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The Design and Synthesis of Strained Transition State Analogues for 

Phosphotriester Hydrolysis, Masters of Science, 1997, Gabriel Hum, 

Department of Chemistry, University of Toronto 

Isomeric 2,s-di-p-nitrophenyl phospholanate esters were synthesized using a modified 

McCormack reaction. They are to be employed as novel transition state analogues (TSA's) 

for the hydrolysis of phosphotriesters. Antibodies raised against these haptens are intended to 

exert strain upon their substrates in order to exercise their catalysis by a combination of 

ground state destabilization and transition state stabilization. Confirmation of the strained 

nature of the TSA's was confirmed by determining the C-P-C bond angle by X-ray structure 

analysis of a 2,5-diphenyl phospholanic acid precursor. The TSA's were conjugated to carrier 

proteins (bovine serum albumin and keyhole limpet hemocyanin) and used for the generation 

of monoclonal antibodies. The corresponding bis@-nitropheny1)phosphate and p-nitrobenzyl- 

p-nitrophenyl phosphonate antibody substrates were also synthesized. Preliminary kinetics 

studies on these substrates showed that they are kinetically stable enough for screening 

purposes yet sufficiently labile to be susceptibte to antibody catalysis. 
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1 Introduction 

1.1 General Ovewiew 

The work outlined in this thesis describes the synthesis of novel transition state 

analogues (TSA's) for phosphotriester hydrolysis. The TSA's are to be employed as haptens 

for the purpose of eliciting catalytic antibodies capable of hydrolyzing phosphotriester 

substrates. The TSA's described here differ fiom the conventional TSA design in that they 

are designed to elicit antibodies that exercise their catalytic effect by exerting strain upon the 

bound substrates. The stability of the haptens and substrates are also investigated. 

1.2 Catalvtic Antibodies 

Antibodies are agents of the immune system which are responsible for identifLing and 

tagging foreign particles by binding to them. The strong and specific binding which 

antibodies are capable of are the exact properties which make it possible to create a unique 

class of tailor made cataiysts, designed to cany out specific reactions, known as catalytic 

antibodies or abzymes. These catalysts are generated by taking advantage of the fact that 

antibodies can be raised to bind virtualiy any species. 

~encks' is generally credited as being the first individual to propose the concept of 

catalytic antibodies. He suggested that if an antibody could bind to and stabilize the transition 

state of a reaction, it would be able to catalyze the reaction in a manner similar to that 

exercised by enzymes. Since transition states have only a brief transient existence, it would be 

impossible to generate antibodies against the high energy intermediates themselves. Stable 

organic compounds which mimic the trtnsition states (transition state analogues or TSAts) 



independently realized Jencks' proposa1 in 1986 when they raised antibodies against 

phosphate and phosphonate TSA's which demonstrated abilities to hydrolyze carbonates and 

esters5. These reports gave rise to the field of catalytic antibodies. 

Design and synthesis Couple to carrier protein - - Inject into animal 
of hapten (ie. KLH or BSA) (ie. rabbit, mouse) 

Fuse to myeloma cells 
/ to get hybridomas \ 

Screen for binding Hawest spleen cells 
against hapten which produce 

\ Create combinatorial antibodies 
I 

I library 

and - Screen for cataiytic activity - Characterize 
strongest binders (ie- Km, Kcat) 

Scheme 1: General route for generating abzymes 

The route towards generating a catalytic antibody is outlined in Scheme 1. The first 

step is the design and synthesis of a compound that is supposed to either mimic the transition 

state of the reaction of interest or generate desirable functionalities within the abzyme binding 

site. Usually, these compounds are not effective in eliciting an immune response. However, 

they do provoke a response when attached to a large molecule such as a protein. A small 

molecule that is used to elicit an immune response by such means is called a hapten. Thus, 

the compound is attached to a carrier protein (and the compound is now a hapten). The 



hapten-protein conjugate is injected into an animal (usually a mouse) several times over a 

period of several months to elicit an immune response. The animal's spleen is harvested in 

order to obtain the antibody producing cells. The spleen cells are fused with myeloma cells in 

order to produce hybridoma cells which produce antibodies and can be grown in ceIl culture. 

The antibodies produced by each ce11 line is screened for hapten binding. Due to high costs 

and time, only the best 20-30 antibodies with the highest affinities for the hapten are purified 

and screened for catalytic activity with the intended substrates. The most active abzymes are 

studied in detail. 

An alternative to the hybridoma route for the generation of abzymes is to construct a 

combinatorial antibody library. In this approach, antibodies are expressed in a bacterium such 

as E.coli. The library is designed to contain a vast number of antibodies thus increasing the 

likelihood that a few will actually bind the hapten and display some catalytic activity. The 

library is screened for hapten binding and the best binders are chosen for overexpression and 

characterization. 

In the most common strategy for generating abzymes, the hapten is a TSA. Any 

antibody which recognizes the hapten could potentially bind to and stabilize the intended TS, 

in order to effect a rate acceleration for a reaction. An example of a catalytic antibody 

generated using this popular approach was reported by Tawfik and coworkers6 who raised 

antibodies against the tetrahedral phosphonate species 3. This species was a TSA for the 

hydrolysis of the ester 1 which proceeds through a tetrahedral TS 2. The phosphonate 3 

mimicked both the electrostatic and geometric properties of the TS so that antibodies which 

recognized the hapten 3 could also bind the negatively charged tetrahedral TS. 
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approach. This strategy differs slightly in that the hapten is not a TSA, but is rather intended 

to elicit specific functionalities within the antibody 'active site'. These functionalities may act 

to stabilize the TS by eliciting complementary residues (in ternis of charge, H-bonding ability 

etc.). An example of this strategy is offered by Shokat et al.7 who sought to catalyze the P- 

elimination of a fluoride ion from a ketone substrate (Scheme 3). The hapten they employed, 

5, contained a protonated amino group at physiological pH. The positive charge on the N- 

atom generated a negative charge in the antibody binding site. When the antibodies bound the 

substrate, 4, the negatively charged side chain was correctly positioned to serve as a base and 

abstract the alpha proton in order to catalyze the elimination of the fluoride ion. 

1 
Ro"2' - CO-NH-CH 2-COOH 

HO 

H 2 0  
CO-NH-CH 2-COOH - 

RO 
L (2) - 

tetrahedral transition state 

OLCO-NH-CH 2-COOH 
HO 

transition state analogue 
ROH 

Scheme 2: Substrate and TSA for carbon ester hydrolysis 



Hapten used for bait and switch approach 

Scheme 3: Substrate and hapten for P-fluoride elimination 

1.3 Antibodv Catalvzed Phosphoester Hvdrolvsis 

Though many advances have been made in the field of catalytic antibodies, the 

hydrolysis of phosphoesters still represents a challenge. Abzyrnes capable of hydrolyzing 

phosphoesters would be of interest for several reasons. Phosphoesters play many significant 

roles in biological systems. At the cellular level, phosphodiesters form the backbone 

structures for the genetic material (RNA, DNA) as well as the means for energy transfer in the 

form of ATP. From a chernical viewpoint, phosphate esters have considerable kinetic 

stability. Any means of increasing their rate of hydrolysis would represent a step fonvard in 

understanding catalytic mechanisms. 

Phosphatase abzymes have possible practical applications. In theory, abzymes capable 

of hydrolyzing phosphodiesters could give rise to the production of customized restriction 



aiizymes witn preprogrammea speciricity-s not rouna in nature. Many cnemicai weapons ana 

insecticides (eg. sarin, tabun, paraoxon) are phosphotriesters. Phosphatase abzymes may be 

potentially employed as detoxification agents to neutralize such toxins within afflicted 

individuals. Such a therapeutic course would have the advantage of actually decomposing the 

toxin into harmless products rather than merely immobilizing it. 

This thesis is concerned with generating abzymes capable of catalyzing the hydrolysis 

of phosphotriesters. The largest hurdle in generating phosphotriesterase abzymes is the 

difficulty in finding suitable TSA's. The hydrolysis of phosphoesters proceeds through a 

pentavalent trigonal bipyramidal (TBP) transition state8 (Scheme 4). Species which may 

potentially mimic the TS, such as TBP phosphoranes, are often unstable in aqueous solution, 

andlor toxic which prectudes their use as haptens in irnmunization procedures. 

R ,,d 
OR' 

ROH 

TBP TS 

Scheme 4: Phosphate ester hydrolysis via a TBP transition state 

Rosenblum et aL9 and Lavey et al.'' have reported the generation of phosphotriesterase 

abzymes using a bait and switch approach. Rosenblum et al.9 used cornpounds 6 and 7 to 

generate abzymes capable of hydrolyzing 8 and 9. The charged hapten 6 is designed to 



specifically elicit reactive side chains in the abzyrne active site. The negatively charged O 

atom of the N-oxide is believed to promote the placement of a positively charged side chain in 

the antibody which may stabilize the developing negative charge on the apical oxygen atom of 

the leaving group in the TBP TS. The positive charge on the N atom elicits a negatively 

charged side chain in the active site which may potentially stabilize the developing partial 

positive charge on the phosphorous center. Hapten 7 should only generate antibodies which 

stabilize exclusively the positive charge at the phosphorous center. These haptens were not 

meant to serve as TSA's but rather as a means of investigating whether or not stabilizing the 

electrostatic features of the TS is sufficient to produce an efficient catalyst. The most efficient 

abzyme from this study was raised against 6 and catalyzed the hydrolysis of 8 with an 

approximate 400 fold rate enhancement. 



Lavey et ai.*- empioyed iu as a napten in oraer to proauce atizymes capable or 

hydrolyzing paraoxon, a organophosphorus-based insecticide. The hapten was once again 

based upon an N-oxide to produce the desired side chains in the antibody binding site. 

However, the most efficient antibody obtained hydrolyzed paraoxon with only a 500-fold rate 

enhancement. Thus, in order to obtain better phosphotriesterase abzymes, alternative methods 

must be ernployed. 

paraoxon 

1.4 The Role of Strain in Biocatalvsis 

Abzymes have been elicited that catalyze reactions in a variety of ways. We have 

already mentioned how abzymes have been generated against TSA's and that it is believed 

that these antibodies catalyze reactions mainly by TS stabilization. Antibodies have also been 

generated that catalyze reactions by acting as entropy traps or are designed to have specific 

catalytic groups andlor CO-factors in the binding site to aid in the catalytic process.5 Another 

potential rneans by which abzymes could catalyze a reaction is via a combination of ground 

state destabilization and transition state stabilization. The general approach is outlined in 

Scheme 5. 



Raise antibodies 

Stable hapten with compressed 

C 

bond angle 

Antibody binding site with hapte 

Binding by antibodies 

Substrate with normal bond angle 

Antibody binding site with 
strained substrate 

Products 

Scheme 5: Mechanisrn of catalysis by strain 

The tactic is to generate antibodies against a stable hapten that is analogous to a 

strained form of the intended substrate yet has features of the transition state of the reaction. 

When the antibodies encounter the actual substrate, the antibodies will have to strain or distort 



the substrate towards the transition state structure in order to bind it. Catalysis would occur 

by tandem ground state destabilization as well as TS stabilization. The strain is relieved when 

the transition state is forrned. In order for such a mechanism to fùnction, the ground state 

must be selectively destabilized while the TS is stabilized. 

Scheme 6 outlines the difference in the energy profiles between an uncatalyzed 

reaction (pathway a), a reaction catalyzed by an abzyrne generated using the bait and switch 

strategy of Lavey and coworkers (pathway b), and one catalyzed by an antibody employing a 

strain mechanism (pathway c). Whereas both antibodies would lower the energy of the TS, to 

Relative 

# 
I with .. # ' destabilization ,,I" 

, 
I 

4 
I 

AbS 

Reaction Coordinate * 

Scheme 6: Reaction coordinate diagram for an antibody strain catalyzed mechanism 



decrease the energy barrier between the TS and the substrate, the strain rnechanism 

destabilizes the ground state to bring its energy closer to that of the TS. This strategy avoids 

the potential 'therrnodynamic pit' which may result if an antibody was raised against a 

normal, unstrained phosphoester (pathway b) or a tetrahedral hapten such as the one employed 

by Lavey et al.'' Pathway b and c may potentially achieve TS's of different energies, since 

stabilization of the TS may not be maximized by antibodies raised to a distorted ground state- 

but catalysis may result from either route if ~ ' ~ ~ ~ ~ t  > G'Cai 

The role of strain in biocatalysis is a subject of much con t ro~e r s~ . ' . ' ~ - ' ~  According to 

the strain hypothesis, substrates do not fit the enzyme active sites perfectly but instead must be 

distorted slightly. This distortion causes the scissile bonds to weaken as well as a concomitant 

increase in energy of the substrate which is relieved in the transition state. Crystal structure 

- and theoretical studies irnplicate the possible role of substrate distortion as a factor in the 

catalytic activity of the enzyme lysozyme.'5*'6 The difficulty in properly establishing the role 

of strain in biocatalysis is designing the appropriate experiments which would give clear 

insight into the contribution of ground state destabilization.' 

