analysis. 

Ethyl N-tBoc-phenylalanylate: 1H NMR (200 MHz, DzO) 6 7.13-7.22 (m, 5H, Ar), 

4.24-4.28 (m, lH, CfI), 4.20-4.87 (m 2% OC&C&), 1.08 (t, 1~7.14 & 3H, 0CX2C]H3), 3 -04 

3-1  1 (m, 1H, CE), 2.75-2.84 (m, lH, Cb), 1.16 (s, 9H, C(CH7)3), 

Hydroxyethyl N-t-Boc-phenylalanylate: clear oil; 'H NMR (200 MHz, DzO) 6 7.13- 

7-22 (m, 5Y Ar), 4.24-4.28 (4 lH, C w ,  4.20-4.87 (rn, 2H, 0C&CH3), 3.54-3.62 (m, 2H, 

ocH2c&oH>, 3.04-3.1 1 (m, lw Cb), 2.75-2.84 (m, I H ,  C&), 1.16 (s, 9H, C(C&)3), EI-MS 

cdc. for Cl&NOs 309.17, found 309. 



4.3 Results 

Analysis of solvolysis reactions involving N-1-Boc-phenylalanyl ethyl phosphate can be 

followed using HPLC. AU solvolysis reactions must be filtered before injection into the HPLC, 

since the reaction results in ethyl phosphate (Scheme 4.2). This ethyl phosphate precipitates from 

the reaction mixture as it is formed. The amount of precipitation is increased when copper salts 

are added to the reaction mixture. 

Scheme 4.2 Solvolysis reaction of N-t-Boc-phenylalanyl ethyl phosphate and an alcohol. 

Both N-t-Boc-phenylalanine and N-I-Boc-phenylalanyl ethyl phosphate have a retention 

time of 3.8 minutes. The ester product formed from the reaction with ethanol or ethylene glycol 

however, has a reaction time of 5.6 minutes. ALiquots were removed £?om the reaction mixture at 

various times and yields were compared under a number of reaction conditions. These yields are 

reported as a percentage of peak area. 

Solvolysis reactions with ethanol were run neat, in the presence of copper (11) and in I : I 

ethanol : water in the presence of copper (II) (Table 4.1). 



Tufile 4.1 Results of solvolysis reactions with ethanol. 

I Reaction I Reaction Time 1 Percent Yield 
I Ethanol I 60 min 1 52.3 % 
1 Ethanol with cu2' 1 60 min 1 67.1 % I 1 : 1 Ethano1:Water with cu2* I 60 min I 71.1 % 

Solvolysis reactions were also conducted using ethylene glycol. The ethylene glycol used 

in these reactions was not dried and the amount of water contamination of the solvent was not 

determined. Therefore, results gained From these solvolysis reactions should be viewed as 

preliminary. These reactions were again carried out neat, in the presence of copper (11) and in 1 : 1 

ethylene glycol : water in the presence of copper (11) (Table 4.2). 

T d l e  4.2 Results of solvolysis reactions with ethylene glycol. 

I Reactions I Reaction Time I Percent Yield I 

As was mentioned previously, copper (II) ethyl phosphate is precipitated f?om solution 

during the reaction. This leads to a decrease in the concentration of copper (11) as the reaction 

progresses. By making supplementary additions of copper (11) as the reaction begins to slow, the 

reaction is found to again increase in rate and higher yields can be achieved. 

Ethylene Glycol 
Ethylene Glycol with cuZC 
1 : 1 Ethylene Glyco1:Water 
with cu2' 

24 hours I 48.8 % 
24 hours 
70 min 

51.6 % 
75.8% 



4.4 Discussion 

SolvoIysis Reaction in Ethanol 

The preliminary results of solvolysis reactions involving alcohols and diols show some 

interesting trends. Ethanol was chosen for the fist series of experiments because it dissolves both 

N-t-Boc-phenylalanyl ethyl phosphate and copper (II) and is miscible with water. N-1-Boc- 

phenylalanyl ethyl phosphate reacts rapidly with ethanol (trl hour) to form the corresponding 

ethyl N-f-Boc-phenylalanylate. This reaction is accelerated by the addition of copper (II) to the 

reaction mixture. This rate enhancement could be due to a number of factors. The metal ion 

may be coordinating between the carbonyl oxygen and a phosphate oxygen of the 

N-t-Boc-phenylalanyl ethyl phosphate. This coordination may increase the electrop hilicity of the 

carbonyl carbon facilitating the solvoIysis reaction (19, 42). The metal may act as a bridge 

bringing the alcohol and the N-i-Boc-phenylalanyl ethyl phosphate together by coordinating to 

both species (Figure 45). With these two species in closer proximity to each other there is an 

increased chance for reaction (19, 42). Finally, the metal ion may influence reactivity by 

coordinating to the hydroxyl oxygen of the alcohol. This coordination lowers the pKa of the 

alcohol leading to a higher concentration of alkoxide in solution. A combination of all of these 

factors is probably responsible for the observed catalysis. 

Analysis of the data for solvolysis also shows a increase in the rate of reaction between 

N-t-Boc-phenylalanyl ethyl phosphate and ethanol when a 1 : 1 mixture of ethanol : water is used. 

The rate enhancement observed here could be due to water increasing the polarity of the solvent. 

