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Abstract 

Synthesis of Non-PeptMyl %a-Dilluoromethyleneph~~phonic Acids on a Soluble 

Polymer Support and Their Evaluation as inhibitors of Pmtein Tyrosine Phosphatase 

1B 

Degree of Master of Science, 2ûûû 

by Justyna Gnyb 

Department of Chemistry, University of Toronto 

The polyrner supported syntheses of a series of biaryl denvatives bearing the &a- 

difluoromethylenephosphonic acid group is reported. Non-crosslinked polystyrene (NCPS) 

support was used, which enabled the reactions to be carried out under homogeneous 

conditions and be foliowed using conventional ' 9 ~  NMR. Synthesis of the biaryl phosphonic 

acids was initiated by attaching monoethyl esters of &a-difluorophosphonic acids to 3% 

alkylhydroxy-mWed NCPS via a phosphate ester linkage. S u u k i  ceaction conditions wen 

developed which allowed for the formation of a secies of polymer-bound biaryl phosphonates 

at arnbient temperature. Removai of phosphonic acids from the support and cleavage of the 

ethyl protecting group was achieved in a single step using TMSI or TMSBr. Yields of the 

phosphonic acids ranged nom 43-8948 and in most cases, were obtained in a purity (96- 

99%) after cleavage h m  the support, that was sufficient for biologicd scceening. These 

acids were examined for FTPlB inhibition. The most potent inhibitor was (3-(4'- 

biphenyl)phenyi)(diriuoro)methylp&osphonic acid, which exhîbited a & of 1.î W. 
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1 lntroàuction 

1.1 Ovewiew and Global Objectives 

Cellular signaling in eukaryotic cells is regulated mainly by enzymes that alter the 

phosphorylation state of serine, threonine and tyrosine residues in certain proteins.'" The 

enzymes that phosphorylate these residues are called kinases while the enzymes that remove 

the phosphate soup are cded phosphatases. These enzymes act as "on and off switcchees" for 

regulating signal transduction pathways. Over the last decade a tremendous arnount of 

nsearch has been perfomed on these enzymes and the specific regulatory functions of 

PTPases are now too numerous to üst here. However, some of the more important regulatory 

hinctions of PTPases include regulation of the celi cycle. regulation of cytoskeletal integrity, 

T-cell activation and regulation of insulin ~ignall in~. '~ Not suprisingly, it has ken  found 

thnt the overexpression, deletion or rnalfunction of certain phosphatases results in a 

disruption or imbaiance in sigaling pathways. This is ofkm detrimental to the organism's 

ability to survive or function correctly. As a result, there has been tremendous interest in 

obtaining inhibitors of these enzymes since they could be used as tools for studying signal 

transduction pathways and as novel therapeutics. Our global objective is to development 

specifc inhibitors of a PTPase known as PTPIB. There is now considerable evidence that 

PTPlB is nquired for the down regulation of the insulin receptor kinase. Consequentiy, 

inhibitors of this enzyme could be used as therapeutics for treating certain forms of diabetes. 

Towards this objective, we present here our initiai studies on developing synthetic 

methodologies for rapidly consmcting compounds bearing the di.fiuoromethylenephosphonic 

acid @FMP) moiety, a non-hydrolyzable phosphotyrosine mimetic that has been shown to 

be an effective moiety for obtaining PTPase inhi'bitors. The methodoIogy developed here 



should significantly decrease the time and effort required for obtaining not only selective 

inhibitors of eTP 1B but other therapeuticaily significant phosphatases as well. 

13 Protein Tyrosine Phosphatases (PTPases) 

1.2.1 CI- of mases 

Most protein phosphorylations occur on s e ~ e  or threonine residues. and only about 

0.01 to 0.05% of phosphorylations occurs on tyrosine residues. S U .  more than 100 PTPases 

have now been identified.' The tyrosine phosphatase superfamily is generally divided into 

four groups: (1) the tyrosine specific phosphatases (PTPases). (2) the VHI-like dual 

specifïcity phosphatases, (3) the cdc25 (ce11 division control), and (4) the low molecular 

weight phosphatases.' The first group, tyrosine specific phosphatases. cm be m e r  

subdivided into receptor iike phosphatases and intercellular phosphatases. The receptor like 

PTPases, such as CD45, have an extraceUular domain, single trammembrane ngion, and one 

or two cytoplasmic domains. Some of hem have two tandem homologous PTPase domains. 

and it is questioned whether only one or both of them are catalyticaily active. The 

intercellular PTPases, such as PTPlB and Yersinia PTPase, contaia one catalytic domain 

with N- and C-terminal extensions.' The VH1-like dual specificity phosphatases can 

hydrolyze phosphotyrosine, as weli as phosphoserine and phosphothreonine residues.'" The 

third group, cdc2S PTPases are important in celi conuol? while the last group of low 

molecular weight phosphatases have unknown function and seem to be composed of the 

catalytic domain done? Al1 of these enzymes have very limited sequence simiiarity, with 

the exception of the active site sequence, which has a conserved cysteine and a conserved 

acpUiine residue separated by five amino acids, CXsR, where X can be any amino acid. AU 

PTPases catalyze the dephosphorylation of phosphotyrosine nsidues in peptides andlor 



proteins (Scheme 1). In addition, PTPases are marked by the lack off any metal cofactors, 

the abüity to hydrolyze p-nitrophenyl phosphate (pNPP), and a total loss of activity after the 

mutation of the active site cysteine to serine.'' 

PTPases 
_L - 

PTKs 

X p m i  protein 

2 1 

Scheme 1, Action of PTPases 

1,2,2 Structural Features 

The PTPases have very little arnino acid sequence similarity, except for the highly 

conserved signature motif, CXsR. The crystal structures of several PTPases have now ken 

detemiined?' From these studies a number of common structural feanires have emerged. 

The most significant of these common features are the PTP-loop and the movable loop, 

which are discussed below. 

in general, the active site lies within a crevice approximately 9 A deep on the enzyme 

surface. A strand-loop-helix element exists where the PTP-loop contains the CXsR motif. 

The signature motif of PTPases is (W)HCXAGXGR(S/T)G,' which includes GXGXXG 

submotif, extending two amino acids beyond the signature motif. Mutation or deletion of the 

fmt glycine residue abolisbes PTPase activity,89 while mutations of the second and third 

glycine residue reduces activity 5 and 10 ~ O M ?  This glycine rich region forms a loop tbat 

binds the phosphate moiety. Substrates. such as phosphotyrosine (pTyr) bind within this 

loop?'" The active site is formed by the Fi'P-loop at its base, and is smunded by other 



loops, including the movable loop. The arginine residue plays an important role in substrate 

binding by making two hydrogen bonds between the guanidinium group and the two oxygens 

atoms on the substrate. The oxygens are also hydrogen bonded to the amide groups of the 

PTP-loop peptide backbone?"" This loop also contains the essential cysteine residue.' The 

cysteine sulfur atom is at the center of the loop within 3 to 4 A of the five amide nitrogens of 

the backbone of the PrP-loop. These amides are electrostatically coupled via the carbonyl 

oxygens to hydrogen bonds radiating away from the cysteine, which results in a network of 

microdipoles where the positive ends are pointed at the cysteine thiol.lJ5" 

The movable loop, also calied the WpD loop, contains an essential aspartic acid 

residue. The sequence of the movable loop is quite divergent except for the aspartic acid 

residue and a tryptophan residue near the hinge position. In the case of the Yersinia PTPase, 

in the absence of the substrate the Asp356 is more than 10 A away from the binding site. 

When the substrate binds the loop moves to cover the active site, and the aspartic acid 

residue moves 6 A towards the active site? Same thing happens in PTP lB with Asp 18 1 

resulting in a hydrogen bond network between the aspartic acid and phosphotyrosine and a 

buried water rnolecule." The= are two possible conformers, where the movable loop adopts 

either a ''closed" or "open" state. These two States are in equilibrium and exist in 

approximately equal amounts. There is very linle energy requhd for loop movement, uniilce 

in the induced fit theory. where the movemeat of the loop is induced by the binding of the 

substrate and requks a lot of energy. With PTPases, once the substrate binds, the closed 

state dominates. 6,1215 



1.2.3 Catalytic Mechanism 

Catalysis is cmied out by three conserved residues: cysteine, arginine, and an 

aspartic acid. The cysteine residue acts as a nucleophile, attacking the phosphorus of the 

phosphotyrosine residue of the substrate peptide, generating a phosphocysteine intemediate 

(Scheme 2).12 32~-iabeled phosphoprotein showed maximum lability between pH 2.5 and 

3.5 and decomposed in the presence of iodine, which suggests a covalent thiol phosphate 

linkage.16 Next a water molecule attacks this intemediate generating an inorganic phosphate 

and restoring the free enzyme.' The bond energy of the P-S bond (45-50 kcal/mol) is 

approximately half of the P-O bond energy (95-100 kcallmol), thecefore, P-S bond cleavage 

is much more facile and ihis is probably one of the Rasons natun chose cysteine instead of 

senne as the cruciai nucleophilic residue.17 

The mechanism consists of two highiy dissociative in-line di~~lacements.' in the first 

of two dissociative transition States (Scheme 2) the P-O bond to the leaving group is largely 

broken and the proton msfer  to the leaving group oxygen is highly advanced, so that the 

departing phenol has no charge. The conserved aspartic acid stabilizes this transition state of 

the enzyme-product complex formation by facilitating the deparnue of the Ieaving phenoxide 

through the donation of the proton.1*18'21 The second transition state, the dephosphorylation 

of the eruyme, is also dissociative. The P-S bond breaicing is substantial in the transition 

state and the stabilization of the leaving thiolate is important. Charge stabilization is mostiy 

due to the hydrogen bond between the sulfur atom of the cysteine and the hydroxyl group of 

the conserved serine cesidue. Otherwise, the phosphocysteine intermediate wodd be much 

more resistant to cleavage. 1.22-25 



Enzyme-Product Formation 

Enzyme-Product Breakdown 

Scheme 2. Possible transition States in the phosphorylation and dephosphorylation of the 
cysteine in PTPases 

The active site cysteine residue is absoluteiy essential for activity. Guan and Dixon 

showed that site directed mutagenesis of Cys215 to Ser215 (a difference of a single atom) 

resulted in complete inactivation of the enzyme,'6 although the substrate still bound. The 

pK,, of a free cysteine is about 8.5 while the pK, of cysteine in the active site of a PTPase is 

appmximately 4.7 and so exists as the thiolate anion at physiological PH? This stabüization 

of the thiolate ion comes h m  many sources. One of the stabilizing forces comes h m  a 

conserved histidine residue preceding the cysteine. Mutations of this nsidue to asparagine or 



alanine iacreases the pK, of cytosine to 5.99 and 7.35 respecitve~~.~~ This stabilization of the 

thiolate ion by the histidine is not through direct interaction. The histidine f o m  a hydrogen 

bond through its nitrogen with the carbonyl onygen of Cys215 in PTPlB. Thus, the histidine 

bas no direct role in catalysis, since it does not directly interact with the side chah of the 

cysteine. Its role is structural. where it defines the conformation of the cysteine and the PTP- 

' loop? However, even when the histidine is replaced, the pK. of the cysteine is 1 unit lower 

than of free cysteine, which indicates that other electrostatic interactions contribute to the 

"6" The loss of activity in the cysteine to serine mutants is stabilization of the thiolate ion.- " 

thought to be due to the incomplete ionization of the hydroxyl group." The pK, of serine is 

approximately 14. Thus, the serine in a cysteine to senne mutant is not ionized at 

physiological pH: a hydroxyl group is a worse nucleophile than ihiolate." 

Most ETbses have a serine or threonine residue right after the conserved arginine 

residue (exception is cdc25, which is less rertive). At this position the serine or threonine 

can establish a fairly good hydrogen bond with the cysteine. The most likely mie of this 

conserved residue is to facilitate the breakdown of the phosphoenzyrne intemediate by 

stabilization of the cysteine through this hydrogen b ~ n d i n ~ . ' ~ ~ " ~  

The conserved arginine residue of the CXsR motif contributes to the transition state 

stabilization. The geometry of arginine is cmcial. The mutation of the arginine to either 

lysine or alanine slows down catalysis to same extent?' indicating that the charge b y itself is 

not entirely nsponsible for the stabilizing effect. The quanidinium group has a planar 

geometry and cm form multiple hydrogen bonds with the phosphate moiety (Scheme 3). 

The two oxyanion oxygens ion pair with the positively charged guanidiaium 



moiety of the arginuie residue. The guanidinium group forms a coplanar bidentate complex 

with the two equatoriai oxygem, thus stabilin'ng the trigona1 bipyramidal transition state. 



Arginine is most likely positioned such that it interacts more favorably with the transition 

state than the ground state. 1,1329 

Mer the substrate binds, the mobile loop folds over the active site. This results in 

movernent of a conserved aspartic acid located on the lwp towards the scissile oxygen of the 

substrate. 16d"4 The aspartic acid acts as a generd acid and donates a proton to the 

phenolate leaving group oxygen in the phosphorylation of the cysteine residue step. It may 

also act as a general base to activate a nucleophilic water molecule by abstractiag a proton in 

the dephosphorylation  te^.'^''"^ 
In summary, the PTPase enzyme cataiyzes the hydrolysis of phosphate from the 

phosphotyrosine residue using three foms of catalysis. The nucleophilic attack of the 

cysteine residue and the formation of the phosphocysteine intermediate is an example of 

covalent catalysis, where an actual bond has Formed between the enzyme and the substrate. 

Bronsted acid catalysis is invotved when the aspartic acid donates a hydrogen to the leaving 

group oxygen, thus stabilizing the transition state by partially neutnlizing the negative 

charge forming on the tyrosine oxygen. General base catalysis occun when the deprotonated 

aspartic acid abstracts a proton from the attacking water molecule, thus generating a better 

nucleophile. 

1.3 PTPlB 

We are specifically interested in a PTPase known as PTPIB. PTPlB is a cytosolic 

PTPase found in humans. PTPlB was the fim PTPase to be obtained in pure ~orrn?~ The 

purified enzyme had 321 amino acid cesidues, however, anaiysis of the cDNA sequence 

suggests that the fidl length PTPLB peptide has 435 residues. The thirty five C-terminai 

residues target the PTPlB to the membrane of the endoplasmic reticulum. The X-ray crystal 



structure of PTPlB has k e n  determined? It consists of 8 a-helices and 12 p-strand and has 

the usual suuctural and mechanistic characteristics of PTPases discussed above.' Studies on 

substrate specificity have shown that free pTyr is a relatively poor substrate, compared to 

pTyr containing peptides, suggesting that the residues flanking pT yr contribute to additional 

binding affnity. Acidic amino acid residues N-terminal to the pTyr increase binding affinity. 

while arginine residues decrease it.343g Crystdlognphic studies by Jia and coworkers on a 

catalyticaiiy inactive PTPlBlC215S complexed with hi& affinity peptides DADEpYL-NH? 

and DEpYL-NH2 showed that PTPlB ncognizes pTyr peptides in several ways." Fust is 

the depth of the binding pocket of is 9 A, which is exactiy the length of a pTyr residue. 

Phosphoserine or phosphothreonine nsidues are to short to reach the cysteine residue at the 

base of the cleft." Second, the nonpolar residues of the cleft allow for hydrophobie 

interactions with the phenyl group of pTyr. Third, is the formation of hydrogen bonds 

between the residues of the active site of PTPlB and the substrate peptide. Residues at 

positions -4 and -2 through +l  of the substrate hexapeptide form interactions with the active 

site residues. There is a hydrogen bond between a main chain carbonyl of -2 and main chain 

nitrogen of Arg47. The guanidinium group of kg47 foms salt bridges with side chains of - 

2 and -1, and a hydrogen bond with the main chain carbonyl of -4. This is consistent with the 

findings that acidic residues an pnferred at the N-terminal side of pTyr. Leucine at +l 

foms van der Waals contacts with Va149, ne219, and ~ ln262 . l~  

Sarmiento and coworken perfomed mutation studies on PTPLB to determine the 

residues that may affect substrate specificity. They created seven PTPLB mutants, where 

Tyr46 was changed to Phe and Ala, kg47 to Glu and Ala, Asp48 to Ala, Phe182 to Ala, and 

0111262 to A l a  These were then assayed with ~ N P P . ~  From these studies they conciuded 



the foilowing. The aromaticity of Tyr46 is necessary for recognition of pTyr and substrate 

orientation. The preference of negatively charged residues N-terminal to pTyr is due to 

Arg47. Change of positively charged aginine to a negatively charged Glu results in a much 

greater loss of activity than a change to a neutral residue, most likely due to cepulsion of the 

charges between Glu and the acidic residues in the substrate.JO Studies of wild type PTPlB 

with Ala substituted hexapeptides provided fwther proof for the role of kg47 in recognition 

of acidic residues at - 1 and -2. Asp48 plays a role in positionhg of the substrate for binding. 