Experimental evidence which demonstrates the potential for abzymes to act via a 

strain rnechanisrn is provided by Ghosh et al.I7 who dernonstrated that antibodies are capable 

of compressing metal coordination complexes to cause chromophoric shifis. This work 

demonstrates that antibodies are capable of exerting strain upon small molecules. 

The suggestion that antibodies could catalyze reactions via a combination of ground 

state strain and transition state stabilization is not a novel one. Hansen and coworkers have 

reported the synthesis of a hapten that is supposed to elicit antibodies that will catalyze the 



hydrolysis of peptide bonds in this manner.'8.'Y To date, these workers have yet to report any 

catalytic species resulting from their haptens. Possible reasons to account for this include the 

lack of strongly irnmunogenic functionalities on their haptens and the lack of data 

characterizing the role of strain in peptide bond hydrolysis. In addition, amide bonds are 

kinetically very stable and difficult to hydrolyze. 

Our goal is to generate antibodies that will catalyze the hydrolysis of phosphotriesters 

via a combination of ground state strain and TS stabilization. There is a considerable amount 

Strained 

Unstrai ned 

- 
Unstrained TBP TS 

Unstrained TBP TS 

Scheme 7: Hydrolysis of cyclic and acyclic phosphate esters 

+ 
MeOH 

of experimental evidence which demonstrates that strain plays a significant role in the 

hydrolysis of cyclic, five-mernbered phosphate esters. Five membered cyclic phosphate esters 
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showed that methylethylenephosphate, 11, (Scheme 7) is hydrolyzed 106 times faster than its 

acyclic analogue, trimethylphosphate, 12. A significant portion of the rate acceleration is 

attributed to the fact that the cyclic ester is strained. The endocyclic O-P-O bond angle in 11 

is 9 8 0 ~ ~  as opposed to an unstrained ideal tetrahedral angle of 109'. The ring strain is relieved 

upon formation of the trigonal bipyramidal (TBP) transition state (Scheme 7) where the 

endocyclic O-P-O bond angle attains the ideal, unstrained TBP bond angle of 90'. The strain 

hypothesis is supported by calorimetric studies in which the hydrolysis of 11 is 5.9 kcalhol  

more exothermic than for 12.~'  

1.5 Design of a Strained TSA for the HvdroIysis of Phos~hotriesters 

95-98' 



Scott D. TaylorL" has recently designed and synthesized two haptens, 13 and 14, to 

generate antibodies which would hydrolyze phosphotriesters, 15 and 16, via a strain 

mechanism. The rational behind the design of these haptens is as follows. First, and most 

importantly, the endocyclic C-P-C bond angle should be close to the strained angle of 95-98'. 

This is based upon crystal structures of five membered cyclic phosphates and phosphinates 

which have endocyclic bond angles at the phosphorous of 9 5 - 9 8 0 . ~ ~ ~ ~ '  Second, this hapten 

should be highly immunogenic due to the presence of the two phenyl groups on the ring. 

Thus, when antibodies raised to 13 or 14 encounter structurally similar, yet unstrained 

phosphate ester substrates, such as 15 or 16, the phenyl groups should be strongly recognized 

by the abzyme. Upon binding of 15 or 16 to the antibody, the PhO-P-OPh bond angle will be 

compressed from the unstrained tetrahedral state (109') to 98' (towards the optimal transition 

state angle of 90') since the antibody was raised to a hapten having a compressed bond angle. 

This reaction is outlined in Scherne 8. Attack of hydroxide or water at phosphorus results in 

formation of the unstrained TBP TS. 

Other aspects of the haptens are worthy of mention. First, the haptens 13 and 14 are 

isomeric; they differ only in the spatial arrangement of one phenyl group oriented above or 

below the plane of the phospholanate ring (i.e. phenyl groups are cis or trans to one another). 

Both isomers are used in the immunization as a ineans to veriS, that the phenyi groups serve 

as antigenic deteminants simultaneously. For example, if an antibody raised to 13 also bound 

14 (or vice versa), this would imply that only one phenyl group is recognized by the antibody, 

and that the binding site has sufficient room to accommodate the second phenyl group 

regardless of its orientation (i.e. the second phenyl group would only be loosely held in the 
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effect catalysis via a strain mechanism. Second, the longer apical bonds of the TBP TS should 

be accommodated in the active site since the endocyclic P-C bonds in the hapten should be 

approximately the same lengthZ5 as apical P-O bonds in TBP oxophosphoranes.28 Third, a six 

carbon linker chain was used to connect the hapten to a carrier protein for the immunization 

Compressed O 
Bond Angle 11 

Bound by Abzyme 

Unstrained Substrate 

ease of Strain in TBP TS 

Scheme 8: Hydrolysis of phosphotriester substrates via a strain mechanism 



process. In the phenyl cis hapten, it is located on the opposite side of the phospholane ring 

away from the phenyl groups in order to ensure that the recognition of the phenyI rings by the 

antibodies is unhindered. Finally, the P=O bond is quite polar. A recent study by Prezhdo et 

al.*' reported that the charge on the O atom of the P=O bond is -0.433 for triphenyl phosphine 

oxide and -0.452 for trimethyl phosphine oxide. The charge on the oxygen in Our phosphinate 

system is expected to be in the same range. Thus, we anticipate that antibodies raised to 13 or 

14 will have cornplementary positively charged residues in the active site which will help 

stabilize the negatively charged transition state formed during the hydrolysis of 15 or 16. It is 

important to note that TS stabilization, in addition to ground state destabilization, must occur 

for catalytic activity. Straining the substrate merely prevents it from falling into a 

thermodynamic "pit" which would most likely be the case if the antibodies were raised to a 

normal, unstrained phosphate ester. 

PH3/HCI 

relflux in dioxane 

ether L 

Scheme 9: Kalinov's synthesis of 1 -methoxy-trans-2,S-diphenylphospholanate 



Haptens 13 and 14 are 2,5-diphenyl phospholanate esters. The only reported example 

of this class of compound is by Kalinov et al.30 who reacted 14-dibenzoylethane with 

hydrogen phosphide to produce trans-2,5-diphenyl phospholanic acid (Scheme 9), which they 

subsequently methylated. No yield was reported for this reaction, but by using 1,4- 

dibenzoylethane as the limiting reagent, the overall yield c m  be calculated to be 

approximately 4-9% for the methyl ester. Although this gave Taylor a potential route to the 

tram TSA 14, the yields were very low and a route to the cis TSA, 13, was also necessary. It 

was apparent that an alternative route to this class of compounds would be required to obtain 

significant quantities of both 13 and 14. 

The synthesis of 13 and 14 developed by ~ a ~ l o r ~ ~  begins in Scheme 10. It involves a 

McCormack reaction3', as modified by ~ o d r i t z e r ~ *  in which phosphite 17 undergoes a 2+4 

cycloaddition with 1,4-diphenyl-l,3-butadiene. The resulting acid chloride precursors 18 and 

19 were esterified to form the isomeric ethoxy esters (20 and 21), and the phospholenes 

hydrogenated to give isomeric products 22, 23, and 24, which were converted to the cis and 

tram-2,5-diphenyl phospholanic acids 26 and 25. The acids were converted to the 

phosphochlorides in order to attach the benzyI protected linker chain (Scheme I l ) .  The 

desired haptens were obtained upon removal of the benzyl protecting group to give 13 and 14. 

13 and 14 were conjugated to carrier proteins and sent to the laboratory of Prof. 

Jeremy Lee of the Department of Biochemistry at the University of Saskatchewan. The 

hapten-protein conjugates were injected into mice two years ago for the purposes of eliciting 

monoclonal antibodies. To date, approximately fifteen monoclonal antibodies, which were 



Cl 
1 (17) * 

neat at 1 70°C, 19 hours 
+ benzene at 1 90°C, 60 hours 

R 

TMSI 

10 eq. EtOH 
1 eq. Et3N 

EtOH 

benzene 

Hz, Pd/C EtOH 1 
R 

,.-*' 

TMSI 
. ppcoH - CH2C12 

R K @~~llloEt - O 
(26) (24) 

Seheme 10: Synthesis of 25 and 26 by ~ a ~ l o r * ~  
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Scheme 11: Synthesis of 13 and 14 by ~ a ~ l o r ' "  
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However, we have found that these antibodies are unable to distinguish between 13 and 14. 

This suggests that the antibodies to not bind both phenyl groups simultaneously. As a result, 

the antibodies bind the substrates loosely and do not cornpress the crucial O-P-X bond angle 

in the substrates enough to effect catalysis. However, we reasoned that by increasing the 

immunogenic properties of the haptens, catalytic species may be obtained. It is well known 

the p-nitrophenyl groups are very strong antigenic determinants. The introduction of nitro 

groups at the para position (29 and 30) should encourage stronger recognition of the aryl 

groups in the haptens which is crucial for catalytic activity. The use of the p-nitrophenyl 

groups in the haptens has the additional advantage that esters 31 and 32 can be used as 

substrates which would release p-nitrophenol upon hydrolysis. p-Nitrophenol is easily 



for catalytic activity. The assays may be sufficiently sensitive as to permit early rapid screens 

of the antibodies in order to improve the selection process. This thesis deals with the 

synthesis of the nitrated strained TSA's 29 and 30 and the substrates 30 and 31. 



2.1 Materials and Methods 

General: Al1 starting materials were obtained from commercial suppliers (Aldrich Chemical 

Company, Oakville, Ontario, Canada or Lancaster Synthesis Incorporated, Windharn, New 

Hampshire, USA) unless stated otherwise. Solvents were purchased fiorn Caledon 

Laboratories (Georgetown, Ontario, Canada), Lancaster Synthesis Incorporated, or BDH 

Canada (Toronto, Canada). Tetrahydrofuran (THF) and diethyl ether were distilled over 

sodium metal in the presence of benzophenone. Benzene and CH2C12 were distilled over 

calcium hydride. Ethanol was distilled over magnesium tumings. Dry chloroform was 

obtained by distillation over phosphorus pentoxide. Al1 glassware was pre-dried prior to use 

and al1 liquid transfers were performed using dry syringes and needles. Silica gel 

chromatography was performed on 40-60p particle silica gel obtained from Toronto Research 

Chernicals (Toronto, Ontario, Canada). Melting points were obtained on a Electrothermal Inc. 

melting point apparatus and are uncorrected. 'H and "P NMR spectra were recorded on a 

Varian 200-Gemini NMR machine at approximately 200 MHz, and 80 MHz respectively. "C 

NMR spectra were recorded on a Varian-500 NMR at 126 MHz or on a Varian 200-Gemini 

NMR machine at 50.3 MHz. The abbreviations s, d, t, q, qt, rn, dd, and b are used for singlet, 

doublet, triplet, quartet, quintet, multiplet, doublet of doublets and broad respectively. 

Coupling constants are reported in Hertz (Hz). Al1 NMR's were run using CDCl, as solvent 

unless stated otherwise. Chemical shifts (6) for 'H NMR spectra run in CDCl, and DMSOd6 

are reported in ppm relative to the interna1 standard tetramethylsilane (TMS). Chemical shifts 

(6) for 'H NMR spectra run in CDjOD are reported in ppm relative to residual solvent protons 



to residual solvent protons (6 2.50). For "C NMR spectra run in CDC13, chemical shifts are 

reported in ppm relative to the CDCl, residual carbons (6 77.0 for the central peak). For ')c 

NMR spectra run in DMSOd.,j, chemical shifts are reported in ppm relative to the DMSO 

residual carbons (6 39.5 for the central peak). For 3 ' ~  NMR spectra, chernical shifts are 

reported in pprn relative to 85% phosphoric acid (external). Electron impact (EI) mass spectra 

were obtained on a Micromass 70-S-250 mass spectrometer. HPLC purifications and 

experiments were perfonned on a Waters LC 450 System using Altech normal phase 

preparative (250 mm x 22 mm i.d. with 10 p Econosil silica, cat. 6259) or analytical (250 mm 

x 4.6 mm i.d. with 10 p Econosil silica, cat. 60090) HPLC columns. Kinetic analyses on 

antibody substrates were performed on a Cary 1 UV spectrophotometer. 

