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Abstract 

Synthesis of a,a-Difiuoromethylenesulfonic Acids on a Soluble Polyrner Support 

and Their Evaluation as Inhibitors of Protein Tyrosine Phosphatases and Aryl 

Suifatases 

Degree of Master of Science, 2000 

by Carmen Leung 

Department of Chemisiry, University of Toronto 

A small rnolecuIe library of biaryl denvatives bearing the a,a- 

difIuoromethylenesulfonic acid (DFMS) group was prepared on nonîrosslinked 

polystyrene (NCPS). a soluble polymer support. The liquid phase organic synthesis 

approach was employed which enabled the reactions to be carried out under 

hornogeneous conditions and monitored by conventional ' 9 ~  NMR. To prepare the 

library. (3-bromophenyl)(difluoro)mcthanesulfonates were attached to 5% 4- 

hydroxylated NCPS via an ether Iinkage. Suzuiii cross-coupling was then used to form 

the po lymer-bound biary 1 compounds. The produc ts were cleaved off the pol ymer 

support by rnild. basic hydrolysis. Product yields ranged from 34-97%. with most of 

them being suitable for biological screening (95-100% pure). The biaryl DFMS 

compounds were examined as inhibitors of two protein tyrosine phosphatases. PTP l B 

and CD45. as well as with crude aryl sulfatase from H pornatia. The most potent 

inhibitor for these three enzymes had an ICso of 14 pM, 3 l pM, and 334 pM respectively. 
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1 Introduction 

1.1 Overview and Global Objectives 

Many biologicd processes that take place in eukaiyotic cells are controlled by the 

phosphorylation and dephosphorylation of senne. threonine. and tyrosine residues in 

certain proteins. t .  2. 3. 4. 5 ,  6 The two classes of enzymes that control the phosphorylation 

state of these residues are the kinases. which introduce the phosphate group. and the 

phosphatases. which hydrolyze the phosphate groups off. Together. they act as "on and 

off switches" for regulating cellular signal transduction pathways. Over the past decade. 

considerable artention has been given to the study of protein tyrosine phosphatases. 

(PTPases). They have been shown to have fundamental roles in regulating numerous ce11 

functions. including the ce11 cycle. cytoskeietd oqanization. immune response. and 

insulin signaling. 1 .  2. 3. 4. 5.  6 Overexpression. deletion. or malhnction of cenain 

phosphatases may lead to disease States such as diabetes. cancers. and immune 

dysfunctions.Ï As a result. there is much interest in developing inhibitors for these 

enzymes since they could be used as novel therapeutics. as well as tools for studying 

specific signal transduction pathways. Our global objective is to develop inhibitors for a 

PTPase known as PTPI B. There is now considerable evidence implicating PTP1 B as a 

negative regulator for insulin receptor signaling. Consequently. the development of 

inhibitors for this enzyme could bc used as therapeutics for certain types of diabetes. 

With this in mind. we present here our initial studies on developing methodologies for 

rapidly constructing potential inhibitors of PTPases. More specifically, we describe 

herein the construction of a smail molecule library of non-peptidyl compounds containing 

the difluorrnethylenesulfonic acid (DFMS) moiety. a non-hydrolyzable phosphotyrosine 



mimetic. using polymer supported organic synthesis techniques. The methodology 

developed here should significantly decrease the time and effort required for obtaining 

inhibitors for PTP 1 and possibly other theraprutically important phosphatases. 

1.2 Pro tein Tyrosine Phusp hatases (PTPases) 

1.2.1 Classes of PTP ases 

In eukaryotic cells. the rnajority of protein phosphorylation occun on senne and 

threonine residues. Tyrosine phosphorylation only accounts for 0.0 I to 0.05% of the total 

protein phosphory lation. PTPases are responsible for hydro l yzing phosphate groups off 

of phosphotyrosine residues in peptides a d o r  proteins (Scheme 1). There are now more 

than 100 PTPases identified. They are nonrnetalloenzyrnes comprised of a single 

polypeptide c h a h  Although there is little sequrnce similarity among PTPases. there is 

one unique feature that defines them and that is the relative placements of the conserved 

cysteine and arginine residues found in the active site. These two residues. separated by 

rive amino acids. constitute the PTP signature motif (W)C(X)sR(S/T). whrre X is any 

amino acid? 

P-OH 
O' OH 

PTPases 

PTKs v 

Scheme 1. Action of PTPases 



The tyrosine phosphatase superfârnily can be categorized into four major groups: 

( 1 ) the tyrosine-specific phosphatases (PTPases), (2) the VH- 1 -1ike dual speci ficity 

phosphatases. (3) the cdcX (ce11 division control). and (4) the low-molecular-weight 

phosphatases.8 The tyrosine-specific phosphatase can be M e r  sub-categorized into 

receptor-like and intracellular PTP~S~S.' '  The receptor-like PTPases. such as the 

leukocyte phosphatase. CD45. generally have an extracellular domain. a single 

transmembrane region, and one or two cytoplasmic PTPase domains. Some receptor-like 

PTPases have two tandem homologous PTPase domains. and whether only one or both of 

the domains are catalytically active is still being in~esti~ated.' The intracellular PTPases. 

such as PTPlB and the Iérsinia PTPase. contain a single catal'ic domain and various 

arnino and carboxyl terminal e~tentions.~ The VH-1-like dual specificity phosphatases 

can hydrolyze phosphotyrosine residues. as well as phosphoserine and phosphothreonine 

residues. The cdc25 PTPases are important for ce11 ~on t ro l .~  Lastly. low-molecular- 

weight phosphatases have unknown huiction and seem to be cornposed of the catalytic 

domain alone! 

1.2.2 Structural Features of PTPases 

Crystal structures of several different PTPases have been determined. 9.10.1 I.IZ.13.l-l 

From these studies. two important structural features that are cornmon arnong the 

superfmily of PTPases were found. and that is the phosphate binding loop (PTP loop) 

and the movable loop (WpD loop). 

The PTP loop is found in the active site of phosphatases. It is located within a 

crevice. that is about 9 A deep. and is made up of a P strand-loop-a helix element. 4.9. 10. 1 1 

Centered within the loop (PTP bop) is the PTPase signature motif (W)C(X)5R(SîT), 



which contains the essential cysteine and arginine residues required for catalytic activity. 

Mutation or deletion studies that have been carried out on both these residues either 

abolished or severely reduced the PTPase activity? 9* ". 'j- l6 Found within the signature 

motif. and extending two amino acids from i t  is the submotif GXGMG.  The first 

glycine residue has s h o w  to be essential since mutation or deletion of it also abolishes 

PTPase activity. 15. 16 Phosphotyrosine residues. and other substrates that are stnicturally 

similar. bind within the PTP loop. The substrates situate themselves such that the 

phosphorus atom is ideally positioned for nucleophilic attack from the invariant cysteine 

residue. 4. 4). 1 o. 1 1 At physiological pH. the cysteine residue exists as a thiolate anion. 

which attacks the phosphotyrosine residue and foms a covalent cysteinyl 

phosphoenzyrne intermediate. The cysteine residue is located at the very center of the 

PTP loop and within close proximity to every amide nitrogen of the PTP loop peptide 

backbone. The orientation of the polarized rnicrodipoles arising From the amide 

nitrogens has been s h o w  to be essential for phosphate binding and thiolate 

stabilization." I o  The arginine residue plays a role in substrate binding and transition state 

stabili~ation.~ The guanidinium group of the invariant arginine provides stabilization by 

forming two hydrogen bonds with the oxygen atoms on the substratc. The oxygens are 

also hydrogen bonded to the amide groups of the PTP loop peptide backbone. Y. IO. 1 1 .  17  

Adjacent to the PTP loop along the surface of PTPases is the movable loop. also 

referred to as the WpD loop. The sequence of this loop is quite different among the 

PTPases except for the WpD sequence, which includes an essential catalytic aspartic acid 

residue and a tryptophan residue Iocated near the hinge position of the loop. 4. 10. II, IL 14. 18 

When a substrate binds to the PTP loop. the WpD loop moves like a "flap" to cover the 



active site. In the absence of a substrate, Asp356 found in IOrsinia PTPase is located 

approximately 10 A away fiom the phosphate-binding site. However. once substrate 

binding occurs, the conformation of the enzyme changes such that the Asp356 moves 

10. 1s about 6 A cioser to the phosphate binding site. Similady. substrate binding in PTPIF3 

induces closing of the WpD loop. As a result. Aspl 8 1 is brought closer to the catalytic 

site and forms a network of hydrogen bonds with the phenolic oxygen of phosphotyrosine 

and a buried water molecule." Closing of the active site subsequently positions the 

aspartic acid residue opposite the invariant cysteine residue in the PTP loop and close to 

the scissile oxygen of the subsirate. The change in conformation allows for the aspartic 

acid residue to act as a general acid during catalysis. 10. 11, 14, 18 OveralI. there are two 

states the WpD loop cm exist in. and that is the "open" state in which there are negligible 

interactions between the WpD loop and binding site. and the *-closedo. state in which the 

aspartatic acid residue in the WpD loop c m  hydrogen bond to the substrate. In the 

absence of substrates. there are equal distributions of PTPases in the -'openu and **closed** 

states. while in the presence of substrates. the PTPases are predominantly found in the 

'*closed" state. l4 

1.2.3 Catalytic Mechanisrn 

The PTPase catalyzed reaction proceeds through a double displacement 

mechanism and is carried out by invariant residues found in the PTP loop and the WpD 

loop. When a substrate binds to PTPase. the phosphoryl aoup  is first transferred to the 

active site cysteine residue foming a covalent thiophosphate enzyme intermediate. 

Following this step is hydrolysis of the thiophosphate enzyme intermediate by a water 

molecule yielding the fke  enzyme and inorganic phosphate (Scheme 2): 



H 
" p ~ o H  O H-N-  '+NI+ / 

H- N. 

Scheme 2. Proposed catalytic mechanism of PVases 



The cysteine residue found in the signature motif. located at the base of the active 

site. is absolutely essential for PTPase activity. Guan and Dixon demonstrated that when 

CysZ 15 was mutated to Ser215 (one atom substitution), there was total loss of enzyme 

activity. although the substrate still bound." The cysteine residue acts as  a nucleophile by 

attacking the phosphorus of the phosphotyrosine residue of a subsuate. which in tum. 

results in the formation of a thiophosphate enzyme intermediate? Evidence for the 

covalent thiol phosphate linkage came from the work of Guan and Dixon. They showed 

that "P-labeled phosphoprotein has a bell-shaped pH-rate protile. with maximal 

hydrolysis in the pH range of 2.5-3.5. As well. the thiol phosphate Iinkage hydrolyzed in 

the presence of iodine or bromine. These two observations suggest the formation of a 

covalent thiol phosphate linkage." The bond energy of the P-S bond (45-50 kcal/mol) is 

less than the P-O bond energy (93- 100 kcal/mol). Therefore. P-S bond cleavage is much 

more facile and this is probabiy one of the reasons nature chose cysteine instead of serine 

as the crucial nucleophilic resid~e.?~ 

The pK, of the cysteine residue in the active site of PTPase is 4.67. thus. at 

physiological pH it rxists as a thiolate anion. Normally. a free cysteine has a pK, of 8.5. 

A reduction in the pK, as sren for the invarîant cysteine. would require stabilization of 

the thiolate anion. Most of the stabilizing forces corne from the invariant histidine 

residue that precedes the cysteine in the PTPase signature motif. Substitutions of the 

histidine to asparagine and alanine increases the pK, of the active site thiol from 4.67 to 

5.99 and 7.35 respectively." The role of histidine is stmcrural by defining the 

conformation of the cysteine and PTP-loop. The histidine residue does not have a 

catalytic role since it interacts with only the carbonyl oxygen of the cysteine and not 



directly with the cysteine side chain.'. ' O  Besides the histidine residue. there are other 

electrostatic interactions that contribute to the stabilization of the thiolate anion since 

replacement of the histidine with alanine still results in a pK, that is one unit lower than 

free cysteine."* In comparing the pK, of senne to cysteine. senne has a much higher 

pK, of 14. This rnay explain why thçre is no PTPase activity in the cysteine to serine 

mutants since the hydroxyl group would probably not be ionized at physiological pH. 

Essentially. a hydroxyl 

The conserved 

substrate binding and 

group would be a woer nucleophile than a thio~ate.'~ 

arginine residue of the PTPase signature motif plays a role in 

an cven more important role in transition state stabilization." 

Mutagenesis studies carried out on the arginine residue resulted in either loss of enzyme 

5 16. 3. 24 ûctivity. or sevcrely reduced activity4. ". The guanidinium group present in the 

sidr chain of die arginine residue providrs transition state stabilization by fonning ion 

pairs with the two oxyanion oxygens found on the phosphoryl group."-23 Studies have 

shown that a guanidinium group is ideally suited for interaction wiih phosphate by virtue 

of its plana structure and its ability to fonn multiple hydropn bonds with the phosphate 

moiety." Lysine. which also has a cationic side c h a h  has show to partially replace 

arginine in terms of substrate and inhibitor binding. However. lysine cannot replace the 

catalytic activity of P T P ~ s ~ . ' ~  Therefore. the trigond bipyramidai transition state is 

likely stabilized by the unique stniciural properties of the guanidinium group of arginine. 

As well. the arginine residue is most likely positioned such that it interacts more 

favorably with the transition state than the ground state.". " 

Most PTPases. with the exception of cdc2S which is less reactive. has a serine or 

threonine irnmediately proceeding the conserved arginine residue. The serine or 



threonine residues are positioned such that they can form S-HO hydmgen bonds with the 

invariant cysteine residue." Mutagenesis studies have shown that the loss of the hydroxyl 

moiety results in no change in substrate or inhibitor binding. but dramatically af'ects the 

rate of intermediate hydrolysis. Therefore, the role of serine or threonine in PTPase 

activity is most likely to facilitate the breakdown of the thiol phosphate enzyme 

intemediate by stabilizing the enzyme thiolate leaving group.''. ". '' 
Found within the WpD loop is the conserved aspartic acid residue. Upon 

substnte binding. the WpD loop acts like a "flap" by folding over the active site and 

swinging the aspartic acid over such that it sits directly above the scissile oxygen of the 

substrate. 4. I I .  It. 18 Studies have shown that the aspartic acid acts as a genrral acid by 

donating a proton to the oxygen of the phenolate leaving group during the formation of 

the thioi phosphate enzyme intermediate. The aspartic acid may also act as a general 

base during the dephosphorylation step by activating a water molecule for hydrolysis of 

' '8.19.30.3 1. 32.33 the thiol phosphate enzyme intermediate." '-.- 

As mrntioned above. the PTPase reaction proceeds through an in-Iine double 

displacement mechani~rn.~ In the first transition state. the thiol phosphate enzyme 

intermediate is formed and it occurs by a dissociative mechanism (Scherne 3). In other 

words. bond formation to the incorniny cysteine nucleophile is minimal and bond 

breakage between the phosphorus and the leaving group is ~ubstantial.~. To prornote 

and stabilize the dissociative transition state. the invariant aspartic acid residue donates a 

proton to the phenolate leaving group to reduce the buildup of negative charge. 4. 29. 3 1. 32. 

33.34 In the second transition state. the phosphate group is hydrolped off the enzyme by 

a water molecule that is activated by the conserved aspartic acid. Once again. the 
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Scheme 3. Possible transition state structures for the phosphorylation and 

dephosphorylation of the invariant cysteine in PTPases 



transition state is dissociative where the P-S bond breakage is substantial (Scheme 3). In 

this case. the transition state is promoted and stabilized by the senne or threonine residue 

found in the PTPase signature motif. The hydroxyi group is able to form an S-OH 

hydrogen bond to the leaving thiolate. thus reducing the buildup of negative charge. 4. 26. 

27.34 

In summary. the comrnon catalytic mechanism camed out by most PTPases 

involves the cysteine residue acting as a nucleophile. forming the thiol phosphate e w m e  

intermediate. The driving forces behind the formation of the phosphoenzyme 

intermediate is the aspartic acid acting as a general acid. and the arginine residue 

stabilizing the tngonal bipyrarnidai transition state. Once the phosphoenzyme 

intenediate is formed. a water molecule approaches the side uf the intermediate in which 

the leaving group has just vacated. When the water molecule becomes activated and/or 

positionrd correctly by the aspartic acid. dephosphorylation of the phosphoenzyme takes 

place and inorginic phosphate is subsequently released out of the active site. 

1.3 PTPlB 

PTPl B was the first PTPase to be obtained in pure form.. 35. 36 The purified 

enzyme was s h o w  to have 321 amino acids. however. the cDNA indicated that it is 

really comprised of 435 residues. The conserved PTP domain is located within residues 

30 to 278. The thirty-tive carboxyl teminal residues target the enzyme to the 

cytoplasmic face of the endoplasmic reticulum membranes. 

The crystal stnrcture of human PTPlB has been determined.' It has a single 

catdytic domain which is made up of right a helices and twelve P strands. The PTPase 

signature motif (His214 to Ser322) is situated in loop 15 (PTP loop) connecting the 



carboxyl terminus of j3-13 with the amino terminus of a-4. PTPI B has the structural and 

mechanistic characteristics as described above for PTPases. 

Research has shown that free phosphotyrosine is a poor subsme for PTP 1 B. 

However. when there are residues flanking both sides of the phosphotyrosine residue. 

binding affinity increases." More specifically, acidic residues positioned on the amino 

terminal side of the phosphotyrosine enhances binding affiniiy. while repiacement of the 

acidic residues with arginine have the opposite affect. 37. 38. 39. 40. 41 Zhang et ul have 

shown that a minimum of six arnino acids. including a phosphotyrosine residue. are 

required for efficient substrate binding and catalysis. Upon assigning the 

phosphotyrosine residue at position O. the hexapeptide should be comprised of four 

amino terminal residues positioned from 4 to -1. and one carboxyl terminal residue ai 

position + l . 4 t 

Jia rr al detrrmined the crystal structures of the catalytically inactive Cys2 15 to 

Ser2 15 mutant complexed with the high affmity peptides DADEpYL-NH2 and DEpYL- 

NH: to study the structural basis of substrate recognition by PTPI B." They found that 

there are numerous ways in which PTP 1 B recognizes phosphotyrosine peptides. Fintly. 

the depth of the binding pocket is the same length as a phosphotyrosine residue (9 A). 

Phosphoserine and phosphothreonine residues are too short to reach the cataiytic cysteine 

residue at the base of the pocket. Secondly. there are residues with nonpolar side chains 

lining the binding pocket such that they can fom hydrophobic interactions with the 

phenyl group of the phosphotyrosine residue. Lastly, there are hydrogen bonds and 

electrostatic interactions formed between the peptide and the enzyme. The crystd 

structures show that hydrogen bonds are formed between the main chah carbonyl of 



peptide residue -2 with the main chah nitmgen of Arg47. As well. the guanidiniurn side 

chah of kg47 foms salt bridges with the side chains at positions -2 and -1.  and forms a 

long hydrogen bond with the main chain carbonyl at 4. These interactions are consistent 

with the preference of PTP1 B for peptides with acidic amino acids amino terminal to the 

phosphotyrosine residue. Van der Waals contacts are observed between the side chain of 

Leu at position i l  of the peptide with the side chains of Va149. Ile219. and Gln262. 

There was also a water-mediated hydrogen bond between the amide group at +1 and the 

side chain of Gld63 .  

Further studies were cmied by Sarmiento et al to determine the roles of TyrJ6. 

Arg47. Asp48. Phel81. and Gln161 and their influence on substrate recognition.'" 

PTPlB mutants were created by changing Ty46 to Phe and Ala. Arg47 to Glu and .4sp. 

Asp48 to Ala Phe187 to Ala. and Gln162 to Ala. The effects of the substitutions were 

evaluated by using p-nitrophenyl phosphate and several phosphotyrosine-containing 

peptides as substrates. Frorn thcir results they concluded the following. The arornaticity 

of Tyr46 is important for substrate recognition and optimal substrate orientation. since 

the side chain of Tyr46 forms hydrophobie stacking interactions with the phenyl ring of 

phosphotyrosine as seen in crystal structures. Arg47 interacts with acidic residues in the 

substrate and is considered an important substrate specificity determinant. Substitution of 

Arg47 with glutamic acid resulted in a severe decrease in PTPlB activity. likely due to 

the charge repulsion between the glutamic acid and acidic residues in the substrate. As 

well. substitutions of the peptide residues at position -2 and -1 with alanine resulted in a 

decrease in activity. thus M e r  demonstrating the preference of Arg47 for acidic 

residues. The role of Asp48 is to position the substrates in an optimal conformation for 



substrate binding and/or nucleophilic attack by the active site cysteine residue. Phe 1 82 is 

required for substrate binding and Enzyme-Product formation since its hydrophobic 

stacking interactions with the phenyl ring of the phosphotyrosine residue brings the 

genenl acid Aspl81 into proper position for proton donation. Lastly. Cl11261 may be 

important for aligning the phenyl ring of the phosphotyrosine residue in the Enzyme- 

Product formation step. as well as for optimum positioning of the nucleophilic water 

molecule for efficient Eruyme-Product hydrolysis. 

Recently. Sarmiento cr ul have learned that Are47 can adopt two conformations 

for substrate interaction drpending on the nature of the ~ubstrate.~' They observed that 

when there is an acidic residue at position -1 of the peptide substrate. there exists a 

pretèrence for a second acidic residue at position -2. The guanidium group of ArgJ7 

allows for favorable electrostatic interactions with the side chains of residues at -1 and - 

2 .  From the crystallographic studies cmied out by Sarmiento rr ul. ihey found that 

Arg47 can change conformations such that it can also accommodate aromatic groups at 

position - 1 . When a phrnylalanine or p-benzo y lpheny lalanine residue was at - 1. 

hydrophobic interactions were observed between the aliphatic part of the Arg47 side 

chah  and peptide positions -1 and -3. The ability of PTPlB to change conformations 

without disrupting the catalytic activity demonstrates the plasticity in PTPl B substrate 

recognition. This unique feature should assist in the design of PTP 1 B speci fic inhi bitors. 