The hydrophobie stacking between Phe182 and phenyl ring of pTyr is required for substrate 

binding. While Gln262 may contribute to the proper alignment of the phenyl ring of pTp in 

the E-P formations step? 

131  PTPIB and Diabetes 

insulin-independent diabetes mellitus (also known as type II diabetes) is characterized 

by insensitivity to insulin and resulting hyperglycemia (high blood glucose levels). 

Approximately 80% of people with diabetes suffer from the Type II fom. hsulin is a 

peptide hormone that binds to the insulin receptor. This receptor has 2 a and 2 $ subunits 

linked by disulfide bonds. The two a subunits are located on the extracellular side. and 

contain the insulin binding site, while the B subunits span the membrane and contain insulin 

regulated tyrosine kinase activity in the cytosolic d~main?~  Thus, the insulin receptor is 

not only a receptor but also a kinase and is known as the insuiin receptor kinase (IRK). The 

insulin-stimulated autophosphorylation of the B subunit on Tyr1 146, Tyrl 150, and Tyrl 15 1 

activates the IRK to phosphorylate or bind other proteins;' such as the insulin receptor 

substrate 1 (IRS-1), which results in cascade of phosphorylation events, eventuaily leading to 

glycogen synthesis, and so, the I o w e ~ g  of blood glucose levels (Scheme 4)P2 In the 



phosphorylated state. the tyrosine kinase domain remains activated. even in the absence of 

bound insulin. Thecefore. in order to terminate activity of the tyrosine kinase, the 

dissociation of insulin and dephosphorylation of the insulin receptor is necessary? The 

dephosphorylation prwess is carried out by PTPases. There is now considerable evidence 

that PTPlB i s  responsible for dephosphorylation of the IRK and this evidence is discussed 

Scheme 4. The Insulin Receptor Kinase 

Studies by Ahmad and coworkers showed that the inactivation of PTPlB in situ 

enhanced the insulin signaiing at the level of insulin receptor. Reduction in PTPlB action 

enhances the receptor autophosphorylation and increases kinase activity toward exogenous 

peptide substrat- and incceeses IRS phosphorylation. Thus, PTPlB has a role in negative 

regdation of insulin signaling. Insulin signaling can be enhanced by inhibition of PTPase, 

which relates to treatment of insulin resistance and type II diabetes me~ i tu s f  Guan and 

Dixon showed that chronic stimulation of PTPase activity with insulin or insulin-like growth 

factor4 (IGF-1) resulted in enhanced expression of PTPLB mRNA and the protein. They 

suggested that ligand stimulated PTPase activity might oppose protein tyrosine kinase 

mdiated insulin or IGF-1 signal transmission and desensithe cens to long term action of 

insulin or IGF-La 



Perhaps the most convincing evidence that PTPlB is indeed the PTPase responsible 

for IRK dephosphorylation was recently reponed by researchers at Merck-Frosst McGill 

~niversit~." Elchebly and coworkers have mated wild type mice with mice deficient in the 

PTP lB gene (called a PTP lB  knock-out mouse). The progeny were designated as PTP IB+'+ 

(wild type), PTT LB" (heterozygots for ETPlB gene and expressed half the amount of 

PTP lB as the wild type mice), and PTPIB" (homozygots for the lack of PTP lB gene). All 

three types of mice were tested for insulin sensitivity. Mer the administration of glucose the 

PTP" mice showed lower blood glucose levels than the wild type mice. 2 hours after insulin 

injection, the wild type mice returned to nonnal blood glucose levels, while the PTP" rnice 

were still hypoglycemic. These rcsults arc consistent with the fact that the role of PTPlB is 

to dephosphotylate the IRK. Deficiency of PTPlB leads to increased insulin sensitivity due 

to the fact that the receptor nmains activated." Further studies showed that the liver tissue 

after exposure to insulin in PTP~B"' and PTPIB"' mice had same amount of phosphorylated 

insulin receptor, however after 5 minutes, the phosphorylation in PTP LB+'+ mice decreased 

by 50%. while in PTPIB" mice it stayed constant. In the muscle tissues of PTP- mice, the 

total level of phosphorylation was twice that of PTP+'+ mice. Moreover, the phosphorylation 

of IRS-1 was also increased? Ail three types of mice were subjected to a high fat diet, 

when only the wild type mice gained weight The glucose and insulin concentrations 

showed that wiid type mice had higher glucose and insulin levels compared to wild type mice 

on nomial diet. where as PTP~B" mice had about same concentrations as mice on normal 

diet. PTPLB" had pate r  insulin seasitivity than the PTP+/+ mice due to decrease in insulia 

stimuiated phosphorylation of wild type mice (due to obesity induced insulin resistance) and 

siight increase in receptor phosphorylation of ETP~B" mice? Since mice deficient in 



PTPlB have increased insulin sensitivity and are better at coping with obesity and induced 

insulin resistance, inhibiton of this enzyme may be useful as therapeutics for the treatment of 

type II diabetes and obesity. 

1.4 PTPase Inbibitors 

1.4.1 Peptide-bssed Inhibitors 

In theory, a good starting point for inhibitor design is to begin with a compound that 

closely mimics the substrate but is unable to react with the enzyme. Employing this strategy 

for PTPase inhibition, the cleavable P-O bond of the phosphotpsine (pTyr, 3) would have 

to be replaced with a non-hydrolyzable fhnctionaiity. Burke has developed a pTyr mimetic, 

phosphonomethyl phenylalûnine (Pmp, 4), where the phosphate ester oxygen is replaced by a 

non-hydrolyzable methylene unit." Unfortunately, peptides bearing this amino acid were 

found to be mediocre inhibitors of PTPlB and other PTPs (ICJo = 200 This was 

believed to be due to the much higher pi& (-7.1) of the Pmp residue compared to pTyr 

(-5.7) and loss of a potential hydrogen bond between the ester oxygen of pTyr and an active 

site-bound water molecule or a residue in the active site. Thus, Burke and coworkers 

constmcted the difluorornethylene denvative 5 (F-~)? The pKa of the phosphonate 

group in FzPmp (-5.1) is lower than that found in pTyr. In addition, the fluorines are capable 

of acting as H-bond acceptors. Peptides bearing F#mp were found to be up to 2000-fold 

more potent inhibiton of PTPlB than peptides bearing the non-fluoro analogue and exhibited 

Ica as low as 100 n ~ P d  The high potency of the Fgmp-bearing peptides makes a very 

strong case for the incorporation of the dinuoromethylenephosphonate moiety in the 

development of any fiiture inhibitors of PTPascs. 



3 PTY~ 4 Pmp 5 F2Prnp 

Inhibition studies with PTPlB and both F2Pmp and Pmp-bearing peptides revealed 

that the high potency of the F2Pmp-bearing compounds was not a result of the lower pK. of 

F 2 h p  group - both the monoanionic and dianionic f o m  bind equally well. Thus, it was 

suggested that the high potency of the F2Pmp-bearing peptides was solely a result of a 

specific interaction of the fluorines with residues in the active site?" Later X-ray studies 

with non-peptidyl aryl DFMP inhibitoa and PTPlB substantiated this hyp~thesis?~~ 

Nthough certain F2Pmp-bearing peptide inhibitors exhibit good potency, problems 

arose with the transport of this class of inhibitors across the ceil membrane due to the fact 

thet the DFMP moiety is di-ionized at physiological pH. Thus, Kole et al designed an 

alternative pTyr mimetic utilizing L-O-malonyl tyrosine (L-OMT. 6). in this case the 

phosphate group is replaced by the malonyl moiety, wbich contains two carboxylic acids. 

The advantage of this inhibitor is that the mdonyl group cm be protected as the diester and 

msponed across the membrane. inside the ceil the diesters wouid be cleaved by cellular 

esterases to generate the di-acid form?' Peptides bearing L-OMT instead were found to be 

modest inhibitors of PTPlB exhiiiting ICSo's of around 10 pM, which is about 20 fold better 

than the malogous Pmp-containing peptides but much poorer than the analogous F2Pmp- 

bearing peptides? Thus, peptide bearing 4'0[2-(2-fluororndonyl) 1-L-tyrosine (FOMT, 7) 
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wen prepared and examined for PTPlB inhibition. These peptides were found to be 

approximately 10-fold more potent that the corresponding L-OMT derivatives. This 

improvement over OMT is mainly attributed to the introduction of a possible hydropn 

bonding site. and not the lowering of p&, since most likely both OMT and FOMT are di- 

ionized at physiological 

Desmarais and coworkea examined peptides containing a sulfotyrosyl residue (sY. 8) 

as inhibitors of PTPlB and CD45, a receptor PTP~S~?' However. the ICso9s were found to 

be in the low to mid-micromolar range. which is considerably less than the analogous 

F2Pmp-bearing peptides. 

8 

Researchers at Ontopn hc. have found that certain tripeptides bearing a cinnarnoyl 

moiety such as 9, are good inhibitors of EWIB (Ki for 9 is 79 n~)?' However, it appears 



that these compounds may be irreversible inhibitors with the 

acting as a Michael acceptor for the cruciai cysteine residue?' 

unsaturated cinnamoyl group 

Aithough certain peptidyl inhibitors show good inhibition and have the potential to be 

PTP specific by varying the arnino acid sequence, there are some problems associated with 

them. Perhaps the most serious is that these inhibitors are susceptible to proteolytic 

degradation by cellular enzymes. and thus, of little use as therapeutic agents. Consequently, 

researchen have recently begun developing non-peptidyl inhibitors of PTPases. 

1.4.2 Non-Pe ptid y l Inorganic Inbibitors 

Several smaü metal containhg compounds, such as gallium nitrate" and vanadate." 

have been reported to be cornpetitive inhibitors of PTPases. These species most iikely 

hnction as mirnics of inorganic phosphate or as transition state analogues. Pervanadate 

(cornplex of vanadate with H202), is an Urrversible inhibitor of PTPases by irreversibly 

oxidizing the crucial cysteine." However, aone of these inorganic compounds are selective 

and several are potentially toxic. 

1.4.3 Non-Peptidy 1 Imwersibk Inhibitors 

4-(dfluoromethyl)pbtnyIphosphate (10) is a suicide inhibitor of SHP protein tyrosine 

phosphatase. Scheme 5 shows the mechanism of inhibition. This compound did not exhibit 

a high affinity for PTPases and is most iikeIy a non-specif!ic inhibitor? 



Scheme 5. Mechanism of inhibition of PTPases by 4-(difiuoromethy1)phenylphosphate (10) 

Widlanski and coworkers. have studied three potential "quiescent affinity labels", 

t h ,  b, and c. These types of inhibitors are reactive only when bound to an enzyme active 

site. 12a-c were tested with YopS 1 *Al62, a tnuicated form of PTPase YopS 1 from Yersinia. 

1% caused Linle or no inactivation, 12b gave srnail inactivation, and 12c gave best 

inactivation ? 

These inbibitors are irreveaible, and there are two proposed mechanisms of their 

action. Scheme 6 A suggests a SN2 mechanism. where the haiogen is displaced with an 



active site nucleophile. Scheme 6 B proposes a cysteine attack on the phosphonic acid, 

followed by a formation of an t h e  membered ring, which may M e r  react? 

Inactive 
enzyme 

S. Ers 

Scheme 6. Proposed mechanisrns for the inhibition of PTPaes by 12a-c 

Ham et al. studied other irrevenible types of inhibitors. PTPase cdc25 was inhibited 

b y menadione (13)?~ However, sulfone analogue of naphhoquinone (14) showed no 

inactivation of cdc25A. cdc2SB. cdc25C, LAR, or Yersinia FTPase, but showed selective 

inactivation of PTP IB, with a Ki of 3.5 pM?" The proposed mechanism for the inhibition 

by menadione (13) (and subsequently by 14) is a Michael addition of the cysteine thiol to the 

enone, resulting in a covalent modification of the enzyme active site. S7ab.c 



1.4.4 Non-Peptidy 1 Reversib k O rganic Inhibitors 

Most dmgs that target enzymes an relatively smaii, reversible, organic competitive 

inhibiton. Consequentiy, there has ken  a considerable amount of activity in recent years to 

develop this type of selective inhibitor for certain PTPases. 

A number of reversible organic inhibitors of PTPases that are natural products have 

ken  reported. For example, Miski and coworkea tested three natural products, 

nomuciferine (16), anonaine (lSa), and roemerine (lSb), fiom the sternbark of Rollinia dei. 

These compounds were tested with CD45 and the ICS0 values for nomuciferine (16), 

anonaine (15a), and roemerine (1Sb) were 5.3, 17, and 107 ph4 respectively?8 

Most rcversible organic inhibitors of PTPases reported to date are not natural 

produc ts. Some examples are presented below . 

Rice has shown that 17 non-competitiveiy inhibits PTPlB with a Ki of 0.85 p M  and 

inhibits Cdc25A, B, and C competitively with a Ki of 10 pM?9 Sunmin (18) is also a 

competitive inhibitor of PTPlB with a Ki of 4 phd? 
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Frechette et al examined substituted aryl a-hydroxyphosphonates with CD45. They 

identified 19 as a potent inhibitor of CD45 with an ICSo of 1.2 pM? Beers and coworkers 

also investigated aryl a-hydroxyphosphonates similar to Frechette's. They found that 20 is a 

g d  inhibitor CD45 with an IC5* of 2 pMo 

Cebula and coworkers have examined sulfmin analogs as inhibitors of EWases? 

Suifmin analogue 2la had an ICso of 2.8 @l for Cdc25A and 4*4 for PTPIB. 2lb had 

an ICso of 3.8 p M  for Cdc25A and 5.4 pM for PTPIB. Again these lack specificity, but show 

that PTPase inhibitors do not have to contain a phosphate group for potent inhibitiod3 

BurLe and coworkers examiaed smaM organic molecules bearing the phosphouîc acid 

moiet ie~ .~  The phenyl denvatives, ad, proved to be poor PTPlB inbibitors. The 

inhibition is increased in the foiiowing order X = €H2<-CH0H-<-CHF<-CFT* The ody 



two modest inhibitors were the (naphth-1-yl)difluoromethyIphosphonic acid (23) and 

(naphth-2-yl)difiuor0~ethylphosphonic acid (24). 23 had a Ki of 255 plkl and 24 had Ki of 

179 ph4 with PTP IB ?' They also inhibit PP2A. which is a serinelthreonine ~ h o s ~ h a t a s e . ~ ~  

Taylor and coworkers have examined a series of aryl derivatives substituted with two 

DFMP groups such as 25 and 2'1.6'" Naphthyl compounds 25a and 25b had an ICJo of 26 

and 29 pM respectively with PTPlB and show small degree of selectivity between CD45 and 

P T P L B . ~ ~  The best scaffold, however, tumed out to be the biphenyl(27), where for n = 2,3, 

and 4, ICso values of 8,7, and 5 ph4 were reported.a 

25r 2,7 substitution 26 
b 2,6 substitution 

O 

n 

Why are cenain compounds bearing two DFMP groups g d  inhibitors of PTPases? 

Recent X-ray studies of 26 or pTyr complexed with PTPlB C215S mutant suggests that 



PTPLB may have two phosphate biading sites, one of which is the high affinity catalytic site 

and the other king a low mnity non-catalytic site? However, recent X-ray analyses of the 

PTPIB-27 complex reveals that one DFMP group of 27 binds at the PTPlB active site and 

the other DFMP group forms non-specific interaction with an arginine residue and does not 

interact with the second "phosphate" binding site? 

Taing and coworken have recently prepared bis D W  compound 28. The Ki of 28 

was determined to be 0.93 pM with PTPIB. Its Ki with VHR. LAR. and PTP was 3600, 100. 

and 120 W. 28 has a 100 foid prrference for ETPLB over the other PT~ases.6~ These 

workea claimed that selectivity of 25 was a result of the two DFMP groups interacting 

simultaneously with the two <'phosphatew binding sites!' However, this compound is not 

significantly more potent than 27 (Ki = 1.5 pM) which was shown not to bind in the two 

"phosphate" binding sites. 