2.2 Svnthesis of Transition State Analogues 

Cis 2'-chloroethyl-2,5-di-p-nitrophenyl-2-phospholenate and trans 2'-chloroethyl 

2'5-di-p-nitrophenyl-2-phospholenate (44 and 45): 1,4-di-p-nitrophenyl-13-butadiene 

(1.19 g, 4 mmol, 1 eq.) and 2,6-di-t-butyl-4-methyl phenol (40 mg. 4.5 mol %) were weighed 

into a 25 mL ACE Glass pressure tube equipped with a stir bar and then thoroughly flushed 

with Ar. Chloroform (6 ml) was added followed by ethylene chlorophosphite (0.0356 mL, 

506 mg, 4 mmol, 1 eq.). The reaction vesse1 was sealed and heated in a oil bath at 180 OC 

with vigorous stirring for 72 hr. CAUTION: This procedure should only be performed in 

a fume hood behind a blast shieId. Upon cooling, the crude mixture was diluted with 

chloroform (50 mL) and washed with 5% NaHC03 (3 x 100 mL), 0.1N HC1 (3 x 100 mL), 

and saturated brine (2 x 100 mL) and then dried (MgS04). After removal of the solvent by 



EtOAc:hexanes, 7:3) which allowed for the separation of 44 ( Rf= 0.4) and 45 (Rf = 0.7) but 

did not yield pure material. Pure product was obtained by subjecting each impure isomer to 

further purification. 44 was purified by silica gel chromatography (EtOAc:hexanes, 9: 1, Rf = 

OS), pale yellow solid (102 mg, 6.2%); 'H NMR 6 2.96-3.12 (1 H, m), 3.21-3.49 (3 H, m), 

3.62-3.92 (2 H, m), 3.98-4.14 (1 H, m), 7.31 (0.5 H, t, J = 2.6 Hz), 7.57 ( 2.5 fi, dd, J = 2.2 

Hz, J = 8.8 Hz), 7.89 (2 H, d, J = 8.8 Hz), 8.27 (4 H, d, J = 8.8 Hz); 3 ' ~  NMRS 57.43 (s). 45 

was purified by silica gel chromatography (EtOAc:hexanes, 3:2, Rf = Oh), pale yellow solid 

(81 mg, 4.8%); '~ NMR 6 2.88-3.06 (1 H, m), 3.29-3.53 (1 H, rn), 3.63 (2 H, t, 3 = 5.2 Hz), 

3.69-3.84 (1 H, m), 4.14-4.48 (2 H, m), 7.28 (0.5 H, t, J = 2.5 Hz), 7.52 ( 2.5 H, dd, J = 1.7 

Hz, J=7.0Hz),  7.83 (2 H, d, J =  8.8 Hz), 8.25 (4 H,dd, J =4.4 Hz, J = 5.1 Hz); 3 ' ~ N M R  

(CDC13) 6 58.74 (s). 

Trans and cis ethyl-2,s-diphenyl-2-phospholenate (20 and 21): 1,4 diphenyl-1,3- 

butadiene (2.06 g, 1 0 mmol, 1 eq.) was combined with 2,6-di-tert-butyl-4-methyl phenol (1 0 

mg, 2 mol %) in a 12 mL ACE Glass pressure tube equipped with a stir bar and then flushed 

thoroughly with Ar. Phosphorous trichloride (0.545 mL, 6.33 mmol, 0.66 eq.) and tris(2- 

chloroethyl) phosphite (0.635 mL, 3.33 mmol, 0.33 eq.) was added to the tube under a strearn 

of Ar. The glass bomb was rapidly sealed and the thick, mainly solid mixture was vigorously 

shaken for about 30 seconds to mix the contents. The tube was immersed in an oil bath, 

stirred vigorously, and slowiy heated to 170°C and maintained at this temperature for 19 hr 

during which time the solid diene melted and the solution reaction becarne a dark orange 

colour. CAUTION: This procedure must be performed in a fume hood behind a blast 
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equal magnitude at 68.6 and 69.7 pprn, which is indicative of cyclic phosphinylchlorides.33 

After removing the oil bath and allowing the tube to cool to room temperature, the tube was 

fitted with a septum and dry benzene (20 mL) was added to the crude reaction mixture. The 

solution was transfemed very slowly over a period of 30 min via syringe to an ice cold 

solution of dry ethanol (5.8 mL, 100 mmol, 10 eq.) and triethylamine (1.7 mL, 10 mmol, 1 

eq.) in dry benzene (20 mL) and the reaction was stirred overnight at room temperature under 

Ar. The volume of the crude reaction mixture was reduced to one quarter by rotary 

evaporation and diluted with ether (75 mL) which resulted in the precipitation of 

triethylamine hydrochloride which was removed by suction filtration. The filter cake was 

washed with ether and the filtrate was washed with 0.1 N HCI (3 x 50 mL), 5% NaHCO, (3 x 

50 mL), brine (3 x 50 mL) and then dried (MgS04) and concentrated in vacuo to yield a crude 

orange oil which was subjected to silica gel column chromatography. 20 was obtained (R, = 

0.40, CH2C12:EtOAc, 9: 1) as a white solid (577 mg, 19.2% yield): mp 82-86 OC; 'H NMR 6 

1.23 (3 H, t, J = 6.9 Hz), 2.81-2.96 (1 H, m), 3.10-3.54 (2 H, m), 3.98-4.23 (2 H, m), 7.03 (1 

H, t, J=3.3  Hz), 7.42 (8 H, m), 7.65 (2 H,d, J =6.2 Hz); " P N M R S  60.41 (s); ')c NMR6 

142.20 (d, J = 36.1),138.35 (br d), 136.95 (d, J = 4.6 Hz), 133.59 (d, J = 9.1 Hz), 128.70, 

128.39(d, J =  11.5 Hz), 126.96, 126.68 (d, J=5.5Hz),61.58 (d,J=6.4Hz),42.28 (d, J =  

92.8 Hz), 35.57 (d, J = 17.8 Hz), 16.66 (d, J = 5 Hz); MS, mlz (relative intensity) 298 (64), 

270 (36), 205 (100), 104 (3 l), 91 (41), 77 (30). 21 was obtained (R, = 0.60, CH2C12:EtOAc, 

9:l) as a white solid (533 mg, 17.8% yield): mp 102-108 OC; 'H NMR 6 0.91 (3 H, t, J = 5.9 

Hz), 2.84-3.93 (5.5 H, m), 7.08 (0.5 H, t, J = 3.75 Hz), 7.35 (8 H, m), 7.71 (2 H, d, J = 7 Hz); 
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135.20, 133.14 (br d), 128.70 (d, J = 6.2 Hz), 128.34, 126.92, 126.66 (d, J = 3.7), 61.58 (d, J = 

6.4), 43 -44 (d, J = 90.6), 33.19 (d, J = 16.4) 16.16; MS, m/z (relative intensity) 298 (1 OO), 270 

(66), 254 (47), 205 (50), 194 (83), 9 1 (43), 77 (30). 

Meso cis ethyl-cis-2,5-diphenyl phospholanate (24): A solution of 21 (820 mg, 

2.75 mmol) in ethanol (20 mL) containing 10% Pd/C (60 mg) was hydrogenated overnight at 

30 psi under a Hz atmosphere using a Parr hydrogenation apparatus. The Pd catalyst was 

removed by filtration and the filtrate concentrated Nt vacuo leaving a pale yellow solid. 

Column chromatography (silica, 100 % EtOAc, Rf = 0.40) yielded pure 24 as a white solid 

(674 mg, 82 % yield): mp 133-137 OC; 'H NMR 6 0.64 (3 H, t, J = 7 Hz), 2.42 (4 H, m), 

3.22-3.54 (4 H, m), 7.31 (10 H, m); 3 ' ~  NMR S 65.14 (s); I3c NMR 6 135.54 (d, J = 5.5 Hz), 

128.41, 127.94 (d, J =  3.7 Hz), 126.63,61.20 (d, J = 7.4 Hz),43.96 (d, J = 82.4 Hz), 27.45 (d, 

J = 12.8 Hz), 15.90; MS, rn/z (relative intensity) 300 (64), 206 (48), 196 (1 8), 104 (1 OO), 91 

(29), 78 (25). 

Meso trans ethyi cis-2,s-diphenyl phospholanate (23) and racemic ethyl trans-2,s- 

diphenyl phospholanate (22): A solution of 20 (1.530 g, 5.03 mmol) in ethanol (20 mL) 

containing 10% PdlC (100 mg) was hydrogenated overnight at 30 psi under a H2 atmosphere 

using a Parr hydrogenation apparatus. The Pd catalyst was removed by filtration and the 

filtrate concentrated in vacuo leaving a pale yellow oil which was subjected to column 

chromatography (silica, CH2C12:EtOAc, 90:lO). 23 was obtained (RI- = 0.50) as a white solid 

(1.1 Og, 72 % yield): mp 102-1 O8 OC; 'H  NMR (CDCI,) 6 0.93 (3 H, t, J = 7.2 Hz), 2.07-2.60 

(4 H, m), 3.09-3.52 (3 H, m), 3.66-3.85 (1 H, m), 7.35 (10 H, cm); "P NMR 6 61.73 (s); ')c 



43.59 (d, J = 85.1 Hz), 29.57 (d, J = 14.6 HZ), 16.69; MS, m/z (relative intensity) 300 (87), 

206 (42), 196 (36), 104 (100), 91 (28), 78 (22). 22 was obtained (Rf = 0.30) as a white solid 

(432.9 mg, 27 % yield): mp 68-72 OC; 'H NMR 6 1.24 (3 H, t, J = 7.1 Hz), 2.33-2.46 (4 H, 

m), 3.21-3.37 ( 2 H. m), 4.00 (2 H, m), 7.35 (10 H, m); 3 ' ~  NMR 6 62.37 (s); I3c NMR 8 

136.69 (bd), 136.22 (d, J = 2.7 Hz), 128.76, 128.56, 128.14 (d, J = 4.6 Hz), 126.81,61.24 (d, J 

= 7.3 Hz), 46.68 (d, J = 84.1 Hz), 45.50 (d, J = 86.9 Hz), 30.40 (d, J = 12.8 Hz), 27.85 (d, J = 

9.0 Hz), 16.26 (d, J = 4.6 Hz); MS, m/z (relative intensity) 300 (9 1 ), 206 (4 1 ), 196 (26), 104 

(100), 91 (30), 78 (20). Overall yield was 99 %. 

General procedure for the preparation of ethyl 2,s-di-p-nitrophenyl 

phospholanate esters (38-40): To an ice cold solution of 22, 23 or 24 (100 mg, 0.33 mmol, 

1 eq.) in H2S04 (1 -5 mL) was added a solution of HN03:H2S04 (1 :1, 0.01 80 mL, 0.86 mmol, 

2.6 eq. HN03) dropwise of a period of 1 min. The reaction was stirred at O OC for 30 min and 

then poured into a beaker containing ice which upon melting left a suspension. CHC13 (20 

mL) was added and the two layers were separated. The aqueous layer was further extracted 

with CHC13 (3 x 20 mL) and the combined organics phases were washed with brine (2 x 30 

mL), dried (MgS04) and concentrated in vacuo leaving an oily solid residue. Pure 38-40 was 

obtained by either silica gel chromatography or recrystallization of the crude residue. 

Meso cis-ethyl cis-2,s-di-p-nitro-phenyl phospholanate (38): Purified by silica gel 

chromatography (EtOAc, Rr = 0.3,75 % yield); white solid; mp 178-1 84 OC; 'H NMR 6 0.65 

(3 H, t, J = 7),2.45 (4H, m), 3.38 (2 H, m), 3.59 (2 H, m), 7.51 (4 H, dd, J = 2 . 2  Hz,J=9.1 

Hz), 8.21 (4 H, d, J = 8.8 Hz); 3 ' ~  NMR S 59.9 (s); ')c NMR 6 147.28, 143.54 (d, J = 8.2 



7.9 Hz), 15.94 (d, J = 3.7 Hz). 

Meso trans ethyl cis-2,s-di-p-nitrophenyl phospholanate (39): Purified by 

recrystallization in EtOAclhexane (64 % yield); white solid; rnp 192-197 O C ;  'H NMR 6 1.24 

(3 H, t, J =  7.2 Hz),2.45 (6H,m),3.40(2 H,m),4.03 (2 H,m), 7.52 (4H,dd, J=2Hz ,  J =  7 

Hz), 8.22 (4 H, d, J = 8.7 Hz); "P NMR 6 60.49 (s); I3c (CDC13) 6 147.32, 144.16 (d, J = 5.4 

Hz), 129.45, 123.73, 62.26 (d, J = 7.3 Hz), 43.66 (d, J = 86.1 Hz), 29.3 1 (d, J = 12.8 Hz), 

16.60. 

Ethyi trans-2,s-di-p-nitrophenyl phospholanate (40): Purified by silica gel 

chromatography (EtOAc:hexanes, 4: 1, Rr = 0.70, 55 % yield); white solid; mp 1 82-1 86 OC; 'H 

NMR 6 0.98 ( 3 H, t, J = 7 Hz), 2.22 (2 H, m), 2.56 (2 H, m), 3.45 (3 H, m), 3.83 (1 H, m), 

7.54(4 H, dd, J = 8 Hz, J = 2.1 Hz), 9.24(4 H, d, J = 8.4 Hz); 3 ' ~  NMR 59.7 (s); 13c NMR 6 

147.32, 144.00, 143.46 (br d, J = 13.8 Hz), 129.45 (d, J = 5.5 Hz), 128.90, 123.73, 62.10 (d, J 

=5.4Hz),46.7(d,J= 84.2 Hz),45.5 (d,H=86.1 Hz), 30.37, (d, J =  11 Hz),27.73 (d, J =  11 

Hz.), 10.30. 