1.3.1 PTPlB and Diabetes 

Type 2 or non-insulin-dependent diabetes mellitus (NIDDM) is a very serious 

disease state that affects 80% of people with diabetes. It is characterized by insulin 

resistance. where the cells no longer respond to normal levels of circulating insulin. and 



hyperglycemia (hi& blood glucose l e ~ e l s ) . ~  Insulin is a hormone that binds to the 

insulin receptor. which in tum. activates the receptor to control blood glucose levels. The 

insulin receptor is a transmembrane glycoprotein cornprised of two a-subunits that are 

each linked to a P-subunit and to each other by disulfide bonds. The a-subunits are 

extracellular and contain the insulin binding site(s). The P-subunits. which are linked to 

the a-subunits by a single transmembrane segment. are intracellular and contains intrinsic 

protein tyrosine kinase activity. Thus. the insulin receptor is also referred to as the insulin 

receptor kinase (IRK). When insulin binds to its receptor. the IRK activity is activated so 

that autophosphorylation on residues Tyr1 146. Tyrl 150. and Tyrl I 5 1 of the receptor can 

take place. Following full activation. IRK phosphorylates or binds to other proteins. such 

as the insulin receptor substrate 1 (IRS-1). which results in a signaling cascade of 

second- phosphorylation and dephosphorylation reactions that cventually leads to 

glpcogen synthesis and lowering of bIood glucose levels (Scheme 1). W. 45.46.47 

To terminate insulin action. even afier insulin has lefi the receptor. 

dephosphorylation of both the insulin receptor and IRS-1 is required. Several PTPases 

have been irnplicated as the negative regulaton of the insulin receptor signaling. one of 

them being PTP I B." K e ~ e r  ei al exarnined the eflects of insulin and insulin-like growth 

factor (IGF-1) on PTPase a c t i ~ i t ~ . ' ~  They found that when there was chronic stimulation 

of PTPase activity. there was enhanced expression of PTPlB mRNA and protein. They 

proposed that PTPIB opposed IRK and in t u m  desensitized cells to long term action by 

insuiin and IGFI. Other studies c k e d  out by Kemer et d provided more evidence that 

PTP 1 B acts 



Scheme 4. The insulin receptor kinase 

as a negative regulator of insulin ~ i ~ n a l i n ~ . ' ' ~  In their work. they used ce11 lines that 

overexpressed insulin and IGF-I with either PTPI B. or the inactive CysZl5 to SerllS 

mutant of PTPl B. They found that in the cells containing PTPlB. IRK 

autophosphorylation and IRS- I phosphorylation were inhibited. whereas the crlls with 

the inactive PTP 1 B mutant had increased activity. Thus demonstrating the role of PTP 1 B 

in the negative regulation of insulin signaling. Ahmad et al demonstrated that I F K  

autophosphorylation and IRS- 1 phosphorylation could be cnhanccd if PTP 1 B activity 

was repressed." In their studies. they used antibodies that immunoprecipitated and 

inactivated PTPlB by stericaily blocking catalytic interactions between PTPlB and its 

substrates. Their results led hem to conclude that PTPlB has a role in the negative 

regulation of insulin signalinp. and also suggested that inhibition of PTP I B  could be used 

as a therapeutic tactic for treatment of type 2 diabetes. 

Recently. scientists at McGill University and Merck Frosst Canada collaborated 

and provided compelling evidence that PTPlB plays a major role in modulating both 

insulin signaling and fuel metabolism." Elchebly et d firçt created PTPlB knockout 

mice. where the mice Iacked die gene that encoded for PTPIB. They mated the PTPlB 

knockout mice with wild type mice to obtain PTEW'" (wild type), PTPIB"'* 



(heterozygotes for PTP 1 B gene and expressed half the mount of PTP 1 B as the wild type 

mice). and PTP 1 B'* (homozygotes for the lack of PTP 1 B) progeny mice. The dvee types 

of mice were subjected to glucose and insulin tolerance tests. In comparison to the wild 

type mice. PTPIB'" mice were found to be highly insulin sensitive since the blood 

glucose levels were slightly lower and maintained with half the level of circulating 

insulin. These resuits seen in the PTPIB"' mice was most likely due to proionged 

phosphorylation of the receptor. It suggests that the role of PTP 1 B is to tum off the 

insulin signal by dephosphorylating the activated insulin receptor. thus acting as the 

insulin receptor PTPase. To hrther probe the role of PTP 1 B. Elchebly er ul. measured the 

levels of tyrosine phosphorylation of the insulin receptor and IRS-1 in the b e r  and 

muscle tissue of the mice. A fier injection of insulin. they found the PTP 1 B'- mice had 

increased levels of phosphorylation in comparison to the wild type mice. which is 

consistent with the suggstion of PTP 1 B acting as the insulin receptor PTPase. The mice 

were also subjecred to a high fat diet to determine the effect of obesity on insulin 

sensitivity. sincr obesity results in insulin resistance. While on the high fat diet. the wild 

type mice became fat and insulin resistant. while the PTPIB"* mice were obesity resistant 

and maintained insulin ~ensitivit~." The results observed in the PTPI B"- rnice were 

surprising since insulin is a highly potent agent that promotes the storage of 

carbohydrates and fat?' From the work of Elchebly et al. PTP 1 B has been implicated as 

a highly potential thenpeutic target for the treatment of type 2 diabetes and obesity since 

the absence of PTPlB activity causes enhanced insulin sensitivity and resistance to 

weight gain in mice." 



1.4 PTPase Inhibitors 

1 A. 1 Peptide-Based Inhibitors 

The first approach towards designing inhibitors for enzymes is usually taking the 

naturai peptide substrate and replacing the reactive residue wth  a nomeactive one. In the 

case of PTPases, the scissile oxygen of phosphotyrosine (pTyr. 3) wouid have to be 

replaced with a non-hydrolyzable tùnctionality . One of the fint potent PTP l B peptide- 

based inhibitor was developed by Burke er al." They synthesized two hexarneric 

peptides Ac-D-A-D-E-X-L-amide. where X was a non-hydrolyzable phosphoryltyrosyl 

mimetic. The specific sequence of the hexarner has been shown to be a very good 

substrate for PTP 1 B. The first peptide contained a phosphonomethy 1 pheny lalanine 

(Pmp. 4) residue where the scissile oxygen was replaced with a methylene moiety. The 

peptide had an ICzo of 700 PM. However. when a difluoromethylene group was put in 

place of the methylene group. making it a phosphonodifluoromethyl phenylalanine 

(FzPmp. 5) residue. the IC50 was decreased to a remarkable 100 n ~ . "  The 2000-fold 

enhancement was originally thought to be due to the fluorines lowering the pKa of the 

phosphonate group. as well as the introduction of specific interactions between the 

fluorines and the active site. However. inhibition studies have s h o w  that the lower pKd 

is not a contributing factor to inhibitor potency because both the monoanionic and 

dianionic forms of FzPmp bind equaily well to PTP 1 B. Therefore. the F2Pmp-containing 

peptide is most likely a better inhibitor than the Pmp-containing peptide because of the 

fluorines being able to fom specific interactions with the active site residues. or restore 

the hydrogen bonding interactions that exists between the scissile oxygen of 

phosphotyrosine and the side chains of the residues in the active site.j3 
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Although F#mp-containing peptides cm be very potent inhibiton. there is a 

disadvantage to using them in cellular studies. At physiological pH. the 

difluoromethylenephosphonic acid (DFMP) moiety is di-ionized. which decreases the 

ability of the peptides to penetnte cellular membranes. Therefore. Kolc et (il designed L- 

O-malonpltyrosine (L-OMT. 6). which has two carboxylic acids in place of the phosphate 

group. as an alternative phosphotyrosine mirnetic.'" The advantagç of using a malonyl 

structure is that the di-acid c m  be protected as the di-ester for delivrry across the ce11 

membranes. Once the substrate is inside the cell, the di-acid cm be deprotected by 

esterases. L-OMT-containing peptides were prepared and tested against PTPI B. It 

demonstrated significantly higher potency (ICjo = 10 FM) than the analogous Pmp- 

containing peptides. Based on the observation that FzPmp is more effective than Pmp. 

Burke eï cil introduced a fluorine to L-OMT to give 4'-O-[2-(2-8uoromaionyl)-L- 

ty~osine. (FOMT. 77" They found a 10-fold enhancernent (ICjo = 1 @l) in inhibito. 

potency. which once again was probably due to new bonding interactions and not due to 

the lowering of pK, values. 



6 OMT 7 FOMT 

In an anempt to furthèr enhance rffects of OMT-containing peptides. researchers 

have designed cyclized peptides to restrain conformational flexibility. 56. 57 When the 

heramer D-A-D-E-OMT-L was cyclized by means of a sulfide bridge between the side 

chah of a C-terminally added cysteine residue and the P-carbon of a N-terminal acetyl 

residue (9s). it exhibited a K, of 0.73 PM. The cyclic peptides were screened against 

PTPl which is the rat equivalent of PTPlB found in humans. In cornparison. the linrar 
- - 

. . . . . . . . . . . . . . . . . . . . . . . . .  
- - - - - - -  

countcrpart of the cyclized OMT-containing peptide (8) had a K, of 15 pM whkKwasl 8- 

fold woee. It was suggested that the conformation restriction allow for a better fit of the 

9a X = OMT 
9b X=FOMT 



OMT residue within the binding pocket.56 A cyclized FOMT-containing peptide (9b) 

was also synthesized and tested against PTP 1. It had a Ki of 0.17 PM. which was a 4- 

fold enhancement in cornparison to the OMT variant.s7 

The FOMT residue contains only one fluonne atorn. Thus. the introduction of a 

second fluorine atom could possibly enhance the inhibitor potency of peptides. Fretz has 

developed the synthesis for O-(carboxydifluoromethy1)-L-tyrosine (10). in which a 

carboxyl group in FOMT is replaced with a ~uorine.'~ In his studies. he found that the 

pK, and van der Waals' volume of the difluoroacetic acid group of 10 and the phosphate 

group of phosphotyrosine were sirnilar to cach other. This implies that 10 could be a 

very good phosphotyrosine rnimetic. Unfortunately. thrre has yet to be any reports on the 

screening of such peptides against PTP 1 B. 

The inhibitor effects of OMT- or FOMT-containing peptides relies on the action 

of cellular esterase to deprotect the peptides when the OMT or FOMT are protected as 

the diester. However. studies have shown that esterase treatment results in the rernoval of 

only one ester." The limitation to mono de-esterfication m q  be due to the close 

proximity of the malonyl a,a-carboxyl groups. Thus. Burke et al designed malonyl 

analogues where the two carboxyl groups are spatially separated to make di de- 

esterfication more amenable. but within close proximity to rnaintain the phosphate- 

mimicking character. Their best inhibitor against PTP 1 was the hexarner Ac-D-A-DE- 

X-L-amide. where X was 3-carboxy-l-(O-carboxymethyi)-L-tyrosine (1 1). A K, of 3.6 

FM wûs detennined for 11. which was not as potent as the FOMT-containing peptide.59 



Resevchers at Ontagen Corp. found that paru-substituted cimamates have 

moderate inhibition towards PTPIB." As such. they prepared a library of tripeptides 

acylated at the amino terminus with p-carboxpci~amic acid. Their results showed that 

inhibitors containing glutamate residues were the mosr potent inhibiton. while the lysine 

containing inhibitors were the poorest. This is consistent with the enzqme's preference 

for acidic residurs. The best inhibitor in their library had a K, of 79 nM (12). Although 

bc: irreveniblr inhibitors with the cimamoyl group acting as a Michael acceptor for the 

invariant cysteine re~idue.~' 



Another non-phosphorus containing phosphotyrosine mimetic is the sulfotyrosine 

residue (sY. 13). Studies have shown that a uis-sulfotyrosyl-containing peptide can 

enhance insulin signaling by inhibiting PTP 1  B.^'- 63 Desmarais et al investigated other 

sulfotyrosyl-containing peptides as poterit inhibitors of PTP 1 B and CD45. a receptor type 

P T P ~ S ~ . *  The ICso's of their substrates were found in the low to mid-rnicromolar range. 

In cornparison to the F2Pmp-containing peptides. the sulfotyrosyl derivatives were less 

potent. Interestingly. there has been no report of a sulfonate analogue of FzPmp where 

the introduction of fluorine atoms could significantly enhance inhibitor potency. 

1.4.2 Non-Peptidyl Metal-Containing Inhibiton 

A number of metal-containing small molecules have shown to cornpetitively 

inhi bit PTPases. including gallium nitrateb'. pheny larsine oxide7. vanadate. and 

pervanadate (complexes of vanadate with hydrogen peroxide)b6. These molecules are 

thought to inhibit PTPases by either binding as a transition state analogue. that is. 

adopting a trigonal bipyrarnidd structure to mimic the transition state of the phosphoryl 

trmsfer reactions, or by oxidizing the invariant cystehe residue to prevent nucieophilic 



attack. Unfortunately. these metal-containing small molecules are nonselective and are 

potentially toxic. 7.52.65.66 

1.13 Non-Peptidyl Irrevenible Inhibitors 

Anempts have been made to design irreversible PTPase inhibiton. By taking 

advantage of the nucleophilic nature of the invariant cysteine residur. introduction of a 

reactive electrophilic center in the inhibitors could lead to covalent bond formation 

between the nucleophile and inhibitor. resulting in irreversible inhibition. 

+Di fluoromethy lpheny 1 bis(cyclohexy1ammonium) phosphate ( 14) has been 

shoin to be a suicide inhibitor of SHP. a cytoplasmic PTPasr. The rnechanism involves 

the enzy matic release of di tluoromethy l phenol which rapidl y el irninates fluonde. 

genrrating a reactive quinone methide. This species can then be attacked by nucleophilic 

residues at the enzyme active site. resulting in a covalent anachment (15) and 

subsrquently the inactivation of the enzyme (Schrme 5).67 

14 15 

Scheme 5. Mechanism of inhibition of PTPases by 4-difluoromethylphrnfl 

bis(cyc1ohcxylarnmonium) phosphate (14) 



Quiescent affinity labels are reagents that contain weakly electrophilic groups that 

normally participate poorly in SNZ reactions. As well. these types of reagents are only 

chemically reactive when bound to the enzyme active site. Widlanski and coworkers 

developed three potential quiescent affinity reagents (Ida-c). and tested them against a 

truncated recombinant form of YopSl P T P ~ S ~ . ~ ~  Compound 16a caused linle or no 

inactivation. 16b gave modest inactivation. and 16c was by far the best inactivator. Two 

mechanisrns have been proposed for the inactivation process. both involving the highly 

nucleophilic cysteine residue and subsequent formation of a covalent bond. The first 

rnechanism involvrs a SNZ reaction in which the active site nucleophile displaces the 

halogen (Scheme 6A). The second mechanism involves addition of the cysteinr residue 

to the phosphonate to give a phosphorane. followed by closure to a three-membered ring 

which rnay further react (Scheme 6~ 
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Scbeme 6. Proposed mechanisrns for the inhibition of PTPasrs by Ma-c 

Menadione (17) and naphthoquinone analogues have been show to inhibit 

PTPase cdc2Sa. 6%. b On the other hand. the sulfone analogue of naphthoquinone (18) is 
- - - - -  - - - -  

unable to inhibit cdc25a as weil as cdc25b. cdc25c. LAR and Xersiniu PTP. However. it 

is potent towards PTPI B with a Ki of 3.5 I r~ .7%e proposed mechanism of inactivation 

by these compounds involves a Michael addition of the nucleophilic cysteine thiol to the 

enone. thus covalently modifying the enzyme active site." 



Althou& the above compounds have s h o w  to inactivate PTPases irreversibly. 

they suffer fiom low potency. non-selective inactivation of enzymes. andor possible non- 

speci t ic interaction@) with other cellular n~cleo~hiles.' 

1.1.1 Non-Peptidyl Reversible Organic Inhibitors 

Peptide based inhibitors are less attractive as lead compounds for designing drugs 

because they are usually susceptible to proteolytic degradation and ofien rxhibit poor 

cellular uptake. As a result. there is more attention in developing small. organic. 

reversible. cornpetitive inhibitors as dmg candidates. 

The DFMP moiety proved to be very potent towards PTPases when incorporated 

into peptides. As such. Kole et al exarnined several phenyl- (19a-d) and 

naphthylphosphonates (20. 2la) against PTPlB and PPZA. a serinehhreonine 

phosphatase.7' The phenylphosphonates were very poor inhibitors. However. there was 

an increase in inhibitory activity as the methylene unit (19a) was replaced with -CHOH- 

(19b). -CHF- ( 19c) and -CF2- (19d). the most potent inhibitor being the phenyl derivative 

bearing the -CF2- unit. The naphthyl derivatives. on the other hand. were much more 

potent. Upon introducinp the second aryl ring, both 20 and 21a inhibited PTPlB and 

PP2A effectively and equally well. The K, for 20 and 2la against PTPIB was 

determined to be 755 and 179 pM respectively. suggesting that changing the position of 

the DFMP group in the naphthylphosphonates does not have an): significant effect on the 

potency of inhibition. 71. T7 X-ray studies of mutant PTP 1 B (CysZ 1 5 to Srr) cornplexed 

with 2la revealed that the enhanced inhibitor activity was due to extensive hydrophobie 

interactions formed with the naphthalene ring. The sarne interactions were not possible 

with the phenyl analogue." The studies also revealed two water molecules that 



interacted with Tyr4-6, Lys 120. and Asp 1 8 1 of the enzyme and were in close proximity to 

the naphthdene ring. Thus. Burke et al introduced a hydroxyl group to the 4-position of 

the naphthalene ring (2lb). The result was a Ki that was Xo ld  lower (K, = 93 PM) in 

c o m p ~ s o n  to the parent molecule 21s. Molecular modeling studies confirmed that the 

enhanced inhibitor activity was due to new hydrogen bonds formed between the hydroxyl 

group and enzyme residues Ty46 and Lysl70.'" 

19a X =CH2 
19b X =CHOH 
19c X = CHF 
19d X =CF2 

Taylor er ul have s h o w  that the meru-biphenyl DFMP 22 is a good inhi bitor of 

PTPlB (K, of 17 p ~ ) . 7 3  The introduction of a second aryl ring resuited in a 17-fold 

enhancement in potency in comparison to the phenyl DFMP (19d). Based on these 

observations. Hum et al prepared a series of biaryl derivatives bearing the DFMP group 

either at the meru or para position (23a. b).'" The most potent inhibitor against PTPlB 

was a triphenyl derivative (21) from the metu senes of biphenyl DFMP compounds. 

Compound 24 was a competitive inhibitor and had a K, of 1.7 p ~ . ' 5  In general. Hum er 

rrl found the metu series of inhibitors more potent than the para series''. which is 

consistent with the results obtained frorn Taylor et d3 



23a - meta series 
23b - para senes 

v 
24 

The introduction of a second DFMP group to naphthyl derivatives already bearing 

one DFMP group has becn shown to enhance inhibitor activity and PTPase se~ect iv i ty .~~ 

DFMP substitutions at the 2.7-positions (25a) and 2.6-positions (25b) had lCro values of 

16 and 79 pM respectively when screened against PTPIB. An [Go of 27 pM was 

observed against CD45 when there were DFMP groups at the 1.7-positions (2%). Al1 

three compounds showed a srnaIl degree of selectivity between PTPI B and C D 4 .  and a 
- - - - - -  - - - - - - - - - 

- - - - - - - - - - - - - - -  
- - - -  

large depree of selectivity against PP?A (ICro > 300 pM for 25s. b. c). To fùnher 

investigate the effects of introducing a second DFMP group. Taylor rr al exarnined bis- 

DFMP diphenylmethyl derivatives (26) with varying lengths of the hydrocarbon chah 

linking the two aryl p u p s  (n = 1. 2. 3. or 4)." Whcn screened against PTP I B. the 1.4- 

diphrnylbutanr (26. n = 4) derivative was the bcst inhibitor. exhibiting an ICso of 4.1 pM 

and a K, of 1.5 PM. 



Phenyl DFMP is a poor inhibitor. However. when a second aryl ring with a 

DFMP group is added on. the inhibitor potency increases dramatically. To undentand 

the structural b a i s  of increased binding afEnity with biphenyl derivatives. X-ray studies 

25a X = 2.7 substitution 
25b X = 2.6 substitution 
2 5  X = 1.7 substitution 

were carried out on mutant PTPlB (Cysll j  to Ser) complexed with either 

phosphotyrosine or bis-(putu-phosphophenyl) methane (BPPM. 27)." Analysis of the 

crystal structures revealed a second aryl phosphate-binding site. It is a low-affinity. non- 

catalytic binding site adjacent to the active site? which suggests that high affinity 

binding of bis-DFMP diphenylrnethyl derivatives map bc a result of one of the phosphate 

groups occupying the catalytic site and the other occupying the low affinity non-catal~ic 

site. Howevrr. recent X-ray analysis of the PTP 18-26 complex revealed that one DFMP 

27 BPPM 



group binds at the catalytic site, while the other DFMP group foms non-specific 

interactions with an arginine residue and does not intenict widi the second "phosphate"- 

binding site." There appears to be two mutually exclusive binding modes. One of the 

DFMP groups bind in either the cataiytic site or the non-catalytic site. while the second 

DFMP group is bound by a combination of electrostatic. hydrophobie. aromatic-aromatic. 

and water-mediated hydrogen bonds in an area slightly removed from both the catalytic 

and non-catalytic sites. 73.77 

Small. organic. revenible. cornpetitive inhibitors do not necessady need the 

phosphate moiety to inhibit PTPases. Some examples are presented below. 