1.5 CombinatorW Chemistry 

Although sevenl good inhibitors of PTPases have been obtained as discussed above, 

the seiectivity and or potency of these inhibitors is still far from sufficient for use as a 

therapeutic agents. Finding highly active compound can be a very challenging process 

involving a cemin amount of luck. Then is a shong possbility that thousands of 



compounds have to be made and screened before an active one is found. Therefore, it is 

necessary to find the fastest, easiest, and most economicai technique to geaerate these large 

numbea of compounds. Combinatorid chemistry is a mehocl of generating a large number 

of stmcturaiiy distinct molecules in a shorter the  and more efficient marner than it would 

take if it was perfomed using classical solution phase ~hemistry?~ It is this approach that 

we wish to take for the discovery of potent and selective ET!? IB inhibitors. 

Combinatorial chemistry usuaily (as it is possible to apply this technique in classicai 

solution approach) uses a polymer suppoa to serve as protecting group for one of the 

funciional groups of the organic molecule on which hirther  ansf formations wiil take place. 

A polymer support is used since it allows for rapid purification of the compounds after each 

step of the synthesis (discussed below). Chemical libraries (as the synthesized group of  

products is cdled) can be prepared in two ways. One is to consinict the Library in parailel. 

in this approach, a starting compound attached to a polymer support is divided into srnail 

portions and then each portion is ceacted with a unique compound, after cleavage from the 

support each product is known and can be assayed for biological activity. The other 

approach is to pnpare the library as a mixture of "tagged" compounds which are assayed for 

biologicai activity together. The library is then "deconvoluteci" using a variety of 

techniques?o 

Combinatorial chemistry is useful in dmg development for both lead discovery and 

lead optimization. In lead discovery, there is usuaiiy no logicai ceason for the class of 

compounds king made: the chance of findiag an active one is based on the large number of 

compounds made. On the other han& if a lead is hown then a combinatorid approach cm 



be used to fmd more active analogues of the lead?' It is this approach that WU be employed 

in this study. 

1.6 PolyrnerSupprted Organic Synthesb 

Polymer-supported organic synthesis (PSOS) is an important aspect of combinatonai 

chemistry. The polymer used must satisfy certain critena. It must be stable to a wide variety 

of reaction conditions, easy and relatively inexpensive to prepare, have a functiond group 

that would ailow attachent of organic compounds and ailow for rapid purification of the 

compounds attached to it. The initial anchoring moiety can be directly attached to the 

polymer, or altematively a linker chah can be used to improve the stability of the anchor, the 

accessibility to reagents, and ease of cleavage of the final product?' 

Currently, two classes of polymen are king used for PSOS: "Insoluble" polyrners 

which are insoluble in almost al1 common solvents and "soluble" polymen, which are 

soluble in the reaction medium yet can be pncipitated in solvents other than the reaction 

solvent. 

1.6.1 Insoluble vs. Soluble Polymer Supports 

Perhaps the most common polymer support used in organic synthesis has ken  

chloromethylated, non-cross-linked polystyrene, also hown as Memfield nsin (32 in 

Scheme 7):' This is due to its ease of p~paration. low reactivity at sites other than the 

loadiag site, low cost, and the ease of purification of the compounds attached to it. It was 

developed by Memfield in the 1960's for use in solid phase peptide synthesis. The 

polystyrene polymer is fuactionalized with a -CH2Cl moiety attached to approximately 3% 

of the styrene residues and is crosslinked with 1% divinylbenzene, which results in the 

polymer king insoluble in most common solvents. Without the cmssiinking agent the 



polymer would be a linear chah and would not forrn beads, and highet crosslinking reduces 

reactivity of the polymer. 1 to 2% crosslinking nsults in a polymer with a fairly good 

mechanical stability." Because the Mecrifield min is insoluble in the naction medium, the 

reactions are carried out under heterogeneous conditions. Pure polymer-supported product is 

radical 

29 30 31 32 

Scheme 7. Synthesis of Memfield resin 

obtained by simply fitering the reaction solution. Organic synthesis on insoluble polymers is 

called Solid Phase Organic Synthesis (SPOS). 

Besides the obvious advantages of the Memfield min, this and other insoluble 

polymer supports have several disadvantages. The main ones king that the reaction is 

carried out under heterogeneous conditions, which nsults in uneven access to the reagents, 

nonlinear kinetic khavior, and most Unportantly, the reaction is hard to follow by standard 

andytical techniques (solution NMR. IR etc.)?' 

In order to avoid the problems associated with insoluble polymers, researchers have 

begun to use "soluble" polyrner supports?' There are several advantages to this approach. 

First, the reactions are carried out under homogeneous conditions and so the reagents have 

pa t e r  access to ail the reactive sites on the polymer and linear kinetic behavior is 

observed?' Perhaps the most important advantage is that the ceactions cm be foliowed using 

conventional solution phase NMR and even TLC. Organic synthesis using soluble polymers 

is caüed Liquid Phase Orgaaic Synthesis (LPOS)?' 



Some of the polymea used in Liquid-phase synthesis are polyvinyl alcohol (33), 

polyethylene glycol (PEG, 34 ,  and poly-(N-isopropylacry1amide)-ply(acryiic acid 

derivatives) (39, of which PEG is most commonly used. Its functional groups are located at 

the termini of the polymer chah, which ends in either two hydroxyl groups or one hydroxyl 

and one methoxy goup?' Janda has very recently used another soluble polymer in organic 

synthesis. which is 3% chloromethylated non crosslinked polystyrene (NCPS, M), a soluble 

version of the MerriFi~eld resid3 The lack of cross-linking makes the polymer soluble in 

certain organic solvents. With dl of these soluble polymers, the nactions are cmied out in 

solvents that the polymer is soluble and the polymer bound products purified by adding the 

reaction mixture to a iiquid in which the polymer is insoluble followed by filtration.73 

35 
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1.7 Specific Objectives 

As mentioned in sections 1.4.1 and 1.4.4, the aryl DFMP rnoiety is a highly effective 

starting point for generating effective PTPase inhibitors. The specifc objectives of this work 

is to develop the methodology for rapidly constructing compounds bearing the q l  DFMP 

moiety on a polymer support. The specifc approech we wished to develop is outlined in 

Scheme 8. An appropriately huictionalized aryl difluoromonophosphonic acid of type 37 is 

attached to an appropriately mMed polymer suppoa via a phosphate ester linkage. Mer 

m e r  functionalization of the aryl ring, nmoval of the ethyl protecting p u p  and cleavage 

of the phosphonic acid h m  the support would be accomplished in a single step using 



TMSBr or TMSI. We wished to use a liquid phase approach in which the reactions are 

carried out on a soluble polymer in a homogeneous solution siace the reactions can be 

followed by conventional solution phase '9 NMR. 19~-NMR is a particularly attractive 

method for monitoring the reactions since '% is a sensitive nucleus and has a very broad 

frequency range? Consequently, chemical transformations even f k l y  nmote fmm the 

fluorines would result in a change in the '?WMR chemical shift. To ascenain if rhis would 

be a feasible approach for synthesizing DFMP-bearing compounds. we chose to pnpare a 

senes of biaryl DFMP's using a Suzuki reaction. a reaction that has k e n  used extensively in 

polymer-supported syntheses.7' as a mode1 reaction for aryl functionalization. Here we 

report this is indeed a very powemil approach for the rapid construction of this class of 

compounds. 

1 modify aryl ring 
eg. Suzuki coupling 

II 
H O - y - C F 2 - ~ y  TMs8t or TMSI e 0 - f - C F 2 e y  

OH OEt - 

Scheme 8. General approach for LPOS of aryl DFMPs 



2 Experimentai 

Geneml: AU starting materials were obtained from commercial supplien (Aldrich Chemical 

Company, Oakville, Ontario, Canada or Lancaster Synthesis hcorporated. Windham, New 

Hampshire, USA). Solvents were purchased from Caledon Laboratones (Georgetown. 

Ontario, Canada), Lancaster Synthesis Incorporated. or BDH Canada (Toronto, Canada). 

Tetrahydrofuran (THF) was distiiled over sodium metal in the presence of benzophenone. 

Dimethyl formamide (DMF) and CH2C12 were distilled over calcium hydride. AU glassware 

was pre-dried pnor to use and al1 üquid transfers were perfocmed using dry syringes and 

needles. Silica gel chromatography was performed on 40-60p particle silica gel. Melting 

points were obtained on a Electrotbermal hc. melting point apparatus and an uncorrected. 

'H, "P, and I3c NMR spectra were recorded on a Varian 200-Gemini NMR machine at 

approximately 200 MHz, 188MHz, 80 MHz, and 50.3 MHz respectively. The abbreviations 

s, d, t, q, m. dd, dt, br and unres are used for singlet, doublet, triplet, quartet, multiplet, 

doublet of doublets, doublet of triplets, broad and unresolved respectively. Coupling 

constants are reported in Hertz (Hz). Chemical shifts (6) for 'H NMR spectra mn in CDCll 

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

shifts (6) for 'H NMR spectra nin in D20 are reported in ppm relative to residual solvent 

protons (6 4.79). For 13c NMR spectra mn in CDCl,, chemical shifts are reported in ppm 

relative to the CDC13 residual carbons (8 77.0 for centrai peak) For "P NMR spectra, 

chemicai shifts are reported in ppm relative to 85% phosphonc acid (externai). '4: NMR 

spectra, chemical shifts are reported in ppm relative to trifiuoroacetic acid (externai). 

Electron impact (En mass spectra were obtained on a Micromass 70-S-250 mass 

spectrometer. HPLC analysis were carried out on Waters LC 4000 System using Vydac 



218TP54 analytical C-18 reverse phase column and a Waters 486 tunable absorbance 

detector set at 254 nm. AU HPLC anaiysis was performed using he following mobile phase 

gradient (solvent A: acetonitde; solvent B: water with 0.1% TFA): O min: 10% A, 90% B; 6 

min: 10% A, 90% B; 16 min: 100% A; 26 min: 100% A 36 min: 10% A, 90% B; 51 min: 

10% A, 90% B. Kinetic analyses on the inhibitors were perforrned on a Cary 1 UV 

spectropho tometer. 

Diethyl diiluoro(3-iodopheny1)methylphosphonate (42a). To 3-iodobenzoyi chlonde 

(3.95 g, 14.82 mrnol. 1 equiv) dissolved in dry toluem (9 mL) was added triethyi phosphite 

(2.57 mL. 2.46 g, 14.82 mmol. 1 equiv). The solution was stirred at n for 3 hrs. The solvent 

was removed in vacuo and the yellow oii was placed under high vacuum ovemight. To this 

intemediate DAST (9.79 mL, 1 1.94 g, 74.10 mmol, 5 equiv) was added dropwise at -78 OC. 

Afier swirling to dissolve the s t h n g  material, the solution was stirred at O OC for 2 hrs. The 

mixture was diluted with CHC13 (10 mL) and added to NaHCO, (13.82 g, 164.5 mmol, 2.2 

equiv) in ice cold H z 0  (40 mL). The crude reaction was extracted with CHCI, (3 x 50 mL), 

dried (MgSQ), and concentrated leaving a yellow oil. Coiurnn chromatography (7:3 

hexaneEtOAc, Rr = 0.5, foliowed by CH2Ch, Rf = 0.3) of the crude residue yielded 420 as 

an yellow oii (2.3 1 g, 40%): 'X NMR (CDCi3) 6 7.93 ( 1 H, s, Ar-H), 7.82 ( 1 H, d, J = 8.8 Hz. 

AM) ,  7.58 (IH, d, J =  7.3 Hz, Ar-H), 7.20 (IH, m, Ar-H), 4.19 (4H, m, CHd, 1.31 (6H, t, J 

= 7.4 Hz, CH,); "F NMR (CDC13) 6 -33.29 (d, Jpp = 112.9 HZ); 3 1 ~  NlMR (CDc13) 6 3.70 (t, 

Jpp = 114.5 HZ); "C NMR (CDCL3) 6 139.76, 135.14 (t), 129.98, 125.59 (t), 116.99 (dt, J i  = 

263.5 m. Jcp = 218.7 HZ), 64-79 (d), 16.20 (d); MS d z  (relative intensity) 253 (LOO), 390 

(78). 109 (76); HRMS calcd for Cf lHloO@2PI 389.9693, found 389.9692. 



Diethyl(3-iodobenzy1)phosphonate (Me). 3' iodobenzyl bromide (2 g, 6.74 mmol, 

1 equiv) and triethyl phosphite (5.84 mL, 5.6 g, 33.7 mmol, 5 equiv) were combined in 

benzene (2 mL). The reaction was refluxed overnight. The solvent and excess triethyl 

phosphite was removed in vacuo. Column chromatography (1: 1 hexaneEtOAc, Rr = 0.3) of 

the crude residue yielded 46a as a yellow oii (2.3 1 g. 97%): 'H NMR (CDCI3) 6 7.57 (2H, 

m, Ar-H), 7.25 (IH, d, J = 5.9 HZ, Ar*H), 7.00 (lx, t, J = 8.1 Hz, Ar-H), 3.00 (4H, m, CH2), 

3.04 (2H9 dT J = 2 1 *9 HZ), 1.22 (6HT tT J 7.4 HZ, CH,); "P NMR (CDCI,) 6 23.36; 13c 

NMR (CDC13) 6 138.64 (d). 135.89 (d), 134.22 (d), 130.02 (d)129.00 (d), 94.05 (d), 62.13 

(d), 33.36 (d. Jcp = 138.2 HZ), 16.27 (d); MS m/r (relative inteasity) 354 (LOO), 217 (97). 227 

(50); HRMS calcd for C1fi1603P1 353.9882, found 353.9879. 

Diethyl (3-bromobenzy1)phosphonate (4ûa). To a solution of 3-bromobenzyl 

bromide (25.0 g. 100 m o l .  1 equiv) in beruene (50 mL) was added tnethyl phosphite (85.7 

mL, 83.1 g, 500 mmol, 5 equiv) and the mixture refluxed for 16 h. Solvent was removed and 

48a was obtained as a pure colorless oil by vacuum distillation (29.1 g. 95 %): bp 70 O C ,  

0.050 mm; 'H NMR (CDC13) 6 7.40 (2H. m, Ar-H), 7.21 (2& m. Ar-H), 4.04 (4H. m, CH?). 

3.1 1 (2H9 dT 1 = 20.5 HzT CHdT 1-26 (6HT tT J = 7.3 HZ, CH3); '[P NMR (CDC13) 6 23.28; I3c 

NMR (Cmh)  6 134.3 L (d), 132.71 (d). 129.83, 128.35 (d), 122.37,62.06 (d), 33.55 (d, JCp = 

139.1 HZ), 16.18 (d); MS nr/z (relative intensity) 109 (LOO), 169 (73), 306 (49); HRMS calcd 

for CtlHia03PBr 306.0020, found 306.0014. 

Diethyl dilhioro(3=brwiopbenyl)methylph~pbmate (49a). A solution of 48s (5.7 

g, 18.6 m o l ,  L equiv) in dry THF (40 mL) was cooled to -78 OC. NaHMDS (1 M in THF, 

41 .O mL. 41 .O mmoi. 2.2 equiv) was added dropwise over 5 min. The solution was stimd 

for 1 ht and NFSi (1 3.4 g, 43.0 mm01 ,2.3 equiv) dissolved in dry THF (40 mL) was added 



dropwise to the reaction mixture. The reaction was allowed to react at -78 "C for 1 hr and 

then quenched with water (250 mL). Solvent was removed under reduced pressure and the 

aqueous layer extracted with CHzClz (4 x 100 mL), dried (MgS04), and concentrated leaving 

a yeUow oil. Column chromatography (CH2C12, Rf = 0.5) of the crude residue yielded pure 

49a as a yellow oil (4.95 g, 78%): 'H NMR (CDCI,) 6 7.74 ( lH, S. Ar-H), 7.52 (2H, t, J = 

8.8 Hz, Ar-H), 7.33 (M. t, J = 8.1 Hz, Ar-K), 4.19 (43, m, CH?), 1.32 (6H, t, J = 7.3 Hz, 

CB): '9F NMR (CDC13) 6 -33.18 (d* JFp = 114.5 HZ); 3 1 ~  NMR (CDCli) S 3.68 (t, JeF = 

1 13.7 Hz); 13c NMR (CDC13) 6 135.05 (br dt), 133.80, 129.90, 129.37 (br t), 124.99 (br t), 

122.41, 1 17.20 (dt, JcF = 264.5 Hz, JCp = 217.8 Hz), 64.74 (d), 16.16 (d); MS m/t (relative 

intensity) 109 (100). 205 (54). 342 (25); HRMS calcd for CiiHi403F2PBr 341.9832. found 

34 1 .W6. 