General procedure for the synthesis of phospholanic acids (25, 26, 41 and 42) 

from ethyl phosphololanate esters (22-24 and 38-40): Trimethyl silyl iodide (1.2 eq) was 

added dropwise to a solution of the ester in dry CH2C12 (approx. 1 mm01 esterlml of solvent) 

and the reaction stirred for 2 hr under an Ar atmosphere. Additional CH2C12 was added and 

the product was extracted into a 0.1 N sodium hydroxide solution. The two layers were 

separated and the aqueous layer acidified to pH 2 (pH paper) with 6 N hydrochloric acid 

which resulted in the formation of the desired acid product as a precipitate. The product was 



trans-2,5-diphenyl phospholanic acid (25): (90% yield); white solid; mp 220-223 

OC; 'H NMR (CD30D) G 2.10-2.59 (4 H, m), 3.22-3.42 (2 H, m), 7.20-7.42 (1 0 H, rn); 3 ' ~  

NMR (CD30D) 6 63.49; "C (DMSO-d6) 6 138 (d, J = 4.6 Hz), 128.51 (d, J = 4.6 Hz), 

128.06, 126.04, 45.46 (d, J = 85.1 Hz), 28.85 (d, J = 1 1 Hz),MS, m/z (relative intensity) 272 

(46), 168 (1 8), 104 (IOO), 91 (28), 78 (25). 

cis-2,5-diphenyl phospholanic acid (26): (90% yield); white solid; mp 165-1 72 OC; 

'H NMR (DMSO-d6) S 2.13-2.44 (4 H, m), 3.20-3.37 (2 H, rn), 7.16-7.39 (1 0 H, m); 3 ' ~  

NMR (DMSO-d6) 6 60.32 (s); "C (DMSO-d6) 6 138 (d, J = 6.5 Hz), 128.42 (d, J = 5.5 Hz), 

128.08, 126.01, 43.23 (d, J = 84.2 Hz), 27.61 fd, J = 12.9 Hz); MS, m/z (relative intensity) 

272 (57), 168 (23), 1 O4 (1 00), 91 (24), 78 (25). 

cis-2,5-di-p-nitrophenyl phospholanic acid (41): (90 % yield); light brown solid; mp 

278-281 OC; 'H NMR (DMSO-do) F 2.06-2.48 (4 H, m), 3.45-3.64 (2 H, m), 7.62 (4 H, d, J = 

7.3 Hz), 8.22 (4 H, d, J = 8.8 Hz); "P NMR (DMSO-d6) S 59.17 (s); "C (DMSO-d6) S 

146.24, 129.56 (d, J = 4.5 Hz), 123.15,43.71 (d, J = 82.4 Hz), 28.52 (d, J = 3.3 Hz). 

trans-2,5-di-p-nitrophenyl phospholanic acid (42): (90 % yield); yellow solid; mp 

270-275 OC; 'H NMR (DMSO-d6) F 2.04-2.45 (4 FI, m), 3.40-3.64 (2 H, m), 7.62 (4 H, d, J = 

5.8 HZ), 8.27 (4 H, d, J = 5.8 HZ); 3 ' ~  NMR (DMSO-d6) 6 58.60 (s); 13c (DMSO-da) S 

146.26, 129.68 (d, J = 5.4 Hz), 123.17,45.68 (d, J = 82.2 Hz), 28.54 (d, J = 10 Hz). 

Allyl-6-hydroxy-hexanoate (51): To a solution of tetrabutyl ammonium hydroxide 

(20% w/w, 50 mL, 39 mmol, 1 eq.) was dissolved E-caprolactone (4.40g, 39 mmol, 1 eq.). 

This mixture was stirred at 65 O C  for six hr after which the water was removed by high 



which resulted in the formation of a white solid. The crude salt (3.74g, 10 rnmol) was 

dissolved in dry DMF (1 5 mL) and allyl chloride (0.895 mL, 1 1 mmol, 1.1 eq) was added and 

the solution stirred ovemight at room temperature. The reaction was diluted with water (75 

mL) and extracted with EtOAc (4 x 50mL). The organic phase was washed with 5% 

NaHC03 (3 x 250 mL), sat. brine (3 x 250 mL), dried (MgS04) and concentrated by rotary 

evaporation Silica gel chromatography (EtOAc:hexane, 3:2, Rr = 0.4) on the crude residue 

yielded pure 51 as a clear colourless oil (1.58g, 90%). 'H NMR 6 1.39-1.68 (6 H, m), 2.29 (2 

H, t, J = 7.3 Hz), 3.55 (2 H, t, J = 6.4 Hz), 4.49 ( 2 H, d, J = 5.8 Hz), 5.28 (2 H, t, J = 10.3 

Hz), 5.57-5.91 (1 H, m). 

Allyl 6'-hydroxy(trans 2,s-di-p-nitrophenyl phospholanate) hexanoate (52): 42 

(250 mg, 0.69 mmol, 1 eq.) was suspended in dry CH2C12 (5 mL). Oxalyl chloride (0.180 mL, 

2.07 mmol, 3 eq.) was added dropwise over a period of 1 min and the reaction stirred for 3 hr 

under argon. The solvent was removed by rotary evaporation and the crude acid chloride 

dried under high vacuum overnight. The crude acid chloride was suspended in dry benzene (1 

mL). A solution of 51 (1 19 mg, 0.69 mmol, 1 eq.) and 2,6-lutidine (0.81 mL, 0.69 mmol, 1 

eq.) was added dropwise over a period of 2 min and the reaction was stirred for 48 hr. The 

solution was diluted with ether which resulted in the precipitation of lutidine hydrochloride 

which was removed by vacuum filtration. The filtrate was concentrated by rotary evaporation. 

Silica gel column chromatography (EtOAc:hexanes, 3 2 ,  Rr = 0.3) yielded pure 52 (104 mg, 

29 % yield): clear colourless oil; 'H  NMR 6 1.04-1.55 (6 H, b m), 2.09-2.75 (6 H, b m), 3.20- 

3.85 (4H,bm),4.38(2H,d,  J =5.5 Hz), 5.23 (2H,t,  J = 14.1 Hz),5.57(1 H,m), 7.51 (4H, 



AIIyI trans 6'-hydroxy(cis 2,s-di-p-nitrophenyl phospholanate) hexanoate (53): 

41 (273 mg, 0.75 rnmol, 1 eq.) was suspended in dry CH2C12 (1.55 mL). Oxalyl chloride 

(0.197 mL, 2.25 mmol, 3 eq.) was added dropwise over a period of 1 min and the reaction 

stirred for 3 hr under argon. The solvent was removed by rotary evaporation and the crude 

acid chloride dried under high vacuum overnight. The crude acid chloride was suspended in 

dry benzene (1 mL). A solution of 51 (143 mg, 0.69 mmol, 1 eq.) and 2,6-lutidine (0.86 mL, 

0.75 rnmol, 1 eq.) was added dropwise over a period of 2 min and the reaction was stirred for 

24 hr. The solution was diluted with ether which resulted in the precipitation of lutidine 

hydrochloride which was removed by vacuum filtration. The filtrate was concentrated by 

rotary evaporation. Silica gel column chromatography (CH2C12:EtOAc, 7:3, Rf = 0.8) yielded 

pure 52 as a clear colourless oil (56 mg, 20 % yield), 'H NMR 6 1.21-1.74 (6 H, b m), 2.23- 

2.64 (6 H, b m), 3.34-3. 54 (2 H, b m), 3.85-3.97 (2 H, m), 4.58 (2 H, d, J = 5.5 Hz), 5.25 (2 

H, t, J =  13.4 Hz), 5.80-5.98 (1 H, b m), 7.52 (4 H, dd, J =  8.8 Hz, J = 1.9 Hz), 8.20 (4 H, d, J 

= 8.8 Hz); 3 ' ~  NMR 6 60.68 (s). 

6'-hydroxy-(2,5-trans-di-p-nitrophenyl-phosphoanate) hexanoic acid (30) via 

deprotection of 52: To a solution of 52 (50 mg, 0.097 mmol, 1 eq.) dissolved in dry CH2C12 

(1.5 mL) was added tetrakis(tripheny1phosphine) palladium (0.4 mg, 0.007 mmol, 7.5 mol %), 

and pyrrolidine (0.0081 mL, 0.097 mmol, 1 eq.). The reaction was stirred for 90 min 

followed by removal of the solvent by rotary evaporation. The crude was suspended in water 

(1 5 mL) and acidified to pH 2 (pH paper) with 6 N HCl. The aqueous solution was extracted 

with ether (5 x 15 mL), dried (MgS04), and evaporated to dryness. Silica gel column 



clear oil (40 mg, 60%): 'H NMR 8 1.09-1.65 (6 H, m), 2.05-2.75 (6 H, m), 3.17-3.98 (4 H, 

m), 7.52 (4 H, m), 8.22 (4 H, m); 3 1 ~  NMR 6 60.58 (s). 

Deprotection attempt: 29 from 53 via removal of allyl protecting group: To a 

solution of 53 (50 mg, 0.097 mmol, 1 eq.) dissolved in dry CHzClz (1.5 mL) was added 

tetrakis(tripheny1phosphine) palladium (0.4 mg, 0.007 mmol, 7.5 mol %), and pyrrolidine 

(0.0081 mL, 0.097 mmol, 1 eq.). The reaction was stirred for 60 min folIowed by removal of 

the solvent under reduced pressure. The crude was suspended in water (15 mL) and acidified 

to pH 2 (pH paper) with 6 N HCI. The aqueous solution was extracted with ether (5 x 15 

mL), dried (MgS04), and evaporated to dryness. Due to isomerization of 29 to 30, it was not 

possible to isolate pure 29 by this procedure. 

Tert-butyl6'-hydroxy-(trans-2,5-di-p-nitrophenyl-phosphoanate) hexanoate (55) 

via the Mitsonobu procedure: ~ert-but~l-6-h~drox~hexanoate~~ (39 mg, 0.2 1 mmol, 1.5 

eq), 42 (50 mg, 1.4 mmol, 1.5 eq.), triphenylphosphine (54.3 mg, 0.21 mmol, 1.5 eq.), and 

diisopropylazidodicarboxylate (DIAD) (0.041 mL, 0.21 mmol, 1.5 eq.) were dissolved in dry 

THF (1.5 mL). The solution was stirred for 30 min at room temperature followed by removal 

of the solvent by rotary evaporation. Silica gel column chromatography (EtOAc:hexane, 1 : 1, 

Rr = 0.5) of the crude residue yielded pure 55 as a clear colourless oil (47.5 mg, 64%): 'H 

NMR 6 1.00-1.48 (15 H, m), 2.00-2.74 (6 H, m), 3.19-3.86 (4 H, m), 7.45-7.58 (4 H, m), 8.23 

(4 H, dd, J = 0.9 Hz, J = 6.9 Hz); -"P NMR F 59.77 (s), "C 6 172.42, 147.41, 143.84 (d, J = 

3.7 Hz), 143.21 (d, J = 6.4 Hz), 129.50 (d, J = 5.5 Hz), 128.82 (d, J = 4.6 Hz), 123.80, 123.77, 

80.08,65.77 (d, J =7 .3  Hz), 46.83 (d, J = 83.3 Hz),45.51 (d, J = 86 Hz), 35.17, 30.50, 30.24, 



6'-hydroxy (trans 2,5-di-p-nitrophenyl phospholanate) hexanoic acid (30) via 

deprotection of 55: 55 (35 mg, mmol) was dissolved in 20% TFA/CH2ClL (1.5 rnL) and 

stirred overnight at room ternperature. The CHzClz and TFA was removed by rotary 

evaporation. Silica gel chromatography (EtOAc:hexanes, 4: 1, Rf = 0.5 ) on the crude residue 

yielded pure 30 as a clear colourless oil (25 mg, 80%): 'H NMR 6 1.09-1.65 (6 H, m), 2.05- 

2.75(6Hym),3.17-3.98(4H,m),7.52 (4H,m), 8.22 ( 4 H , m ) , 3 1 ~ N M R  660.58 (s); I3c 

NMR 6 175.92, 147.44, 143.65 (d, J = 3.7 Hz), 143.1 1 (d, J = 6.4 Hz), 129.53 (d, J = 5.5 Hz), 

128.87 (d, J = 3.7 Hz), 123.82,65.83 (d, J = 7.3 Hz), 46.64 (ci, J = 84.2 Hz), 45.50 (d, J = 85.1 

Hz), 33.23,30.33,30.02,24.80,24.02. 