Ni trouylhydroxymethy1phosphonic acids (2Sa. b and 29). where the nitro and 

a-hydroxy groups are essential for activity. have shown to inhibit CD45 79. Frechette 

rr a/ rxamined a series of a-hydroxyphosphonates and found that 28a was the best 

inhibitor of CD45 uith an ICso of I .Z p ~ . 7 9  Sirnilar studies were camied out by Beers et 

oi. The best inhibiton the? found were 28b and 29. both displaying an IC50 of l p ~ . 8 0  

Some studies have modeled on natural products in designing PTPase in hi bit or^.^'- 
'' Based on natural product inhibitors of phosphothreonine phosphatases, Rice et al 



found that out of a series of structurally sirnilar compounds. 30 was the most potent.8' It 

had a Ki of 0.85 pM against PTP1B. and 8 FM. 7 PM. and 1 I pM against cdc2SA. 

cdcZ5B. and cdc25C respectively. Although 30 showed moderate selectivity for PTP1 B 

relative to the cdc PTPases. there was significant selectivity in cornparison to PPI and 

PP2A since it was unable to inhibit both PP-type enzymes at 100 PM?' S u l h c i n  (3 1 a). 

a marine natunl product isolated h m  a deep-water sponge. has s h o w  to inhibit 

cdc3A. PTPIB. and VHR with Go values of 7.8 PM. 79.8 PM. and 4.7 pM 

respective1 y. Removal of the methy 1 group resulted in enhanced potency towards 

PTP1 B. Unfortunately. enzyme selectivity decreased as a result of it? 



Surarnin (32) is a reversible and cornpetitive inhibitor of PTPases. It has a Ki of 

4 pM and 1.3 FM against PTP I B and kèrsinia PTP respectively. and a Ki that is 1 O-fold 

higher for VHR.~) 

Kotoris et ui exarnined naphthyl and biphenyl derivatives containing a,a 

di fluorosulfonatr: (33a. 3 Ja). a,a-difluorocarboxylate (33 b. 3 Jb). or a,a- 

diflu~~rot--le (33c. - - - 34c) - - - - - - -  groups as potential phosphate biosteres for PTPlB 
- - - - - - - - - - - - - - - - 

- - - - - - -  - - - - -  

inhibition." Thcse three groups would be more amenable for cellular studies since they 

are monoanionic. The most potent inhibitor was 34s. displaying a modest Ki of 49 pM 
I 

and demonstrating that the CF,-sulfonate group was the most effective phosphate 

biostere. 
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1.5 Combinatorial Chemistry 

Finding a highly active compound for a specific biological target is a ven; 

challenging process. as is the case for PTPases. Thousands of compounds are typically 

synthesized and screencd before finding one. a lead compound. that exhibits some degree 

of activity. From there. more compounds are made that are structurally sirnilar to the 

iead compound(s) in hopes of finding a highly active one that is specific. potent. and non- 

toxic. Synthesizing thousands and thousands of compounds individually in solution. thai 

is. working on one reaction. on one substrate. in one reaction vesse1 at a time to give one 

product. can be a very slow and time-consuming process. Combinatorial chemistry is a 

synthctic stratepy that has the potential to make large number of compounds (chernical 

libraries) in a faster. cheaper. and more efficient mariner." As such. we wish to take this 

approach for the search of potent and highly selective PTP 1 B inhibitors. 

Combinatonal chemistry involves a systematic and repetitive. covalent 

comection of a set of different "building blocks" of varying structures to each other to 



yield a large array of diverse rnolecular compounds. 86. 87 The chemical libraries c m  be 

synthesized individuaily in parallel such that the structures of al1 compounds are known. 

Or. the Iibrary can be prepared as a mixture of "tagged" compounds. and the identity of 

any active compound is determined by an iterative process of resynthesis and screening" 

[n the drug discovery process. combinarorial chemistry cm be applied to either 

lead discovery or lead optimization. In the lead discovery area. random screening takes 

place where the objective is to identify a lead compound in the absence of any structural 

information about active molecules. However. when a lead compound is known. then 

lcad optimization takes place by preparing libraries of molecules that are structurally 

related. otherwise known as establishing SAR ( reiated structural analogues). The 

objective in lead optimization is to optimize biological potency of the active 

c~rn~ound(s) . " -~~ In our studies. we wish to prepare a SAR library via parallel synthesis. 

1.6 Polymer-Supported Organic Synthesis 

Typically. combinatonal chemistry takes place on polymer supports sincc they 

would allow for rapid purification of the compounds after each step of the synthesis. 

Polymers that are usrd for polymer-supponed organic synthesis (PSOS) must possess 

certain properties. They must be commercially available or rapidly and conveniently 

prepared. exhibit good stabilitirs in a wide range of reaction conditions. and provide 

appropriate functional groups for easy anachment of organic compounds. Although 

compounds can be directly attached to the polymer. a linker chain is ofien used to ensure 

anchor stability. irnprove accessibility to reagents. and improve the ease of cleavage of 

the final product off the polymer.88 



There are two types of polymers used for PSOS. The most cornmonly used 

supports are "insoluble" polymers. These types of polymers are insoluble in almost ail 

solvents. The other type of support that has recently been introduced to the area of PSOS 

is "soluble" polymers where the polymers are soluble in the reaction medium. In the 

presence of solvents other than that used for the reaction. the "soluble" polymer 

precipi~ates out. For both types of polymers. rapid purification takes place simply by 

filtering out the polymer and washing away byproducts and excess reagents. 

1.6.1 Insoluble vs. Soluble Polymer Supports 

The use of insoluble polymer supports for organic synthrsis is refened to as Solid 

Phase Organic Synthesis (SPOS). The first type of insoluble polymer used for SPOS was 

the Merrifield resin (35). fint introduced by Merrifield in the 1960's for peptide 

synthesis." Since thrn. it has become one of the most widely used crosslinked 

poly styrene resin. The pol ymer can be readily synthesized by copolymerizing styrenr 

(36) with 3% of chlorornethjdated styrene (37) and 1 to 7% of divinylbenzene (38). 

(Scheme 7). 

Scheme 7. Synthesis of Merrifield resin (35) 



The -CH2C1- moiety allows for easy attachment of oqanic molecules. Divinylbenzene 

acts as a crosslinking agent to provide mechanical stability and insolubility propenies (in 

most organic solvents) of the resin. As a result of the crosslinking. reactions are carried 

out under heterogeneous conditions and the polymer or polymer-bound product can be 

isolated by filtration.89 

Although insoluble polymers have proven to be invaluable in PSOS. there are 

disadvantages to using them. Under heterogeneous reaction conditions. there is nonlinear 

kinetic behavior. unrqual distribution a d o r  access to the chernical reaction. and the 

inability to follow the reaction by conventional analytical techniques. to name but a 

f e d 8  .As a consequence. the idea of using soluble polymers to allow for homogeneous 

reaction conditions have attracted attention. 

The use of solublc: polymer suppons for organic synthesis is referred to as Liquid 

Phase Organic Sythesis (LPOS). Soluble suppons allow for homogeneous conditions. 

and consequently linear kinetic behavior. greater access ofreagents to al1 reactive sites on 

the polymcr. and most imponantly. reactions can be monitored to determine the 

completeness of reactions and punty of polymer bound products. Reaction monitoring 

can be accomplished with analytical methods such as NMR spectroscopy. IR. and even 

TLC. Moreover. these conventional methods allow for samples to be taken from 

reactions for chancterization and retumed to the reaction in a nondestructive rnanner.88 

Several different types of soluble polymers have been utilized in LPOS of 

peptides. olipnuc Ieo tides. oligosaccharides. as well as small molecules?* However. the 

most commonly used polymer is poly(ethy1ene glycol) (PEG. 39a. b). PEG is formed by 

polymenzation of ethylene oxide. which yields polyether structures with either hydroxyl 



groups at both ends (39a). or a methoxy group at one end and a hydroxyl group at the 

other (39b)? Because of the polyether chahs. PEG possesses a polar. hydrophilic nature 

which consequently limits the use of PEG for certain types of reaction  condition^.^^ 

Thus. Janda and other researchers have explored the use of linear. non-crosslinked 

polystyrene (NCPS. 40) which can be thought of as a soluble version of the Memtield 

88-90 resin. NCPS has been used in a variety of studies either as a suppon for synthesizing 

organic molecules or for immobilizing reagentdcatalysts. 90. 91. 92. 93. W. 95 NCPS cari be 

readily prepared by copolymerizing styene with functionalized styrene. providing 

freedom for the type of functional groups desired for attachment of organic molecules. 

The absence of a crosslinking agent results in the solubility of the polymer in certain 

organic solvents. For both PEG and NCPS. dilution of the homogeneous polymer 

solution with solvents that the polymcrs are insoluble in induces precipitation of the 

suppon. which c m  be subsequentlp filtered. NCPS is nonpolar and hydrophobic. thus 

complementing the nature of PEG. Theoretically. these two polymers together cm cover 

a wide array of chemistry for L P O S . ~  



1.7 Specific Objectives 

The DFMP group has been shown to be an effective phosphate mimetic. as 

discussed in sections 1.4.1 and 1.4.4. However. the dianionic nature of the phosphonate 

group makes the DFMP moiety less amenable for cellular studies. Kotoris et d have 

found that the a,a-difluoromethylenesu1fonic acid (DFMS) group is an effective 

phosphate rni~netic.~~ .As such. we wish to prepare a libmy of structurally related 

DFMS-bearing compounds in hopes of finding a potent and selective PTP 1 B inhibitor. 

Previous work has been carried out by Hum rr ul in the Taylor lab where a small 

library of biphenyl DFMP-bearing compounds (42) were prepared using a PSOS 

approach (Scherne 8)." lnstead of the more traditional solid phase methodology to 

PSOS. the LPOS tactic was used in preparing this library since it allowed for 

hornogeneous reactions conditions and monitoring of the reactions by conventional "F 

NMR. "F NMR spectroscopp is a very useful tool for monitoring reactions since it is a 

ver). sensitive nucleus. from an NMR perspective. and the chernical shifis are spread over 

a wide frequency range. Thus. chemical transformations even fairly remote from the 

19 fluorine(s) would result in a change in the F-NMR chemical  hif fi.^^ The specific 

approach involved attaching an appropriately functionalized aryl difluorophosphonic acid 

of type 41 to NCPS via a phosphate ester linkage. The second aryl ring was then 

introduced by Suuki coupling. which is a reaction that has been widely used in the area 

of polymer-supported synthesis." The ethyl protecting gooup and cleavage of the 

phosphonic acid products from the support was c k e d  out in one step with either TMSBr 

or TMSI. 



X = halogen i introduction of 
, second aryl ring 
1 , by Suzuki coupling 
v 

'%+ 

W. Y. Z = H. halogen. alky 1, aryi 

Scheme 8. Approach for LPOS of biphenyl DFMP's 

The methodology developed for preparing the biphenyl DFMP l i b w  had proven 

to be a very powerful synthetic strategy for npid construction of the compounds.7" 

Howrver. the types of biphenyl DFMP compounds synthcsized in the library were 

limited to ones rhat were stable under the deprotection and cleavage conditions (TMSBr 

or TMSI). As such. our specific objective is to develop a methodology for preparing a 

library of biaryl compounds bearing the DFMS moiety (44) using LPOS. Although. the 

DFMS group is not quite as effective a phosphate mimetic as the DMFP groupu. it is still 

the most effective monoanionic phosphate mimetic for obtaining PTPI B inhibitors. We 

anticipated that the DFMS compounds could be removed from the support by basic 

hydrolysis. as opposed to using highly reactive TMSBr or TMSI. This would mean that 

the divenity of compounds prepared on the support could be expanded. In addition. the 

DFMS group is monoanionic. which may pmve to be important from a therapeutic 

perspective. 



The specific objective of this thesis was to examine whether the LPOS approach 

to compound construction could be applied to the synthesis of DFMS deriva~ives. DFMS 

compounds resulting from this approach would then be screened as inhibitors of PTP 1 B. 

To test this approach. we chose to prepare a smail library of biaryl compounds in a 

manner analogous to that developed in our lab by Hum et al (Scheme 9).'" An 

appropriately fùnctionalized aryl difluoromethylenesulfonic acid of type 43 would be 

attached to an appropriately modified soluble polymer suppon via a sulfate ester linkage. 

A Suzuki coupling would be used to f o m  the polymer-bound biaryl cornpounds. The 

products would then be cleaved O tT the polymer suppon by hydrol ysis. Here we report 

that this is indeed a feasible approach to the synthesis of biaryl DFMS compounds and 

that some of the compounds prepared in this manner are good inhibitors of PTP1 B. 

introduction of 
1 second aryl ring 
1 by Suzuki coupling 
r 

cleavage off 
polymer suppon 

4 

Y 
U Y = ary 1, heterocycle 

Scheme 9. General approach for LPOS of biaryl DFMS's 



2 Experimental 

General: Al1 starting matenals were obtained fiom commercial suppliers (Aldrich 

Chernical Company. Oakville. Ontario. Canada or Lancaster Synthesis Incorporated. 

Windham. New Hampshire. USA). Solvents were purchased from Caledon Laboratones 

(Georgetown. Ontario. Canada). Lancaster Synthesis Incorporated. or BDH Canada 

(Toronto. Canada). Tetrahydrofuran (THF) was distilled from sodium rnetal in the 

presence of benzophenone under argon. Dichloromethane (CH2C12) was distilled from 

calcium hydride under argon. Dimethylformarnide (DMF) was distilled under reduced 

pressure from calcium hydride and stored over 1 A sieves under argon. Reactions 

involving rnoisture-sensitive reagents were executed under an inert atrnosphere of dry 

argon or nitrogen. Al1 glassware was pre-dned prior to use and ail liquid transfen were 

performed using dry syringes and needles. Silica gel chrornato_mphy was performed 

using silica gel 60A (Silicycle. 230400 mesh). 'H. 1 9 ~ .  3 ' ~ .  and I3c NMR spectra were 

recorded on a Varian 200-Gemini. Bruker AC-200, or Bruker AC-300 NMR 

spectrorneter. The abbreviations S. d. t. q. m. dd. dt. and br are used for singlet. doublet. 

triplet. quartet. multiplet. doublet of doublets. doublet of triplets. and broad respectively. 

Coupling constants are reponed in Hertz (Hz). Chernicals shifts (6) for 'H NMR spectra 

run in CDC13 are reported in ppm relative to the intemal standard tetramethylsilane 

(TMS). Chernicd shifts (6) for 'H NMR spectra run in CD30D are reported in pprn 

relative to residual solvent protons (6 3.30). Chemicai shifis (6) for 'H NMR spectra nui 

in DzO are reported in ppm relative to residual solvent protons (6 4.79). For I3c NMR 

spectra run in CDC13. chernical shifis are reported in pprn reiative to the CDC13 residual 

carbons (6 77.0 for central peak). For I3c NMR spectra nin in CD30D. chernical shih 



are reported in ppm relative to the CD30D residual carbons (6 49.0 for central peak). For 

3 1 P NMR spectra. chemicai shifis are reported in ppm relative to 85% phosphoric acid 

(extemal). ' 9 ~  NMR spectm. chernical shifts are reported in ppm relative to 

trifluoroacetic acid (extemal). Low resolution (MS) and hi& resolution (HRMS) 

electron impact mass spectra were obtained on a Micromass 70-S-250 mass spectrometer. 

Low resolution electrospray mass spectra (LRESMS) were obtiuned on a Micromass 

Quatro II mass spectrometer. High resolution electrospray mass spectra (HRESMS) were 

obtained on a Bruker Daltonics Apex II fourier transform ion cyclotron resonance 

spectrometer equipped with a 7.0 tesla superconducting magnet. Al1 rnelting points were 

taken on a Md-temp melting point apparatus and are uncorrected. Analytical HPLC was 

performed on a Waters LC 4000 System using a Vydac 218TPSJ analytical C-i8 reverse 

phase column and a Waters 86 tunable absorbance detector set at 254 nrn. Al1 HPLC 

analysis was performed using the isocratic gradient (solvent A: acetonitrile: solvent B: 

water with 0.1% TFA): O min: 77% A. 33% 8: 30 min: 77% A. 23% B: 35 min: 100% 

A: 43 min: 100% A: 50 min: 77% A. 33% B: 65 min: 77% -4.23% B. Buffer chemicais 

were obtained from Sigma Chemical Company. Enzyme assay solutions were prepared 

with deionized/distilled water. Fluorescein diphosphate (FDP). human PTP 1 B and CD45 

were gifts from Merck-Frosst Canada Inc (Montreal. Quebec. Canada). H. pomutia aryl 

sulfatase type H5 was obtained from Sigma Chemical Company. 

2-(Bromomethy1)naphthalene (47)? A solution of 2-methylnaphthalene (46. 

10.0 g. 70.3 mmol. l eq) and N-bromosuccinirnide (1 3 -8 g, 77.3 mmol. 1.1 eq) in benzene 

(80 mL) &vas irradiated to reflux for 1 hr using an IR lamp. The reaction was cooled to rt 



and washed with water (3 x 80 mL). The organic layer was dried (MgSQ), filtered. and 

concentrated by rotary evaporation. Column chromatography (1 00% hexane. Rf = 0.3) of 

the crude residue ~ielded a white solid which was a mixture of mono (17a)- and 

dibrominated (47b) products. No Fuaher purifications were carried out since the 

dibrorninated pmduct (17b) is unreactive in the subsequent reaction. ' H NMR (CDC13) G 

4.68 (2H. S. CH? of monobrominated product. 47a). 6.84 (1 H. S. CH of dibrominated 

product. 47b). 

Sodium 2-naphthylmethsnesulfooate ( ~ 8 ) : ~  To a solution of 47s and b (47a. 

6.75 g. 30.54 mmol. 1 eq) in acetone (57 rnL) was added an aqueous solution of Na2S03 

(34 mL. 0.9 M. 1 eq). The reaction was reflwced for 1 hr and the acetone was then 

rernoved by rotary evaporation. A precipitate forrned during the evaporation process. 

The precipitate \vas collecred by filtration. rinsed with water (50 mL) and CH2C12 (50 

mL). and then dried under high vacuum. The product 4%. which was a white solid. was 

obtained in 81% yield: 'H NMR (DMSO-d6) 6 7.80-7.85 (4H. m. Ar-H). 7.48-7.56 (3H. 

m. Ar-H). 3.90 ( IH.  S. CH,). 

2-Naphthylmethanesulfonyl chloride ( ~ 9 ) . ~ ~  To a solution of 48 (4.0 g. 16.38 

mmol. 1 eq) in I : 1 acetonitrile/teinmethy lene sulfone ( 14 mL) was added phosphorus 

oxychloride (6.9 mL. 1 1.35 g. 73.69 mmol. 4.5 eq). The reaction was heated at 55°C for 

6 hrs. cooled to n. and then poured into cold water (500 mL). The resulting precipitate 

was collected by filtration. dissolved in CH2C12 (50 mL). and washed with water (3 .u 50 

mL). The organic layer was dned (MgSQ). filtered. and concentrated by rotary 

evaporation to give pure 49 as an off white solid in 62% yield: 'H NMR (CDC13) 6 7.90- 

7.97 (1H. m. Ar-H). 7.52-7.60 (34. m. Ar-H), 5-03 (3H. S. CHZ). 



Neopentyl 2-naphthylmethanesulfonate (50):' To as solution of 49 (3.10 g. 

12.87 rnmol. 1 eq) and neopentyl alcohol (1.70 g. 19.30 mmol, 1 .5 eq) in anhydrous THF 

(25 mL) at 0°C was added a solution of triethylamine (2.33 mL. 1.69 g. 16.73 mmol. 1.3 

eq) in anhydrous THF (15 mL). The reaction was stirred ovemight at rt. concentrated by 

rotary evaporation. diluted with water (40 mL). and extracted with CHrClz (3 x ?O mL). 

The combined organic layers were dried (MgSQ). filtered. and concentrated by rotary 

rvapontion. Column chromatography (60:40 CH2Clz/hexane. Rf = 0.3) of the cmde 

residue yielded pure 50 as a white solid in 77% yield: 'H NMR (CDC13) G 7.81-7.90 (4H. 

m. Ar-H). 7.50-7.55 (3H. m. Ar-H). 4.53 (ZH. S. CH.). 3.75 (ZH. S. CHIO). 0.91 (9H. S. 

CH;). 

Neopentyl difluoro(2-naphthy1)methanesulfonate (45f8 TO a solution of 50 

( 1  .O g. 3.42 mmol. 1 eq) in anhydrous THF (20 mL) at -78°C was added t-BuLi (2.21 

rnL. 1.7 M. 3.76 rnrnol. 1.1 eq) dropwise over a period o f5  min. The reaction was stirred 

at - 7 8 T  for 2 hn. A solution of NFSi ( 1.19 g. 3.76 mmol. 1.1 eq) in anhydrous THF (20 

mL) was then added dropwise over a period of 2 min. and the reaction was stirred at - 

78°C for 1 hr. This process was repcated (1.2 eq of t-BuLi. 1.2 rq o f  NFSi). The 

reaction was stirred at n ovemight then quenched with water (80 mL) and extracted with 

CH2Cj2 (3 x 80 mL) The combined oqanic layers were dried (MgSO4). filtered. and 

concentrated by rotary evaporation. Colurnn chromatography (30:70 CH2Clr/hexane, Rf 

= 0.2) of the crude residue yielded pure 45 as a white solid in 69% yield: 'H NMR 

(CDC13) G 8.23 (1 H. S. Ar-H). 7.90-7.98 (M. m. Ar-H). 7.58-7.74 (3H. m. Ar-H). 4.14 

(ZH. S. CH20). 1 .O2 (9H. S. CH3): 1 9 ~  NMR (CDC13) G -23.63. 