Ethyl hydrogen [(3-bromophenyl)(difluoro)mefbyl]phosphonate (50a). To a 

suspension of 499 (4.72g, 13.8 mmol, 1 equiv) in HzO (36 mL) was added an solution of 

NaOH (10 M. 2.3 mL, 23.4 mmol, 1.7 equiv). The reaction was stirred at 55 OC for 4 h unfil 

it became homogeneous. Af'ter cooling to room temperature, the crude reaction was washed 

with ether (2 x 50 mL). The aqueous layer was acidified to pH 0.5-1.0 with 6 M HCI, 

extracted with CHzClz (4 x 100 mL), dricd (MgS04) and concentrated to give pure Sûa as a 

pale yellow oil which solidified upon standing as a waxy solid (4.08 g, 94%): mp 50 OC; 'H 

NMR (CDCh) 6 10.86 (lH, S. OH). 7.70 (1H. S. Ar-H), 7.62 (LH, d, J = 7.3 Hz, Ar-H), 7.50 

(lH, d, J= 8.7 Hz, Ar-H), 7.33 (LH, t, J =  8.1 Hz. AM), 4.16 (2H, m, CHd, 1.32 (3H. t, J =  

7.3 Hz, CH3); '4: NMR (CDC13) 6 -33.83 (d, Jm = 119.1 HZ); 3 1 ~  NMR (CDC13) 6 3.75 (t, 

JPF: = 1 18.3 HZ); 1 3 ~ ~ ~ ~  (CDC13) 6 134.7 1 (br dt), 133.89, 129.90, 129.44 (br dt), 125.07 

(br dt), 122112, 116.84 (dt, Jm = 262.6 Hk, JCp = 224.2 Hz), 65.36 (d), 16.07 (d): M S  nt/t 



(relative intensity) 205 (100), 3 14 (37), 109 (20); HRMS calcd for C9Hio03F*Br 313.9519, 

found 3 13-95 17. 

Diethy 1 (4-bmmobenzy1)phosphoante (48b). 48b was prepared €rom 4- 

brornobenzyl bromide in the same manner as described for 48a. The solvent was removed in 

vacuo. Column chrornatography (1: 1 hexane/EtOAc. Rr = 0.5) of the cmde residue yielded 

pure 48b as a colorless oil in 95% yield: 'H NMR (CDCb) 6 7.43 (2H, d, J = 8.1 Hz, Ar-H). 

7.17 (2H, t, J = 8.1 Hz, Ar-H), 4.00 (4H, m, CH2), 3.08 (ZH, d, J = 21.9 Hz, CH3, 1.25 (6H. 

t. J = 7.3 HZ, CH3): "P NMR (CDC13) 6 23.19; 13c NMR (CDCI,) 6 13 1 S6, 13 1 SO, 1 3 1.47, 

131.34, 130.88 (d), 120.81 (d), 62.10 (d), 33.27 (d, JCp = 138.2 HZ), 16.29 (d): MS m/z 

(relative intensity) 169 (100). 109 (90). 306 (49); HRMS calcd for Ci iHia03PBr 306.0020, 

found 306.00 1 1, 

Diethyl dllhioro(4-bmrnopheny~)methylphospbonate (49b). 49b was prepared 

from 48b in a same manner as described for 49a. Column chromatography (9.8:0.2 

CH2C12EtOAc) of the crude residue yielded pure 49b as a yeliow oil in 80% yield: 'H NMR 

(CDC13) 6 7.60 (2H, d, J = 7.3 Hz, Ar-H), 7.49 (2H, d. J = 8.8 Hz, Ar-H). 4.21 (4H, m. CHd, 

1.33 (6H. t, J = 7.4 Hz, CH,); '% NMR (CDC13) 6 -32.86 (d, JFp = L L 5.9 Hz); 'P NMR 

6 3.58 (t, JPF= 1 15.2 HZ); I3c NMR (CDclj) 6 13 1.67. L27.96 (br t), 125.4 1, 1 17.72 

(dt, JCF = 263.5 Hz, Jcp = 218.7 Hz), 64.70 (d), 16.19 (d); MS d z  (relative intensity) 205 

(LOO), 109 (71), 342 (39); KRMS calcd for Ci1Hi4O&PBr 341.9832, found 341.9828. 

Ethyl hydmgen [(4-bmmophenyl)(drlluom)methyl]phosphmate (SOb). SOb was 

prepared from 49b in a same manner as described for 5ûa. Pure 50b was obtained without 

m e r  purification as a pale yellow oil, which sotidified on standing as a waxy solid in 92% 

yield: mp. 58 OC; 'H NMR (CDC13) 6 11.61 (IH, s, OH), 7.58 ( 2 8  d, J =  8.1 Hk, Ar-H), 



7.42 (2H, d, J = 8.1 Hz, Ar-H), 4.12 (2H. m, CHd, 1.31 (3H. t, J =  7.0 Hz, CH3); 191? NMR 

(cm13) 6 -34.38 (d, Jm = 119.0 HZ); "P NMR (CDC13) S 3.60 (t, JpF= 119.8 Hz); ''c NMR 

(CDClj) 6 131.69, 128.03, 125.52, 117.42 (dt, Jm = 262.6 Hz, JCp = 224.7 HZ), 65.32 (d), 

16.13 (d); MS m/z (relative intensity) 205 (lûû), 126 (37). 314 (26); HRMS calcd for 

C9Hto03F2PBr 3 13.95 19, found 3 13.9523. 

i-(2-TetrahydropyranyIo~y)butan=41oI (57). 1 ,4butanediol (42.10 mL, 476.0 

mmol, 2 equiv) was cornbined with dihydropyran (21.7 mL, 238.0 mmol, 1 equiv) and 1 drop 

of concentrated HCl. The reaction was stirred overnight at room temperature. Solid 

potassium carbonate was added and the mixture was stirred 5 Mn.. washed with brine (3 x 

LOO mL), dned (MgSQ), and concentrated. 57 was obtained as a pure colorless oil by 

vacuum distillation (24.2 g, 5646): bp 85 OC, 0.50 mm; 'H NMR (CDCL,) 6 4.61 (lH, s, 

OCHO), 3.41-3.87 (6H, br m. CH20), 2.23 (1H. S. OH), 1.55-1.81 (IOH, br m, CH2); I3c 

NMR (CDC13) G 98.78 (d), 67.32 (d), 62.34.62.12 (d), 30.66.29.76 (d), 26.48 (d), 25.45 (d), 

19.49; MS m/t (relative intensity) 85 (100). 73 (72), 101 (30); HRMS calcd for C9HL903 

175.1334, found 175.1328. 

Chloromethylated poiystyrene polymer (NCPS, 36). To a solution of VAZO 

(0.489 g, 2.00 mmol, 0.005 equiv) in dry toluene (150 mL) was added styrene (45.83 mL, 

400.0 mmol, 1 equiv) and 44nylbenzyl chloride (1.69 mL, 12.0 mmol, 0.03 equiv). Three 

Freeze-pump-thaw cycles were perfonned to deoxygenate the solution. The flask was fitted 

with a condenser and heated at 110 "C for 40 hm. The solution was cooled to room 

temperature and added dropwise (via a separatory huuiel) to 1.5 L of ice cold methanol with 

6 N HCl (LO mL) in it. The polymer was coiiected by f'ilttatiioa. washed with 300 mi. of 

methanol, and dried to give a white solid (38.7 g). 'H NMR: 6 7.5-6.3 (br d, At-H), 6 4.5 (br 



s, CH2Cl). 6 2.2-1.2 (br d, -CH2-CH-). The chlorine content was detenniaed by 'H NMR to 

be 0.38 mm01 per 1 g of the polymer. 

Coupling of 57 to 3% chlommethylateà NCPS (58). To a suspension of sodium 

hydride (0.48 g, 20 mrnol, 5 equiv) in dry DMF (60 mL) was added 57 (3.5 g, 20 mmol, 5 

equiv) and the mixture was stirred at O O C  for 2 hrs. 3% chloromethylated non-crosslinked 

polystyrene (36) (IO g, 4 m o l ,  1 equiv) and n - B N  (0.148 g, 0.40 mmol, 0.10 equiv) were 

added and the mixture was stirred at rt for 12 h, The DMF was removed in vacrto and the 

resulting crude polymer was dissolved in CH2C12 (LOO mL). washed with bnne (3 x 50 mL), 

dried (MgSQ), and concentrated in vacuo. The residue was redissolved in CHFI. (60 mL) 

and polymer 58 was precipitated by adding the CH2Clt solution dropwise to a solution of 

cold H20MeOH (600 mL, 1:4). The polyrner was collected by fdtration. washed with cold 

H20/MeOH (150 mL, L:4) and vacuum dried to give a white solid (9.6 g, 96% polymer 

recovered). No other poolymer-bound species were detected by 'H-NMR and in subsequent 

steps unless stated otherwise. 'H NMR (CDC13) 6 4.65 ( lH, br s, O-CH-O), 4.45 (2H, br s, 

Ar-CHd, 3.85 (2H, br S. CH2-O-THP) 3.5 (4H, br s, O-C&CH2-). Signals in the range of 

7.3-6.2 and 2.3-1.2 overlap with that of the NCPS. Consequently, 'H-NMR assignments 

were not attempted for any signals which fell in these two regions for this or any subsequent 

polymer-bound species described below. 

Removal of THP group frwi 58 (59). 58 (4 g, 1.2 mmol) was dissolved in a 

mixture of THFI6 M HCl(30 mL, 4: 1) and refluxed for 36 h. Polymer 59 was precipitated in 

cold H@hethaaol (250 mL, 1:4), coilected by fiitratioa, washed with cold HzOlmethanol 

( 100 m L  1 :4). and dned under high vacuum to give 59 as a white soiid (3.8 g, 95% recovery 



of polymer): 'H NMR (CDC13) 6 4.47 (2H, br s, Ar-CHrO), 3.68 (2H. br s, C&OH), 3.51 

(2H, br s, -O-C&-CHr). 

Attachment of 50a to the polymer 59 (ma). To a solution of 501 (0.977 g, 3.1 

mmol, 2 equiv), triphenyl phosphine (0.8 13 g, 3.1 mmol, 2 equiv) (5 mL) and DIAD 

(diisopropylazido dicarboxylate. 0.6 10 mL, 3.1 m o l ,  2 equiv) in dry THF (5 mL) was 

added a solution of 11 (5.0 g, 1.55 mmol, 1 equiv) and triethylamine (1.08 mL, 7.75 mmol, 5 

equiv) in dry THF (25 mL). The mixture was stirred at room temperature for 4 hrs and then 

added dropwise to a solution of cold H20/methanol (300 mL, 1:4) which resulted in the 

precipitation of the polymer. The precipitate was collected by filtration, dned under high 

vacuum which yielded polymer 60a as a white powder (4.7 g, 94 96 recovery of polymer): 

1 H NMR (CDC13) 6 4.43 (2H, br s, Ar-CH2-O), 4.25 (4H. br m. CH2-O-P), 3.47 (2H. br S. O- 

CH3; [?? NMR (CDC13) 6 -32.29 (d, JFp= 1 12.9 HZ). 

Attachment of 5Ob to the pdymer 59 (60b). 6ûb was prepared using SOb in the 

same manner as that described for 60a. Recipitation and filtration yielded 13 as a white 

powder (4.8 g, 96% polymer recovery): 'H NMR (CDCla) 6 4.45 (2H. br S. Ar-CH2-O), 4.23 

(4H, br m. CH2-O-P), 3.49 (2H, br s, O-CH?); 1 9 ~  NMR (CDC13) 6 -32.51 (d, Jw= 1 16 Hz). 

Gewrai metbod for Suzuki cniss coupiing on pdymer (general stmcture 60). 

Polyrner 60 (0.50 g, 0.150 mmol. 1 equiv), arylboronic acid (0.450 amol, 3 equiv), &CO3 

(0.0622 g, 0.450 mmol, 3 equiv), H20 (27pL, 1 5  mmol, 10 equiv), (C&15CN)2PdC12 (0.01 15 

g, 0.03 mmol, 0.2 equiv) were placed in a round bottom flask, fiushed with argon, and 

dissolved in DMF (3 mL) deoxygenated via t h e  freeze-pump-thaw cycles. The completed 

reaction was centrifuged in an Eppendorf microcenaifuge to remove the palladium catalyst. 

The supernatant was concentrated d o m  and the polymer redissolved in CH2Ci2 (3 mL), 



precipitated in cold H20/methanol (30 mL, 1:4) and coilected by filtration. Percent recovery 

of polymer varied from 85-9596. Only a single polymer-bound species was evident by 

NMR. 

C;eneral methd for cleaving the p d u c t  from the polymor (generol structure 

61). To a solution of the polyrner-bound biaryl denvatives (general structure 61. 460 mg. 

0.138 m o l ,  1 equiv) dissolved in dry CHzClt (3 mL) was added TMSI (79 pL. 0.552 mmol. 

4 equiv) or TMSBr (0.178 mL, 1.38 mmol, 10 equiv). The reaction was stirred for 3 hn 

(TMSI) or refluxed for 48 h (TMSBr). The cmde miction mixture was concentrated in vacuo 

and the msidue was subjected to high vacuum for severai hours. The nsidue was dissolved in 

CH2C12 (2.5 mL) and added dropwise to a solution of H20/methanol (25 mL, L:4) and stirred 

for 12 h. The polymer was sepatated from the product by fdtration, and the filtrate was 

concentrated in vacuo. To remove trace amounts of polyrner and other organic impurities, 

the following wash procedure was perfomed. The crude reaction product was dissolved in a 

NaOH solution (9 mL, O. 1 M solution) and washed with CH2C12 (3 x 8 mL). The solution 

was acidified to pH 0.5-1.0 with 5 N HCIT extracted into diethyl ether (5 x 10 mL) and 

concentrated to give the phosphonic acid products. The phosphonic acids were dissolved in 

water (2 mL) and mated with NH&C03 (2.5 equiv). The solvent was removed by 

Iyophilization to give 63 through 90 as off white soiids (purity as obtained by HPLC). 

Ammonium sait of (3-pheny~phenyl)(din~0ro)methyIph~ acid (63). 63 

was obtained in 82% yield (97% pure): 'H NMR (Dfl) 6 7.38-7.86 (9H. br m, Ar-H); '% 

NMR (DzO) 6 -27.77 (d, JFp = 93.1 HZ); ' P NMR @@) 6 5.39 (t, Jpp = 93 -9 HZ); ESMS m/z 

(niative intensity) 283 (LOO). 



Ammonium solt of (3-(4'~bipbenyl)pboayl)(dllluom)methylphosphoc acid (64). 

64 was obtained in 83% yield (91% pure): 'H NMR (Dn) 6 7.52-7.94 (13H, br rn, Ar-H); 

'9F NMR (D20) 6 -27.84 (d, JFp = 94.6 Hz); ''P NMR (D20) 6 5.32 (t, Jpp = 94.6 HZ); ESMS 

m/z (relative intensity) 359 ( LOO). 

Ammonium salt of (3=(2'-naphthyl)phenyl)(dinuom)methylph~ acid (65). 

65 was obtained in 77% yield (99% pure): 'H NMR (DB) 6 7.56-8.27 (1  iH, br m. Ar-H); 

'9F NMR (D20) S -27.90 (d, JFp = 97.7 HZ); "P NMR (Dfl) 6 5.32 (t, JpF = 95.4 Hz); ESMS 

m/z (relative intensity) 333 (100). 

Ammonium salt of (3-(4'-methylphenyl)phenyl)(difiuom)methyIphosphoni~ acM 

(66). 66 was obtained in 70% yield (99% pure): 'H NMR (D.0) 6 7.27-7.84 (8H, br m. Ar- 

H), 2.3 1 (3H, s, CH3); "F NMR (D20) 6 -27.47 (d, JFp = 93.1 HZ); 3 1 ~  NMR (Da) 6 5.54 (t, 

JpF = 92.4 Hz); ESMS m/t (relative intensity) 297 (100). 

Ammonium saJt of (3-(2'-methylphenyl)phenyl)(dUI~o~))methyIphmphonk acid 

(67). 67 was obtained in 71% yield (98% pure): 'H NMR (DzO) 6 7.41-7.68 (8H. br m, Ar- 

H), 2.32 (3H. s, CH3); "F NMR ( D B )  6 -27.44 (d, Jw = 94.7 HZ); "P NMR (D20) 6 5.39 (t, 

jpF = 93.9 Hz); ESMS ni/r (relative intensity) 297 (100). 