Meso trans tert-butyl 6'-hydroxy(cis-2,s-diphenyl-phospholanate) hexanoate 

(60): To a solution of 26 (120 mg, 0.55 mmol, 1 eq.) in dry CH2C12 (2 mL) was added oxalyl 

chloride (0.144 mL, 1.65 mmol, 3 eq.) dropwise over a period of 1 min and the soluton was 

stirred for 3 hr. The solvent was removed by rotary evaporation and the crude acid chloride 

subjected to high vacuum for 12 hr. The crude acid chloride was dissolved in dry benzene (1 

mL) and a solution of tert-butyl-6-hydroxy h e ~ a n o a t e ~ ~  (125 mg, 0.66 mmol, 1 . 1  eq.) and 

triethylarnine (0.100 mL, 0.72 mmol, 1.2 eq.) in dry benzene (1 mL) was added dropwise over 

a period of 2 min and the reaction was stirred for 24 hr. Ether was added which resulted in 

the precipitation of triethylamine hydrochloride which was removed by vacuum filtration and 

the filtrate was concentrated by rotary evaporation. Silica gel chromatography 

(CH2C12:EtOAc, 90: 10, Ri- = 0.6) on the crude residue yielded pure 60 as a clear coiourless oil 

I (140mg,57%). HNMR61.23-1.65(15H,m),2.18(2H,t,J=7.3Hz),2.40(4H,m),3.29 



137.07 (d, J = 4.6 Hz), 128.75, 128.63, 128.50, 126.68, 79.92, 65.18 (d, J = 6.5), 43.51 (d, J = 

86.0 Hz), 35.39,30.49 (d, J = 5.5 Hz), 29.51 (d, J = 14.7 Hz), 28.15,25.13,24.62,21.78. 

Meso trans 6'-hydroxy(cis 2,5-di-p-nitro-phenyl-phospholanate) hexanoic acid 

(29) via nitration of 60: 60 (120 mg, 0.27 mmol, 1 eq.) was dissolved in 0.5 mL of H2S04 at 

O OC. A solution of HN03/H2S04 (1 : 1,0.062 mL, 2.6 eq. HN03) was added and the reaction 

was stirred at O O C  for 30 min. The reaction was poured into a beaker containing ice which 

upon melting left a suspension. CHC13 (5 mL) was added and the two layers were separated. 

The aqueous layer was fiirther extracted with CHCI3 (4 x 10 mL) and the combined organics 

were washed with brine (2 x 15 mL), dried (MgS04) and concentrated in vacuo leaving an 

oily of solid residue. Attempts to obtain pure product by subjecting the crude residue to silica 

gel flash chromatography were unsuccessful. Final purification of the desired product could 

only be accomplished using HPLC with an Alltech normal phase HPLC column 

(EtOAc:hexane, 7:3, retention time = 18 min) to give 29 as a clear colourless oil (5 1 mg, 44 

I 
%): H NMR 6 1.23-1.68 ( 6H, m), 2.24 (2 H, t, J = 7 Hz), 2.35-2.60 ( 4 H, m), 3.35-3.57 ( 2 

H, m), 3.87-4.03 (2 H, dd, J = 6.6 Hz, J = 7.7 Hz), 7.52 (4 H, dd, J = 1.8 Hz, J = 6.9 Hz), 8.19 

(4 H, dd, J = 8.4 Hz); ''P NMR (CDCI,) 6 61.54 (s); "C NMR 6 176.79, 147.28, 143.97 (d, J 

= 7.3 Hz), 129.46 (d, J = 5.5 Hz), 123.84,66.23 (d, J = 7.3 Hz), 43.56 (d, J = 84.2 Hz), 33.48, 

30.30 (d, J = 5.5 Hz), 29.26 (d, J = 14.7 Hz), 24.96, 24.1. 

2.3 Svnthesis of Substrates 

6-bis(pnitropheny1) phosphate hexanoic acid (31): To a solution of tert-butyl-6- 
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bis@-nitropheny1)-phosphate (1 50 mg, 0.44.rnmo1, 1 eq.), triphenyl phosphine (1 73 mg, 0.66 

mmol, 1.5 eq.), and diisopropyl-azido-dicarboxylate (DIAD) (1 30 ul, 130 mg, 0.66 mrnol, 1.5 

eq.). This reaction was stirred under argon for 30 min. The solvent was removed by rotary 

evaporation and the crude oit chromatographed on silica gel (CH2C12:EtOAc, 95:5, Rf 0.7). 

Due to slow product breakdown, it was not possible to separate the tert-butyl-6-bis@- 

nitrophenyl) phosphate hydroxy hexanoate product from trace amounts of p-nitrophenol. For 

this reason, the impure product was deprotected in a 1 mL solution of 20% trifluoroacetic 

acid:CH2C12 overnight. The solvent was removed by rotary evaporation and the 6-bis@ 

nitrophenyl) phosphate hexanoic acid product, a clear oil, was obtained by silica gel 

chromatography in (hexanes:EtOAc, 5050, Rf 0.2) (126 mg, 73% overall yield). 'H NMR S 

1.20-1.74(7H, m),2.35 (2 H, t, J=7Hz),4.34 (2 H,q,J=6.6Hz), 7.40(4 H,d, J =9.2 Hz), 

8.26 (4 H, d, J = 7.3 Hz); 3 ' ~  NMR 6 -15.53 Hz (s). 

Dimethyl-p-nitrobenzyl phosphonate (63): To p-nitro benzyl bromide (3 g, 13.8 

mmol, 1 eq.) in dry benzene (4 mL) was added trimethyl phosphite (6 mL, 5.70 g, 45 mmol, 

3.5 eq.). The reaction was reluxed overnight. Removal of excess trimethyl phosphite was 

performed by hi-vacuum distillation. The remaining crude was purified on silica gel in 

EtOAc (Rr0.5) to give the product which appeared as a thick red oil (3.08 g, 90%). 'H NMR 

8 3.26 (2 H, d, J = 22.3 Hz), 3.71 (6 H, d, J = 10.9 Hz), 7.47 (2 H, dd, J = 2.6 Hz, J = 8.8 Hz), 

8.19 (2 H, d, J = 8.8 Hz); 3 1 ~  NMR 8 24.47 (s) .  

Methyl-p-nitrobenzyl phosphonic acid (64): A solution composed of 63 (2.5 g, 10.2 

mmol, 1 eq.) and sodium iodide (2.29 g, 15.3 mmol. 1.5 eq.) in butanone (60 mL) was 



salt product was dissolved in water (10 mL), and the solution acidified to pH 2 with 

concentrated hydrochloric acid (approx. 4 ml). The product precipitated out of  solution and 

was obtained by vacuum filtration (2.00 g, 90%): white solid; 'H NMR 6 3.19 (2 H, d, J = 

22.8Hz), 3.59(3 H,d, 11.3 Hz), 7.44(2 If, dd, J =  2.5 Hz, J =  8.8 Hz), 8.17 (2 H, d, 8 Hz); 

"P NMR 6 26.0 (s). 

Methyl-p-nitrophenyl-p-nitrobenzyi phosphonate (65): 64 ( 1  g, 4.33 mmol, 1 eq.) 

was suspended in dry CH2C12 (40mL). To the suspension was added p-nitrophenol (722 mg, 

5.19 mmol, 1.2 eq.) and ethyldiisopropyl carbodiimide coupling agent (995 mg, 5.19 mmol, 

1.2 eq.). The reaction was stirred under argon for 72 hr. Additional CH2C12 (60 mL) was 

added to dilute the reaction. The organic layer was washed with aliquots of 5% NaHC03 (3 x 

150 mL), 0.1 N HCl (3 x 150 mL), and saturated brine (3 x 150 mL) before being dried 

(MgS04). The product, a white solid, was purified by recrystallization in hexanes-EtOAc 

(987rng,64%). ' ~ N M R 6 3 . 4 8  (2 H,d, J=22.7 Hz), 3.82(3 H,d, J =  11.3 Hz), 7.28 (2 H,d, 

J = 8.1 Hz), 7.52 (2 H, d, J = 2.5 Hz), 8.20 (4 H, d, J = 8.8 Hz), "P NMR (CDCl,) 6 20.77 

(s). 

p-Nitrophenyl-p-nitrobenzyl-phosphonic acid (66): 65 (600 mg, 1.7 mmol, 1 eq.) 

was dissolved in butanone (8 mL) with lithium bromide (221 mg, 2.55 mmol, 1.5 eq.). The 

reaction was refluxed ovemight. The lithium salt product was obtained by cooling the 

solution and isolating the precipitate by vacuum filtration. The lithium salt was dissolved in 

water (60 mL) and the solution was acidified with 6 N HCI (approx. 6 ml) to pH 2. The 

resulting white precipitate was isolated by vacuum distillation and dried under vacuum (536 
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H, d, J = 7.62 Hz), 8.23 (4 H, t, J = 8.8 Hz); "P NMR (DMSO-d6) 6 21.73 (s). 

6-Hydroxy-p-nitrophenyl-p-nitro-benql-phosphae-hexaoic acid (32): To a 

solution of tert-b~tyl-6-h~drox~-hexanoate~~ (156 mg, 0.83 mmol, 1.5 eq.) in dry 

tetrahydrofuran (1 -5 ml) was added 66 (1 80 mg, 0.55 mmo1,l eq.), triphenyl phosphine (2 18 

mg, 0.83 mmol, 1.5 eq.), and diisopropylazodicarboxylate (DIAD) (1 80 ul, 0.83 mmol, 1.5 

eq.). The reaction was stirred for 1 hour. The solvent was removed by rotary evaporation and 

the crude purified by silica gel chromatography in Et0Ac:hexanes (60:40). Due to 

decomposition of the product upon the column and persistent traces of p-nitrophenol 

impurities, crude 67 was used in the deprotection step. The crude product was stirred in 1 mL 

solution of 20% trifluoracetic acid in CH2CI2 overnight. The solvent was removed by rotary 

evaporation and the product chromatographed on silica gel (EtOAc:hexanes, 80:20, Rf 0.4) 

(61 mg, 24%, not optimized). Clear colourless oil; 'H NMR 6 8.20 (4 H, d, J = 8.8 Hz), 7.51 

(2 H, dd, J =2.6 Hz, J =9.8 Hz), 7.29(2 H,d, J=9 .6  Hz), 4.15 (2 H, m),3.52 (2 Fi, J =22.7 

Hz), 2.30(2 H, t, J =7.2 Hz), 1.62 (4H,  m), 1.33 (2 H, rn); 3 ' ~  NMR(CDC13)S 19.7 (s). 

2.4 Hapten Isomerization Studies 

General Procedure: Solutions of 500 FM of the cis TSA 29 were made up in the 

appropriate media as indicated below and partitioned into 0.5 mL aliquots. At arbitrary time 

intervals, reaction aliquots were quenched with 1 M HCl and extracted with EtOAc. Aliquots 

of the EtOAc layer were anaIyzed on an analytical normal phase column in order to deterrnine 

the relative proportions of the cis and trans isomers. HPLC analysis was performed on a 



EtOAc at 1.0 mL/min over 5 min and switching to 2.0 mL/min at 6 min. The UV detector 

was set at 280 nm. 

0.1 N NaOH: A 500 p M  solution of 29 in 0.10 N NaOH was prepared and partitioned 

into 0.5 mL aliquots. Reaction aliquots were quenched with 100 pl of 1 M HCl and extracted 

with 0.5 mL of EtOAc for the purposes of analysis at time intervals of 1 O min, 1 hr and 24 hr. 

pH 7.5: A 500 pM solution of 29 in 20 mM sodium phosphate buffer was prepared 

and partitioned into 0.5 mL aliquots. Reaction aliquots were quenched with 40 pl of 1 M HCl 

and extracted with 0.5 mL of EtOAc for the purposes of analysis after incubation periods of 

25 min, 1,3,7 and 1 1 days . 

pH 8.5: A 500 pM solution of 29 in 20 mM sodium bicarbonate buffer was prepared 

and partitioned into 0.5 mL aliquots. Reaction aliquots were quenched with 40 pl of 1 M HCI 

and extracted with 0.5 mL of EtOAc for the purposes of analysis afier incubation periods of 

20 min, 4 days and 8 days. 

2.5 Coniugation of TSA's to Carrier Proteins 

The following general procedure54 was used to couple the cis and trans TSA's to BSA 

and KLH. In brief, the hapten (6.4 mg, 0.013 mmol) was dissolved in DMF:water (60:40) (3 

mL). To this was added sulfo-NHS (3.5 mg, 0.016 mmol) and EDC coupling agent (3.1 mg, 

0.016 mmol). This reaction was stirred at room temperature for 3 hr. The reaction was 

divided into two 1.5 mL aliquots. One aliquot was added to a solution of BSA (6.3 mg) in 50 

m M  potassium phosphate buffer at pH 7.5 (3 mL) and the other to a solution of KLH (6.1 mg) 



in potassium phosphate butfer at pH 7.5 (3 mL). .l'hese reactions were shaken at 4 OC 

ovemight. 

The unconjugated hapten was removed by dialysis (6 x IL, 3 hrs each) in 50 mM 

potassium phosphate at pH 7.5. The extent of conjugation was determined by first measuring 

the concentration of BSA followed by the determination of the number of free lysines by the 

method of ~ a b e e b . ~ '  

2.6 Substrate Hydrolvsis Studies 

The substrate hydrolysis studies were performed in a sodium bicarbonate buffer at pH 

9.0. A 20 pL aliquot of a 1 m M  stock solution of each of the substrates 31 and 32 in DMF 

was diluted to 1 mL in the assay buffer in 1 mL quartz UV cuvettes at a final concentrations 

of 20 pM substrate and 20 mM sodium bicarbonate buffer. A Cary 1B UVNIS 

spectrophotometer (Varian) was used to collect data. Absorbance readings were recorded 

every thirty minutes for approximately 48 hr. The data was fitted to a first order rate equation 

using the ~ r a f i t ) ~  software package. The half-life of each substrate under the experimental 

conditions was calculated by averaging the rate constant from duplicate assys and using the 

equation t ,/2= (In 2)/k. 