Lithium Difluoro(2-naphthy1)methanesulfonate (53)? A solution 45 (0.2 p. 

0.65 mmol. 1 eq) and LiBr (0.068 g, 0.79 mmol. l .Z eq) in redistilled butanone (1  0 mL) 

was refluxed for 48 hrs. The reaction mixture was concentrated by rotary evaporation. 

The crude product was dissolved in water (10 mL) and washed with CH2C12 (3 ir 20 mL). 

Lyophilization of the aqueous layer. followed by HPLC purification yielded pure 53 as a 

white solid in 88% yield: 'H NMR (DzO) 6 8.26 (1H. S. Ar-H). 8.00 (3H. t. J = 8.8 Hz 

Ar-H). 7.62-7.75 (3H. m. Ar-H). 

2,2-Dimethyl-3-(tetrahydro-2H-and 2-pyranyloxy)-1-propanol (62). The 

following procedure was adapted from the work of Kato a al.Iw To a solution of 

neopentyl glycol (61. 5.00 g. 48.01 mmol. 1 eq) and p-toluenesulfonic acid monohydrate 

(0.077 g. 0.14 mrnol. 0.003 eq) in mhydrous THF ( 1 3  mL) at -25 O C  was addrd 3.4- 

dihyro-2H-pyran (4.38 mL. 4.04 g. -18.01 mmol. 1 eq). The reaction was stirred for 3 hrs 

ar -25 C. then warmrd to n and stirred for 14 hn. The reaction was quenched with 

trirthylamine (0.5 mL). diluted with ethrr (200 mL). and washed with brine (3  x 200 

mL). The organic layer was dried (MgSOq). filtered. and concentnted by rotary 

evapontion to give a yellow oil. Vacuum distillation of the crude residue yielded pure 62 

as a colorless oil in 22% yield: 'H NMR (CDCI;) 6 4.54 (1H. br S. CH). 3.80-3.90 (IH. 

m. CH?O). 3.63 (IH. d. 1 = 8.8 Hz. CH20). 3.56-3.57 (M. m. CH20). 3.22 (1  H. d. J = 8.8 

Hz. CH20). 2.77 (IH. t. J = 6.6 HL OH). 1.55-1.77 (6H. br m. CH2). 0.92 (6H. S. CH3): 

"C NMR (CDClj) 6 99.4. 75.48. 70.56. 6-30. 36.14. 30.61. 25.37. 21.76. 19.69: MS 

m:z (relative intensity) 187 (54). 103 (100). 101 (43): HRMS calcd for CioHi90s (M - 

Hg) 187.1334. found 187.2325. 



3-(tert-Butoxy)-2,2-dimethyl-1-p~opanol(63).'~~ solution of neopentyl glycol 

(61. 10.0 g. 96 mmol. 1 eq) and i-butanol (10.5 mL. 8.14 g. 1 10 mmol. 1.1 eq) in CHCI, 

(20 mL) was added to 50% HlS04 (20 mL) at 0°C. The reaction was stirred at rt for 48 

hrs. the aqurous layer was separated from the organic layer. and then extracted with 

CHClj ( 2  x 20 mL). The combined organic layen were dried (MgSO4). filtered. and 

concentrated by rotary evaporation. Column chromatography (1 O:9O EtOAc/hexanr. Rr = 

0.3) of the crude residue yielded pure 63 as a pale yellow oil in 10% yield: ' H  NMR 

(CDCI,) 6 3.44 (2H. d. J = 5.8 Hz. CH20H)o 3.33 (1H. br S. OH). 3.23 (7H. S. CH20). 

1.18 (9H. S. CHj). 0.9 1 (6Ho S. CH;). 

3-{[ l -(tert-Butyi)-l,l-dimethylsilyl]oxy]-2J-dimethyl--propanoI (64). To a 

solution of neopentyl glycol (61. 1 .O0 g. 9.60 mmol. 1 eq) and imidazole (1.3 1 g. 10.56 

rnmol. 1. I eq) in DMF (5 rnL) at O OC was added a solution of rerr-butyldimethylsilyi 

chloride (1.31 g. 19.21 mmol. I eq) in DMF (5mL). The reaction was stirred at n 

overnight. concentrated by rotary evapontion. diluted with water (20 mL). and extracted 

with ether (3 x 70 mL). The organic layers were combined. dried (MgSO4). filtered. and 

concentrated by rotary evaporation to give a yellow oil. Column chromatography ( 1  Oz90 

EtOAdhexane. Rr = 0.2) of the crude residue yielded pure 64 as a colorless oil in 30% 

+id: 'H NMR (CDC13) 6 3.47 (4H. S. CH20). 0.90 (15H. S. CH3). 0.07 (6H. S. CH3Si): 

"C NMR (CDC13) G 7 1.82. 7 1.57. 36.6 1. 25 -80. 21 -34. 1 8.12: MS nvz (relative intensity ) 

161 (75). 1 O5 (35). 75 ( 1  00): HRMS calcd for C7Hi702Sii (M-C4HU) 161 -0998, found 

161.1002. 

3-(11-(tert-lutyl)-l,l-dimethylsily1jo~)-2 J-dime thy lpropy 1 2-naph thyl- 

methanesulfonate (65). The following procedure was adapted from the work of Kotoris 



et ~ 1 . ~ '  To a solution of 19 (1 .O0 g. 4.15 mmol. 1 eq) and 64 (1.35 g. 6.23 mmol. 1.5 eq) 

in anhydrous THF (6 mL) at O O C  was added a solution of triethylamine (0.75 mL. 0.54 g. 

5.40 mmol. 1.3 eq) in anhydrous THF (5 mL). The reaction was stirred at rt ovemight. 

concentrated by rotary evaporation. quenched with water (JO rnL) and extracted with 

CH2CI2 (3 x ?O mL). The combined organic layers were dried (MgSQ). filtered. and 

concentrated by rotary evaporation. Column chromatography (gradient from 4050 to 

7050 CHzC12/hexane. Rr = 0.5 in 7050 CHrCIz/hexane) of the crude residue yielded 65 

as a white solid in 77% yield: mp 4445.5 O C :  'H NMR (CDCI,) 6 7.80-7.89 (W. m. Ar- 

H). 7.49-7.55 (3H. m. Ar-H). 4.5 1 (?H. s. CH2). 3.90 ( X i .  S. CH20). 3.28 (IH. s. CH20). 

0.81 (l5H. S. CH3). -0.02 (6H. CH3Si): " C  NMR (CDClj) 6 133.36. 133.30. 130.41. 

128.66. 128.03. 137.79. 127.66. 126.79. 136.59. 125.57, 75.57. 68.04. 56.77. 36.77. 

25.9 1. 21.14. 18.27. -5.55: MS m.: (relative intensity) 423 (48). 365 (57). 141 ( 1  00): 

HRMS calcd for CZ2Hj5O4Sii S (M+He) 413.2023. found 423.2034. 

3-(11 -(t~Butyl)-1,I-dimethylsilylJoxy)-2T2-dimethylpropyl 1 &di(2- 

naphthy1)-1-ethene-1-sulfonate (66). The following procedure was adapted from the 

work of Kotoris et cil." To a solution of 65 (0.5 g. 1.19 rnmol. 1 eq) in anhydrous THF 

( 1  3 mL) at -78OC was added r-BuLi (0.94 mL. 1.39 M. 1.30 rnmol. 1.1 eq) dropwise over 

a period of 5 min. The reaction was stirred for 2 tus. A solution of NFSi (0.41 1 g. 1.30 

mmol. 1.1 eq) in anhydrous THF (13 mL) was added over a period of 2 min. The 

reaction was stirred for 1 hr at - 7 8 O C .  and the process was repeated (1.3 eq of /-BuLi. 1.7 

eq of NFSi). After warrning to rt and stimng for an additional 2 hrs. the reaction was 

quenched w*th water (50 mL). extracted with ether (50 mL). and washed with brine (2 n 

50 mL). The organic layer was dned (MgS04), filtered. and concentrated by rotary 



evaporation. Column chromatography (1:99 EtOAchexane. Rr = 0.05. but in 10:90 

EtOAchexane. Rr = 0.4 ) of the cmde residue yielded pure 66 as a hydroscopic white 

solid in 39% yield: 'H NMR (CDCI,) 6 8.06 (2H. d. J = 6.6 Hz, Ar-H). 7.90 (ZH. d, J = 

8.3 Hz. Ar-H). 7.85 (1H. d. J = 7.6 Hz. Ar-H), 7.79 (1H. S. Ar-H), 7.68 (3H. t. J = 8.6 Hz. 

Ar-H). 7.41-7.60 (6H. m. Ar-H). 7.00 (IH. d. J = 8.7 Hz. CH). 3.94 (ZH. S. CHIO). 3.26 

(7H. S. CHIO). 0.83 (9H. S. CH3). 0.82 (6H. S. CH;), -0.03 (6H. S. CH3Si): I'c NMR 

(CDClj) S 139.88. 136.37. 133.70. 133.46, 133.32, 132.83. 132.34. 130.28. 130.1 0. 

128.85. 128.54. 128.47. 128.02. 127.79. 127.53. 127.09. 126.56. 126.50. 126.01. 75.63. 

67.90. 36.68. 25.77. 2 1.08. 18.13. -5.68: MS mj' relative intensity 503 (8). 41 7 (13). 279 

( 100). 110 (9): HRMS calcd for C j3H410.1 SiiS (M + HI) 56 1 .?M. found 56 1 ..489. 

2,Z-Dimethyl-1,5-pentanediol (71).'07 To a solution of LiAlK (3.5 g. 87.5 

mmol. Z eq) in anhydrous THF (140 mL) at O°C was added a solution of 2.3-dimethyl- 

plutaric acid (70. 7.0 g. 43.75 mmol. 1 eq) in anhydrous THF (55 mL) dropwise over a 
- 

period of 20 min. The reaction was stirred at n for 2 hrs. cooled to 0°C. and slowly 

quenched with water (3.5 ml). 15% NaOH (3.5 mL). and then water (10.5 mL). A small 

arnount of &CO3 was added to the reaction mixture and then filtered to remove the 

precipitate and LiAIHr sdts. The precipitate was washed with THF (200 mL). and the 

filtrate was concenuated by rotary evaporation. Column chromatography (solvent 

eradient from 298 to 10:90 MeOWCHC13. Rr = 0.5 in 10:90 MeOWCHC13) of the cmde 
C 

t residue yielded pure 71 as a colorless oil in 67% yield: H NMR (CDC13) 8 3.64 (2H. t. J 

= 6.6 H z  CH20H). 3.33 (2H. S. CH20H). 1.73 (2H. br s, OH). 1.27-1.58 (4H. m. CH2). 

0.89 (6H. S. CH,). 



2 J-DimethyC5-(trity1oxy)-1-pentanol (73).'08 A solution of 71 (4.1 g. 3 1 .O 1 

mmol. 1 eq) and trityi chloride (9.5 g. 34.1 1 mmol. 1.1 eq) in anhydrous pyridine (80 

mL) was stirred at n overnight. The reaction mixture was concentrated by high vacuum 

rotary evaporation. The oily residue was diluted with ether (50 mL). washed with 

saturated aqueous solution of N&Cl (3 x 50 mL). and brine (2 x 50 mL). The oqanic 

layer was dried (MgSQ). filtered. and concentrated by rotary evaporation. Column 

chrornatography ( 5 9 5  EtOAchexane. Rf = 0.1 ) of the crude residue yielded pure 73 as a 

white solid in 49% yield: 'H NMR (CDC13) G 7.30-7.47 ( 1  5H. m. Ar-H). 3.3 1 ( M .  br S. 

CHIOH). 3.06 (2H. t. J = 6.6 Hz. CH20). 1.50-1.63 (Xi .  m. CH2). 1.29 (IH.  S. OH). 

1.21 -1  .30 (7H. m. CH2). 0.87 (6H. S. CH3). 

2 J-DimethyCS-(trity1oxy)pen-l 2-napthylmethanesulfonate (71). The 

following procedure was adapted from the work of Kotoris et To a solution of 19 

(2.44 g. 10.15 mmol. 1 eq) and 73 (5.70 g. 15.22 mmol. 1.5 çq) in anhydrous THF (50 

mL) at O OC was added a solution of triethylamine ( 1.78 mL. 1 2 9  g. 13.19 mmol. 1.3 eq) 

in anhydrous THF (50 mL). The reaction was stirred at rt ovemight. concentrated by 

rotary evaporation. quenched with water (50 mL). and extracted with CH2C12 (3 x 50 

mL). The combined oqanic layen were dried (MgSO4). filtered. and concentrated by 

rotary cvaporation. Column chromatography ( 5 9 5  EtOAc/he?tane. Rr = 0.1. followed by 

5050 CH2Clz/hexanes. RF = 0.3) of the crude residue yielded pure 74 as a colorless 

hydroscopic solid in 91% yield: 'H NMR (CDC13) S 7.75-7.85 (4H. m. Ar-H). 7.27-7.55 

(18H. m. W H ) .  4.51 (2H. S. CH2). 3.77 (2H. S. CH20). 2.99 (2H. t. J = 6.6 H z  CH20). 

1 -41 -1 5 8  (2H. m- CH?). 1.18-1.26 (2H. m. CH2). 0.86 (6H. S. CH3); "C NMR (CDC13) 6 

143.95. 132.76. 132.69. 130.01. 128.24, 127.53, 137.35, 127.21, 126.49, 126.37. 126.18. 



124.89. 85.98.77.62.63.59.56.28. 34.43.33.65.23.93. 23.3 1: MS d z  (relative intensity) 

578 (86). 501 (86). 336 ( 1  7). 243 (54), 141 (100). 77 ( 1  2); HRMS calcd for C37H3g0d& 

478.249 1 .- found 578.2466. 

5 - { [ l - ( t e ~ - B u t y l ) - 1 , 1 - d i m e t h y l s i l y l ] o ~ y l - - p e n t a n o I  (76). To a 

solution of 71 (1 .O0 g. 7.56 mmol. 1 eq) and imidazole (1 .O3 g. 15.13 mrnol. 1 . 1  eq) in 

DMF ( 5  mL) ar O O C  was added a solution of tert-butyldimethylsilyl chloride in DMF ( 5  

mL). The reaction was stirred at n ovemight then concentrated by rotary evaporation. 

To the residue was added water (JO mL) and the mixture was extracted with ether (3 x 40 

mL). The combined organic layen were dned (MgS04). filtered. and concentrated by 

rotary evaporation to give a pellow oil. Column chromatography (gradient from 595 to 

20:80 EiOAdhexanes. Rr = 0.5 in 20:80 EtOAchexanes) of the crude residue yielded 

pure 76 as a colorless oil in 66% yield: 'H NMR (CDC13) 6 3.63 (XI. t. J = 6.7 HZ. 

CH20Si). 3.32 (2H. d. J = 5.9 Hz. CHIO). 1.4h1.60 (2H. m. CH2). 1.20-1.30 (IH. m. 

CH2). 0.89 (6H. S. CHj). 0.87 (9H. S. CH3). 0.06 (6H. S. CH3Si): "C NMR (CDCI;) 8 

7 1.69. 63.98.31.79. 34.63.17.35. 25.95. 23.93. 18.3 1. -5.3 1 : MS rn z (relative intensity) 

159 (9). 97 (79). 83 (31) .  75 (47). 69 (29). 55 (100): HRMS calcd for C13H3102Sii (M + 

He) 247.7093. found 147.7084. 

5-{[l-(ter~-Butyl)-l ,l-dimethylsilylloxy)-2,2-dimethylpentyl 2-naphthyi- 

methanesulfonate (77). The following procedure was adapted from the work of Kotoris 

el dV8 To a solution of 49 (0.65 g. 1.70 mmol. 1 eq) and 76 ( 1 .O0 g. 4.06 mrnol. 1.5 eq) 

in anhydrous THF ( 5  mL) at O OC was added a solution of triethylamine (0.50 mL. 0.36 g. 

3.51 mL. 1.3 eq) in anhydrous THF ( 5  mL). The reaction was stirred at rt ovemight. 

concentrated by rotary evaporation. quenched with water (20 mL). and extracted with 



CHIC& (3 x 20 mL). The combined organic extracts were dned (MgSO4). filtered. and 

concentrated by rotary evaporation. Colurnn chromatopphy (pdient  From 30:70 to 

5050 CH2C12/hexane. Rr = 0.3 in 60:40 CHzC12/hexane) of the crude residue yielded pure 

77 as a white solid in 69% yield: rnp 35-38 OC: 'H NMR (CDCl,) S 7.82-7.88 (W. m. 

Ar-H). 7.49-7.53 (3H. m. Ar-H). 4.51 (2H. S. CH,). 3.72 (2H. S. CH20). 3.18 (3H. t J = 

5.9 Hz. CHIO). 1.32- 1.45 (2H. m. CH?). 1.16-1.26 (2H. m. CHr). 0.87 (6H. S. CH3). 0.86 

(9H. S. CH3). 0.02 (6H. S. CHsSi): I3c NMR (CDC13) 6 133.12. 133.05, 130.33. 128.55. 

127.87, 127.66. 127.54. 136.72, 126.51, 135.24 78.04. 63.36.56.59. 34.39. 33.89.26.97. 

25.87. 23.65. 18.13. -5.38: MS nt.: (relative intensity) 451 ( 2 ) .  393 (7). 336 (18). 31 1 

(37). 1 1  1 ( 100). 1 15 ( 1 1 ). 97 (46). 55 (2): HRMS calcd for C2di390,SiiSi (M + H-) 

45 1.2338. hund  45 1 2323. 

5-{[ l-(terî-Butyl)-1,1-dimethylsilyl~oxy)-2,2-dimethylpen~~ fluoro(2- 

naphthyl)methanesulfonate (78). The following procedure was adaptrd from the work 

of Kotoris el To a solution of 77 (0.21 1 g. 0.47 mmol. I eq) in anhydrous THF (15 

mL) at -78°C was added r-BuLi ( 1.7 M. 0.30 mL. 0.5 1 mmol. 1.1 eq) over a penod of 2 

min. The reaction was stirred at -78°C for 30 min. A solution of NFSi (0.148 g. 0.47 

mmol. 1 rq) in anhydrous THF ( 5  mL) was added dropwise to the reaction mixture over a 

period of 2 min. and the mixture was stirred for 2 hn at -78°C. The process was repeated 

( 1 .l eq of t-BuLi. 1 eq of NFSi). The reaction mixture was warmed to roorn temperature. 

stirred for 1 hr. quenched with water (30 mL). and extracted with CHCls (3 x 30 mL). 

The combined organic layers were dried (MgS0.a). filtered. and concentrated by rotary 

evaporation. Column chrornatopphy ( 5 9 5  EtOAchexane. Rr = 0.2. followed by 40:60 

CH2Ct2. Rr = 0.1) of the cmde residue yielded pure 78 as a paie yellow oil in 50% yield: 



1 HNMR(CDC13)G8.07(1H. S. Ar-H). 7.87-7.96 (3H. m.&-H), 7.55-7.67 (3H. m. Ar- 

H). 6.36 (1H. d J = 46.9 Hz. CHF), 4.07 (ZH. s. CH2). 3.58 (2H. t. J = 6.6 Hz. CH?). 

1.41-1.54 (2H. m. CHr). 1.26-1.35 (ZH, m. CH2). 0.96 (6H. S. CH3). 0.90 (9H. S. CH3). 

0.05 (6H. S. CH3): ''F NMR (CDC13) 8 -97.49 (d. JCF = 45.8 HZ); NMR (CDC13) 6 

134.19. 132.51. 128.71. 128.17. 128.19 (d. IcF = 7.3 HZ), 127.81. 127.62. 126.87. 126.03 

(d. JcF = 19.8 Hz). 123.57 (d. JCF = 5.9 Hz). 100.58 (d. JCF = 216.7Hz). 81.34. 63.44. 

34-40. 34.18. 27.05. 25.9 1. 23.64. 18.29. -5.34: MS m z  (relative intensity) 41 1 (32). 327 

(45). 309 ( 18). 235 (29). 22 1 (48). 159 ( 100): HRMS calcd for C24His04F Si S (M + H-) 

469.224. found 469.3246. 

S ( [ l  -(tefi-Bu@)-1,l -dimethylsilylloxy)-2 J-dimethylpentyl difluoro(2- 

naphthyl)methanesulfoaate (79). The following procedure $vas adapted from the work 

of McAtee et al. To a solution of 77 (0.21 6 g. 0.48 mmol. I rq) and NFSi (0.453 g. 