This may stabilize the transition state where charge is being developed on the carbonyl oxygen or 

stabilize the tetrahedral intermediate that is formed (Figure 4.6). 



Figure 4.6 Tetrahedral intermediate in solvolysis reaction of N-I-Boc-phenylalanyl ethyl 
phosphate and ethanol. 

In addition, water may help to keep copper @) in solution after the reaction has taken place. As 

mentioned previously, copper @) ethyl phosphate is precipitated from the reaction mixture as the 

reaction proceeds. Addition of a more polar solvent (water) may increase the solubility of the 

copper (11) ethyl phosphate, keeping copper (a) in solution and allowing it to participate in 

fbrther catalysis. If this is the case, no rate enhancement would be expected in a 1 : 1 

ethanol : water mixture with out copper (U) present. This will be tested in the future. 

Solvolysis Reactions in Ethylene Glycol 

Ethylene glycol was chosen for the second set of solvolysis experiments due to the 

similarity in structure to ethanol used in the first series of experiments and its diol fbnctionality. 

The diol hnctionality was chosen for its similarity to the diol hnctionality found at the 3 ' 

terminus of t-RNA. Ethylene glycol thus provides a reasonable model to examine how 

N-t-Boc-phenylalanyl ethyl phosphate will react with a diol fbnctionality . Solvolysis reactions in 

ethylene glycol show reaction patterns similar to reactions that are run in ethanol. Here again it is 

seen that the solvolysis reaction is accelerated in the presence copper (II) and even further 

accelerated when a 1: 1 mixture of ethylene glycol and water is used with copper (11) present. The 

rate of the solvolysis reaction run in neat ethylene glycol and ethylene glycol with copper (II) 

present are much reduced (tin- 24 hours) as compared to solvolysis reactions run in ethanol 



(tur 1 hour). The rate of reaction may be slowed in ethylene glycol due to steric and 

electrostatic interactions. The second hydroxyl group of ethylene glycol adds considerable steric 

bulk to the attacking solvent and may slow the rate of reaction by negative steric interactions. 

Electrostatic repulsion between the second hydroxyl group and the negatively charged phosphate 

group present in the N-1-Boc-phenylalanyl ethyl phosphate may also be responsible for the 

reduced rate of reaction. Another factor that may slow the rate of reaction is the viscosity of the 

solvent. Ethylene glycol is considerably more viscous than ethanol and therefore results in slower 

rates of diffusion which may be responsible for the slower reaction rate. 

The rate of solvolysis in a mixture of 1 : 1 ethylene glycol to water in the presence of 

copper (11) is greatly increased ( t m <  60 min). This rate is comparable to the rate of reaction of 

under similar conditions in ethanol. Here again, water may be acting to stabilize the transition 

state and the tetrahedral intermediate, resulting in a faster rate of reaction. Water being a more 

polar solvent may also help to keep copper (II) in solution after the reaction has taken place. This 

would allow copper (XI) to participate in krther catalysis instead of being lost as a precipitate. 

The addition of water to the solvolysis reaction reduces the viscosity of the solvent allowing for 

faster diffusion of the reactants and therefore increasing the overall rate of reaction. Finally, 

water may give N-t-Boc-phenyialanyl ethyl phosphate more access to the copper (II) ion. 

Ethylene glycol may be coordinating to the copper (II) ion, forming a solvation shell that prevents 

the coordination of N-t-Boc-phenylalanyl ethyl phosphate. As a result, one would expect similar 

reaction rates for neat ethylene glycol and ethylene glycol with copper (I1) present. This is 

supported by the data which show that there is only a slight increase in the rate of reaction when 

copper (II) is present. The presence of water may increase the rate of reaction by competing with 

ethylene glycol for coordination sites to the copper @) ion. Since water has less steric bulk than 

ethylene glycol it may allow approach of the N-I-Boc-phenylalanyl ethyl phosphate to the copper 

@) ion facilitating ligand exchange and reaction (Figure 4.7). 



11 N-t-Boc-phenylalanyl ethyl phosphate 

Figure 4.7 Copper (II) catalyzed solvolysis reaction in ethylene glycol and water 

4.5 Summary 

N-t-Boc-aminoacyl ethyl phosphates are water soluble analogues of arninoacyl adenylates. 

These compounds react readily with alcohols and diols in the presence of water and copper (11) to 

form the corresponding esters. These attributes make N-I-Boc-arninoacyl ethyl phosphates 

excellent candidates for the site specific aminoacylation of t-RNA. N-I-Boc-arninoacyl ethyl 

phosphates being water soluble may allow for the direct arninoacylation of t-RNA without the use 

of organic solvents or preparation of tetraalkylamrnonium salts (38). The arnine in these 



compounds is protected eliminating the risk of polymerization when the compound is in high 

concentration. The phosphate group of  N-t-Boc-aminoacyl ethyl phosphates may aid in the site 

specificity in the direct aminoacylation of  t-RNA. Metal ions may also aid site specificity by 

acting as Lewis acids and coordinating both the N-f-Boc-aminoacyl ethyl phosphate and the 3' 

terminal hydroxyl groups of t-RNk By exploiting the properties of N-t-Boc-aminoacyl ethyl 

phosphates site specific chemical aminoacylation of  t-RNA may be possible. 
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