3.1 Synthesis of Haptens 

We envisioned two strategies towards the synthesis of the desired TSA's 29 and 30. 

One approach, shown in Scheme 12 as a retrosynthesis. was to employ the nitrated diene 33:' 

in a McCormack reaction with 2-chloroethyl dichlorophosphite 17. This method was based 

upon the success achieved by ~ a ~ l o r * % i t h  the synthesis of the unnitrated TSAs using 1.4- 

diphenyl-l,3-butadiene (Schemes 1 0 and 1 1). Assuming that the double bond would 

isomerize to the 2 position in the phospholane ring, as  was the case with the synthesis of 18 

and 19, we would obtain the isomeric phosphinyl chlorides 34 and 35 (Scheme 12). Crude 34  

and 35 would be reacted with ethanol would give the desired isomeric cyclic phosphinate 

esters 36 and 37. The next step, hydrogenation of the double bond to produce the isomeric 

esters 38-40, would have to be performed with a reagent or catalyst that would also not result 

in the reduction of the nitro groups to amino groups. The reduction of double bonds in the 

presence of nitro groups has been reported using Wilkinson's ~ a t a l ~ s t ~ ~  and we anticipated 

that this would work successfully here. Once isomers 38-40 were formed, the desired haptens 

would be synthesized using a procedure similar to that developed by Taylor (for the synthesis 

of the unnitrated TSAs 13 and 14) in which the isomeric esters (38-40) are separated and 

converted to the acids 41 and 42 which are converted into the desired TSAs. 

An alternative approach would be to nitrate the phenyl rings after construction of the 

phospholanate ring. For example, we would synthesize the unnitrated esters 22-24 using 

Taylor's procedure (see Scheme 10) and then attempt to selectively bis-nitrate these species at 

the puru-position to f o m  the nitrated esters 38-40 (Scheme 13). Isomers 38-40 would be 



synthesize the unnitrated haptens 13 and 14 using Taylor's procedure (see Scheme 10 and 1 1) 

and then attempt to nitrate these species directly to form the nitrated haptens (Scheme 14). 

The latter routes (Schemes 13 or 14) involves a bis-nitration of the phenyl rings at the 

para-position. We reasoned that specifically nitrating both phenyl rings exclusively at the 

para-position would be difficult. In al1 likelihood, we reasoned that we would obtain a 

cornplex mixture of ortho- and paru-substituted products which would be difficult to puri@. 

Consequently, we decided to construct 29 and 30 via the former route (Scheme 12). 

We chose to perform the McCormack reaction with the nitrated diene 33 using the 

rnethodology developed by ~ a ~ l o r * ~  for the synthesis of the unnitrated phospholenate esters 

20 and 21 (Scheme 10). However, Taylor perforrned this reaction neat and indeed, most 

McCormack reactions are perforrned neat and a solvent rarely used. McCormack reactions 

perforrned in a soivent tend to proceed much slower. However, with 33, this was not possible 

due to the very high melting point of this diene (254 OC). Consequently. we attempted the 

McCormack reaction using benzene as solvent since benzene has been used successfully as a 

solvent in McCormack reacti~ns.)~ The reaction was perforrned in a pressure tube at 190 "C 

for three days (Scheme 15) and the resulting crude reaction mixture reacted with ethanol in 

benzene in the presence of a tertiary base. This procedure failed to produce the desired 

products. The failed reaction could be attributed to a number of factors. The presence of the 

p-nitro groups deactivate the diene to make it less susceptible to reactions with the dienophile 

thus slowing the rate of the cycloaddition reaction. In addition, the phosphite can react with 

the NOz groups to forrn unwanted side products. The reaction of phosphites with nitro groups 



Scheme 12: Retrosynthesis of 29 and 30 



1 Nitration 

Scheme 13: Retrosynthesis of 29 and 30 via nitration of precursors 

1 Nitration 

Scheme 14: Retrosynthesis of 29 and 30 via nitration of 13 and 14 



byproducts. This is not unusual for a McCormack reaction performed at high temperature.42 

pressure tube 

f benzene 
72 hrs 

(35) + enantiomer 

(33) + 

(y - b ~ t  

(37) + enantiomer 

+ 

Scheme 15: McCormack reaction with 33 

To counter these problems, we attempted the McCormack reaction using ethylene 

chlorophosphite (43 in Scheme 16) as the dieneophile since it has been reported to undergo 

the McCormack reaction more readily than acyclic phosphites. """ This was indeed the case 

and the yield did improve but on1y to 1 1% (Scheme 16). Again, the deactivating effects of the 

nitro groups and their well-known ability to react with phosphites are the most likely reasons 



what phosphite we used and tlierefore, obtaining a reasonable yield employing the nitrated 

diene was going to be very difficult. 

Due to the very low yields obtained using the nitrated diene, we decided to attempt to 

1 (43) CI 
A 4 

1 90°C, benzene + 

+ enantiomer 

Overall 1 I % yield 
Isomers formed in approximately 1 : 1 ratil 

Scheme 16: McCorrnack reaction with 31 and 41 

synthesize the TSAs using the approach outlined in Scheme 13 or 14. The first step was to 

synthesize the isomeric esters 20 and 21 using the procedure developed by Taylor outlined in 

Scheme 17. Thus, 1,4-diphenyl-l,3-butadiene and 2-chloroethyl-dichlorophosphite 

(generated in situ between PC13 and P(OCH2CH2Cl)3 were reacted in a pressure tube at 160- 



in the presence of triethylaniine. This produced the two isomeric esters 20 and 21 in an 

overall yield of 25-33%. Although Taylor performed the reaction neat (which works 

reasonably well) we also found that benzene could be used as a solvent as was the case when 

performing the reaction with the nitrated diene. Although the use of the solvent requires a 

higher reaction temperature of 190 OC and a longer reaction time of 60-72 hours, the amount 

of polyrneric byproducts formed is significantly decreased which simplifies the workup. The 

yields are also siightly higher (30-39%). 

1 70°C, melt 19 hrs 
or 

190"C, benzene, 60-72 hrs 6 *"T 1 
(18) 

1 eq. Et3N 
5 eq. EtOH / 
J benzene 

ovemight at RT 

37% Overall Y ield + lsomers isolated in approximately 1 : 1 

Scheme 17: Synthesis of 20 and 21 by ~ a ~ l o r ~ ~  

In theory, the linker chain could have been attached by reacting the crude acid 



previous work by ~ a ~ l o r ~ ~  indicated that separation of the isomers resulting from this 

reaction, 47 and 48, was very difficult and Taylor was unable to separate and purifi these 

species. Consequently, we decided to work with the isomeric ethyl esters, 20 and 21, since 

the resulting isomers could be readily purified and separated by chromatography. 

H d  OPG (46) 

PG = protecting group 

Scheme 18: Direct attachment of  iinker chain to acid chlorides 

The stereochemical relationship between the cis, 21, and trans, 20, isomers could be 

assigned on the basis of the 'H  NMR signals. In 20, where the phenyl and ethoxy group are 

on opposite sides of the ring, both rnethylene protons (Ha) of the ethoxy groups appear as a 

complex multiplet in the chemical shift range of 3.9-4.3 ppm (Figure 1 A). This chemical shift 

range is typical for methylene protons in ethyl phosphinates. However, in the phenyi-ethoxy 

cis isomer 21, the two methylene protons (Ha and H b )  of the ethoxy group have very different 
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Figure 1: Differences in 'H NMR spectra of isomers 20 and 21 



Ha, appears as a complex multiplet at 3.4-3.6 ppm considerably further upfield than that found 

in a 'typical' ethoxy phosphinate. This is because it is oriented close to the face of the phenyl 

ring (at the 5-position) and therefore experiences a shielding effect. The other methylene 

proton Hb, has an almost 'normal' chernical shift range of 3.7-3.9 ppm (Figure I B) because it 

is oriented away from the face of the phenyl ring. This phenomenon does not occur with the 

trans ester 20 because the phenyl group at the 5-position on the ring and the ethoxy group are 

on opposite sides of the phospholane ring. Bodalski et reported observing sirnilar 

phenomenon in 2-phenyl-2-phospholene- 1 -oxides. 

Hz, 10% Pd/C 
m 

EtOH (72%) 

(20) 
(23) 

(22) 
(99% overall yield) 

HZ, 10% Pd/C 
w 

EtOH 

(24) 
(82% overall yield) 

Scheme 19: Hydrogenation of 20 and 21 



20 and 21. Hydrogenation (10 % Pd/C) of the cis phospholenate ester, 21, yielded the "al1 

cis" phospholanate ester 24 (both phenyl groups and the ethoxy group cis to one another) 

exclusively in 84 % yield (Scheme 19). Thus, as expected, the hydrogen approaches 

exclusively from the side opposite the two phenyl and ethoxy groups which is the least 

sterically hindered side. Hydrogenation of 20 gave mainly the "phenyl-cis" phospholanate 

ester, 23, (the two phenyl groups cis to one another and the ethoxy group trans to the phenyl 

groups) and the desired "phenyl-trans" phospholanate ester, 22, was formed as the rninor 

product indicating that the more distant but larger phenyl group was the main determinant in 

directing the hydrogenation. 

Although we had considerable quantities of the 'al1 cis' 24 and 'phenyl cis' 23 esters, 

the amouni of 'phenyl trans' 22 was relatively small in cornparison. However, ~ a y l o r * ~  found 

that it was possible to obtain more of the phenyl trans isorner, by isomerizing compound 23 or 

24 using a catalytic amount of sodium ethoxide in ethanol (Scheme 20). 

Scheme 20: Isomerization of 23 to 22 

The isomerization occurs by abstraction of the acidic proton at the 2-position which is alpha 

to both the phosphoryl and phenyl groups. Under these conditions. the reaction mixture at 



the two isomers, the less sterically hindered trans isomer was clearly the thennodynamically 

favored product. By isomerizing some of the cis esters, we were able to obtain significant 

quantities of the tram ester 22. 

The cis and trans nature of isomers 22-24 were readily determined on the basis of 

NMR data. For exarnple, the 'all-cis' (24) and 'phenyl-cis' isomers (23) could be readily 

distinguished from the "phenyl-trans" isomers (22) since the cis isomers are symmetrical 

mes0 compounds and their phospholane ring carbons appear as only two sets of doublets in 

the "c-NMR as opposed to 4 sets of doublets for the unsymmetrical phenyl-tram esters. We 

expected that the "all-cis" and "phenyl-cis" isomers would be readily distinguished on the 

basis of their 'H-NMRS since the methylene and methyl protons of the ethoxy groups should 

have very different chemical shifis and this was indeed the case (Figure 2). For exarnple, in 

the "all-cis" isomer, 24, the methylene protons (H,) of the ethoxy group appear considerably 

more upfield (6 3.19-3.35) than is norrnally found with a phosphorus ethyl ester (typically 6 

3.9-4.4) (Figure 2C). This is because in the "al1 cis" isomer, the ethyl group is on the same 

side of the phospholanate ring as the two phenyl groups. Thus, the methylene protons are in 

the "face" of the two phenyl rings and are therefore considerably shielded and are even further 

upfield than the benzylic phospholane ring protons (Hb) (8 3.33-3.51). In the case of the 

"phenyl-cis" isomer, 23, the ethyl group is on the opposite side of the phospholane ring as the 

phenyl groups. Thus, the methylene protons appear much further downfield and have 

chemical shifts that one would expect to have for a "nomal" phosphinate ethyl ester (6 3.94- 

4.12) and are much further downfield than the benzylic protons (8 3.2-3.4, Figure 2A). In the 
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Figure 2: Differences in 'H NMR spectra of isomers 22-24 



equivalent (Ha and Hb in Figure 2B): the ester is not symrnetrical and only one of the phenyl 

rings is on the same side of the phospholane ring as the ethoxy group. One methylene proton 

Hb, appears as a complex multiplet at 8 3.8-4.2 ppm which is a 'normai" chemical shift for a 

phosphinate ethyl ester. However, the other methylene proton Ha, appears fiirther upfield as a 

complex multiplet at 3.5 ppm. Thus, one of the methylene protons is shielded because it is in 

the "face" of one of the phenyl rings while the other methylene proton is oriented away form 

the phenyl ring and has a "normal" chemical shift. The stereochemical relationship between 

al1 subsequent isomeric compounds reported in this study were readily determined in a similar 

manner simply by examining the chernical shift of the -C&-O-P protons and by "C NMR. 

It is important to note that the trans-2,5-diaryl esters, and al1 subsequent "phenyl tram" 

derivatives exist as enantiomers due to the chiral centers at the 2 and 5 carbons on the 

phospholanate ring. No effort was made to obtain enantiomerically pure "phenyl trans" 

compounds since the haptens were not chiral at the phosphorous center and the substrates did 

not possess any chiral carbon centers. 