1.44 mmol. 3 eq) in anhydrous THF ( I I  mL) at -78°C was added NaHMDS (1  .O M. 1.20 

mL. 1.10 rnmol. 2.5 eq) dropwise over a period of 1 hr. The reaction mixture was stirred 

for 2 hrs at -78T.  warmed to rt. stirred for 1 hr. quenched with water (30 mL). and 

extracted with CHClj (3 x 30 mL). The combined organic layers were dried (MgSQ). 

filtered. and concentrated by rotary evapontion. Column chromatopphy (3.5:97.5 

EtOAchexane. Rr = 0.7 in lj:85 EtOAdhexane) of the crude residue yielded pure 79 as 

a white solid in 91% yield: mp 45-17 OC: 'H NMR (CDC13) G 8.13 (1H. S. Ar-H). 7.95 

(3H. t. J = 9.j Hz. Ar-H), 7.58-7.75 (3H. m. Ar-H). 4.16 (3H. S. CH20). 3.58 (2H. t. J = 

5.9 Hz. CH@). 1 32-1 34  (4H. m. CH2). 0.99 (6H. S. CH3). 0.90 (9H. S. CH3), 0.05 (6H. 

S. CH;): ' 9 ~  NMR (CDC13) 6 -23.33; I3c NMR (CDC13) 6 134.98. 131.32. 128.99. 

128.77. 128.13. 128.30. 128.16. 127.86. 127.19. 122.68 (t. J C ~  = 5.5 HZ), 121.39, 82.92. 



63.47. 34.72. 34.39. 27-22. 75.97, 23.69. 18.32, -5.30; MS m/= (relative intensity) 177 

(100). 171. (23). 97 (9). 55 (14); HRMS calcd for C20H2704F2SiiSi (M - 6H9) 

329.l3674. found 42% 13580. 

5-Hydro~-2J-dimethy1pen~l difluoro(2-aaphthy1)methanesulfonate (82). 

The following procedure was adapted from the work of Corey et al."' To a solurion of 

79 ( 1.87 g. 3.80 mmol. 1 eq) in THF (1 9 mL) was added 3: 1 acetic acidfwater (76 mL). 

The reaction was stirred at rt for 3 hrs. The reaction mixture was diluted with ether (200 

mL). washed with water (3 x 200 mL). 5% NaHCOs (3 x 200 mL). and brine (3  x 200 

mL). The organic layer was dried (MgS04). tiltered. and concentrated by rotary 

rvapontion. Column chromatography (gradient from 20:80 EtOAchexane to 30:70 

EtOAc/hexane. Rr = 0.10 in 20:80 EtOAc/hexane) of the crude residue yielded pure 82 as 

a white solid: mp 48-50 OC: 'H NMR (CDCl,) b 8.23 (1H. S. Ar-H). 7.95 (3H. t. J = 9.5 

Hz. Ar-H). 7.60-7.73 (3H. m. Ar-H). 4.18 (3H. S. CH20). 3.63 (SH. tg J = 5 -9 Hz. CH20). 

1-26 ( 1 H. s OH). 1.30- 1.65 (4H. m. CH2). 0.99 (6H. S. CH3): ' 9 ~  NMR (CDCl,) G -23.3 1 : 

"C NMR (CDCI;) 8 134.96. 132.30. 128.97. 118.81. 118.48. 128.30 (t. JCF = 6.9 Hz). 

117.88. 117.23. 172.62 (t. JCF = 5.5 HZ). 11.44. 115.80. 81.70. 63.27. 34.50. 34.37. 

76.81. 23.61: MS nu= (relative intensity) 372 (8.4). 177 ( 100). 117 (8). 84 (5.6). 55 ( 13). 

HRMS calcd For C isHÏ04F2S 372.12069. found 3 72.12 155. 

3-{[l-(ten-Butyl)-l,1-dimethylsiIyl~oxy]~dimethylpropyl difluoro(2- 

naphthyl)methanesuIfonate (83). The following procedure was adapted tiom the work 

of McAtee a u1.1°9 To a solution of 65 (0.303 g. 0.72 rnmol. I eq) and NFSi (0.678 g. 

2-15 mmol. 3 eq) in anhydrous M F  (15 mL) at -78°C was added NaHMDS (1.79 mL. 

1 .O M. 1.79 rnmol. 3.5 eq) dropwise over a penod of 30 min. The reaction was stirred for 



2 hrs at -78°C. wanned to rt. and then stirred for 1 hr. The reaction was quenched with 

water (40 mL). extracted with ether (JO mL). and the combined organics were washed 

with water (2 x 40 mL). The organic layer was dried (MgS04). filtered. and concentrated 

by rotary evaporation. Colurnn chtornatography (20:80 CH2Clz/hexane. Rr = 0.1) of the 

cmde residue yielded pure 83 as a white solid in 84% yield: mp = 35-X°C; 'H NMR 

(CDC13) S 8.23 ( 1 H. S. Ar-H). 7.90-8.00 (3H. m. Ar-H). 7.55-7.75 (XI. br m. Ar-H). 4.28 

(IH. S. CH20). 3.36 (ZH. S. CH20). 0.95 (6H. S. CH3). 0.89 (9H. S. CH3). 0.04 (6H. S. 

CH;): 1 9 ~  NMR (CDC13) 6 -23.12: "C NMR (CDC13) 6 134.8 1 .  132.14. 128.94. 128.76. 

128.41. 178.26 (t. JCF = 6.9 HZ). 127.83. 127.16. 123.13 (t. JçF = 22.1 HZ). 172.60 (t. JCF 

=5.1 Hz). 121.26 (t. JCF = 183.6 HZ). 80.14. 67.53. 36.99. 75.80. 20.94. 18.10. -5.68: MS 

m c  (relative intensity) 177 ( 1  00). 127 (6). 75 (13): HRMS cdcd for ClaHxO.tF~Si~Sl (M 

- C4Hq) .CO 1.1054. found 40 l.lO26. 

3-Hydroxy-2 J-dimethyipropyl difluoro(2-naphthy1)methanesulfonate (84). 

The following procedure was adapted from the work of Corey et al. "' To a solution of 

83 (0.1 67 p. 0.36 mmol. 1 eq) in THF ( I mL) was addrd 3: 1 acetic acidfwater (4 mL). 

The reaction was stirred for 4 days. diluted with ether (25 mL), washed with water (3 x 

25 mL). 5% NaHCO, (3  x 25 mL). and brine ( 2  x 25 mL). The organic layer was dned 

(MgS04). filtered. and concentrated by rotary evaporation. Column chromatography 

( I5:85 EtOAchexane. Rr = 0.1) of the crude residue yielded pure 84 as a white solid in 

53% yield: mp = 80.5-81 .j°C: 'H NMR (CDC13) G 8.23 (1  H. S. Ar-H). 7.87-7.96 (5H. m. 

Ar-H). 7.71 (1H. dd. J = 1.8. 8.8). 7.54-7.63 (3H. m, Ar-H). 4.31 (2H. S. CH20), 5.42 

(2H. S. CHrO). 1.88 ( 1 H. br s, OH). 0.97 (6H. S. CH3): ' 9 ~  NMR (CDCI,) 6 -23.19: 

NMR (CDCli) 6 134.82. 132.10. 128.9 1. 128.80. 128.47, 128.29 (t, JCF = 6.8 HZ), 127.82. 



127.21. 124.82 (t. JCF = 27.1 HZ). 122.49 (t. JCF = 5.2 HZ), 121.29 (t. JCF = 283.8 HZ). 

79.96, 67.26. 36.89, 20.79; MS wi (relative intensity) 344 (8). 177 (100). 127 ( 1  1); 

HRMS cdcd for C 16H1804F2S 344.0894, found 344.0894. 

23-Dimethyl-5-phenoxypentyl difluoro(2-naphthy1)methanesulfonate (87) . 
The following procedure was adapted frorn the work of Rano rr al."' To a solution of 

phenol (0.013 g. O. 13 mmol. 1 eq) in I :  1 anhydrous CH2CI2/THF (10 mL) was added 

TMAD (86. 0.046 g. 0.27 mmol. 2 eq). Once al1 the TMAD dissolved. 82 (0.100 g. 0.17 

mmol. I eq) was added. followed by tributylphosphine (0.070 mL. 0.057 g. 0.27 mmol. 2 

rq) dropwise over a period of 3 min. The reaction was stirred ai rt ovemight and 

concentrated by rotary evapontion. Column chromatography (5050 CHzCl2/hexanc. Rr 

= 0.5) of the cmde residue yielded pure 87 as a white solid in quantitative yield: mp 

75.5-76.5 OC: ' H  NMR (CDCl,) 6 8.23 (1 H. S. Ar-H). 7.86-7.95 (3H. m. Ar-H). 7.72 ( 1  H. 

d. J = 8.4 Hz. Ar-H). 7.53-7.62 (2H. m. Ar-H). 7.27 (3H. t J = 7.7 Hz. Ar-H). 6.86-6.96 

(3H. m. Ar-H). 4.19 (W. S. CH20). 3.90 (2H. t. J = 6.6 Hz. CH-O). 1.70-1.80 (2H. m. 

CH:). 1.11-1.50 (IH. m. CH?). 1 .O 1 (6H. S. CH,): ''F NMR (CDCI3) 6 -23.2 1: "C NMR 

(CDCla) 6 158.88. 134.81. 132.1 1. 129.41. 128.93. 128.81. 128.46. 128.26 (t. .JCF = 6.8 

Hz). 127.83. 127.20. 124.97 (t. JCF = 31  HZ). 122.54 (t. JcF = 5.7 Hz). 12 1.30 (t. JCF = 284 

Hz). 120.61. 1 1-1-42. 82.79. 67.93. 34.55. 3443.23.72. 23.58: MS nu: (relative intensity) 

4-48 (1  7). 177 ( 100). 94 (14). 83 (9). 55 (24): HRMS calcd for C14H2604F2Si 448.1520. 

found 438.1533. 

Nflfl'flt-TetramethyI-12-hydra~inedicarboid (91)."' To a solution of 

hydrazine (89.2.9 mL. 3.0 g. 93.6 rnmol. 1 eq) and triethylamine (27.4 mL. 19.9 g. 196.6 

mmol. 2.1 eq) in anhydrous CHzCll (150 mL) was slowly added dimethyl carbamoyl 



chloide (90. 18.1 rnL. 2 1.1 p. 196.6 m o l .  2.1 eq). The reaction was refluxed for 5 hrs 

and cooled to rt. The triethylamine hydrochloride salt (Et3N-HCl) and the desired 

product (91) precipitated out and were collected by filtration. The crude product was used 

in the subsequent steps without further purification. A white solid was obtained in 75% 

yield based on 'H NMR: 'H NMR (D20) 6 3.18 (6H. q. J = 7.3 Hz. CH2 of Et3N-HC1). 

2.9 1 (1 2 H. S. CH3). 1.26 (9H. t. J = 7.3 Hz CH3 of Et;N-HCl). 

N,N,N:N9-Tetramethyluodicarboxamide (TMAD, 86).'18 To a solution of 

crude 91 (5.90 g. 33.67 mmol. 1 eq) in anhydrous C H F I ?  (100 mL) at 20°C was added a 

solution of lead (IV) acetate (1 5.7 g. 33.67 m o l .  1 eq) in anhydrous CH2C12 ( 1 80 mL) 

over a pied of 1 hr. The reaction was stirred at n for I hr. diluted with water (215 mL). 

washed with 10% NaHC03 (85 mL). and brine (85 mL). The organic layer was dried 

( MgSOJ). f i l  tered. and concentrated bp rotary evaporation. Colurnn chromatography 

(7030 EtOAclhexane. Rr = 0.2) of the crude residue yielded pure 86 as a yellow solid in 

61 % yield: 'H NMR (CDClj) 6 3.06 and 3-15 (2 s). 

Sodium (3-brornophenyl)rnethanesulfonate (93). The Following procedure was 

adapted from the work of Kotoris el  dv8 To a solution of 3-bromobenzyl bromide (92. 

13.0 p. 52  mmol. 1 eq) in acetone ( 5  l mL) was added an aqueous solution of Na2S03 (51 

mL. 1 M. 1 eq). The reaction was retluxed for 48 hn. The mixture was concentrated by 

rotary evaporation during which the product formed as a precipitate. The mixture was 

filtered and the filter cake washed with CH2C12 to give pure 93 as a white solid in 8 1% 

yield: 'H NMR (DzO) 6 7.56-7.63 (1H. m. Ar-H). 7.25-7.38 (2H. m. Ar-H). 4.16 (2H. S. 

CH?): I3c NMR spectra could not be obtained due to solubility problems; LRESMS m/t  

(relative intensity) 25 1 ( 100). 



(3-Bromopheny1)methanesulfonyl chloride (94). The following procedure was 

adapted from the work of Kotoris el To a solution of 93 (12.05 g. 44 mmol. 1 eq) in 

1 : i acetonitrile/tetramethy lsulfolane (44 mL) was added phosphorus oxychlonde ( 1 7.3 

mL. 28.46 g 185.3 mmol. 4.2 eq). The reaction was s h e d  for 3 hrs at 70°C. cooled to 

rt. and then poured into cold water (300 mL) which resulted in the precipitation of the 

cnide product. The precipitate was filtered off and then dissolved in CH2C12 (50 mL) and 

washed with water (3 x 100 mL). The organic layer was dried (MgSOa). filtered. and 

concentrated by rotary evaporation to $ive pure 94 as a white solid in 85% yield: mp 90- 

91 O C :  'H NMR (CDC13) 8 7.62 (1  H. d. J = 6.6 Hz. Ar-H). 7.30-7.46 (34. m. Ar-H). 4.82 

(1H. S. CH?): "C NMR (CDCl;) 8 154.2 1. 13X45. 130.68. 129.98. 128.45. !X.O8.7O.O9: 

MS m.= (relative intensitv) 268 (9). 169 (100). 90 (45). 63 (16): HRMS calcd for 

CrtloO2S ICIiBrl 267.8960. found 767.895 1. 

5-((1-(trrt-Buty1)- I , I - d i m e t h y l s i l y l l o x y J 1  (3-bromopheny1)- 

rnethanesulfonate (95). The following procedure was adapted fiom the work of Kotoris 

n dq8 To a solution of 94 (9.00 g. 33.5 mmol. 1 eq) and 76 ( 12.40 g. 50.3 mmol. l .j eq) 

in anhydrous THF (60 mL) at O O C  was added a solution of triethylarnine (6.1 mL. 4.43 g. 

43.5 mmol, 1.3 eq) in anhydrous THF (60 mL). The reaction was stirred at n ovemight. 

concentrated by rotary evaporation. quenched with water (50 mL). and extmcted with 

CH?C12 (3 x 50 mL). The combined organic Iayen were dried (MgSQ). filtered. and 

concentrated by rotary evaporation. CoIurnn chromatography (75: 15 CHzClz/hexane. Rr 

= 0.3) of the cnide residue yielded pure 95 as a white solid in 86% yield: mp 4 - 4 3  O C :  

'H NMR (CDCI,) 6 7.25-7.60 (4H. br m. Ar-H). 4.3 1 (2H. S. CHIO), 3.80 (2H. S. CHr). 

3-56 (3H. t. J = 6.2 Hz. CH@). 1.15-1.55 (4H, m. CHr). 0.89 (15H. S. CH,), 0.05 (6H. S. 



CH3); "C NMR (CDC13) S 133.65. 132.10. 130.47. 130.27, 129.27. 122.71. 78.11.63.50. 

56.04,31.83.34.06.27.24.25.98.23.80. 18.3 1. -5 -26; MS d z  (relative intensity) 309 (3). 

169 (28). 97 (100). 72 (X), 55 (71): HRMS calcd for C20H3b04SilSiBri (M + H') 

479.1287. found 479.1293. 

5-([i-(tert-Bu-1)-i,l-dimethyIsilylloxy}i (3-bromopheny1)- 

(difluoro)methanesulfonate (96). The following procedure was adapted from the work 

of McAtee et al. '09 To a solution of 95 (0.50 g. 1 .O5 mmol. 1 eq) and NFSi ( 1 .O0 g. 3.15 

mmol. 3 eq) in anhydrous THF (28 mL) at -78OC was added NaHMDS (2.63 mL. 1.0 M. 

2.63 mmol. 2.5 eq) dropwise over a penod of one hr. The reaction was stirred at -78OC 

for 2 hrs. warmed to rt. and stirred ovemight. The reaction was then quenched with water 

(30 mL) and extracted with ether (3 x 30 mL). The combincd oqanic layen were dned 

(MgS04). filtcred. and concentrated by rotary evaporation. Column chromatogmphy 

( 1 :99 EtOAchexane. Rr = 0.8 1 in 1 j:85 EtOAchexane) of the crude residue yielded pure 

96 as a pale yellow ail in 88% yield: 'H NMR (CDCIj) 8 7.83 ( 1 H. S. Ar-H). 7.71 ( 1 H. d. 

J = 7.9 Hz. Ar-H). 7.64 (1H. d. J = 7.9 Hz. Ar-H). 7.38 (1H. t. J = 8.2 Hz. Ar-H). 4.16 

(IH. S. CH20). 3.60 (9H. S. CH,). 0.06 (6H. S. CH3): "F NMR (CDC13) G -24.28; I3c 

NMR (CDC13) 6 135.54 130.25. 130.06 (t. JçF = 6.3 Hz). 179.95 (1. JCF = 23 Hz). 125.79 

(t. JCF = 5.8 HZ). 175.69. 119.98 (t. JCF = 285 Hz). 83.36. 63.34, 34.37. 34.33. 27.05. 

25.9 1. 23.55. 18.28. -5.34: MS nt.: (relative intensity) 383 (3). 207 ( 100). 17 1 (1 1). 147 

(23). 116 (41). 115 (14). 97 (49). 83 (63). 69 (27). 55 (70): HRMS calcd for 

C20H340~F2SilSiBri 35.1099. found 515.1 120. 

5-Hydroxy-2 J-dirnethylpentyl (3-bromopbenyl)(difluoro)methanesulfonate 

(97). The following procedure was adapted fIom the work of Corey et al."' To a 



solution of 96 (1.15 g, 3.24 mmol. 1 eq) in THF (6 mL) was added a mixture of 3: 1 acetic 

acidwater (24 mL). The reaction was stirred at rt for 3 hrs. diluted in ether (25 mL). 

washed with water (3 x 25 mL). 5% NaHC03 (3 x 25 rnL). and bnne (3 x 25 mL). The 

organic layer was dried (MgS04). filtered. and concentrated by rotary evaporation. 

Column chromatography (2575 EtOAdhexane. Rf = 0.3) of the crude residue yielded 

pure 97 as a pale yellow oil in 5 1-89% yield: 'H  NMR (CDCl,) 6 7.82 (1H. S. Ar-H). 

7.72 (1H. d. J 4 . 3  Hz. Ar-H). 7.63 (1H. d. J = 7.9 Hz Ar-H). 7.39 (W. t. J =  7.8 Hz). 

4.16 (2H. S. CH20). 3.62 (2H. t. J = 6.4 Hz. CH20). 2.22 (W. S. OH). 1.49-1.59 (2H. m. 

CH.). 1 .33-l.N (2H. m. CH?). 0.98 (6H. S. CH,): ' 9 ~  NMR (CDCI;) 6 -24.28: I3c NMR 

(CDCI j) G 135.58. 130.27. 130.01 (t. JCF = 6.3 HZ). 129.79 (t. JCF = 24 HZ). 125.77 (t. JCF 

= 6.3 Hz). 122.67. 1 19.97 (t. JCF = 284 Hz). 83.22. 63.01. 34-33. 34.20. 26.77. 23.50: MS 

m..- (relative intensity) 205 ( 100). 126 (39). 1 15 (8). 10 1 (30). 83 (64), 69 ( 2  1 ). 55 (56): 

HRMS calcd for C i4Hi904F2Si Bri -100.0 156. found 400.0 13 1. 

2J-DimethyI-5-phenoxypentyl (3-bromophenyl)(difluoro)methanesulfonate 

(98). The following procedure was adapted from the work of Rano et d. I I 2  To a solution 

of phenol (0.055 g. 0.58 mrnoi. 1 eq) in 1 : 1 anhydrous THFICH2C12 (26 mL) was added 

TMAD (86. 0.20 g. 1.16 rnmol. 2 eq). Once the TMAD was completely dissoived. a 

solution of 97 (0.47 g. 1.1 6 mmol. 2 eq) in 1 : 1 anhydrous THF/CH2C12 (14 mL) was 

added. Tributylphosphine (0.30 mL. 0.24 g. 1.16 rnmol. 3 eq) was added dropwise over a 

period of 5 min. The reaction was stirred at rt for 1.5 hrs and then concentrated by rotary 

evaporation. Column chromatography (5050 CHzClz/hexanr. Rf = 0.6) of the crude 

residue yielded pure 98 as a colorless oil in quantitative yield: 'H NMR (CDCI,) 6 7.83 

(1H. S. Ar-H). 7.71 (1H. d. J = 8.3 Hz. Ar-H), 7.64 (1H. d. I = 7.9 H z  Ar-H), 7.37 (IH, t. 



J = 8.1 Hz. Ar-H), 7.24-7.30 (3H. m. Ar-H), 6.95 (1 H. d. J = 7.6 Hz. Ar-H). 6.89 (ZH. d. J 

= 7.4 Hz, Ar-H), 4.19 (3H. S. CH20). 3.94 (2H. t, J = 6.3 Hz, CHrO), 1.71-1.82 (2H. m. 

CH2). 1.45-1.5 1 (2H. m. CH?), 1 .O2 (6H. s, CH,); 1 9 ~  NMR (CDCI,) 8 -24.19; 13c NMR 

(CDC13) G 159.20. 135.94. 130.64, 130.40 (t. JCF = 6.8 HZ). 130.30 (t. JCF = 23 HZ). 

129.73. 126.14 (t. JCF = 6.4 HZ). 133.06. 120.95, 120.36 (t. JCF = 285 HZ). 114.74. 83.44. 