Ammonium sait of (3-(4'sthylphenyl)phenyl)(d~uom)methylphphonic acM 

((8). 68 was obtained in 72% yield (99% pure): 'H NMR (Da) 6 7.1 1-7.85 (8H, br m, Ar- 

H), 2.45 (2H. u m s  m, CHd, 1-03 (3H. t, J = 7.4 Hz, CH3); 1 9 ~  NMR (D20) 6 -28.4 1 (d, JFe 

= 99.2 Hz); "P NMR (&O) 6 5.09 (t, JPF = 98.4 Hz); ESMS nJz (relative intensity) 3 1 1  

(1(w* 

acià (69). 69 was obtained in 81% yieid (99% pure): 'H NMR mg) 6 7.58-7.85 (8H, br m. 
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Aï-H), 1-29 (9H, S, CH3); L 9 ~  NMR (ho) 6 -29.41 (d, JFp = 102.2 HZ); "P NMR (D20) 8 

4.75 (t, JPF = 102.3 Hz); ESMS m/z (relative intensity) 339 (100). 

Ammonium salt of (3-(4'-acetylphenyl)phenyl)(dMuom)methyIphospbonic acid 

(70). 70 was obtained in 698 yield (80% pure): 'H NMR (DzO) 6 7.46-7.80 (8HT br m, Ar- 

H), 2.45 (3H, s, CH3); '% NMR (DsO) 6 -29.43 (d, JFP = 102.3 Hz); 3 ' ~  NMR (Da) 6 4.54 

(t, JPF = 102.3 Hz); ESMS mh (relative intensity) 325 (100). 

Ammonium salt of (3-(3'-tMuommethylphenyl)phenyl)(d~uom)methyl- 

phosphonic acM (71). 71 was obtained in 68% yield (100% pure): ' H NMR (Dz0) 6 7.50- 

7.98 (8H. br m, Ar-Hl; 1 9 ~  NMR (D20) 6 16.16 (s), -27.74 ( d  JFp = 93.1 HZ); 'P NMR 

(D20) 6 5.39 (t, JpF = 93.1 Hz): ESMS mlz (relative intensity) 35 1 (100). 

Ammonium salt of (3-(49-tr i f iuommethyIphenyl)phenyl)(d~- 

phosphonic acid (72). 72 was obtained in 4346 yield (99 4b pure): 'H NMR (DtO) 6 7.58- 

7.84 (8H, br m. AM); 1 9 ~  NlMR (DzO) 6 16.29 (s). -28.94 (d. JFp = 100.2 Hz): "P NMR 

(D20) 6 4.88 (t, JpF = 99.2 Hz); ESMS dz (relative intensity) 351 (LOO). 

Ammonium salt d (3-(3'-lluorophenyl)phenyl)(düiuom)methyIph~phonic ackl 

I (73). 73 was obtained in 66% yiekl(98% pure): H NMR (DiQ) 6 7.83 (LH, S. Ar-H). 7.40- 

7.67 (6H, br m. Ar-H), 7.08 (lH, t. J =  5.1 HZ, AM); '% NMR (D?O) 6 -27.78 (d. JFp = 93.0 

Hz). -35.24 (s); "P NMR (&O) 6 5.41 (t. Jw = 93.1 Hz); ESMS d z  (relative intensity) 301 

( 1w- 

~mmonium salt d (3-(4'cMorophenyl)pb~llyI)(dinuo~))methylphphoc acid 

(74). 74 was obtained in 72% yield (99% pure): 'H NlMR (&O) 6 7.26-7.74 (8H, bt m. Ar- 

H); '% NMR (&O) 6 -2895 (4 Jm = 100.7 Hz); 3 ' ~  NMR n o )  S 4.86 (t, Jw = 99.2 Hz); 

ESMS d z  (relative intensity) 3 17 (10). 



Ammonium salt of (3-(4'-fluorophenyl)phenyl)(dül~0m)methylphosph0ni~ acid 

(75). 75 was obtained in 7 5 8  yield (98% pure). 'H NMR (D20) 6 7.45-7.80 (7H, br m. Ar- 

H), 7.15 (lH, t, J = 8.8 Hz, Ar-H); '% NMR (D20) 6 -27.72 (d, JR = 93.1 Hz), -37.51 (s); 

"P NMR (Da) 6 5.49 (t, JpF = 93.1 HZ); ESMS m/z (relative intensity) 30 1 ( 100). 

Ammonium salt of (3-(3khlor04~- 

fluorophenyl)phenyl)(diOl~om)methylphosph~d~ acid (76). 76 was obtained in 75% 

yield (9696 pure): 'H NMR (D20) 6 7.22-7.74 (6H. br m. Ar-H). 7.18 (1 H. t, J = 8.8 Hz, Ar- 

H); "F NMR (D20) 6 -28.18 (d, JFp = 96.1 HZ), -40.45 (s); "P NMR (D20) 6 5.22 (t, JpF = 

94.6 Hz); ESMS m/t (relative intensity) 335 (LOO). 

Ammonium salt of (4-phenylphenyl)(düluom)methylph~phonîc acM (77). 77 

was obtained in 89% yield (98% pure): 'H NMR (DG) 6 7.69 (6H. s, Ar-H), 7.38-7.52 (3H, 

br m, Ar-H); L 9 ~  NMR (D20) 6 -27.50 (d. JFp = 94.6 HZ); 3 ' ~  NMR (D@) 6 5.49 (t, JpF = 

93.8 Hz); ESMS d z  (relative intensity) 283 (100). 

Ammonium salt of (4-(4'-biphenyl)pheIlyl)(dilluoro)methyIpho5phoni~ acid (78). 

78 was obtained in 6 1% yield (96% pure): NMR data could not be obtained due to solubility 

problems; ESMS m/t (relative intensity) 359 (100). 

Ammonium salt of (4-(2'-naphthyl)phenyl)(difluom)methyIph~~phonic acid (79). 

79 was obtained in 64% yield (97% pure): 'H NMR (&O) 6 7.55-8.18 ( 1 1 H, br m, AM); 

''F NMR (DrO) 6 -29.17 (d, JFp = 100.7 Hz); 3 ' ~  NMR (DzO) 6 4.8 1 (t, Je = 101.5 Hi); 

ESMS m/t (relative intensity) 333 (10). 

Ammonium salt of (4-(4'-methylphenyl)phenyl)(dllluom)metby1pho~phonic .CM 

(80). 80 was obtained in 66% yield (100% pure): 'H NMR (D20) 6 7.60-7.68 (6H, br m. Ar- 
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H), 6 7.33 (2H, d, J = 8.8 Hz, Ar-H). 2.34 (3H, S, CH3); '9F NMR (D20) 6 -27.3 1 (d, JFp = 

93.0 Hz); 3 1 ~  NMR (D20) 6 5.78 (t, Jpp = 92.3 Hz); ESMS ml'' (relative intensity) 297 (10). 

Ammonium salt of (4-(2'-methylphenyl)phenyl)(dinuom)methyIpb~phodc acid 

(81). 81 was obtained in 67% yield (98% pure): 'H NMR (Da) 6 7.26-7.66 (8H. br m. Ar- 

H). 2.19 (3H. s, CH3); '9 NMR (DzO) 6 -27.80 (d, J e  94.6 Hz); ''P NMR (D20) S 5.43 (t, 

JPF = 94.7 Hz); ESMS m/z (relative intensity) 297 (100). 

Ammonium salt of (4-(4'-ethylphenyl)phenyl)(dilluo~0)rnethylphphonic acid 

I (82). 82 was obtained in 75% yield (97% pure): H NMR (D20) 6 7.34-7.68 (8H, br m. Ar- 

H), 2.65 (ZH, unres rn, CH2), 1.18 (3H, t, J = 7.4 Hz, CH3); '% NMR (D20) 6 -27.27 (d, Jm 

= 91.6 Hz); 3 ' ~  NMR ( 4 0 )  6 5.60 (t, JpF = 92.4 Hz); ESMS m/z (relative intensity) 3 11 

(10Q- 

Ammonium salt of (4-(4'~e~-butylphenyI)phenyl)(d~~om)me~ylphmpho~ic 

acid (83). 83 was obtained in 64% yield (98% pure): 'H NMR (D2O) 6 7.57-7.74 (8H, br m, 

Ar-H), 1.30 (9H. S, CH3); NMR (D20) 6 -27.78 (d, JFe = 94.6 Hz); "P NMR (DD) 6 

5.37 (t, JpF = 94.6 Hz); ESMS m/t (relative intensity) 339 (100). 

Ammonium sait of (4~(4'-acetylphenyl)phenyI)(difluom)methyIpbosph0ni~ acid 

t (84). 84 was obtained in 90% yield (91% pure): H NMR @?O) 6 7.74-8.0 (SH, br m. Ar- 

H), 2.62 (3H, s, CH3); '9 NMR (Il@) S -27.45 (d, J F ~  = 91.6 HZ); 3 1 ~  NMR (D20) 6 5.66 (t, 

JPF = 93.1 HZ); ESMS nth (relative intensity) 325 (100). 

Ammonium salt of (4-(3'-t~uommethylpbcnyl)phenyl)(di~uom)rnethyI- 

phoephonic acid (85). 85 was obtained in 54% yield (97% pure): 'H NMR @fi) 6 7.60- 

- 8-00 (8H, br m. Ar-H); 1 9 '  NMR (ho) 6 16.1 1 (s). -27.47 (d. Jw = 94.7 Eh); ''P NMR 

(D20) 6 5.54 (unres t); ESMS nth (relative intensity) 35 1 (100). 



Ammonium salt of (4-(4'-tFuiuommethylphenyl)phenyl)(dllluom)met hy 1- 

phosphonic acid (86). 86 was obtained in 74% yield (100 96 pure): 'H NMlt (DzO) 6 7.71- 

7.85 (8H, br m. Ar-H); '% NMR (DtO) 6 16.29 (s), -27.56 (d, JFe = 93.0 Hz); "P NMR 

(DzO) 6 5.49 (t, J ~ F  = 92.3 Hz); ESMS nth (relative intensity) 351 (100). 

Ammonium salt of (4-(3'-fiuorophenyl)phenyl)(difluom)methyIphosphoni~ acid 

1 (87). 87 was obtained in 8 1% yield (99% pure): H NMR (D20) 6 7.4 1-7.69 (7H. br m. Ar- 

H), 7.1 1 (1H. t . J = 2.9 HZ, Ar-H), '% NMR (D?O) 6 -27.59 (d. JFp = 91.5 HZ), -35.23 (s); 

3 ' ~  NMR (D@) 6 5.47 (t, J ~ F  = 93. L Hz); ESMS mk (relative intensity) 30 1 (100). 

Ammonium sait of (4-(4'-chlomphenyl)phenyl)(düluoro)methyIpho5ph0ni~ acid 

(88). 88 was obtained in 75% yield (100% pure): 'H NMR (DtO) 6 7.39-7.63 (8HT br m, Ar- 

H); '% NMR (Da) 6 -28.35 (d. Jm = 99.2 HZ); "P MUR (00) 6 5.1 1 (t. JPF = 97.7 HZ); 

ESMS m/t (relative intensity) 3 17 (100). 

Ammonium sait of (4-(4'-~uorophenyl)phenyI)(ditluom)me#yIpho5phonic acid 

(89). 89 was obtained in 7546 yield (9946 pure): 'H NMR (D20) S 7.67 (6H. s, Ar-H), 7.20 

(2H. t, J = 8.8 HZ, Ar-H); "F NMR (D20) 6 -27.35 (d, JFp = 93.1 HZ), -37.32 (s); 3 ' ~  NMR 

(&O) 6 5.58 (t. J ~ F  = 93.1 HZ); ESMS nûz (relative intensity) 30 1 ( 1 0 ) .  

A m d  um salt of (4-(3'thIor0=4'duomphenyl)p henyI)(dMuom)met hyl- 

phosphonic acid (90). 90 was obtained in 77% yield (98% pure): 'H NMR (&O) 6 7.52- 

7.77 (6H. br rn, Ar-H), 7.27 ( 1 H, t, J = 9.6 Hz, AM);  '% NMR @@) 6 -27.67 (d, JFp = 93.1 

Hz). -40-28 (SI; 3 ' ~  NMR (&O) 6 5.43 (t. lpF = 93 -9 Hz); ESMS ni/t (relative intensity) 335 

UW* 



Reparath of -65, and 70 d g  conventional solution phase synthesis: 

Ammonium salt of (3-(4,-acetylphenyl)phenyl)(d~uom)methylphphoc acid 

(70). In a round bottom flask was piaced 49a (0.250 g, 0.727 mmol, 1 equiv.), 4- 

acetylbenzenebomaic acid (0.358 g, 2.186 m o l ,  3 equiv.), potassium carbonate (0.302 g, 

2.186 mmol, 3 equiv.), and bisbenzylniuilepdladium chloride (0.056 g, 0.146 mmol, 0.2 

equiv.) To this deoxygenated DMF (8 mL) was added under argon. The reaction was 

allowed to stir for 24 hrs. at room temperature. The mixture was diluted with 25 mL of 

EtOAc, washed with 5% sodium bicarbonate (3 x 20 mL), brine (20 mL), dned (MgS04), 

and concentrated. Column chromatography (3:2 HexanesEtOAc, Rr = 0.2) of the crude oil 

gave diethyl düluoro(3-(4'-acetylphenyl)phenyl)methylphphonate as a yellow oil 

(0.183g. 60%): 'H NMR (CDC13) 6 7.56-8.07 (8H. br m. Ar-H), 4.23 (4H. m, CHt), 1.33 

(6H, t. J = 7.0 HZ, CH3); ['F NMR (CDC13) 6 -32.54 (d, JFI' = 1 16 HZ); 3 1 ~  NMR (CDC13) 

6 3.94 (t, JpF = 1 15.2 HZ); I3c NMR (CDC13) 6 197.14, 144.48, 140.26, 136.54, 133.7 i (dt) , 

129.48, 129.05, 128.90, 127.25, 125.92, 125.10, 118.00 (dt, Jrr = 263.5 HZ. Jcp = 217.8 HZ), 

64.7 1 (d). 26.37, 16.23 (d); MS m/z (relative intensity) 245 (100), 382 (44,367 (28); HRMS 

calcd for Ci9HS10&P 382.1 146, found 382. L 145, 

To a solution of diethyl difluoro(3-(4'-acetylphenyI)phenyl)methylphosphonate 

(0.120 g, 0.3 14 mmol, 1 equiv) dissolved in dry CH$& (5 mL) was added TMSBr (0.406 

mL, 3.138 mmol, 10 equiv). The reaction was refluxed for 48 hrs. The crude reaction 

mixture was concentrated in vaeuo and the cesidue was subjected to high vacuum for several 

hours. The crude product was dissolved in a NaOH solution (10 mL, 0.1 M solution) and 

washed with CHg12 (2 x 20 mL). The solution was acidified to pH 0.5-1.0 with 5 N HCl, 

exnacted into diethyl ether (5 x 20 mi,), dried (MgSO& and concentrated. The resuiting 



phosphonic acid was dissolved in water (5 mL) and treated with -CO3 (0.062 g, 0.785 

mmol, 2.5 equiv). The solvent was removed by lyophilization to give 70 as white soüds 

(O. iMg, 94%): 'H NMR (D20) 6 7.34-7.72 (8H, br m, Ar-H), 2.34 (3H, s, CH3); ' 9 ~  NMR 

(DzO) 6 -28.75 (d, JFe = 100.7 HZ); "P NMR (D20) S 4.98 (t, Jpp = 93.1 Hz); 13c NMR 

spectra could not be obtained due to solubiiity problems; ESMS nt/. (relative intensity) 326 

(1oo). 

Ammonium sait of (3-(4'-biphenyl)phenyI)(difluoro)methylph~ acid (64). 

First 49a was reacted in a same rnanner as described for 70, to give diethyl düluoro(3-(4'- 

blpheny1)phenyl)methylphosphonete. The crude product was recrystallized from hexanes 

to give pure diethyl difluoro(3-(4'-bipheny1)phenyl)methylphoshonate as a white solid in 

64% yield: mp 77 O C ;  'H NMR (CDC13) 6 7.35-7.90 (13H. br m, Ar-H), 4.23 (4H, m, CHd, 

1.33 (6H. t, J = 7.0 Hz, CH3); 1 9 ~  NMR (CDC13) 6 -32.31 (d, Jm = 116 Hz); ''P NJMR 

(Cm13) 64.30 (t, JpF = 116 HZ); [Sc NMR (Cm&) 

6 141.13, 140.80, 140.58, 139.05, 133.64 (m), 128.99, 128.87, 127.63, 127.54, 127.03, 

125.17 (m). i 18.29 (dt, JCF = 263.6 Hz, Jcp = 217.8 Hz), 64.72 (d), 16.32 (d); MS d z  

(relative intensity) 279 (100). 4 16 (68). 109 (19); HRMS calcd for CdiiO&P 416.1353. 

found 4 16,1356. 