Crucial to the success of this approach was Our ability to bis-nitrate the phenyl rings in 

the para-position without obtaining large quantities of other isomers such as or~ho-nitrated 

material. Nitration at the ortho position competes with para nitration and is statistically 

favored since there are two ortho positions for every one pctrcr. Consequently, we suspected 

that obtaining the desired bis-(p-nitrophenyl) species, 38-40 or 29-30, (Scheme 13 or 14) 

might be problematic. As outlined in Schemes 13 and 14, the nitration step could be 

performed at various stages of the synthesis. We reasoned that it would be better to attempt 



species. If the nitration reaction was not successful on isomers 22-24, then it is unlikely that it 

would work any better at a later stage in the synthesis. 

There are numerous methods and reagents now available for performing electrophilic 

aromatic nitrationd7 However, we wished to use a method that was as selective as possible 

for the paru position and could be perforrned with readily available and inexpensive 

materials. Although there are no methods that are completely para-selective, a review of the 

literature revealed that perhaps the most effective and economical method for para-nitrat hg 

phenyl was with the classical nitration reagent, H2S04/HN03. We therefore 

subjected isomers 22-24 to these condition and found, much to Our surprise, that we were able 

to obtain the desired bis-paru-nitrated species, 38-40 in reasonable to good yields: 55% for 

40, 64% for 39, and 75% for 38 (Scheme 21). The di-p-nitrophenyl species could be easily 

isolated from other isomeric products using either chromatography or recrystallization. Our 

ability to obtain significant quantities of the bis-para-nitrated isomers was most li kely a 

result of the ortho position being relatively sterically hindered by the phospholanate ring. 

Indeed, the difference in yields between 38-40 can be accounted for on the basis of steric 

factors. In the trans-2,5-diphenyl ester 22, only the phospholane ring obscures the orfho 

positions from attack by the nitronium ion on one of the phenyl rings. In the phenyl cis 

compound 23, the proximity of the other phenyl ring to themselves serves to hinder the 

approach of the electrophile. In the 'al1 cis' 24, steric hindrance is provided by both the 

phenyl rings themselves and the ethoxy group. This rational accounts for the increasing yields 

obtained in going from the "phenyl trans", to the "phenyl cis" and finally to the "al1 cis" 
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Scheme 21: Nitration of ethyl esters 22-24 

Since we were able to obtain significant quantities of the nitrated isomers 38-40, we 

decided to use 38-40 for constructing the desired TSAs. Thus, the ethyl esters were converted 

into the free acids, 41 and 42, in 90% yield, by formation of the silyl ester with trimethylsilyl 

iodide followed by an aqueous workup and acidification. The 'al! cis', 38, and 'aryl cis', 39, 

compounds gave identical free acid products (Scheme 22). 

With suitable quantities of the free acids in hand, the next step was to attach the six 

carbon linker chain. The acid group on the linker arm had to be protected to prevent it from 

interfering in the coupling reaction. In the original synthesis of 13 and 14 (Scheme 10 and 

1 l), ~ a ~ l o r ~ ~  used the benzyl protecting group which was removed by hydrogenation. This 



CH2CIâ7 RT aq. workup 

(26) R= H 
90% 

(41) R= NO2 

Rw..b.,l,oR 
CH2CI23 RT aq. workup - 4 \OH 

Scherne 22: Conversion of ethyl esters to acids 

protecting group could not be used in the synthesis of 29 and 30 since hydrogenation would 

also result in converting the nitro groups to amino groups. Consequently, we decided to use 

an allyl protecting group since it can be removed under very mild conditions using 

tetrakis(tripheny1phosphine) palladium as a catalyst with either dimedone or pyrrolidine as a 

mild nucleophile.'O Thus, we synthesized the allyl-protected linker chah 6-hydroxy-allyl- 

hexanoate, 51 (Scheme 23). This was accomplished by hydrolyzing E-caprolactone, 49, to the 

hydroxy acid, 50, using tetrabutylammonium hydroxide. The resulting salt was reacted with 



l H o d  ONBu4 

+ l eq. Bu4N+OH- w (50) - 
water, 6 hr at 65 OC I 

Scheme 23: Synthesis of 6-hydroxy-allyl hexanoate 51 

' ' eq 

For attaching the linker a m  to the nitrated acids 41 and 42, we initially chose the 

procedure that ~ a ~ l o ? ~  employed for the at tachent  of the linker a m  to the unnitrated acids 

25 and 26 (Scheme I l) .  This involved converting the acids to the acid chlorides using oxalyl 

chloride and a catalytic amount of DMF followed by reaction with an appropriately protected 

hydroxy acid linker am in benzene in the presence of a tertiary amine base. Using this 

procedure with the trans acid, 42, and the linker a m  51, we were able to construct the 

protected trans TSA precursor 52 in a 29% yield (Scheme 24). To obtain the final tram TSA. 

30, we only needed to deprotect the carboxylic acid group. To accomplish this, we reacted 52 

with pyrrolidine in the presence of a catalytic amount of tetrakis-(tripheny1phosphine)- 

palladium (Scheme 24). The deprotection proceeded in 64% yield, but trace amounts of 

triphenylphosphine and its oxide persisted despite numerous chrornatographic separations. 

DMF at RT overnight 
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cat. DMF,CtI7Cl2 
at R'S. 3 hrs - 

benzene '" Lq' RT, overnight 
I eq. 2.6-lutidinc 

02N ~ - - - 4 ~ 0 N O 2  - 

-Al CH2C12 
'(cfltb 30 min. RT 

(52) (30) 

Scheme 24: Synthcsis of 30 via an acid chloride coupling 

When we attempted to attach the linker arm 51 to the cis acid 41 using the acid 

chloride procedure the yield of cis TSA precursor, 53, dropped to 20% (Scheme 25). We 

were also able to detect significant quantities of the trans isomer 52. This is in contrast to the 

results obtained by Taylor for the synthesis of 28, the non-nitrated analogue of 53, in which 

the desired 'phenyl-cis' species (Scheme 11) was obtained exclusively. Thus, it appears that 

the presence p-NOz groups increased the acidity of the benzylic protons to the extent that they 

were easily abstracted by the 2,6-lutidine used in the reaction. This resulted in some of the 

desired 'aryl-cis' product to isomerize to the more thermodynamically favored 'aryl-trans' 

forrn, 52. We also found that this isomerization also occurred during the removal of the allyl 

group from 53. This was most likely a result of the pyrrolidine abstracting the benzylic 

protons. Consequently, separation of the two isomers was not possible. As with the trans 
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Scheme 25: Synthesis of 29 via an acid chloride coupling 

Due to the low yields obtained using the acid chloride coupling procedure and the 

problems encountered with isomerization, we decided to couple the linker chain using a 

Mitsonobu coupling procedure that has been used for the synthesis of phosphonate esters." 

The Mitsonobu procedure for the synthesis of phosphonate esters involves reacting an alcohol 

and a phosphonic acid in the presence of triphenylphosphine and diisopropylazido 

dicarboxylate (DIAD). This is a very mild procedure and does not require the addition of any 

exogenous base. We also decided to use a t-butyl protecting group in the linker a m  instead of 

the allyl protecting group since the t-butyl group can be removed using mild acidSo and so 

isomerization of the cis ester should not occur during the deprotection process. 
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THF, 30 min at RT 
(42) 

1.5 eq. H At," 
20% TFA/CH2C12 
RT, overnight 

Scheme 26: Synthesis of 30 via a Mitsonobu coupling 

When the Mitsonobu reaction was performed with the acid 42, and the t-butyl 

protected linker chain 5434, the desired product 55 was obtained in 64% yield. Deprotection 

of the acid was carried out in 20%TFA/CH2CI2 yielding the desired trans TSA, 30, in an 80% 

yield (Scheme 26). However, when the coupling reaction was petformed with the 'aryl cis' 

acid 41, the results were disappointing. Although the reaction yielded al1 three isomers 55-57, 

the desired 'aryl cis' product, 56, was isolated in only a 14% yield (Scheme 27). 

The results of the Mitsonobu reaction with the cis acid (41) were unexpected since no 

exogenous base was added to the reaction mixture that would result in isomerization. The 

currently accepted mechanism for the Mitsonobu reaction involves an attack of the acid 

component on an in situ generated alkoxyphosphoniurn salt (Scheme 28) using cis acid 41 as 

an example. We had anticipated that with the cis acid, we would obtain exclusively the "aryl 
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Scheme 27: Mitsonobu coupling with 41 

cis" product 56, since we anticipated that attack of the phosphinic acid on the 

alkoxyphosphonium salt would occur from the least sterically hindered side of the phosphinic 

acid as shown in pathway B in Scheme 28. Formation of the "all-cis" product 57 (pathway A, 

Scheme 28) would not occur due to steric reasons. Were the three isomeric products that 

were obtained in the reaction solely a result of an isomerization of the desired "aryl cis" 

product or does the Mitsonobu reaction produce both "aryl cis" and "al1 cis" products 

followed by isomerization? In order to better understand the results from the coupling to the 

cis acid, we performed the Mitsonobu reaction with non-nitrated acid 26 (Scheme 28) whose 

ester we anticipated would not be susceptible to isomerization. SzrrprisingZy, we isokuted the 

[eust therrnodynamicaliy stubie " d i  cis " esler 58 (Scheme 28)  in u 60% yield w i ~ h  no other 
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Scheme 28: Mechanism of Mitsonobu coupling 

detectcib/e products. Thus, the results we obtained in using the nitrated acid, 41, were 

evidently a result of the increased acidity of the benzylic protons. It is likely that the "al1 cis" 
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The presence of some unprotonated betaine (59 in Scheme 28) may be sufficient to catalyze 

the isomerization process. 

These results with 26 were somewhat surprising. If the currently accepted mechanism 

for the Mitsonobu reaction (Scheme 28) is correct, then the Mitsonobu coupling favors 

approach of the alcohol from the more sterically hindered side of the phospholanate ring 

which is unlikely. An alternative mechanism is that the betaine deprotonates the acid and 

forms the phosphonium salt. Due to the size of the ylid formed between DIAD and 

triphenylphosphine, the phosphonium salt must form on the face of the phospholanate ring 

opposite the phenyl groups (Scheme 29). Deprotonation of the alcohol yields the better 

alkoxy nucleophile which is forced to approach the phosphorous center away from the DIAD- 

triphenylphosphine adduct. If the reaction is performed using an 180 labeled alcohol, the 

products should include 180 labeled triphenylphosphine oxide if the mechanism by Campbell 

is correct. If our mechanism is correct, the label should appear on the ester product. The 

results would be easily determined using either 3 1 ~  NMR or mass spectrometry. An "O atorn 

adjacent to a phosphorous atom causes the signal to shift upfield. Analysis by mass 

spectrometry would reveal larger isotopic signals in either the triphenylphosphine oxide peak 

or the ester product signal. 

It was clear that the Mitsonobu coupling procedure would not be suitable for forming 

the cis TSA and an alternative approach towards was required. ~ a ~ l o r ~ ~  had previously 

demonstrated that the non-nitrated "aryl-cis" ester, 28, (Scheme I l )  could be obtained using 

the acid chloride procedure However, we have shown that this procedure was incompatible 



Scheme 29: Alternate rnechanism for the Mitsonobu coupling 

with the nitrated acid (Scheme 25). With the success in selectively nitrating the ethoxy esters 

(38-40) at the para position, we reasoned that we could generate the nitrated cis TSA by 

nitrating the original non-nitrated cis hapten (13 in Scheme 11). Thus, the t-butyl 

protectedlinker chah  was attached to the non-nitrated acid, 26, using the phosphochloride 

approach yielding 60 exclusively in a 54 % yield. We reasoned that, since the t-butyl group is 

sensitive to acid, we could obtain the desired cis TSA in a single step since the nitration 



TSA in a 58% yield which after HPLC purification gave pure product in 44% yield (Scheme 

30). 

3 eq. CICOCOCI 

cat. DMF, CH2C12 
3 hr at RT 

1 .1  eq. HO\ benzene 
(CH21 overnight at RT 

1 eq. Et3N (54) 

02N 

30 min at O°C 
OH (60) \(CH& a OtBu 

Scheme 30: Synthesis of 29 

3.2 Hapten Isomerization Studies 

The ease by which the cis esters isomerize raised some concems as to whether it 

would be possible to obtain antibodies to the cis TSA (29). More specifically, we were 

concerned that 29 would isomerize to 30 during the conjugation (to the carrier protein) and 

immunization processes and mainly antibodies specific to the trans TSA. 30, would be 

obtained. What we required was some assurance that the cis isomer would be sufficiently 
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elicit cis-specific antibodies. 

We considered two methods for following the isomerization process of 29 to 30. The 

rnost obvious experiment would be to follow the reaction by ''P NMR since the aryl cis and 

trans isomers have slightly different chemical shifts. This method is not without some 

drawbacks. Due to sensitivity issues, a fair arnount of TSA would be required (20-30 mg) in 

order to maximize the signal to noise ratio. In addition, the experiments must be carried out 

in a buffered aqueous solution. This has the disadvantage that the NMR pulse and decoupling 

sequences ofien cause such solutions to heat up and the isomerization rate may be accelerated. 