68.23. 34.86. 34.78. 24.04. 23.86: MS w r  (relative intensity) 476 (20). 205 (85). 126 

(34). 97 (37). 94 (100). 83 (24). 55 (57): HRMS calcd for C20H2304F2S~BrI 476.0469. 

found 476.0475. 

4-Acetoxy non-crosslinked polystyrene polymer (NCPS, 103). The foilowing 

procedure was adapted from the work of Hum et a/? A solution of styrene (46 mL. 

41.81 g. 401 mmol. 1 eq). 4-acetoxystyrene (5.9 mL. 6.25 g. 37.02 mmol. 0.09 eq). and 

VAZO (0.49 g. 2.01 mmol. 0.005 eq) in deoxygenated and anhydrous toluene (120 mL) 

was heated at 95 O C  for 48 hrs. The toluene was deoxygenated by bubbling nitrogen 

through it ovemight. Once the reaction coolrd to rt. it was diluted with CH2C12 (75 mL) 

and then added dropwise. using an addition funnel. to a solution of MeOH (1.2 L) and 

brine ( 10 mL). The polymer (103) was collected by filtration. washed with MeOH (300 

mL). and dried undcr high vacuum to give a white solid (44 g): 'H NMR (CDC13) 8 6.30- 

7.60 (br d. Ar-H). 2.36 (br S. CH3). 1.30-2.25 (br d. -CHt-CH-). 

CHydroxylated NCPS (104). To a solution of polymer 103 (5 g) in THF (40 

rnL) was added an aqueous solution of NaOH ( 5  mL. 5 M). The reaction was reflwred 

for 24 hrs. cooled to rt diluted with CH2C12 (10 mi,), and then added dropwise. using an 

addition funnel. to a solution of MeOH (300 mL) and brine (3 mL). The polymer (104) 

was collected by filtration. washed with MeOH (100 mL), and dried under high vacuum 



I to give a white solid (4.5 g, 90% polymer recovered): H NMR (CDC13) 6 6.20-7.50 (br 

d. Ar-H). 1.48 (br S. OH). 1.10-2.30 (br d. -CH2-CH-). 

5-(4-ethy1phenoxy)-2 f-dimethylpentyl (3-bromophenyl)(dfluoro)methane- 

sulfonate (106). The following procedure was adapted Rom the work of Rano el cil. '" 
To a solution of 4-ethylphenol (105. 0.101 g, 0.83 mrnol. 1 eq) in 1 :1 anhydrous 

THF/CH2C12 (4 mL) was added TMAD (86. 0.387 g. 1.66 mmol. 2 eq). Once the 

TMAD was completely dissolved, a solution of 97 (0.665 g. 1.66 mmol. 2 cq) in 1:l 

anhydrous THF/CH2CI2 (35 mL) was added. Tributylphosphine (0.427 rnL. 0.35 g. 1.66 

mmol. 2 eq) was then added dropwise to the reaction mixture over a period of 5 min. The 

reaction was stirred at n for 2 hrs and then concentrated by rotary evaporation. Column 

chromatography (5050 CHzClzBiexane. Rf = 0.6) of the crude residue yielded pure 106 

as a white solid in 96% yield: mp 36-37 O C :  'H NMR (CDCI,) G 7.84 ( 1  H. S. Ar-H). 7.77 

(IH. d. J = 8.0 Hz. Ar-H). 7.64 (1H. d. J = 7.3 Hz. Ar-H). 7.39 (1H. t. J = 8.1 Hz. Ar-H). 

7.1 1 (2H. d. J = 8.0 Hz. Ar-H). 6.82 (2H. d. J = 8.8 Hz. Ar-H). 4.19 (3H. S. CH2O). 3.93 

(2H. t. J = 6.2 Hz. CH?). 2.59 (2H. q. J = 7.6 HL CHZ). 1.73-1.85 (2H. m. CH2). 1.44- 

1.54 (2H. m. CH2). 1.1 1 (3H. t. J = 7.7 Hz. CH3). 1 .O3 (6H. S. CH,): ' 9 ~  NMR (CDC13) 6 

-24.19: I3c NMR (CDCl,) G 137.18. 136.53. 135.62 (t. JCF = 1.8 HZ). 130.28. 130.11 (t. 

JçF = 6.3 HZ). 128-70. 125.86 (t. JCF = 6.0 HZ). 122.81. 120.15. 114.65. 82.99. 63.38. 

34.85. 34.32. 28.00. 23.95. 23.64. 15.72: MS nu= (relative intensity) 504 (28). 205 (59). 

112 (100). 107 (65). 97 (19). 83 (25) .  55 (52): HRMS calcd for CrzHz704FzSiBri 

504.0782. found 504.0774. 

Coupling of 97 to 5% lhydroxylated NCPS (110). To a solution of 4- 

hydroxylated NCPS (101. 12.3 g. 6.2 mrnol, 1 eq) in an anhydrous mixture of 1:l 



CHzCll/THF (50 mL) was added TMAD (86.4.3 g. 24.8 mmol. 4 eq). The reaction was 

stirred until TMAD was completely dissolved. A solution of 97 (10.0 g. 24.8 rnmol. 4 

eq) in an anhydrous mixture of 1 : 1 CH2Clz/THF (25 mL) was then added. followed by 

tributylphosphine (6.3 mL. 5.0 g, 24.8 mmol. 4 eq) added dropwise over a period of 5 

min. The reaction was stirred at rt overnight. diluted with CH2C12 (35  mL). and then 

added dropwise. using an addition funnel. to a solution oCMeOH (650 mL) and brine (7 

mL). The resulting polymer (1 10) was stirred for 3 hrs. collected by filtration. washed 

with MeOH (250 mL). and drkd under high vacuum to give a white solid ( 1  1.8 g. 96% 

polymer recovery): 'H NMR (CDC13) 6 7.84 (br S. Br-Ar-H). 7.66 (br t. Br-Ar-H). 7.34 

(br t. Br-Ar-H). 6.20-7.11 (br d. W H ) .  4.21 (br S. CH20). 3.84 (br S. CH20). 1.10-2.30 

(br d. -CH2-CH- and CHI). 1.02 (br S. CH3): "F NMR (CDCI,) 6 -74.18. The aryl 

brornide content was determined by 'H NMR to be 0.54 mm01 per 1 g of the polymer. 

Coupling of 108 to 4-Hydroxylated NCPS (111). To a solution of 4- 

hydroxylated NCPS (104. 0.5 g. 0.77 mmol. 1 eq) in anhydrous CH2C12 (3 mL) was 

added pyridine (0.109 mL. 0.107 g. 1.35 mmol. 5 eq) followed by 4-nitrocinnamoyl 

chlondr (108.0.385 p. 1.35 mmol. 5 eq). nie reaction was stirred at n ovemight. diluted 

with CHrCl2 ( 1  mL). and then added dropwise. using an addition funnel. to a solution of 

MeOH (25 mL) and a few drops of brine. The polymer ( 1 1 1 ) was collected by filtration. 

washed with MeOH (50 mL). and dried under hi& vacuum to give a white solid in 

quantitative yield: 'H NMR (CDC13) 6 8.26 (br d. NO2-Ar-H). 7.85 (br d. CH). 7.70 (br 

d, N02-&-H). 6.50-7.30 (br d. Ar-H). 1.lO-l3O (br d. -CH?-CH-). The nitrocinnamoyl 

content was detemined by 'H NMR to be 0.64 mmol per 1 g of the polymer. 



4-Ethylphenyi (E)-3-(4-nitrophenyl)-2-propenoate (1 12). To a solution of 4 

ethylphenol (105. 0.5 g, 4.09 rnmol. 1 eq) and Cnitrocimarnoyl chloride (108. 1.30 g. 

6.14 mmol. 1.5 eq) in anhydrous THF (8 mL) was added a solution of triethylamine (0.74 

mL. 0.54 g. 5.32 mmol, 1.3 eq) in anhydrous THF (2 mL). The reaction was stirred at rt 

ovemight. concentrated by rotary evaporation, quenched with water (15 mL). and 

rxtracied with CH2C12 (3 x 15 mL). The combined organic layen were dried (MgSO4). 

filtered. and concentrated by rotary evaporation. Column chrornatography (7525 

CHzClz/hexane. Rr = 0.4) of the cmde residue y ielded pure 1 12 as a yellow solid in 89% 

yield: rnp = 148.5-149.5 OC: 'H NMR (CDCI;) 8 8.29 (2H. d. J = 8.9 Hz. NO2-Ar-H). 

7.89 (1H. d. J = 16.2 Hz. CH). 7.74 (ZH. d. J = 8.8 Hz. NO2-Ar-H). 7.75 (2H. d. J = 8.0 

Hz. Et-Ar-H). 7.08 (2H. d. J = 8.2 Hz. Et-Ar-H). 6.76 (1H. d. J = 16.2 Hz. CH). 2.67 (2H. 

q. J = 7.5 Hz. CH,). 1.25 (3H. t. J = 7.7 Hz. CH,): I3c NMR (CDCI,) 6 164.57. 118.55. 

148.34. 142.21. 141.94. 140.1 1 ,  128.75. 124.10, 121.63, 121.05. 28.19. 15-45; MS m/= 

(relative intensity) 297 ( 15). 176 (100). 130 (27). 101 (25): HRMS calcd for Ci 7HI5NiO, 

297.100 1. found W.IOC)6. 

General method for Suzuki cross coupling on polymer 110. The following 

procedure was adapted from the work of Hum ri d" Polymer 110 (0.500 g. 0.17 mmol. 

1 rq). arylboronic acid (0.8 1 mmol. 3 eq). &CO3 (0.1 12 g. 0.8 1 mmol. 3 eq). and 

(PhCN)2PdC12 (0.021 g. 0.054 mmol. 0.2 eq) were placrd in a round boaom flask. 

Hushed with nitrogen. Deoxygenated DMF (3mL) was added followed by the addition of 

water (0.049 mL. 2.7 rnmol. 10 eq). The reaction mixture was stirred at rt and monitored 

by 1 9 ~  NMR. Upon completion. the reaction mixture was diluted with CHrC12 (10 mL) 

and centrifuged twice to remove the palladium catalyst. The supematants were combined 



and concentrated by rot. evaporation. The resulting polymer was redissolved in 

CHrC12 (3 mL). precipitated in a mixture of MeOH (25 mL) and a few drops of brine. 

collected by filtration. and washed with MeOH. Percent recovery of polymer ranged 

Frorn 85%-95%. Only a single polymer-bound species was evident by 1 9 ~  NMR. 

However. there was 2.7% hydrolysis of the polymer-bound sulfonates from the support. 

General method for cleaving the product from the polymer (general 

structure 1 13). The polymer-bound biary 1 derivatives (general structure 113. 1 eq) and 

&CO3 (3 eq) were placed in a 50 mL test tube. equipped with a stir bar and stopper. and 

dissoived in DMF (3mL). Water ( 10 eq) was then added to the reaction mixture and 

hrated at 80 O C  for 17 hn. The reaction was diluted with CHICI: (3 mL) and the polymer 

was precipitated out in a mixture of MeOH (25 mL) and a few drops of brine. The 

polymer was separated from the product by filtration. and the filtrate was concrntrated by 

rotary evaporation. To remove trace amounts of polymer and other organic impunties. 

the following wash procedure was performed. The crude reaction product was dissolved 

in an aqueous solution of NaOH (10 mL. 1.0 N) and washed with CHx12 (3 x 10 mL). 

The aqueous layer was acidifird to pH-0.5 with HCI ( I O  N). NaCl waç added until a 

saturated solution was obtained. The sulfonic acids were then extracted with EtOAc ( 5  x 

15 mL). The combined organic layers were d k d  (MgS04). filtered. diluted with toluene 

(50 mL). and concentrated on a hi& vacuum rotary evaporator. The sulfonic acids were 

then dissolved in water (3 mL) and treated with NE&HC03 (2.5 eq). After repeated 

lyophilizations. the biaryl sulfonates were obtained as off white solids (purïty as obtained 

by HPLC). 



Ammonium salt of [3-(3'chlorophenyl)phenyl](difluoro)methylsulfonic acid 

(120). 120 was obtained in 62% yield (90% pure): 'H NMR (D20) d 7.89 (1H. d. J = 7.7 

Hz. Ar-H). 7.68 (2H. d. J =8.0 HZ Ar-H), 7.55-7.62 (2H. m. Ar-H). 7.40-7.43 (2H. m. 

Ar-H): ' 9 ~  NMR (DzO) 6 -25.73: LRESMS rnk (relative intensity) 3 17 (100): HRESMS 

calcd for CiiH8F2CIISiO3 3 16.985 1. found 3 16.9856. HPLC retention time = 16.7 min. 

Ammonium salt of [3-(3'-fluorophenyl)phenyl~(difluoro)methy1suonic scid 

(121). 121 was obtained in 72% yield (94% pure): '£4 NMR (D20) 6 7.82 (1H. S. Ar-H). 

7.83 ( 1  H. d. J = 7.0 Hz. Ar-H). 7.40-7.71 (5H. br m. Ar-H). 7.10-7.1 9 (1 H. m. Ar-H): ' 9 ~  

NMR (D20)  6 -25.25. -35.23: LRESMS m/: (relative intensity) 301 (100): HRESMS 

calcd for CI3HSF3S1O3 301 .OH6. fotind 30 1 .O1 57. HPLC retention t h e  = 13.7 min. 

Ammonium salt of [3-(J'-chlorophenyl)phenylJ(difluoro)methylsulfonic acid 

(122). 122 was obtained in 84% yield (100% pure): 'H NMR (D20)  6 7.83 (1H. S. Ar- 

H). 7.64 (7H. d. J = 7.0 HZ. Ar-H). 7.47-7.54 (3H. m. Ar-H). 7.36 (7H. do J = 8.3 HZ. Ar- 

H): "F NMR (&O) S -25.03: LRESMS mc (relative intensity) 317 (100): HRESMS 

calcd for Cl jHsF2CII S 3 16.985 1. found 3 16.9856. HPLC retenrion time = 16.8 min. 

Ammonium salt of 13-(4'-phenyl)phenyl~(difluoro)methylsulfonic acid (123). 

123 was obtained in 67% yield (95% pure): 'H NMR (DzO) 6 7.88 (IH. S. Ar-H). 7.78 

(lH.d. J = 7.4 Hz. Ar-H). 7.53-7.69 (4H. br m. Ar-H). 7.20 (2H. t. J = 8.97 Hz. Ar-H): 

19 F NMR (D20) 6 -25.18. -37.15: LRESMS ntr: (relative intensity) 301 (1 00); HRESMS 

calcd for Ci3HsF3Si03 301 .O 146. found 301 -01 52. HPLC retention time = 13.8 min. 

Ammonium salt of [3-(3'-chloro4'-8uorophenyl)pheny~~(difluoro)methyl- 

sulfonic acid (124). 124 was obtained in 88% yield (100% pure): 'H NMR (DQ) 6 7.79 

(1Ho S. Ar-H), 7.43-7.66 (5H. br m. Ar-H), 7.22 (1H. t. J = 8.9 Hz Ar-H); ' 9 ~  NMR 



(D20) 6 -25.15. -40.14: LRESMS (relative intensity) 335 (100); HRESMS calcd for 

C 13HIF3Cl S 334.9757. found 334.9762. HPLC retention time = 16.7 min. 

Ammonium salt of [3-(3',4'-dichlorophenyl)phenylj(difluoro)methylsulfonic 

acid (125). 125 was obtained in 8 1 % yield (99% pure): 'H NMR (D20) 6 7.85 ( 1 H. S. 

Ar-H). 7.67-7.75 (3H. m. Ar-H). 7.45-7.59 (3H. m. Ar-H): ' 9 ~  NMR (DzO) 6 -25.10: 

LRESMS nvz (relative intensity) 35 1 ( 100): HRESMS calcd for C 3H7F2C12S 1 O3 

350.946 1. found 350.9466. HPLC retention time = 2 1 .O min. 

Ammonium salt of [3-(3'$'iIichlorophenyl)phenyl](difluoro)methylsulfnic 

acid (126). 126 was obtained in 97% yield (98% pure): 'H NMR (DzO) ô 7.83 (1 H. S. 

Ar-H). 7.64-7.73 (2H. m. Ar-H). 7.5 1-7.59 (3H. m. Ar-H). 7.37 ( 1  H. t. J = 1.91. Ar-H): 

19 F NMR (D20) 8 -25.13: LRESMS nu= (relative intensity) 463(4). 331 (100): HRESMS 

calcd for Ci3H7F2C12Si03 350.956 1. found 350.9466. HPLC retention time = 17.1 min. 

Ammonium salt of 13-(3'4 ritluorornethylpbenyI)phenyll(dif'iuoro)methyI- 

sulfonic acid (127). 127 was obtained in 73% yield (93% pure): 'H NMR (DzO) 6 7.93 

(?H. d. J = 6.4 Hz. Ar-H). 7.82 (2H. t. J = 7.5 Hz. Ar-H). 7.55-7.70 (JH. br m. Ar-H): ' 9 ~  

NMR (D20) 6 16.1 0. -25.20: LRESMS nvz (relative intensity) 35 1 (100); HRESMS 

calcd for C ,4H8FjS1 O3 35 1 .O 1 13. found 35 1 .O 120. HPLC retention time = 15.5 min. 

Ammonium salt of 13-(4'-trifluoromethylphenyl)phenyll(di8)methyl- 

sulfonic acid (128). 128 was obtained in 79% yield (100% pure): 'H NMR (&O) 6 7.92 

(IH. S. Ar-H). 7.69-7.80 (6H. m. Ar-H). 7.58 (IH. t. J = 7.8 Hz. Ar-H): ' 9 ~  NMR (DzO) 6 

16.11. -25.08; LRESMS m/= (relative intensity) 351 (100); HRESMS cdcd for 

C IJHSFjS 35 1.0 1 14. found 35 1 .O1 20. HPLC retention time = i 6.0 min. 



Ammonium salt of [3-(4'-acetylpbenyl)pheny1l(dinuoro)methlsulfoni~ acid 

1 (129). 129 was obtained in 88% yield (100% pure): H NMR (DzO) 6 7.75-7.79 (3H. m. 

WH). 7.64 (1H. d. J = 7.5 Hz. AM),  7.57 (1H. d. J = 7.5, Ar-H). 7.44-7.49 (3H. m. Ar- 

H). 2.50 (3H. s. CH3); 1 9 ~  NMR (D20) 6 -24.94: LRESMS m/z (relative intensity) 325 

( 100): HRESMS calcd for C l  jHl 1 FIS 1 O4 325.0346. found 325.0352. HPLC retention 

time = 1 1.9 min. 

Ammonium salt of (3-phenylphenyl)(difluoro)methylsulfonic acid (130). 130 

was obtained in 97% yield (99% pure): 'H NMR (D20) 6 7.95 (1 H. S. Ar-H). 7.85 ( 1 H. d. 

J = 7.6 Hz. Ar-H). 7.41-7.73 (7H. bt m. Ar-H): 1 9 ~  NMR (DzO) 6 -25.03: LRESMS w z  

(relative intensity) 283 ( 1  00): HRESMS caicd for Cl jH9F2S 283-0241. found 

283.0246. HPLC retention time = 13.7 min. 

Ammonium salt of 13-(4'-biphenyl)phenyl~(difluoro)methylsufonic acid 

(131). 131 was obtained in 34% yield (99% pure): 'H NMR (CD30D) 6 7.98 (1  H. S. Ar- 

H). 7.65-7.87 (8H. br m. Ar-H). 7.33-7.57 (4H. br m. Ar-H): ''F NMR (&O) 6 -X.l 1: 

LRESRS fi?(rekttve intenatp) 39 t100): HRESMS &&fer f nHisf$ & 359.05M- 

t'ound 39.0559. HPLC retention time = 22.1 min. 

Ammonium salt of [3-(2'-naphthyl)phenyl~(difluoro)methylsulfonic acid 

(132). 132 was obtained in 91% yieId (100% pure): 'H NMR (Il@) 6 7.62-7.75 (5H. m. 

19 A M ) .  7.12-7.49 (6H. br m. Ar-H): F NMR (D20) 6 -25.04: LRESMS mk (relative 

intensity) 333 ( 100): HRESMS calcd for Ci7Hi iF2S103 333.0397. found 333.0403. 

HPLC retention time = 18.4 min. 

Ammonium salt of (3-(1'-naphthyl)phenyl~(difluoro)methylsuIfoc acid 

(133). 133 was obtained in 92% yield (99% pure): 'H NMR (D20) 6 7.88 (1H. S. Ar-H), 



7.62 (2H. d. J = 10.3 Hz, Ar-H), 7.18-7.54 (8H. br m. Ar-H); ' 9 ~  NMR (D20) 6 -24.73; 

LRESMS mi= (relative intensity) 333 (100); HRESMS calcd for C [,HI IF?S103 333.0397. 

found 333.0402. HPLC retention time = 18.9 min. 

Ammonium salt of [3-(2'-methyipbenyl)pheny(l(difluoro)methylsuIfonic acid 

(134). 134 was obtained in 89% yield (99% pure): 'H NMR (DzO) 6 7.33-7.71 (4H. br 

m. Ar-H). 7.29-7.39 (4H. br m. Ar-H). 1.23 (3H. S. CH3): 1 9 ~  NMR (D20) 6 -25.08: 

LRESMS m/z (relative intensity) 197 ( 100): HRESMS calcd for C i4Hi F2S 10; 297.0397. 

found 297.0402. HPLC retention time = 15.2 min. 

Ammonium salt of [3-(4'-ethylphenyl)pheoyl~(difluoro)methylsulfonic acid 

(135). 135 was obtained in 71% yield (98% pure): 'H NMR (D20) S 7.85 (1H. S. Ar-H). 