Finail y 64 was prepared fiom diethyl difluoro(3-(4'- 

bipheny1)phenyl)methylphosphonate in a similas manner as 73 and was obtained as a white 

soiid in 97% yield: 'H NMR (&O) 6 7.49-7.95 (13H. br m, Ar-H); '%? NMR (DIO) 6 -27.40 

(6 J F ~  = 94.6 Hz); 3 ' ~  NMR (&O) 6 4.96 (t, JW = 93.1 Hz); 13c NMR spectra could not be 

obtained due to solubility problems; ESMS d z  (relative intensity) 359 (100). 



Ammonium splt of (3-(2'-naphthyl)phenyl)(din~0m)metbyIpb0~ph0ni~ acid (65). 

First 49a was reacted in a same manner as described for 70, to give diethyl dllluoro(3-(2'- 

naphthy1)phenyl)methylphosphonate. The crude product was recrystallized fiom hexanes 

to give pure give diethyl difluoro(3-(2'-naphthy1)phenyl)methylphosphonate as a white solid 

in 56% yield: mp 90 O C ;  'H NMR (CDC13) G 7.49-8.07 (1 lHT br m, Ar-H), 4.24 (4H, m, 

CH?), 1.33 (6H. t ,  J = 7.4 HZ, CH3); "F NMR (CDCI,) 6 -32.33 (d, JFp = 115.9 HZ); 'If' 

NMR (CDC13) 6 4.26 (t, JpF = 116 HZ); "C NhdR (CDC13 6 141.57, 137.53, 133.78, 133.70 

(m), 132.99, 129.74, 129.01, 128.68, 128.30, 127.68, 126.46, 126.24, 126.08, 125.30, 118.27 

(dt, JCF = 262.6 Hz, JCp = 217.8 Hz), 64.76 (d), 16.33 (d); MS d z  (relative intensity) 253 

( 100), 390 (54), 109 ( 16); HRMS calcd for CZI H2L03F2P 390.1 196. found 390.1 195. 

65 was prepared in a similar rnanner as 70 and was obtained as white solid in 94% 

yield: 'H NMR (DrO) 6 7.56-8.2 1 (1 1 HT br m. Ar-K); NMR (D20) 6 -27.94 (d, JFp = 

94.6 Hz); 3 ' ~  NMR (DzO) 6 5.30 (t, JpF = 95.4 Hz); 13c NMR spectn could not be obtained 

due to solubility problems; ESMS d z  (relative intensity) 333 (100). 

1-(benzy1oxy)A-idobemene (97). To a solution of 44odophenol (5.00 g, 22.73 

mrnol, 1 equiv) in dry DMF (20 mL) was added potassium carbonate (4.71 g, 34.09 mrnol, 

1.5 equiv) foilowed by benzyl bromide (4.05 mL, 34.09 rnmol, 1.5 equiv). The suspension 

was stirred for 4 hrs at room temperature. The mixture was then diluted with EtOAc (75 mL) 

and washed with 1N HCI (2 x 50 mL), HzO (2 x 50 mL), brine (50 mL), dried (MgS04) and 

concenvated under nduced pressure. The cnide product was recrystaiiized from methanoi to 

give !B7 as a light brown crystals (4.5 g, 64%): mp 60-6 1 OC; 'H NMR (CDC13) 6 7.35-7.58 

(7H, br m, Ar-H), 6.76 (2H. d. J = 8.7 Eh, A M ) ,  5.04 (W, s, 0CH2Ar); "C NMR (CDC13 



6 158.82, 138.51, 138.40, 136.73, 128.72, 128.17, 127.70, 127.48, 117.55, 70.31; MS dz 

(relative intensity) 91 (100). 3 10 (36); HRMS caicd for Ci3Hl ,O1 309.9855, found 3099857. 

Diethy 1 [[4-(benzy lox y ) pheny l](dllluoro)rnethy I] phphona (98). To a 

suspension of cadmium (3.37 g, 30.00 mmol, 5 equiv) in dry DMF (8 mL) was added diethyl 

brornodifluoromethyl phosphonate (4.90 mL, 27.60 mmol, 4.6 equiv). The mixture was 

stirred at room temperature for 2 hrs. The unnacted cadmium was removed by filtration 

through celite under an argon atmosphere into a flask containing copper chloride (1.485 g, 

15.00 mmol, 2.5 equiv) and 97 (1.86 g, 6.00 mmol, 1 equiv). The mixture was stirred at 

rmm temperatun ovenight. The suspension was diluted with ether (60 mL) and any solids 

wen removed by filtering through ceüte, which was washed with additional additional 

portion of ether (30 rnL). The ether solution was washed with 5% W l ( 3  x 50 mL), H20 

(50 mL), dried (MgSQ), and the solvent was removed under reduced pressure. The crude 

solid was recrystallized from hexanes to give 98 as white crystals (1.2 g, 55%): mp 57-60 

OC; 'H NMR (Cm13) S 7.37-7.58 (7H. br m, Ar-H). 7.03 (2H, d, J = 8.8 Hz, Ar-H), 5.10 

(2H, s, ArOCHd, 4.17 (4H, m, CHd, 1.3 1 (6H, t, J = 7.4 Hz, CH3); '% NMR (CDC13) G - 

3 1-14 (d, Jw = 1 19.1 Hz); P NMR (cDc13) 6 3.26 (t, JpF = 1 19 HZ); 13c NMR (cKl3) 

S 160.74, 136.51, 128.61, 128.10, 127.88, 127.70, 127.48, 114.85, 64.71 (d), 16.32 (d); ( MS 

nt/z (relative intensity) 9 1 (100), 233 (40), 370 (28); HRMS calcd for Ci&O&P 370.1 146, 

found 370.1 136. 

Diethyl dllluom(4-hydn,xyphenyI)methyIpho9phonate (99). To a solution of 98 

(0.598 g, 1.616 mmol) in EtOH (10 mL) was added 5% palladium on carbon (0.1 g). 

Hydrogenation was carried out at 40 psi overnight. The catalyst was filtered off and the 

solvent was removed under nduced pressure. Column chmmatography (9:l 



EtOAcIHexanes, Rf = 0.7,) of the crude oil yielded pure 99 as a colorless oil(0.382 g, 84%): 

'H NhlR(CDC13) 67.72 (lH, S, OH), 7.36 (2H, d, J =  8.8 Hz, Ar-H), 6.71 (2H, d, J =  7.3 

Hz, Ar-H), 4.23 (4H, m. CH2), 1.36 (6H. t, J = 7.3 Hz, CH3); 1 9 ~  NMR (Cm13) 6 -3 1.73 (d, 

Jw = 122.1 Hz); 3 ' ~  NMR ( c K l 3 )  6 4.13 (t. JpF = 123.6 Hz); 13c NMR (CDC13) 159.07. 

129.30, 127.77, 120.64, 1 15.80, 1 16.20, 1 14-20, 65-12 (d), 16.30 (d); MS m/z (relative 

intensity) 143 ( LOO), 280 (32); H R M S  calcd for Cl lHis04F2P 280.0676, found 280.0677. 

4-[(diethoxyphosphory l)(difluopo)rnetbyl]pheyI tdfiuoromethane sulfonate 

(100). To a solution of 99 (0.4W g, 1 A42 mmol, 1 equiv) in dry CH2C12 (4 mL) was added 

triethyl amine (402 pL, 2.883 mmol, 2 equiv). The solution was cooled to -78 OC and 

trifluoromethylsulfonic anhydride (276.5 pi,, 1.644 rnmol, 1.14 equiv) was added dropwise. 

The reaction was stirred at -78 OC for 1.5 hrs, then it was allowed to wom up to room 

temperature and was stirred overnight. The solution was diluted with water (10 mL) and 

ether (10 mL). The organic layer was separated and washed with brine (2 x 10 mL), dned 

(MgSQ), and concentrated. The crude oil was purified by silica gel chromatography (Rf = 

0.4,3:2 HexaneslEtOAc) to give 100 as a clear oil(0.35 g, 5946): 'H NlMR (CDCl3) 6 7.73 

(2H, d, J = 8.1 Hz, Ar-H), 7.38 (2H, d, J = 8.8 Hz, AM), 4.2 1 (4H, m, CHd, 1.32 (6H, t, J = 

7.0 HZ, CH3); 'PF NMR (CDC13) 6 3.10 (s), -32.82 (d, JFp = 112.9 HZ); "P NMR (CDC13) 

6 3.41 (t, JpF = 112.9 HZ); "C NMR (-1,) 6 151.06, 130.43, 128.68, 127.08, 123.22, 

121.48, 1 17.5 1 (unres dt) 64.94 (d), 16.22 (d); MS m/z (relative intensity) 275 (100). 21 1 

(60), 412 (15); HRMS cdcd for Cl2HI4O&PS 412.0169, found 412.0 155. 

2-Bromo-l-(~tbo~tboxy)4-methylbet120~ (102). To a solution of 2-bromo- 

4methylphenol (3.23 mL, 26.73 mmol. 1 equiv) in CH2CL2 (30 mL) was added NaOH 

solution (2N, 22 mL, 53.46 mmol, 2 equiv). The biphasic mixture was s t k d  at room 



temperature for 30 min. in the presence of Adogen 464 '. Chlorodimethyl ether (6.09 mL, 

80.19 mmol, 3 equiv) was added and the mixture was stirred for additional 30 min. The 

aqueous phase was separated, extracted with CH2& (2 x 30 mL), and the combined organic 

layers were dried over MgSQ and concentrated. Colwnn chromatography (9:l 

HexaneEtOAc, Rf = 0.4) of the crude oil yielded 102 as a colorless oil (4.6 g, 77%): 'H 

NMR(CDCI3): 87.36 (IH, s, Ar-H), 7.03 (23, s, AM), 5.70 (2H, S, 0CH20), 3.51 (3H. s, 

0CH3), 2.27 (3H. S, CH3); 13c NMR (CDC13) S 15 1.72. 133.74. 133.01. 128.97, 1 16.60, 

112.89, 95.93,56.30,30.23; MS n>/t (relative intensity) 57 (100), 199 (85), 230 (19): HRMS 

calcd for CgHl ,OzBr 229.9942, found 229.9941. 

2-Bromo4-(bromomethyl)-1-(methoxymethoxy)ene (103). To a solution of 

102 (2.00 g, 8.65 mmol, 1 equiv) in benzene (70 mL) was added N-bromosuccinimide (1.62 

g. 9.09 mmol, 1.05 equiv). The reaction was stirnd for 1 hr. with exposun to a Nngsten 

lamp. The solvent was removed under reduced pressure. The crude product was dissolved in 

ether (30 mL), washed with 5% sodium metabisulfite (2 x 30 mL), 5% sodium bicarbonate 

(30 mL), water (30 a), bnne (30 mL), dcied (MgSQ), and concentrated. The crude product 

was purified by column chromatography (911 hexane/EtOAc, Rr = 0.35, followed by 3 2  

hexanelCH2C12, Rr = 0.3) to give 103 as a white soiid (0.88 g, 33 46); mp 63-65 O C ;  'H NMR 

(CDC13): 6 7.59 (lH, s, Ar-H), 7.28 (lH, d, J = 8.8 Hz, Ar-H), 7.1 1 (IH. d, J = 8.8 Hz, Ar- 

H), 5.25 (2H, s, 0CH20), 4.43 (2H. s. ArCH2Br), 3.5 1 (3H. s, 0CH3); MS & (relative 

intensity) 77 (lûû), 187 (53), 229 (15); HRMS calcd for C9Hi&Br2 307.9046, found 

229.9046. 

&inetif Stuclies with PTP1B. Rates of PTPlB catalyzed dephosphorylation in the presence 

or absence of inhibitors were determined using FDP as substcate in assay b-er containllig 



50 mM bis-Tris, 2 mM EDTA, 5 mM DTT, and LO pg/mL BSA ai 25 OC. Stock solutions of 

inhibitors were prepared in H20/DMS0. Assays were canied out in 1 mL cuvettes with total 

volumes of 700 pL. Reactions were initiated by the addition of PTPlB (final concentration 

0.15 pg/mL). Rates were obtained by monitoring the production of fiuorescein 

monophosphate for 20 min at 450 nm using a Varian Cary 1 spectropbotometer. The rapid 

scans were perfomed in duplicate in the presence of inhibitors using FDP (20 )LM) with 150 

p M  and 50 phd inhibitor at pH 6.5 and 2.5% DMSO. Ica's were determined in dupiicate ai 

10 different inhibitor concentrations with 20 ph4 FDP at pH 6.5 and 5% DMSO. Ki for 64 

was detennined by measuring the initial rate (v) using various FDP concentrations (5, 6.24, 

10, 16.6, 25, and 50 PM) at various fixed concentrations of the inhibitor (64) (0, 2.5, 5, 10, 

20, and 40 PM) and 546 DMSO. l lv  versus l I [ S ]  was ploned as shown in the following 

equation: 

I/v = ((Ka&( 1 + [aiKi) ) 1/[S] + 1 N- 

The slopes o l  these plots ( ( K P m ) ( 1  + [a&)) were determined using program Microsoft 

Excel. These slopes were replotted agaiast the concentration of the inhibitor using Microsoft 

Excel and the Ki was obtained from the x-intercept of this replot. The Ki studies were 

perfomed in duplicate. 



3 Results and Discussion 

3.1 SynthosisoftheDFMPBearingArylBalides 

The Suzuki reaction is a palladium-catalyzed cross-coupling reaction between 

arylhalides or aryl triflates and boronic acids. Thus, the fmt step was to prepare aryl 

difluoromethylenemonophosphonic acids of type 37 (Scheme 8) where X = halogen, trifiate. 

Aryl iodides under Suzuki couplhg more readily than aryl bromides. chlorides and Mates .  

Thus, our initial plan was to constnict aryl difluoromethylenemonophosphonic acids 38a and 

b. For our studies. we required a procedure that would produce multigram quantities of these 

compounds in good yield and at a reasonable cost. There are currently three methods for 

preparing difluoromethylenephosphonic acids: (1) Diethylaminosdfurtnfluoride (DAST) 

fluorination of a-ketoph~s~honates~~ (2) Couplings of aryliodides to 

B ~ K ~ Z ~ C F ~ P O ( O E ~ ) ~ ~  and. (3) electrophilic fluorination of benzylphosphonates?8 

l 1 DAST Fluodnation Appmseh 

We initiaily attempted to prepare compounds 4% and 42b using the DAST procedure 

since 42b had previous been prepared by ~urke" in 60% yield using this procedure. This 

synthesis is outlined in Schem 9. One of the starting materials, Ciodobenzoyl chloride 

(Nb) is commerciaiiy available, however, 3-iodobeazoyl chloride (4th) is not. 

Nevertheless, we found that 400 but couid be prepared in 69% yield by reaction of the acid 

p~cursor 39 with thionyl chl~ride?~ 



5 eq DAST QI-QI-Q fi, 3 hm l a , Q  2 hm I 

39 40s = 3-1 418 = 3-1 4 a  = 3-1 
b = 44 b = 4-1 b = 4-1 

Scheme 9. Synthesis of 4% and b via the DAST rout 

The next step was an Arbuzov reaction on 40a and b with triethylphosphite to form 41a and 

b. 41a and b were not isolated. instead the crude material was reacted with 5 equiv of aeat 

DAST at -78 O C  to n for 2 lus. This gave the 42a and 42b in a 43% yield for boih. The 

proposed mechanism of the DAST reaction is shown in Scheme 10. The reaction is beiieved 

io begin with attack of the carbonyl oxygen on the sulhir of DAST, which results in the 

cleavage of the S-F bond and formation of a carbocation at the benzylic position. which is 

then attacked by the fluonde ion. A second carbocation is forrned when the carbon-oxygen 

bond breaks to 

Scbcm 10. Mechanism for fluo~ation using DAST 



form a double bond to sulfut. This expels the second fluorine, which again attacks the 

carbocation to give 42a or 42b and diethylaminosulFmy1 fluoride?' 

Aîthough the desired prducts could be obtained, the yields wen disappointingly low 

(42%). in addition, the reaction required 5 equiv of expensive DAST and the reaction has 

k e n  known to explode upon scale-up? Thus, we concluded that this was not a very 

economicd approach for preparing 388 and b in multigram quantities and that alternative 

methods would have to be examined. 