The alternative procedure was to use HPLC which has far greater sensitivity. We discovered 

that the cis and trans TSAs (29 and 30) have sufficiently different retention times on a normal 

phase analytical HPLC column with ethyl acetate as an eluent. The cis isomer has a retention 

time of 3.9 minutes whereas the trans isomer has a retention time of 5.9 minutes as seen in 

Figure 3 when injected separately and simultaneously from ethyl acetate solutions. To rapidly 

veriS, that we could indeed follow the isomerization, we began with a 500 p M  solution of the 

cis hapten in 0.1 NaOH. Aliquots of the reaction were quenched with HCl, at various time 

intervals and the reaction mixture was extracted into ethyl acetate and injected into the HPLC. 

Immediately obvious is the increase in retention times of each isomer. This is most likely due 

to the fact that the isomers were extracted from an acidified aqueous solution into the ethyl 

acetate phase which thus becomes saturated with water. The chromatograms after time 

intervals of 10 minutes, 1 hour, and 1 day are shown in Figure 4 and the results are 

summarized in Table 1. It can be seen that under such harsh conditions that isomerization 



since the three values over the 24 hour period are al1 within experimental error. The 

equilibrium value determined in this experiment is slightly different from the value obtained 

in the isomerization studies of the non-nitrated ethyl esters (22-24) determined by Taylor. In 

the isomerization of the 'phenyl cis' ethyl ester 22 to the trans product 23 in EtOH, it was 

found that 87% was in the trans form at equilibrium. However, with 29, in an 0.1 N NaOH 

solution, approximately 75% of the TSA is in the trans form at equilibrium. These 

discrepancies may be attributed to a number of factors the most obvious being the difference 

in solvents (EtOH vs water). The linker chah is also a larger than an ethyl group which 

would favor more of the cis product being present at equilibrium. 

Table 1 Isomerization Studies in O. 1 N NaOH 

1 1 day 1 26 74 1 

Incubation Period 
10 minutes 

1 hour 

In order to mimic the in vivo conditions, as well as those encountered during the 

conjugation process, we chose to study the extent of isomerization at physiological pH (pH 

7.5) in potassium phosphate buffer. Figure 5 shows the chromatograms recorded after 

incubation periods of 25 min, 1, 3 , 7, and 1 1 days in phosphate buffer at pH 7.5. The results 

are summarized in Table 2. After a week at pH 7.5, only 8% of the cis hapten had been 

isomerized to the trans form. The results showed that sufficient quantities of the cis hapten 

% Cis Isomer (29) 
24 
22 

% Trans Isomer (30) 
76 
78 



Table 2 Isomerization Studies in Potassium Phosphate Buffer at pH 7.5 

We also determined the extent of isomerization of the cis TSA at pH 8.5 in a sodium 

bicarbonate buffer. This experiment was intended to simulate the conditions that are often 

employed during the process of screening the monoclonal antibodies for hapten binding. The 

HPLC chromatograms from this study are shown in Figure 6 and the results are summarized 

in Table 3. It can be seen that the isomerization occurs considerably faster at pH 8.5. After 

3.5 days, only 48% of the cis hapten remained. In light of this data, screening for hapten 

binding will have to be perforrned at pH lower than 8.5. 

Incubation Period 
25 min 
1 day 

3 days 
1 week 
I l  days 

Table 3 Isomerization Studies in NaHC03 Bufkr at pH 8.5 

% Cis Isorner (29) 
1 O0 
1 O0 
97 
92 
86 

% Trans Isomer (30) 
O 
O 
3 
8 
14 

Incubation Period 
20 minutes 

3.5 days 
8 davs 

% Cis lsomer (29) 
1 O0 

% Trans Isomer (30) 
O 

48 
29 

52 
71 



Figure 3: HPLC chromatograms of (A) 29, (B) 30, and (C) 29 and 30 
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Figure 4: HPLC chromatogam of cis TSA 29 in 0.1 N NaOH after (A) t = 10 min, (B) t = 1 
hour, and ( C )  t = 1 day 



Figure 5: HPLC chromatograms of cisTSA 29 in sodium phosphate b a e r  at pH 7.5 at (A) 
t=25min (B) t=  1 day(C)t=jdays(D)t= 1 week(E)t= lldays 



Figure 6: HPLC Chromatograms of cis TSA 29 in sodium bicarbonate buffer at pH 8.5 at (A) 
t = 20 minutes (B) t = 3.5 days (C) t = 8 days 



Being srnall molecules, 29 and 30 must be attached to a carrier protein in order to 

generate an immune response. We chose bovine serum albumin (BSA) and keyhole limpet 

hemocyanin (KLH) as the carrier proteins since these are commonly used as carrier proteins 

for monoclonal production and antibody screening. KLH conjugates are commonly used for 

immunization, while BSA conjugates are used to screen the antibodies for hapten binding. 

Two different carrier proteins are used so that one can distinguish between antibodies that 

recognize the carrier protein (KLH) but not the hapten. 

O 
I 
NH 

1. I eq EDC, 1 . 1  eq. su~fo-NHS II -1 
b H A P T E W C - O - c  

phosphate buffer at pH 7.5 
1 eq. protein (BSA or KLH 

Scheme 31: Conjugation of TSA's to carrier proteins 

The reaction used to conjugate the haptens is shown in Scheme 31. The procedure 
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using the EDC coupling agent in a DMF-water solution.s4 The active ester is then reacted 

with the carrier proteins in phosphate buffer at pH 7.5 at O°C. The amines of the lysine 

residues attack the carbonyl group to f o m  the amide iinkage. 

Subsequent analysis of the BSA-hapten conjugates using the procedure of ~ a b e e b ) ~  

revealed that the conjugation procedures proceeded extremely well. We obtained 19 cis 

haptens per BSA and 11 tram haptens per BSA. We did not determine the conjugation 

eftïciency for the KLH conjugates due to the presence of some precipitate which interferes 

with the Habeeb procedure. This is common when working with KLH and it is standard 

procedure to determine the conjugation efficiency for the BSA conjugates only5' and assume 

that since the conjugation works with BSA then it worked equally well with KLH. 

3.4 Crystal Structure of trans12,5-diphenvl phospholanic acid 

A vital part of Our hapten design was the endocyclic C-P-C bond angle, since it would 

determine how much strain the abzymes would exert upon the substrates. Crystal structures 

obtained by other workers on similar compounds cited endocyclic bond angles at the 

phosphorous center of 98' for cyclic phosphates2Z and 95" for phospholanic acid." Thus we 

anticipated that the endocyclic CPC bond angle of our TSAs to be in the range of 95-98'. We 

were able to grow crystals of the trans acid 25 in rnethylene chloride. The crystal structure of 

25 was determined by Alan Lough from the Chemistry Department at the University of 

Toronto and is shown in Figure 7. The endocyclic C-P-C bond angle measures 97.7'' and is in 

the expected range. The presence of the p-NOz groups is not expected to affect the bond 

angle value for the nitrated TSAs. Additional crystal structure data is included in Appendix 1. 
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Figure 7: Crystsll structure of trans 2,s-diphenyl phospholanic acid (25) 



The synthesis of the substrates proved to be fairly straightfonvard. The 

phosphotriester 31 was synthesized as shown in Scheme 22. The starting material bis-p- 

nitrophenylphosphate (61) was purchased from Aldrich. Using the Mitsonobu reaction, the t- 

butyl protected linker chain, 54, was attached. Due to the slow but constant decomposition of 

the triester, 62, trace amounts of p-nitrophenol were constantly present, and could not be 

removed by chromatography thus preventing the isolation of pure 62. It was only upon 

deprotection of the acid that the desired phosphate substrate 31 and p-nitrophenoi could be 

easily separated. The synthesis proceeded in an overall 73% yield. 

The synthesis of the phosphonate substrate 32 was more involved and is outlined in 

Scheme 33. We began by generating dimethyl p-nitrobenzylphosphonate, 63, via an Arbuzov 

reaction between p-nitrobenzylbromide and trimethyl phosphite in 90% yield. One of the 

methyl groups of 63 was rernoved by reaction with sodium iodide in butanone to generate the 

monosodium salt, which was converted directly to the free acid, 64, in a 90 % yield. We then 

used EDC to attach thep-nitrophenol group in 64% yield. Al1 that remained was to attach the 

linker chain. This was accomplished by removing the remaining methyl group by refluxing 

65 in the presence of LiBr in butanone followed and converting the lithium salt to the free 

acid, 66, in a 93% yield. The Mitsonobu reaction was then used to couple the t-butyl 

protected linker chain to form the protected substrate 67. Once again. the p-nitrophenol was 

difficult to separate from 67. Thus, crude 67 was subjected to a 20% TFA/CH2C12 solution 

which resulted in the removal of the t-butyl group and formation of the desired phosphonate 

substrate 32 which was readily purified. The overall yield from the acid 66 to the final 
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Scheme 32: Synthesis of phosphate substrate 31 
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Scheme 33: Synthesis of phosphonate substrate 32 



In order to be able to deterrnine if any antibodies raised to TSA's 29 and 30 are 

capable of catalyzing the hydrolysis of substrates 31 and 32, it is necessary to deterrnine the 

rate at substrates 31 and 32 hydrolyze in the absence of antibody. Consequently, we 

determined the rate of hydrolysis of both substrates in a sodium bicarbonate buffer at pH 9 

since this is the pH at which we wished to screen the antibodies for catalytic activity. These 

stability studies are preliminary results in order to approximate the rate of reaction of Our 

substrates. Since p-nitrophenol is produced as a hydrolysis product (Scheme 34), it was 

possible to monitor the course of the reactions by following the increase in absorbance at 405 

nrn as a function of time. The results were analyzed using the Grafit software package which 

fitted the data to a first order rate equation (Figures 8-9). Under these conditions, the 

phosphate substrate hydrolyzes with a half-life of approximately 9 hours while the 

phosphonate substrate has a hdf-life of approximately 14 hours. These results indicate that 

the substrates are sufficiently stable enough to be used for screening the antibodies for 

catalytic activity. They are, however, sufficiently labile to be susceptible to antibody 

catalysis. 

Scheme 34: Hydrolysis of substrates 31 and 32 
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Figure 8: Duplicate plots of absorbance at 405 nm as a function of time for the hydrolysis 
of phosphate substrate 31 



k- P h o s o h o n a l e  s u b s t r a l c  tr ial I d 1 R a t e  c o n s t a n t :  0 . 0 0 0 5  

O 5 0 0  I O 0 0  1 5 0 0  2 0 0 0  2 5 0 0  3 0 0 0  

Time (min) 

osphonate substrate trial 2 
ate constant: 0.001 1 

Time (min) 

Figure 9: Duplicate plots of absorbance at 405 nm as a function of time for the hydrolysis 
of phosphonate substrate 32 



In summary, we have described the synthesis of two novel 2,5-diarylphospho1anate 

esters and discussed their potential as TSAs for generating phosphotriesterase antibodies. 

These TSAs are designed to mimic both a strained ground state and the transition state for 

phosphotriester hydrolysis. The strained nature of these TSAs was confirmed by an X-ray 

crystal structure of one of the TSA precursors. The stability of these haptens has been 

assessed and judged to be adequate for both the purposes of conjugation and irnmunization. 

Antibodies obtained from these studies will be examined for their ability to catalyze the 

hydrolysis of substrates 31 and 32 which we have synthesized and found to be suitable 

substrates for the antibody-catalyzed reaction. The TSA's have been conjugated to carrier 

proteins and sent to the laboratory of Prof. Jeremy Lee, for monoclonal antibody production. 

Antibodies specific for these TSAs wilf be sent to Our laboratory where they will be screened 

for catalytic activity. Should any abzymes be obtained from these studies, they will shed light 

as to the role of strain in enzyme-catalyzed reactions. In addition, these studies will lay the 

ground work for the generation of abzymes of that could be used for the detoxification of 

organophosphorus-based toxins. 
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Appendix A contains supplemental data for the crystal structure o f  tram 25-diphenyl 
phospholanic acid. 

Crystal data and structure retinernent 
Atomic Coordinates 
Bond Lengths and Angles 
Anisotropic Displacement Parameters 
Hydrogen Coordinates and Isotropic Displacement Parameters 



a 22.559(2)  &, lLp& r 9û0 

!a = S.7077 (5) ri bœta a f!lS.:45(2) 
O 

c = Lfi3422(9) gamma = 9 a a  

Semi-ampis: cal 
'> 

F u l A - m a t = e  1aase-squ;irsm on 3- 

2778 / 1 / 192 

f . 0 3 2  



4 T a L e  2 .  Atamic  coordinates [ x 10 1 axxd equival'wt isetropic 
2 3 

displacement paramiters [A x LO ] f o r  II U(eq) is defiPed as 

one =rd of t h e  trace o f  +he orthogoualized Uii teasor. 





The ani~o+ropLc displacement fac+or exponent takas the f o a :  
2 + 2 * * 

-2% [ (ha ) Gl1 + . . . 4 2Wa b UIf ] 
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