7.61 (IH. d. J = 8.0 H z  Ar-H). 7.41-7.19 (3H. m. AM). 7.16 (IH. d. J = 8.2 Hz. Ar-H). 

2.49 (IH. q. J = 7.67 Hz. CH2). 1.06 (3H. 1. J = 6.7 Hz. CH3): "F NMR (ilIo) 6 -24.90: 

LRESMS mi: (relative intensity) 3 1 1  ( 100): HRESMS cdcd for CicHi3F2Si03 3 1 1.0554. 

found 3 1 1.0559. HPLC retention time = 18.2 min. 

Ammonium salt of [3-(J'-methylphenyl)phenyl~(difiuoro)methylsulfonic acid 

(136). 136 was obtained in 63% yield (100% pure): 'H NMR (D20) 6 7.91 (1 H. S. Ar- 

H). 7.80 (IH. d. J = 7.6 Hz. Ar-H). 7.56-7.68 (JH. br m. Ar-H). 7.33 (3H. d. J = 7.9 Hz. 

Ar-H). 2-36 (3H. S. CH3); ' 9 ~  NMR (DzO) 8 -25.02: LRESMS nu2 (relative intensity) 297 

(100): HRESMS calcd for Ci ,Hi iF2Si03 297.0397. found 297.0402. HPLC retention 

time = 16.0 min. 

Ammonium salt of [3-(4'-methoxyphenyI)phenyl~(dinuoro)methylsulfonic 

acid (137). 137 was obtained in 92% yield (95% pure): 'H NMR (DzO) 6 7.80 (1H. s. 

Ar-H). 7.60 (3H. t ,  J = 7.0 HL Ar-H), 7.33-7.50 (3H, m, Ar-H), 6.93 (3H, d. .l = 8.7 HZ 



Ar-H). 3.75 (3H. S. CH3); 1 9 ~  NMR (D20) 6 -24.98: LRESMS nt/= (relative intensity) 3 13 

(100); HRESMS cdcd for Ci f i l  ,F2SIO4 3 13.O5J6. found 3 13.0352. HPLC retention 

tirne = 13.8 min. 

Ammonium salt of [3-(4'-~e~butylphenyl)phenyl~(difluoro)methylsuIfonic 

aeid (138). 138 was obtained in 85% yield (1 00% pure): I H  NMR (DzO) 6 7.79 (1 H. S. 

Ar-H). 7.59 ( 1  H. d. J = 5.6 Hz. Ar-H). 7.08-7.34 (6H. br m. Ar-H). 0.95 (9H. S. CH3): "F 

NMR (D20) 6 -24.51: LRESMS nv= (relative intensity) 339 (100): HRESMS calcd for 

C i7Hi7F2SiO; 339.0867. found 339.0872. HPLC retention time = 22.3 min. 

Ammonium salt of [3-(5'-acetyl-2'-thiophene)phenyl~(difluoro)methyl- 

sulfonic acid (139). 139 was obtained in 54% yield (77% pure): 7.77 (1 H. S. Ar-H). 

7.55-7.68 (3H. m. Ar-H). 7.41 (1H. t. J = 7.4 Hz. Ar-H). 7.15-7.27 (IH. m. Ar-H). 2.44 

(34. S. CHj): ''F NMR (D20) 6 -25.34: LRESMS m!: (relative intensity) 33 1 (100). 187 

(3): HRESMS calcd for C i3HqF2S204 330.99 10. found XO.99 16. HPLC retention time 

= 1 1.8 min. 

Ammonium salt of [3-(2'-benzo[b~furan)phenyl~(difluoro)methylsulfonic acid 

(110). 140 was obtained in 82% yield ( 100% pure): ' H NMR (DzO) 6 7.87 ( 1 H. S. Ar- 

H). 7.43-7.53 (2H. m. Ar-H). 7.09-7.27 (3H, br m. Ar-H). 6.88-7.00 (2H. br m. Ar-H). 

19 6.55 (1H. S. AM): F NMR (D20) 6 -25.06: LRESMS nu? (relative intensity) 323 

( 100): HRESMS cdcd for C izH9F2S 373.0 190. found 323 .O 195. HPLC retention time 

= 17.0 min. 

Ammonium salt of [3-(2'-benzo[b]thiophene)phenyl~(düluoro)metbylsulfonie 

acid (111). 111 was obtained in 56% yield (98% pure): 'H NMR (DzO) 6 7.78 (1H. S. 

Ar-H). 7.50 (1H. d. J = 7.3 Hz Ar-H). 7.37 (1H. d. J = 6.9 Hz. Ar-H), 7.29 (2H. m. Ar- 



H). 7.17 (lH. t. J = 7.7 Hz. k H ) .  7.08 (1H. S. Ar-H), 6.94-7.03 (2H. m. Ar-H): ' 9 ~  NMR 

(DrO) 6 -24.91; LRESMS rmz (relative intensity) 339 (100): HRESMS calcd for 

C isH9F2S20s 338.996 1. found 338.9967. HPLC retention time = 3 1.3 min. 

Ammonium salt of [3-(2'-thioophene)phenyl)(difluoro)methylsulfonic acid 

(142). 142 was obtained in 64% yield (1 00% pure): 'H NMR (D?O) S 7.94 (1 H. S. Ar- 

H). 7.84 (1H. ci. J = 7.0 Hz. Ar-H). 7.45-7.63 (4H. br m. Ar-H). 7.15 (IH. t. J = 4.4 Hz. 

Ar-H): "F NMR (DzO) 6 -23.30: LRESMS nvz (relative intensity) 289 ( 100): HRESMS 

calcd for Ci H7F2S20 288.9805. found 188.98 10. HPLC retention time = 13.4 min. 

Ammonium salt of 13-(2'-furanpheny1)phen yll (difluoro)methy lsulfonic acid 

1 (113). 143 was obtained in 39% yield (100% pure): H NMR (D20) 6 8.02 (1H. S. Ar- 

H). 7.93 ( 1 H. d. J = 6.6 H z  Ar-H). 7.56-7.64 (3H. m. Ar-H). 6.93 ( 1  H. d. J = 3.6 Hz. Ar- 

! 9 H). 6.67 (IH. S. Ar-H): F NMR (DzO) 6 -25.38: LRESMS m z  (relative intensity) 273 

( 100): HRESiMS calcd for C i  ,H7F2S ,O4 273.0033. found 273 .OO39. HPLC retention time 

= P. i min. 

Ammonium salt of 13-(3'-thiophene)phenyl~(difhoro)methylsulfoic acid 

( 4 ) .  144 was obtained in 77% yield (100% pure): 'H NMR (&O) 6 7.95 (1 H. S. Ar-H). 

7.84 (1H. d. J = 7.84 Hz. Ar-H). 7.71-7.73 (W. m. Ar-H). 7.50-7.63 (4H. br m. Ar-H): 

1 9 ~  NMR (D20) S - 3 . 1  1: LRESMS m.= (relative intensity) 289 (1 00): HRESMS calcd 

for C H7FzSz03 288.9805. found 288.98 1 0. HPLC retention tirne = 17.8 min. 

3,s-Dichloro-3'-methyl4,l'-biphenyl (151). The following procedure was 

adapted from the work of O'Shea er d l 3 '  A solution of 3-bromotoluene (150. 0.1 7 1 g. 

1 .O0 m o l .  1 eq) and Pd(PPh3)4 (0.035 g, 0.03 mrnol, 0.03 eq) in DME (4 mL) was 

stirred for 20 min at rt. An aqueous solution of NazCOl (3 mL. 0.35 M, 1.05 eq) was 



added to the reaction mixture. followed by a solution of 3.5 dichlorobenzene boronic acid 

(0.200 p. 1.05 rnmol. 1.05 eq) in DME (1 mL). The reaction was refluxed for 3 hrs. 

cooled to n. and diluted with ether (13 mL). The resulting reaction mixture was washed 

with 5% NaHCO, 13 x 15 mL) and bnne (2 x 15 mL). The organic layer was dried 

(MgSQ). filtered. and concentrated by rotary evaporation. Colurnn chromatognphy 

( 1 00% hexane. Rf  = 0.5). by atmospheric pressure. of the crude residue yielded pure 151 

as a white solid in 87% yield: rnp J34j°C: 'H NMR (CDCl,) 8 7.19-7.45 (7H. m. Ar- 

. . (3H. S. CH;): I'c NMR (CDC13) 6 14.30. 138.67. 138.46. 135.14. 129.13. 

128.88. 127.74. 126.97. l25.59. 124.12. 21 .W: MS m z relative intensity 236 (100). 101 

(23). 165 (63): HkMS calcd for C i  jHioC12 336.0160. found 236.0139. 

3'-(Bromomethyl)-3,5-dich10ro-l,l'-biphenyl (152). The following procedure 

was adapted from the work of Kotoris rr d.98 A solution of 151 (O. 125 g. 0.53 mmol. 1 

eq) and N-bromosuccinimide (0.103 g. 0.58 mmol. 1.1 eq) in benzene ( 5  mL) was 

irndiated to reflux for 1 hr using an IR lamp. Once the reaction cooled to n. the mixture 

was washed with water ( 3  x 5 mL). The organic Iayer was dried (MgSO,). filtered. and 

concentratrd bu rotary evaporation. Colurnn chromatography ( 100% hexane. Rr = 0.2) of 

the crude residue yielded a mixture of mono- 152a and dibrominated 152b products as a 

white solid (75% yield of 152a based on 'H NMR). This material was used in the nelrt 

step without any further purification: 'H NMR (CDCl,) 6 4.54 (IH. S. CH2. 

monobrominated product 152a). 6.69 ( 1 H. S. CH. dibrorninated product. 152b). 

Diethyl (3',5'-dichloro-l,l '-biphenyl-3-y1)methy lphosphonate (153). The 

following procedure was adapted from the work of Hum es uL7" To a solution of 152a 

and b (152a. 0.53 g. 1.67 mmol. 1 eq) in benzene (1.5 rnL) was added triethyl phosphite 



(1.5 mL, 1.46 g. 8-37 mmol. 5 eq). The reaction was refluxed overnight. Benzene was 

removed by distillation. and unreacted triethyl phosphite was removed by vacuum 

distillation. The resulting crude residue was then subjected to hi& vacuum for 1 hr. 

Colurnn chromatography (5050 EtOAclhexane, Rr = 0.1) of the crude residue yielded 

pure 153 as a yellow oïl in 92% yield: 'H NMR (CDC13) 6 7.31-7.47 (7H. m. Ar-H). 

3 . 9 7 4 2  (4H. m. CH2). 3.21 (2H. d. JHP = 21.7 HZ. CH?). 1.26 (6H. t. J = 7.1 HZ CH3): 

"P NMR (CDC13) S 27.14: "C NMR (CDCI;) G 143.67. 138.61 (d). 135.12. 132.53 (d). 

119.73 (d). 119.10. 128.35 (d). 137.09. 125.50.67.07 (d). 33.65 (d. JCP =l38.2 HZ). 16.28 

(d): MS m.: relative intensity 373 (100). 3 4  (43). 316 (32). 249 (23). 235 (79). 199 (35). 

1 6  ( 9  0 ( 5 ) .  81 (40). 65 (13): HRMS calcd for C i ~ H 1 ~ 0 3 P l C l z  372.0449. found 

3 72.043 3. 

Diethyl (3',5'4ichloro-l,l'-biphenyl-3-yl)(difluoro)methylphosphonate (148). 

The following procedure was adapted from the work of McAtee cr d.lW To a solution of 

153 (0.400 g. 1 .O7 mmol. 1 eq) and NFSi (LOI4 g. 3.23 mmol. 3 eq) in anhydrous THF 

(10 mL) at -7g0C was added NaHMDS (2.68 mL. 1.0 M. 2.68 mrnol. 2.5 eq) over a 

period of 20 min. The reaction was stirred at -78OC for 2 hrs. warmed to n. and then 

stirred for an addition hr. The reaction was then quenched with water ( 15 mL). extracted 

with ether ( 15 mL). and washed with brine (2 x 15 mL). The organic layer was dricd 

(MgS04). filtered. and concentrated by rotary evaporation. Column chromatography 

(30:80 EtOAchexane. Rf = 0.1) of the crude residue yielded pure 148 as a yellow oil in 

95% yield: 'H NMR (CDC13) 6 7.78 (1H. S. Ar-H). 7.46-7.68 (5H. m. Ar-H). 7.36-7.38 

(1H. m. Ar-H). 4.144.31 (4H. m. CH2). 1.34 (6H. t J = 7.2 Hz. CHj); "F NMR (CDCL) 

6 -32.62 (d. JFP = 1 17- 1 HZ); 3 1 ~  NMR (CDCI,) G 7.33 (t, JpF = 1 14.9 HZ): 13c NMR 



(CDC13) G 143.93. 138.73. 135.34. 13350 (dt. JCF = 22.1 HZ JCp = 22.0 HZ), 129.19 (d). 

127.58. 126.1 1. 125.59, 124.80. 117.74 (dt, JCF = 263.6 HZ. JCP = 363.2 HZ). 64.77 (d), 

16.14 (d); MS wz relative intensity 408 (43 ,  271 ( 1  00). 101 (22). 137 (36). 109 (76). 8 1 

(35). 65 (8); HRMS calcd for Ci~H1703FLPIC12 408.0260. found 408.0253. 

Diammonium (3'J'dichloro-l,l~-biphenyl-3-yl)(difluoro)methylphosphonate 

(154). The following procedure was adapted fiom the work of Hum et ~ 1 . ' ~  To a 

solution of 148 (0.300 g. 0.73 rnrnol. 1 eq) in anhydrous CH2C12 (12 rnL) was added 

TMSBr ( 1 .O mL. 1.16 g. 7.33 rnrnol. 10 eq). The reaction was refluxed for 48 hrs. Once 

the reaction cooled to n. it \vas concentrated by rotary evaporation. and then subjected to 

hi& vacuum overnight. The crude residue was dissolved in 1 N NaOH (15 mL) and 

washed with CH2C12 (3 x 15 mL). The aqueous layer was acidified with 10 N HCI until 

pH-0.5. and then extracted with ether (3 x 20 mL). The combined organic layen were 

dried (MgS04). filtered. and concentrated by rotary evapontion. The resulting 

phosphonic acid was then dissolved in water ( 5  mL) and treated with NH4HC03 (O. 145 g, 

1.83 mmoi. 2.5 eq). Afier repeaied lyophilizations. pure 154 was obtained as a white 

solid in 73% yield: 'H NMR (D20) 6 7.82 ( 1  H. S. Ar-H). 7.5 1-7.61 (5H. m. Ar-H). 7.37 

( t H. S. Ar-H): ' 9 ~  NMR (D20) 6 -30.88 (d. JFp = 93.5 Hz): "P NMR (D20) 6 6.14 (t. JpF 

= 93.3 Hz): I3c NMR spectra could not be obtained due to solubility problems: LRESMS 

m.= (relative intensity ) 35 1 ( 1 00). 

Sodium (3'3'-dichloro-1 ,l '-biphenyl-3-y1)methaneufonate (158). The 

following procedure was adapted from the work of Kotoris et To a solution of 152a 

and b (152a. 0.144 g. 0.41 mrnol. 1 ee) in acetone ( 2  mi+) was added an aqueous solution 

of Na2S03 (2 mL. 0.2 M. 1 eq). The reaction was refluxed for 24 hrs, concentrated by 



rotary evaporation. and then diluted with acetone until precipitate formed. The 

precipitate was filtered and the filter cake washed with CH2C12. Recrystallization of the 

crude residue in ethanol yielded pure 158 as a white solid in 65% yield: 'H NMR (DzO) 

67.40-7.70 (7H. m. Ar-H), 4.15 (3H. S. CH2); 13c NMR spectra could not be obtained due 

to solubility problems: LRESMS m k  (relative intensity) 3 15 (1  00). 

Kinetic Studies with PTPlB and CD45 Rates of PTPI B- and CD45-catalyzed 

dephosphorylation in the presence or absence of inhibitors were determined using 

fluorescein diphosphate (FDP) as substrate in assay butrer containing 50 mM Bis-Tris 

(pH 6.3). 2 mM EDTA. 5 m M  N.N0-dimethyl-N.N0-bis(rnercaptoacetyI)hydrazine 

(DMH) or dithiothreitol (DTT). and 0.00 1% triton X- 100. Assays were carried out at 

25 O C  in 96-well plates with total volume of 100 pL per well. Reactions were initiated by 

the addition of PTPlB (final concentration 0.5 pg/rnL) or CD45 (finai concentration 

0.075 pg/mL). The phosphatase activity was followed by monitoring the production of 

the fluorescent product fluorescein monophosphate (FMP) continuously for 10 min using 

the Cytofluor I I  plate reader (PerSeptive Biosystems). with excitation at WO nm (slit 

width 20 nrn) and emission 530 nm (slit width 25 nrn). or the SPECTRAmax GEMINI 

XS (Molecular Devices) dual-scanning microplate spectrofluorometer. with excitation at 

485 nrn and emission rit 538 nrn. ICSo determinations were detemined at ten or thirteen 

different inhibitor concentrations (done in duplicate for compound 154) with FDP at Kbt 

concentration (20 PM) and 5% DMSO. 

Kinetic Studies with H. pomatia Aryl Sulfatase A and B. Rates of H pornatia 

aryl sulfatase-catalyzed desulfurylation in the presence or absence of inhibiton were 

determined using p-nitrophenyl sulfate @-NPS) as substrate in assay buffer containing 20 



m M  MOPS (pH 7.0) and 0.1 M KCI. Assays were carried out at 25 O C  in 1 mL cuvettes 

with total volumes of 1.03 mL. Reactions were initiated by the addition of H. pornatia 

aryl sulfatase type H j  (final concentration 0.03 mg/mL). The sulfatase activity was 

followed by monitoring the production of p-nitrophenol continuously for 20 min at 400 

nm using a Varian Cary 1 spectrophotometer. The percent inhibition in the presence of 

inhibiton were performed in duplicate usingp-NPS at KM concentration (0.83 mM) with 

500 pM inhibitor. ICjo determinations were determined in duplicate at eight or elrven 

dit'ferent inhibitor concentrations with p-NPS at Khi concentration (0.70 m M  ). 

3 Results and Discussion 

3.1 Stabiliîy of Sulfonate Ester Linkage 

Before PSOS was initiated. the stability of the sulfonate ester linkage was 

exarnined in solution to ensure that the polymer-bound sulfonates would be stable to the 

reaction conditions we wished to employ for the polymer-supported chemis.. Mode! 

cornpound 45 was prepared (Scheme I O )  and tested in acidic and basic conditions. 

The mode1 sulfonate 45 was prepared in fve steps. based on a synthesis 

developed by Kotoris rr ai.'"he cornmercially available 2-methylnaphthalene (16) was 

brorninated with N-bromosuccinimide (NBS) in bemene. A mixture of the mono- (major 

product) 47a and dibrominated (minor product) 47b products was obtained and used 

directly in the following step without any further purification. Reflwing cmde 47a and 

47b with sodium sulfite (Na2S03) in a 1 : 1 mixture of acetone and water for I hr. gave the 

sulfonate sodium salt 18 in 81% yield. No products resulting fiom the reaction of sulfite 

ion with 47b were detected indicating that sulfite ion does not react with the 

dibrominated species 17b. Subsequent heating of 48 in phosphorus oxychloride (POC13) 
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S h e i e  lO..-SyniJ%sTs otLmocîësulfonate.t5 - - - - - - - - - - 

in a 1:l mixture o f  acetonitrile (CH3CN) and tetramethylene sulfone at 55 O C  for 6 hn 

resulted in a 62% yield of the sulfonyl chlonde 49. The suifonyl chlonde was then 

converted to the neopentyi protected sulfonate 50 by reacting it with neopentyl alcohol in 

the presence of triethylamine (NEt3). Compound 50 was obtained in 77% yield. The 

mode1 a, a-di fluoromethy ienesul fonate 45 was prepared by electrophilic fluonnation o f  

50 using IV-fluorobenzenesulfonimide (NFSi. 51). a relatively cheap and commercially 

available electrophilic fluorinating r e q e n ~ ~ *  

77 



51 NFSi 

The flu~rination of M took place in a stepwise manner. At -78 OC. the sulfonate 

ester 50 was deprotonated at the methyiene position with 1.1 eq of A3uLi. A fluorine 

atom was dien introduced by adding 1.1 eq of NFSi at -78 OC. By repeating these two 

steps ( 1 .? eq r-BuLi. 1.2 rq NFSi) the difluonnated sulfonate 45 in 69% yield.P8 The 

exact mechanism for electrophilic fluorination is unknown. however two mechanisms 

have been proposed. One mechanism involves a single electron transfer. where the 

radical a ion  species R2NFa' is formed (SET. Scheme 1 1 A). The second mechanism 

involves a SNZ nucleophilic displacement at the fluorine. resulting in the displacement of 

R2N- (S& Scheme 1 l B)? 

A Single electron vansfer (SET) 

RzN F + N U  -+ [R2N-Fee + Nu=] - R2N- + NuF 

B Nuclrophilic displacement at the fluorine (SN2) 

R2N - F + NU - [RrN-F---NU] R2N - + NuF 

Scherne I I .  SET and SNZ proposed mechanisms for electrophilic fluorination 

The mode! sulfonate 45 was subjected to different acidic and basic conditions in 

order to test the stability of the sulfonate ester linkage. We found that 45 was stable in 



acidic conditions (2N HCL. ZS%TFA/THF) and mild basic conditions (NatC03, H20. 