3.1.2 ZnBrCF2PO(OEt)2 Approach 

The synthesis of 42a and b by the Zn-Cu approach is outlined in Scheme 11. Zinc 

dust was reacted with diethyl bromodifluoromethylphosphonate to give 43. which was 

transmetalated with CuBr to form the organocopper spccies 44. foliowed by treatment with 

1,3- or 1.4-diiodobenzene." This gave 42a and 42b in yields between 39 and 42% and were 

slightly poorer than those obtained using the DAST approach. Moreover. the "F NMR 

Scbcmt 11. Synthesis of 42. and b via the Cu-Zn approach 

showed that small amounts of the starting materid, diethyl 



bromodifluoromethylphosphonate, and another unidentified impwity was present even after 

several columns and distiliation. The low yields, purification difficulties and the high cost of 

the diethyl bromodifluoroethylphosphonate dso made ihis an impractical rnethod for 

preparing the desired compounds. 

3.1.3 Electrophiîic Fluorination Approach 

The synthesis of 42a and 42b via electrophilic Ruorination is shown in Scheme 12. 

3-iodobenzylbromide 45a was commercially available. The 4iodo derivative 45b is not but 

was prepared in 42% yield by brornination of 44odotoluene with NBS (not shown). 

Phosphonates 46a and 46b were prepared in 90% yields via an Arbuzov reaction. 

introduction of fluorine was accomplished by subjecting the phosphonates to 2.2 equiv of 

sodium bis(trimethylsily1)amide (NaHMDS) followed by treatment with 2.3 equiv of N- 

fluorobenzenesulfonimide (NFSi) to yield compounds 42a and 42b?* Unfominately, small 

arnounts of impurities, possibly the deiodo compounds. were formed and we were unable to 

obtain LOO% pure 42a and b. 

O O 

1. 2.2 eq NaHMDS, 
5 eq P(OEt)2 - 

benzene 2.2.3 eq NFBS, 1 hr reflux, 01'' 

Scheme 12: Synthesis of 420 and b via the NFSi mut 

The mechanisrn of electrophilic fluorination itself is debated and two mechanisms 

have been ptoposed The f h t  one behg singie electron transfer (Scheme 13 A). The charge 

transfer involves the formation of radical aaiw species, R2NF.-. The second pathway is via 



nucleophilic displacement at fluorine (Scheme 13 B). The nucleophile attûcks the fluorine in 

a SN2 mechanism displacing &N?' 

A Single electron transfer (SET) 

B Nucleophiiic displacement at fluorine (SN2) 

Scheme 13. SET and SN2 proposed mechanisms for electrophilic fluorination 

It was clear that obtaining multigram quantities of pure iodo decivative 42s and 42b 

in an econornical fashion was going to be problernatic. Consequentiy, we decided to 

examine the bromo derivatives as potential Suzuki substrates. 

O O 

1. 2.2 eq NaHMDS, 

benzene 2.2.3 eq NFBS, 1 hr 
Br 

Scheme 14. Synthesis of!& and b via the NFSi mut 



p-Bromophenyldifluoromethylenephosphonic acid @Ob, Scheme 14) had alnady been 

prepared in Our laboratory in good yield (70-8046) using the electrophilic fluorination 

procedure employing diethyl p-bromobenzylphosphonate as substrate?* We found that this 

procedure worked equally well (78% yield) with the nzeta derivative SOa (Scheme 14). 

Diesten 498 and 49b were converted into the monoesters 501 and 5Ob in excellent yields by 

basic hydrolysis foilowed by acidXcatioa. Since multigram quaatities of 5ûa and b were 

readily obtained, it was decided to develop al1 of the Suzuki chemistry using these bromo 

derivatives. 

3.2 Polymer Synthesis and Losding 

Polyethylene glycol (PEG) is perhaps the most commonly used support for liquid 

phase organic synthesis (LPOS)?' However, we chose not to use PEG since we were 

concemed about the stabüity of this polymer to some of our reaction conditions (such as 

TMSI or TMSBr). Therefore, noncross-linked polystyrene (NCPS) was used as the polymer 

support. NCPS is soluble in polar aprotic solvents such as THF, CH2Clb CHCI,, EtOAc, 

DMF and benzene but insoluble in highly polar protic solvents such as MeOH or EtOH, 

Thus, the NCPS-suppocted reactions can be carried out under homogeneous conditions in a 

wide range of solvents and then rapidly purifed by precipitating out the polymer in MeOH or 

EtOH followed by fdtration. NCPS has been employed for the polymer supponed synthesis 

of peptides, oligonucleotide and oligosaccharides7' and has recently b e n  employed by Janda 

and coworkers for the polymer supported total synthesis of prostaglandins El and ~ ~ 2 ~ ~ "  and 

by Enholm for the preparation of polymer-bound stmane reagents." 

Chloromethylated. non-crosslinled polystyrene (NCPS, 36) was prepared according 

to the procedure of Chen and   an da,'^ Thus, 1 equiv of stynne (29) and 0.03 equiv of 4- 



vinylbenzyl chloride (JO) was heated in deoxygenated toluene in the presence of the fiee 

radical initiator VAZO (Scheme 15) to give 3% chloromethylated NCPS in quantitative 

yields. 

toluene, 100 OC 

30 36 

Scheme 15. Synthesis of 3% chloromethylated NCPS (36) 

in order to carry out any reactions on the polymer, the loading capacity of the 

polymer, which in this case is the number of chloromethyl groups/g of polymer, must be 

known. This was determined in the following rna~~ner?~ Varying ratios of the starting 

monomen, styrene (29) and Cvinylbenzyl chloride (30) were weighed out such that the total 

weight was always approximately 75 mg and the content of 4-vinylbenzyl chloride ranpd 

from 0.1 to 1.0 m o l  30 per gram of polymer. From the 'H-NMR spectra the integration 

ratio of -CH2C1 peak area to aromatic protons peak area was ploned against moles of 3Wg 

polymer. The slope of the curve and the y-intercept can be used to detennine the 

hinctionality of the polymer using the equation for a straight line (y = mx + b, where y is the 

integration ratio CH2Cl/Ar-H of the unluiown polymer, m is the slope of the line, b is the y- 

intercept of the graph, and x is the functionality of the u b w n  polymer). The loading 

capacity of the polymer should not be high due to the risk of the solubility properties of the 

polymer king altend." The capacity of ail subsequent polymea prepared in this study was 

determined in a similar manner. 



We f i t  attempted to attach the phosphonic acid to polymer 36 by reacting it with an 

excess of the tetrabutylammonium salt of 5Oa in DMF (51, Scheme i6). However, even after 

heating the reaction at 55 OC overnight it was only 15% complete and several unidentified 

bypmducts were evident by 1 9 ~ - ~ ~ ~ .  Also, it was ciifficuit to remove aii of the umacted 

ammonium salt after precipitation of the polymer. It was clear that alternative routes for 

polymer loaciing wouid have to be examined. 

DMF, 55 OC 

Scheme 16. Polyrner loading via the tetrabutylammonium salt to give 52 

Chloromethyl polymer 36 was converted into hydroxymethyl polymer 54. This was 

first attempted by reacting 36 with NaOH in THF (Scheme 17). However. it was difficult to 

detennine if the reaction had gone to completion since both the -CH2Cl protons and the - 

CHzOH protons had the same [H NMR shifb. We also found that IR was not sficiently 

sensitive enough to determine if this reaction was 100% complete. To get around this 

problem, the -CH2CI hinctionality of the polymer was converted into an ester (53) by 

reaction with potassium acetate in DMF which was then hydrolyzed with sodium hydroxide 

to give 54 (Scheme 17) ." In this two step process, the chernical shift of the CH2 protons 

changes From 6 4 5  to 6 5.0 after conversion to the ester and then back to 6 4.5 after ester 

hydrolysis. This longer mut allows the confirmation that each step had pmceeded to 100%. 

In each step, pure polymer was obtaiwd by addition of the naction mixture to a solution of 



MeOH followed by filtration. The recovery of polymer was approximately 96% after each 

precipitation and fdtration. 

Scheme 17. Synthesis of polymer 54 

Two approaches for attaching phosphonic acid SOa and b to polyrner 54 were 

considered. One was to convert SOa and b to the acid chlorides and then react them with 

polymer 54. The other was to attach the phosphonic acid directly to 54 via a Mitsunobu 

rea~tion?~'' We chose to use a Mitsunobu m action since the phosphonic acids codd be used 

directly without pnor conversion to the acid chloride and this reaction is known to proceed in 

high yields under very rnild conditions and has k e n  used very successfully for solid phase 

peptidylphosphonate synthesis." We f i t  attempted this using phosphonic acid Sûa. Usùig 

the Mitsunobu conditions developed by Campbell and coworkersa8 in which the alcohol is 

the iirniting gagent (2 equiv. phosphonic acid, 2 equiv. DIAD, 2 equiv. P(Ph)3, 5 equiv. 

Et3N, 1 equiv. 54, in THF at rt), we found that 5ûa could be anirhed to 54 to give the 

polymer-supported phosphonate 52 in quantitative yields in just 3 hom as judged by 'H 

NMR and ' 9 ~  NMR (Scheme 18). Pure 52 was obtained by adding the crude reaction 

mixtwe to a solution of cold MeOH/H20 (4:l) (96% recovery of polymer). Only a single 

polymer-bound species was detected by both 'H and '9 NMR. 



THF, rt, 3 hm 

Scheme 18. Loading of phosphonic acid 50a to polymer 54 using a Mitsunobu reaction 

The proposed mechanism of the Mitsunobu reaction is shown in Scheme 19.9' The role of 

the diisopmpylazido dicarboxylate (DIAD) is to activate the tcipheayl phosphine for 

Scheme 19. Roposed mechanism of the Mitsunobu reaction 

nucleophilic attack of the alcohol. The alcohol is also activated by being deprotonated by 

tnethylamine. The hydroxyl oxygen of 501 attacks the methyiene carbon, cüsplacing the 

triphenylphosphine oxide, which is a better leaving group than hyhxide  ion. 



3.3 The Supiici Cross Cwpling Repction 

The key step in diversifjhg the basic phenyl DFMP unit on 50 is the Suzuki reaction. 

Befon any reactions were perfonned on polymer 54, phosphonate 49a was used as the mode1 

compound to work out the conditions for perfonning the Suzuki reaction conditions. 

The Suzuki reaction is a carbon-carbon bond forming reaction between an aryl halide 

(sometimes triflates are used) and a boronic acid (or a boronate ester) in the presence of a 

palladium catalyst and base?' This reaction has been performed numerous times in PSOS. 

The general mechanistic cycle for palladium-catalyzed Suzuki cross coupling is 

represented in Scheme 20. It proceeds via a three step mechanism: oxidative addition, 

Scheme 20. Proposed mechanism for Suzuki coupling 

transmetdation, and reductive elimination?' In the fmt step oxidative addition occurs when 

the paîiadium(0) species is insened into the aryi halide and gets oxidized to palladium(II) 

generating an organopalladium haiide intermediate 0. The formation of this stable rransa- 

palladium(II) complex is often the rate deteminhg step, with the reactivity dependhg on the 



halide. The reactivity ordeer being I>OTf>BnCl. The rate is also accelerated by electron 

withdrawing groups on the aryl halide? A transmetalation step then takes place between the 

organopalladium(II) haiide species and the boronic acid to give complex II. This process is 

inhibited by the low nucleophilicity of the organic groups on the boron, especially in the case 

of boronate estes. The addition of the base enhances the rate of transmetdation?' Two 

OWR 

Ar 
I 

Ar 
NaOR 1 AtBX2 gr 

rd(W ---y r i I I )  pd(ll) - A r A r '  + P ~ ( o )  
X Ar' 

Scheme 21. Proposed roles of the base in the Suniki reaction 

exphnations have ken  put forward to explain the rate enhancing effect of the base. The fmt 

one king quatemization of the boron by the base. generating a negatively charged boron 

complex (Scheme 2 1 A), which then undergoes transmetalation with the organopaiiadium(L[) 

halide. The alternative explanation (Scheme 21 B) proposes that the organopaUadiurn(II) 

haiide is easiiy displaced by an alkoxy, hydroxy, or acetoxy anion to give the reactive R-Pd- 

OR' complex. Reductive elimiaatioa is the last step of the cycle, which generates the biaryl 

couphg product and regenerates the Pd(0) catalytic species. As seen in Scbew 22 the 

pans-biaryIpalladium(n) complex isomerizes to the cis complex, which allows for the 

interactions of the r orbitals of the eryl g~~ups?'  



/ \ 
L Y  = - Ar-Ar + PdL2 

tmns ' ci3 b 
Scheme 22. Proposed mechanism for reductive elimination step durùig Suzuki coupling 

The Suzuki reaction can be carried out under variety of conditions. Water has no 

effect on the coupling and the reaction can be carried out even in water?' it can toierate a 

wide range of functionalities. Steric hindrance of the aryl halides and boronic acids has no 

significant effect on the reaction, even orrho disubstituted arylboronic acids cm be used. The 

one thing that this reaction is sensitive to is air. Incornplete deoxygenation of the reaction 

mixture causes formation of deboronated compound and symmetrical biaryl ~o rn~ounds .~~  

3.3.1 Suzuki Reactions at Room Temperature 

Typical S u a  couplings are canied out ai elevated temperatures. However, we 

wished to perform the Suzuki coupling at room temperature since it is much easier and 

convenient to carry out multiple pardel synthesis at room temperature and is more amenable 

to automation. 

A number of reports describing mom temperature Suzuki couplings on aryl bromides 

have appeared in the l i t e r a t ~ r e ? ~ * ' ~ ' ~ ~  However, these proceduns93~'00'04 require either 

toxic aadlor expensive additives (TIOH)'" or solvents (EtOH) that were incompatible with 

the homogeneous conditions that we deshed for the rea~tion?~ Nevertheless, we first 

attempted the SuniLi coupling of mode1 phosphonate diester 490 with phenylboronic acid 

using the conditions developed by Campi et ut3  (5 mol % P~(OAC)~, 1 equiv. boronic acid, 

and either Ba(Owz, K2C03 or Na2C03), except degassed DMF was used as solvent instead 

of degassed aqueous EtOH. The reaction was monitored by '%-NMR Although this 



reaction yielded the desired biaryl product, the reaction was slow and only 25% complete 

afier 24 hours. In order to have the reaction go to completion within 24 houn at room 

temperature, we found that, in addition to increasing the arnount of boronic acid (3 equiv), 

the amount of catalyst had to be increased to 20 mol%. Under these conditions, the biaryl 

product was obtained in quantitative yields and no other products were detected. To 

determine if other catalysts were more effective than Pd(OAc)?, 12 reactions were set up, 

each of which contained 20 mol% of a diffennt Pd catalyst, 1 equiv. 49a. 3 equiv. phenyl 

boronic acid, 3 equiv. solid K2C03, and DMF as solvent and the reactions were monitored by 

NMR. The nsults of this study are shown in Table 1. Under these conditions, it was 

found that complete conversion of 49a to biaryl product could be accompüshed at room 

temperatwe within 24 hours using either PdCla Pd(OAc)* or (PhCN)2PdCh as catalysts with 

(PhCN)2PdClsatalyzed reaction being slightly faster (complete with 2 1 hours). These are 

palladiundi complexes with highly unstable ligands. ' 9 ~  NMR analysis of the reaction 

showed that the initial reaction rate is very fast, however with tirne the catalyst dies off, to 

the point that after 24 hrs no more reaction occurs. Adding mon catalyst at that point usually 

does not make the reaction proceed much m e r .  Lowering the catalyst loading to less than 

20 mol% with any of these hree catalysts resulted in incomplete reaction after 24 h. The 

phosphine-bearing catalysts that we employed for these studies catalysts did not go to 

completion with 24 h.'OS This is consistent with the nsults of Campi et aP3 who also found 

that high yields of biaryl product c m  be obtained at ambient temperature when palladium 

catalysts not involving phosphine tigands are employed.los Further studies with these tbree 

catalysts indifated that other solvents that are compatible with NCPS (benzene, toluene, 



THFT DME) were less effective than DMF and organic bases, such as Et3NT were less 

effective than &CO3. 

Table 1. Effect of Catalyst on the Room Temperature Suniki Cross 
Coupling Reactionsa of 490 with PhB(OH)2. 

(Et3P)2PdC12 29% (Pl~cN)~Pdcl~  100% 
9 equiv 490.3 equiv. PhB(OH)2, 3 equiv. K2C03, 20 mol% catalyst in DMF for 24 hrs 
a< room tempemure. 9ercent conversion of 49. into b i q l  product &ter 24 hrs as 
detemhed by "F NMR. 

in an attempt to increase the rate of the rom temperature Suzuki reaction, we 

exarnined the addition of water to the reaction mixture since more polar solvents may 

accelerate the reaction. 

Tabk 2. The Effect of Water on the Room Temperature Suzuki Reaction. 

% C c  b 

O 39 96 

10 65 100 

24 72 100 
'water plus 1.0 equiv 4%. 3 cquiv. 3 equiv. K2C@, 20 mol% (PhCN)2PdC12 in DMF, room 
temperature. *exeat conversion of 4% iato biaryl poduct ofter 24 hrs as determined by 1 9 ~  NMR 

It was found that the addition of water accelerated significantiy the initial rate of the 

reaction (Table 2). This may be due to increased quaternization with the boroaic acid 

(Scheme 2 L A). 



3.4 Attachent of Llaker ChPin to Polymer 54 

With the room temperature Suzuki reaction conditions worked out (1.0 equiv aryl 

bromide, 3 equiv. PhB(OH)2, 3 equiv. K m ,  10 equiv. water, 20 mol% (PhCN)2PdC12 in 

DMF, room temperature) with model substrate 49a, we then applied these conditions to the 

coupling of phenyl boronic acid to polymer supported phosphonate 52. Although the Suzuki 

reaction proceeded on the polymer very well, we found that s o w  of the phosphonate (-20%) 

was hydrolyzed from the support. Since we did not see hydrolysis with model compound 

49a, we reasoned that the instabiiity of the polymer bound phosphonate to hydrolysis was a 

result of the benzylic linkage to the polymer. Thus. the polymer was modified to remove the 

benzylic ester linkage. This was accomplished by adding on a linker chah to the original 

chloromethylated polymer 54 (Scheme 23). Thus, 2 equiv I.4-butanediol (55) was reacted 

with 1 equiv of dihydropyran (56) in the presence of a catalytic arnount of concentrated 

acid'06 to give the monoprotected L&butanediol (57) in 56% yield. 5 equiv of 57 were 

treated with 5 equiv of sodium hydride in DMF and the resuiting alkoxide was reacted with 1 

equiv of 54 in the presence of a phase transfer catalyst. n - B w .  to give polymer 58.'" The 

protection of the 1,4-butanediol was necessary, to prevent cross-linking of the polymer. If 

left unprotected to two fcee alcohols could react with two chloromethylene ftuictionaiities. 

This creates two problems. If enough cross-links are present the polyrner could becorne 

insoluble. Also the extent of cross-llliking could not be known and the determined loading 

capacity would be incorrect. F i d y  the THP group was removed by refluxiag in THF/HCl 

to give 59, the final soluble polymer support. Aii of the polymer ceactions proceeded to 

100% and yields were only limited by Loss of polymer (4%) during precipitatioa in MeOH. 



I cat. HCI, rt, O N  

5 eq NaH 
DMÇ, O N  

I THFi6 M HCI (4:l) 
reflux, 36 hm 

Scheme 23. Synthesis of polymer 59 

3.5 Suzuki Coupihg on the Mdified Polymet 

Phosphonic acids SOs and SOb were coupled to 59 using a Mitsunobu reaction to give 

polymer-bound phosphonates 60p and 60b (Scheme 24). As with coupling of 54 to Sûa, this 

reaction proceeds in quantitative yields in 3 hrs. Pure 601 and 60b wen obtained by adding 

the cmde reaction mixture to a solution of cold M e O w  (4: 1) (96% ncovery of polymer). 

Only a single poiymer-bound species was detected by both 'H and "F NMR, and no 

hydrolysis was observed. 



- 

THF, rt, 3 hrs 

Scheme 24. Attaching acids SOP and b to polymer 59 via a Mitsunobu coupling 

The Suzuki coupling on polymer-bound phosphonates 6ûa and b was performed 

using the room temperature Suzuki conditions worked out as âiscussed above (Scheme 25). 

The loaded polymer 60a or 60b were prepared in two individual batches, and then 

subdivided to perform the parailel Swuki reactions. In total 14 commercially available 

boronic acids were used on both 600 and b resulting in twenty eight compounds represented 

as 61a and b with various aromatic substituents. 

DMF, rt, 24 hrs 

Scheme 25. Suzuki coupling on polymr-bound phosphonates 6ûa and 60b 

Each reaction was Foiiowed by '%-W. For those boronic acids that contained electron 

withdrawing groups, @-aifluoromethyl, p-fluoro). the reaaion was 100% complete within 3- 

6 hours. For boronic acids beariag electron donahg groups @-methyi, p-ethyl, p-ten-butyl) 

quantitative conversion required 24 hom. After removai of the palladium catalyst, pure 

polymer-bound biaryl pduct  was obtained by adding the crude reaction mixture dkctiy to 

cold MeOEVH20 (4:l). No loss of the phosphonate h m  the support occunrd during the 



reaction or during the workup as detennined by '%-NMR of the fdtrate of the precipitated 

polymer. It was found that, when working with smail amounts of polymer (500 mg or less), 

recovery of the polymer-bound products fiom the filter was more difficult and, in several 

cases, less than 95% of the polymer was recovered. Thus, although the above Suzuki 

couplings were quantitative in most cases (only a single polymer bound species was evident 

by '%-NMR), the amount of recovered polymer varied fiom 85-95s. 

3.6 Cleavage of the Product fmm the Polymer 

The phosphonic acids were removed from the support and deprotected in a single step 

by reacting the polymer-bound biaryls with 4 equiv TMSI in CH2C12 at room temperature for 

3 hours. TMSBr could dso be used, however, this required 10 equiv. TMSBr and a 48 reflux 

in CHKl2. 

Scherne 26. Cleavage of products fiom the support 

The resulting TMS phosphonate esters were converted to the fiee acids by adding a CH2C12 

solution of the crude reaction mixture to MeOH(H20 (4: 1) followed by stirring for 12 hom. 

Filtration foiiowed by concentration of the fdtrate yielded the phosphonic acids. The 

proposed mechanism for the TMSI reaction is shown in Scheme 27. The double bonded 

onygen attacks the silicon releasing the iodide ion and creating a positive charge on the 

phosphorous. The fke iodide ion attacks then the methy1ene carbon in an SN2 process 

cleaviag the carbon-oxygen bond and fomüng a double bond between the oxygen and 



phosphorous. This procedure is npeated again, which results in the cleavage of the other 

ester generating a silyl protected phosphonic afids. The consequent TMS esters are 

hydrolyzed in the MeOWH20 mixture to the f'ree acids. 

Scheme 27. Mechanism for product cleavage from polymer using TMSI 

'H-NMR analysis of the concenugted filtrate indicated that the product was 

contaminated with small amounts of polymer as well as what appeared to be small puantities 

of alkyl halides (X(CHd4X), which resulted from cleavage of the spacer arm from the 

polymer during the TMSI or TMSBr reaction. Thus, the crude fdtrate was dissolved in O. 1 N 

NaOH and washed with CH2C12. The solution was then acidified to pH -0.5 and the 

phosphonic acid extracted with Et20 and the ether layer conceatrated. The residue was 

dissolved in an aqueous solution containing 2.5 equiv N&HCO3 and then repcatedly 

lyophilized to give the phosphonic acids as their ammonium salts in 43989% yield starting 

Emm 60 (Table 3). 'H NMR analysis of the concentrated ether layer before conversion to the 

ammonium salts showed no traces of contarninating linker arm or polymer. hdeeâ, NMR 
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('H, % and "P) and HPLC anaiysis of the ammonium salts indicated that the majority of the 

biaryl products wen obtained in remarkably high purity with twenty-one of the twenty-eight 

compounds king 97% pure or better. T h e  of the other seven acids were obtained in 96% 

purity. Most of the acids could be used directly for biological screening (see section 3.7 

below) without any M e r  purification. The biaryl derivative 78 proved to be insoluble in 

organic and aqueous solutioas and its purity could only be determined by HPLC (96% pure) 

and could not be evduated for biological activity. 

3.7 Enzyme Inhibition Studies 4th PTPlB 

Phosphonic acids 63-90 were rapidly screened for PTPlB inhibition using 150 

phosphonic acid, 20 ph4 fluorescein diphosphate (FDP) as the substrate in a buffer 

containing 50 mM Bis-Tris, 2 mM EDTA at pH 6.5 and 5 mM DTT and 10 p g / d  BSA. 

The final concentration of DMSO was 2.5%. The reactions were monitored 

spectrophotomevicaiiy at 450 m. The nsults of these studies are given in Table 4. The 

most potent inhibitors were obtained with the metu series of compounds (compounds 63-76). 

For the metu series, the addition of almost m y  substituent on the "second" phenyl ring (the 

phenyl ring not bearing the DFMP moiety) increased the potency of the inhibitor with the 

exception of wen 67 and 71 which contained an ortho methyl group and meta CF3 group. 

The compounds in the meta series (with the exception of 67 and 71) were reexarnined for 

inhibition using 50 pM of compound. From this it was d e t e d e d  that the most potent 

compounds were 64 and 70. which bore a pphenyl(67) or p-acetyl group on the second aryl 

ring. So it appears that a p-substituent on the second phenyl ring of the meta series that bas 

n-stacking abilities increases potenc y. 



Table 4. Results from Rapid Screen of63-77 and 79-90 for PTPlB 
inhibition. 

% Inhibitiona 
Entry Phmphonic acid 150 pM Mm 

27 90 ~4~ 64 

%or procedure see section 2 Expcrimcntaî. 'sec rcfercnce 85. 



To confikm the reliability of our LPOS approach to PTPlB inhibitor discovery, 

compounds 64, 65, and 70 were synthesized using 491 employing conventional solution 

phase chemistry and then reexamined for ETP 1B inhibition. For compounds 64 and 65, the 

percent inhibition of these compouads, prepared by solution phase chemistry, were very 

close to those obtained ushg LPOS. The value obtained for 70 made via solution chemistry 

is slightiy lower than that obtained using the Liquid phase methodology. However. a 

difference here is expected since 70 obtained via LPOS was only 80% p w  (by HPLC). 

These results demonstrate that the LPOS methodology is a viable approach for the discovery 

of PTP lB inhibitors. 

Table 5. Inhibition of PTP lB with 64.65, and 70 Constnicted 
Using Conventional Solution Phase Chemistry. 

Entry Cornpound % Inhibition 

1 67 89 

2 68 71 

3 73 69 

ICso vaiues were obtained for 64, 65, and 70 under the sarne conditions as the 

"library" screen, with the exception that the DMSO concentration was 5% in order to 

eliminate any potential solubility problems. The ICS0 values for 64.65. and 70 were 8.6.24, 

and 21 p M  respectively. The Ki for the best inhibitor (64) was detennined (Figure 1) by 

constructing a Limweaver-Burk plot. Compound 64 was found to be mainly a cornpetitive 

inhibitor with a Ki 1.7 pM, making it one of the most potent non-peptidyl mono-DFMP 

inhibitors obtained to date and is comparable to the best bisDFMP compounds (see section 

1.4.1). S o m  mked inhibition is observed and this may be due to non-specific hydrophobic 

interactions between 64 and PTP IB. 



Figure 1. Inhibition of PTP 1B by compound 64. The activity of PTP 1B (0.15 pg/mL) was 
measured at pH 6.5 as described under Experimental in the presence of the following 
concentrations of 64: (0) O w; (O) 2.5 pM; (A) 5 pM; (+ ) 10 pM; (m) 20 pM; (a) 40 /LM. 

Figure 2. Replot of the dopes h m  the double-recipmcal plot (from Figure 1) versus 
concentrations of compound 64. 



3.8 Studios Towards Libmry Expansion 

Our long term goal is to be able to construct a library of hundreds to perhaps thousand 

of members. Our approach to achieving this is outlined in Scheme 27. Here, the initial 

polyrner-bound phosphonic acid would bear both a haiide (Br) and a protected hydroxy 

group. One Suzuki reaction would be carried out on the bromine. while the hydroxyl group 

was protected. Thea the hydroxyl group wodd be deprotected, converted to a triflate, and 

than a second Suzuki coupiing would be performed at the triflate. Just by employing 

commercialiy available boronic acids, it is theoretically possible to constnict a library of 

several thousand compounds. 

Coupling to Br 
polymer 

+ OH-!-CF eO-~-CF&OPG 

E t  
- 

1 Suzuki mn. 

Schcw 2û. Roposed appraach to Liirary expansion 



3.8.1 Opümization Shidy of the S u n W  Reaction on Trifiates 

The fmt step towards library expansion was to develop the conditions for performing 

rwm temperature Suzuki couplings on a mode1 triflate. Cornpound 100 was used as the 

mode1 triflote. The synthesis of 100 is outlined in Scheme 29. 4-iodophenol (96) was 

protected as a benzyl ether in 64% yield by ceaction with benzyl bromide in the presence of 

K2C03 in DMF. This was then reacted with C ~ B I C F ~ P O ( O E ~ ) ~  in the presence of CU CI''^ to 

give phosphonate 98 in 55% yield. The benzyl group was removed by hydrogenation and 

then triflated with (CF3S02)20 to give 100 (5946 from 99). Attempts to make 100 by 

reacting CdBrCF2PO(OEt)z in the presence of CuCl with triflated Ciodophenol were 

O 

1.5 eq P hCH2Bt 4.6 eq BICF2PO(OEt)2 F 
5 eq Cd 

DMF, rt, 3 hrs 2.5 eq CuCl 

DMF, rt, ON Y 

Scbcnw 29. Synthesis of 100 

76 



unsuccessfbi. Very recently Cockerill et al, have recently nported that the zincate procedure 

by Yokomatsu (see section 3.1.2) with sonication on the triflated Ciodophenol gave 100 

Compound 100 and phenylboronic acid were used to as mode1 compounds to 

determine the best catalyst for the Suzuki cross coupling. Base and solvent conditions were 

kept same as for the bromo compounds and the reactions were followed by l 9~ -NMR as 

before. Surprisingly. the only reaction that gave 100% conversion &et 24 hours was the 

reaction using (Ph3P)4Pd as catalyst. This catalyst was not very effective with the brorno 

derivative (see Table 1. section 3.3.1). We are unable to offer an explanation for this 

phenornenon. 

Table 6. Suzuki Coupling of the Aryl Tntlate 100 with Phenylboronic acid with Different 
Catalysts. 

% Conversion % Conversion 
Catal yst afkr 24 hrs" Catalyst afbr 24 h d  

Pd2dba3 *CHCI3 1 (PhCN)?PdCI? 42 
Qtermined by '% NMR analysis of crude reaction mixture. Reactions were cacried out in 400 pL of DMF 
at room temperature using 1 equiv. 100,3 equiv. of PhS(O&, 3 equiv. of K2C03, and 0.2 equiv. of catalyst. 

3.8.2 Synthesis of 105 snd Future Studies 

The next step was to consttuct a suitably protected phosphonic acid of type 91 

(Scheme 28). We chose to protect the phenolic p u p  as a MOM ether since this ether is 

stable to base yet cm be removed under acidic conditions (Scheme 30). Thus, commerciaüy 

avaüable 3-bromo4methylphenol(101) was reacted with sodium hydroxide in the presence 



of a phase transfer catalyst, Adogen 464@, followed by the addition of MOMCI. This gave 

the MOM-protected derivative 102 in 77% yield.l'O Compound 102 was brominated at the 

benzylic position with NBS yielding 103 in a disappointing yield of 33%. This synthesis is 

stiil in progress. Our next step wül be to perform an Arbuzov reaction on 103 to give 

phosphonate 104. Phosphonate 104 WU be fluorinated using NFSi and base and the resulting 

fluoro derivative 105 will be converted in the acid 91 (where PO = CH2WH3) by base 

hydrolysis followed by careful acidifcation. The synthesis of the expanded library on the 

soluble support wiii be attempted as described in Scheme 28. 

L O ,  %O, 

105 104 

Scheme JO. Proposed rout for the spthesis of 1û5 

3.9 Conclusions 

In conclusion, LPOS was employed for synthesizing a small library of a- 

fluorophosphonic aciâs. The approach descnbed here is particularly powemil since it allows 



for the direct monitoring of the polymer-supported reactions using conventional '%-NMR. 

In addition, the overall process is rapid and niatively straight forward. The majority of the 

biaryl products obtained after cieavage from the suppon did not require any m e r  

pmcation for biological evaluation. The approach outlined here for the polymer-supported 

synthesis of aryl DFMP derivatives may dso fmd use for the rapid development of DFMP- 

bearing inhibitors of other enzymes besides P'ïPs. 
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