DMF). However. heating 45 in the presence of NarC03, water. and DMF at 80 O C  for 24 

hrs resulted in almost complete hydrolysis of the sulfonate ester to the sulfonate sodium 

salt 52 (Scherne 12). This was confirmed by cornparhg the 1 9 ~  NMR spectra of the 

crude product 52 with the sulfonate lithium sait 53. The sulfonate lithian salt cm be 

prepared by heating the mode1 sulfonate 45 with lithium bromide at 90 OC (Scheme 12).98 

Thus. the sulfonate linkage is very stable to acid and base at room temperature but will 

undergo hydrolysis in the presence of base with heating. These studies indicated that our 

polymcr-bound sulfonates would be stable to the Suzuki coupling conditions (boronic 

acid. palladium catalyst. base. room temperature) we wished to employ for library 

construction (see Scheme 9. section 1.7). As well. the desired sulfonate products could 

be released from the suppon under relatively mild conditions (mild base. heating). 

Na2COj ( 3  eq) ,/' 

/ 

LiBr ( 1.2 eq) 
H2O ( IO eq) butanone 
DMF. 80°C. 24 hn ,,y,' \, 4 r - 4 8  hrs 

Scheme 12. Synthesis of the sulfonate sodium salt 52 and the sulfonate lithium sait 53 



3.2 Strategy for Polymer Loading 

As discussed previously in section 1.6. a linker chain is oflen used to ensure 

anchor stability. improve accessibility to reagenu. and improve the ease of cleavage of 

the final product off the polymer.88 Thus. in our methodology for preparing the srna11 

molecule library. we wished to use a linker chah between the aryl DFMS group and the 

polymer suppon (see Scheme 9. section 1.7). We envisioned two possible routes by 

which the aryl DFMS group could be linked to the suppon. 

3.2.1 Strategy #1 for Polymer Loading 

The tint strategy for linking the aryl DFMS group to the suppon involved 

coupling a linker m to the support and then coupling the linker am to the DFMS 

rnoiety (Schemc 13). The most obvious method in coupling the linker chain to the DFMS 

X 

Scheme 13. Strategy # I for polymer loading 



group was to convert the sulfonic acid 55 to the sdfonyl chloride 56 and then react the 

sulfonyl chloride with an appropnate functionalized polymer-bound linker m. 

However, previous attempts to convert the sulfonic acids of type 55 to the sulfonyl 

chhides  56 failed.Io0 This may be due to the presence of the fluorines alpha to the 

sulfonate. In the absence of the fluorines. sulfonyl chlondes can be prepared from 

reacting sulfonic acids with thionyl chloride. phosphorus pentachloride. or phosphoryl 

chloride (see Scheme 10). 98. 101. 102. 103 These approaches require an initial nucleophilic 

anack of the sulfonic acid hydroxyl group on the chlorinating agent. However. with the 

a-fluorinated sulfonates. the anack would less likely take place due ro decreased 

nucleophilicity of the sulfonate hydroxy 1 group. Thus. this strategy was not attempted. 

3.2.2 Strategy #2 for Polymer Loading 

1 Electrophiiic 

'I 
Fluorhat ion 

Scheme 14. Strategy #2 for polymer loading 



The second strategy for polymer loading involved coupling the aryl DFMS 

moiety to a linker chah. and then coupling the linker a m  to a polymer support (Scheme 

14). In this strategy. a monoprotected Iinker chah would be coupled to a sulfonyl 

chloride 57. forming a sulfonate ester (58) which would be fluorinated. The fluorinated 

sulfonate ester 59 would then be coupled to a polymer support. 

3.3 Synthesis of DFMS-Bearing Naphthalene Coupled to Linker Chain 

To work out the conditions for preparing the sulfonates of type 58. we used 

naphthyl derivative 49 as a mode1 system since this compound had already been prepared 

in multigm quantities (see Scheme 10). 

Previous studies by Kotoris el al on methyl- (60a). ethyl- (60b). isopropyl- (60c). 

and nropentyl-protected sulfonate esters (60d) of phenylmethanesulfonatc dernonstrated 

that only the neopentyl-protected sulfonate (60d) would undergo electrophilic 

tluorinati~n.~~ There are several possible reasons for this. For the methyl esters. the 

nucleophilic base may be attacking at the carbon adjacent to the oxygen atom of the ester 

bond and displacing the benzylsulfonate moiety (Scheme UA). For the ethyl and 

isopropyl esters, the base may be deprotonating a P proton of the alkoxy g o u p  which 

would be followed by elimination of the benzylsulfonate moiety (Scheme 1 5 ~ ) . ~ ~  In the 



case of the neopentyl ester. steric hindrance and lack of P protons would prevent these 

two reactions from o c c h n g .  

Scheme 15. Mechanisrns for the nucleophilic displacement (A) and elimination (B)  of 

the benqlsulfonate moiety 

3.3.1 Synthesis of ~Monoprotected Linker Chain 

Based on the observations made by Kotoris et ut. an appropriate linker chain 

would be one that lacked B protons. Thus. we first atternpted to use commercially 

available neopentyl glycol (61). Before coupling the linker chain to the sulfonyl chloride 

49. the linker chain had to first be monoprotected. Three different protecting groups were 

exarnined. A tetrahydropyranyl (THP) protected Iinker (62) was prepared using a 

procedure that was adapted frorn Kato et dM By reacting neopentyl glycol with 

dihydropyran and a cataiytic amount of p-toluenesulfonic acid. the desired linker was 

obtained in a low yield of 22% (Scheme 16A). In an attempt to find an appropriate 

protecting goup that resulted in a higher yield. a t-butyl protected linker (63) was 

prepared using t-butanol (r-BuOH) and 50% H2S04 (Scheme 168). a procedure 

developed by Richardson et a1.'05 However. a disappointing yield (10%) was obtained. 



Since the yield was again very low, we prepared the t-butyldimethylsilyl (TBS) protected 

derivative (64) by reacting a solution of neopentyl glycol, t-butyldimethylsilyl chloride 

(TBDMS-Cl). and imidazole (imid). in DMF. Once again the yield of the 

monoprotected linker was Iow (30%. Scheme 16c). The low yields obtained for ail three 

monoprotected linker chains were likely due to steric factors from the two rnethyl groups 

at position 2 of the linker. Nevertheless. since the highest yield was obtained using the 

TBS group. we decided to proceed using this protecting group. 

O ', 
( 1  eq) 

p-TsOH (0.003 eq) 
THF, 3 5 " ~  -, rt 

Scheme 16. Synthesis of THP (A). r-buty 1 (B). and TBS monoprotected (C) linker chain 



33.2 Electrophilic Fluorination of Naphthylmethaaesulfonate Ester 65 

Once the TBS monoprotected linker chain 64 was prepared. it was coupled to the 

sulfonyl chloride 19 in the presence of triethylarnine. resulting in a 77% yield of the 

naphthylmethanesulfonate ester 65 (Scheme 1 7). 

O 
l! HO* ",T OIBS O I 

^r-gc' .' 64 ( i .5 cq) w,F'v'-w -, 1' 4-0x I O T e s  

l NEt; (1.3 eq). THF 1 O 1 I 

rt, 0.w w 
49 77O/O 

Scheme 17. Synthesis of naphthylmethanesulfonate ester 65 

We then attempted a stepwise electrophilic fluorination 65 using NFSi. The 

procedure. which was adapted from the work and Kotoris er dg. involved dissolving 65 

in THF at -78 O C  and then introducing 1.1 eq of base. The reaction would be s h e d  for 2 

hrs at -78 OC. followed by addition of 1.1 eq of NFSi dissolved in THF. The reaction 

would be stirred an additional hour at -78 OC. and the above steps would be repeated 

except that 1.2 rq of base and NFSi would be added. Three different bases (f-BuLi. 

LDA. and NaHMDS) were used and ail three were unsuccessful. From the TLC and ''F 

NMR spectra of the cmde products. the reactions were very messy and M e  to none of 

the desired difluorinated product was obtained. 

Although the electrophilic Buonnations were unsuccessful. a more carefùl 

examination of the crude products led to the discovery that there was one common 

byproduct that was formed each time the reactions were carried out. Spectral data has 

suggested that the binaphthylethenesulfonate 66 was the byproduct. Compound 66 



may be the result of a Ramberg-Backlund type reaction. which is the rearrangement of an 

a-halo sulfone with a base to $ive an olefin.lo6 The proposed mechanism is outlined in 

Scheme 18. After the addition of the first equivalent of [-BuLi. the reaction mixture had 

eone from pale yellow to bright yellow/green. This was an indication that highly 
C 

conj ugated anionic molecules were present. such as the intermediate (67) fomed from 

the nucleophilic displacement of the linker chah from 65 by an anionic variant of 65. 

When the fint equivalent of NFSi was added, the reaction mixture turned back to yellow. 

This may be a result of the fluorines quenching the negative charges. resulting in the 

monofluorinated intemediate 68. When the second equivalent of i-BuLi was added. each 

drop resulted in the reaction mixture turning from yellow to bright red and then back to 

yellow. The bripht red was probably the result of the rnethylene proton@) between the 

naphthyl group and suifur atom being deprotonated. Since the reaction retumed to its 

yellow color. the anionic methylene carbon was most likely quenched by displacing the 

fluorine and subsequently forming a three-membered cyclic intermediate (69). Extrusion 

of SOz,,, would result in the final product 66. Addition of the second equivalent of NFSi 

resulted in no visible change in the reaction. Thus the synthesis of 66 likely occurred via 

a Ramberg-Backlund type reaction since the reamgement of a-halosulfone to a three- 



membered cyclic intermediate. followed by cheletropic extrusion of S02@,,  is 

characteristic of such reactions. The major product of the reaction was 66 with a yield of 

H O 
H \ ~  11 \ /' ,* S- " ~ 0 7 3 s  [-Bu' Li- 

_____) 

Scheme 18. Proposed mechanism for the synthesis of 66 



3 3 3  Synthesis of Alternative Monoprotected Linker Chain 

Due to the problems associated with the neopentyl glycol linker m. an 

alternative linker ami was examined. This linker chah (71) was similar to the neopentyl 

linker arm except that it was two carbons longer. Using a literature procedure. lithium 

aluminum hydride ( L N & )  reduction of commercially available 7.2-dimethylglutaric 

acid (70) gave 71 in 67% yield (Scheme 19).lo7 

1 I i LiAIHJ (2.2 eq) 
/\ A. A 

O H  W F .  n. 2 hro - Ho /'\ OH 

67% 

Scheme 19. Synthesis of the alternative linker chain 71 

Once again. the linker chah had to be monoprotected before coupling it to the 

sulfonyl chloride 49. The linker was fint protected with a r-butyl group (72) using t- 

BuOH and 50% H2S04 (Scheme ZOA) as described by Richardson er dtO' However. the 

t-BuOH ( 1 . 1  eq) I 

50% HzSOJ HO , 

/' -?'/,\O+ 

m / > C % H  72 

2 B Ph 

71 trityl-CI ( 1 .  1 eq) H O ~ " D - - +  ph 
pyr. rt. O N  \ I 

49% Ph 

Scheme 20. Synthesis of the r-butyl (A) and tntyl monoprotected (B) linker c h i n  71 



desired product could not be isolated and purified. A trityl protected linker was then 

examined (73) since the trityl group cm be removed under mild acidic conditions. Based 

on a procedure developed by Nagatsugi et al. 73 was synthesized by reacting the linker 

71 with trityl chlonde (rrityl-CI) and pyridine (pyr) (Scheme 20E3).'08 A moderate yield of 

49% was obtained. 

33.4 Electrophilic Fluorination of Naphthylmethanesulfonate Ester 71 

The trity protected linker 73 was coupled to the sulfonyl chloride 49 with 

triethylarnine (Scheme 2 1 ). The resulting naphthylmethanesulfonate ester 71 was 

obtained in a high yield of 9 1 %. 

O ~ 0 ~ ' ' ' '  0 ~ r * i  
/' -\, O l \ #  -s-ci 

73 ( 1.5 eq) ,--+O ;( , 0m9 /H-'v-, 6 + ij , 'v < \ ' ., 
I N Et; ( I -3 eq) :/ l \-,-./ THF. rt. O N  -+/-,&Y 

9 1 O/O 

Scheme 21. Synthesis of the naphthylrnethanesulfonate ester 74 

Stepwise electrophilic fluorination of 74 with r-BuLi and NFSi was unsuccessful. 

19 Based on the crude F NMR spectrum. the desired difluonnated product was not 

obtained. As well. a Ramberg-Backland type product was not detected. Therefore. we 

attempted to fluorinate 74 using an alternative electrophiiic fluonnation procedure which 

was adapted from the work of McAtee et al.'* This involved dissolving the 

naphthylmethanesulfonate ester in THF at -78 O C  dong with 3 eq of NFSi. A base was 

then introduced over a period of 30 min to 1 hr. The reaction was s h e d  for 2 hrs at - 



78 O C .  warmed to rt, and stirred for an additional hou .  In this procedure (one-step 

fluorination), since NFSi is introduced at the start of the reaction. fluonnation would 

likely occur more readily than nucIeophilic aîtack to another naphthylmeuianesulfonate 

ester molecule once the anion is formed. One-step electrophilic fluonnations were 

camied out with &-BuLi. LDA, LiHMDS, KHMDS, and NaHMDS (Scheme 22). Based 

\. 

- -  .\ oTm1 NFSi(5eq) 
A=-,/%/ v \/ J Base (1.5 eq). THF 

t 

-78'C. 2 h r »  n. I hr 
7 1  75 

Base = LiHMDS. KHMDS. NaHMDS 

Scherne 22. Synthesis of the DFMS-bearing naphthalene 75 

on the ''F NMR spectrum of the crude product from each reaction. the HMDS bases were 

successful in obtaining the difluorinated product 75 as the major product. However. we 

were unable to obtain accurate yields since deprotection ofthe linker chain was occumng 

dunng the work-up. Nevertheless. it appeared that the fluorination yields were rather 

Iow. ïherefore. we examined the TBS moiety as  a protecting group. Linker chain 71 

TBDMS-CI (1 .1  eq) e HO~*')>C. .r\OmlBS 
imid (2 rq) 
DMF. rt. O N  

71 

Scheme 23. Synthesis of the TBS protected linker chain 76 



was monoprotected with a TBS group using TBDMS-CI, imidazole, and DMF (Scherne 

23). The desired product 76 was obtained in a respectable 70% yield. the highest yield 

observed among al1 the monoprotected linker chahs prepared. 

33.5 Electrophilic Fluorination of Naphthylrnethanesulfonate Ester 77 

Once the Iinker chain 76 was prepared. it was coupled to the sulfonyl chlonde 49 

in the presence of triethylamine (Scheme 71). The resulting napthylmethanesulfonate 

ester 77 was obtained in 69% yield. 

49 77 

Scheme 24. Synthesis of naphthylmethmesulfonate ester 77 

One-step electrophilic fluorinations were carried out on the naphthylmethane- 

sulfonate ester 77. When t-BuLi was used as the base, the rnonofluorinated variant 78 

was the major product with a yield of 50% (Scheme 3 A ) .  In attempt to introduce the 

second fluorine. 78 was subjccted to another one-step 

However. the reaction only yielded unreacted starting matenal 

electrophilic fluorination. 

. The desired difluorinated 

sulfonate ester 79 was successfully obtained when LiHMDS. KHMDS. and NaHMDS 

werr used as the base (Scheme 25B). The reactions resulted in high yields of 74%. 86%. 

and 9 1 % respectively. with NaHMDS being the best base. 



NFSi (3 eq) 
t-BuLi (2.5 eq), THF 
-78'~. 7 h m  rt. I hr 

ïT--- 
NFSi (3 eq) 

b 

Base (2.5 eq), THF 
-78°C. 2 h f i ,  rt, I hr 

Base = LiHMDS (74% y ield) 
KHMDS (86% yiold) 
NaHMDS (9 1% y ield) 

Scheme 25. Synthesis of the rnonofluorosulfonate ester 78 (A) and the ditluorosulfonate 

ester 79 (B) 

33.6 Deprotection of the DFMS-Bearing Naphthalene 79 

Before the DFMS-bearing naphthalene 79 could be loaded ont0 the polymer. the 

linker c hain had to be deprotected. Typicall y. tetra-n-buty lammonium fluoride (TBAF) 

is used for silyl ether bond cleavage. However. when 79 was treated with TBAF the 

Iinker ami was cleaved off rather than the TBS group. Three mechanisms have been 

proposed for this occurrence. One involves deprotection of the linker arrn. followed by 

an intramolecular cyclization of the linker am to fom a six-membered ring (80) and 

release of the sulfonate 81 (IWO-step displacement. Scheme 26A). The intramolecular 

cyclization was likely prornoted by the "gern-dirnethyl effecf' which is brought about by 

the two methyl groups at carbon position 2 of the linker chah It appears that aikyl 

substitutions accelerate cyclization of acyclic systems because it would be more 



- - - - -  

Scheme 26. Proposeif mech~ismsfor  d i e t w ~ s t e p  (Af anhne=step(B)dispCafementof 

sulfonate 81 

energetical ly favorable. ' 'O  The second mec hanism has the nucleophilic fluonde attacking 

at the methylene carbon adjacent to the sulfonate ester bond. thus displacing the suifonate 

81 (one-step displacement. Scheme 268) .  The third mechanism involves both the one- 

and two-step dispiacements. which was likely occurring for 79 since treatment of TBAF 

with the neopentyl protected naphthalene 15 dso resulted in displacement of the 



sulfonate 81. however at a slightly slower rate (Scheme 26B). After 24 .). 94% of 79 

had reacted whereas for 45 only 62% had reacted. 

Removal of the TBS group was accomplished by using a procedure developed by 

Corey ef al."' Treatxnent of 79 with acetic acid-H20-THF (3: 1: 1) for 3 hrs at rt (Scheme 

77) gave the deprotected naphthalene 82 in 73% yield. 

79 82 
Scheme 27. Deprotection of the DFMS-bearing naphthalene 79 

3.3.7 Electrophilic Fluorination and Deprotection of Naphthylmethanesulfonate 

Ester 65 

Having worked out suitable conditions for fluorinating compound 77. we decided 

to examine whether these conditions could be used to fluorhate ester 65 which had the 

shoner neopentyl glycol linker m. To determine which linker chah would be more 

suitable for coupling the aryl DFMS to the polymer support. the one-step electrophilic 

fluorination and deprotection reactions were carried out on the ester 65 (Scheme 38). 

Electrophilic fluorination of 65 using the one-step fluorination procedure and NaHMDS 

as the base gave an 84% yield of the difluonnated product 83. which was comparable to 

the yield obtained for the DFMS-bearîng naphthalene 79. However. deprotection of 83 

(to give 84) under the identical acidic conditions used for 79 resdted in a lower yield of 

53% and the reaction required 4 days as opposed to 3 hrs for complete reaction. The 



NFSi (3 eq) 
NaHMDS (2.5 eq) =- 
THF 

Scheme 28. Electrophilic fluorination and deprotection of the naphthyimethanesulfonate 

ester 65 

di fference in reactivity between the DFMS- bearing naphthalenes 79 and 83 was likel y 

due to sterk factors. Hydrolysis of the r-butyldimethylsilyloxy group would less readily 

take place with the shorter linker chain since there is a quatemary carbon adjacent to the 

site of hydrolysis. The longer linker chah was chosen over the shoner one since the time 

required for preparing the deprotected DFMS-bearing naphthaiene 82 was shoner. and 

the yields were better. 

3.4 Mitsunobu Coupling of the DFMS-Bearîng Naphthalene 82 to Phenol 

We reasoned that the best way of attaching the linker arm of the sulfonate to the 

support was by an ether linkage since cher functiondities are highiy stable to a variety of 

reaction conditions. Thus. NCPS would be prepared such that a small percentage of the 

aryl groups were functionalized at the para position with a hydroxyl group. The ether 

linkage would be fonned by a Mitsunobu reaction between the hydroxyl group on the 



linker a m  and the phenolic groups on the polymer. We chose a Mitsunobu reaction since 

Rano et dl". as well as Krchnak et al I l 3 .  have used this reaction for forming aryl ethers 

on polymer suppons in hi& yield. Indeed, the Mitsunobu reaction is ideal for polymer- 

supponed chemistry because products are typically obtained in high yields under mild 

conditions, 

In the preliminary studies. phenol (85) was used as a mode1 for the polymer 

support. The fint anempts in coupling the DFMS-bearing naphthalene 82 to phenol 

using typical Mitsunobu conditions. that is. 2 eq of DIAD or DEAD with 2 eq of 

triphenylphosphine (PPh,), were unsuccesshl. The reactions did not go cleanly or to 

completion. For polymer-supported chemistry. al1 loading sites on the polymer should be 

used since higher yields would be obtained and any undesired reactions with the 

unloaded sites would be prevented. 

Rano et al have demonstrated that polymer-bound phenols react rapidly and 

cleanly with alcohols to form aryl ethers in hi& yields when IV,~V.:V',~V'- 

tetramethylazodicarboxamide (TMAD. 86) and tributylphosphine (PBu3) are used.' " 

O 
86 TMAD 

Thus. we atternpted to couple 82 to phenol with 2 eq of both TMAD and PBu3 (Scherne 

19). nie  reaction proceeded very cleanly and the product 87 was obtained in quantitative 

y ields. 



TbIAD ( 2  ttq) F O 
OH PBu3(Zsq) n 

'. 
quantitative y ields 

85 82 87 

Scheme 29. Mitsunobu coupling of the deprotected DFMS-bearing naphthalene 82 to 

phenol 

The proposed mechanism for the Mitsunobu reaction is shown in Scheme 30."" 

PBu3 first foms an adduct with TMAD where nucleophilic anack of the phosphine to 

TMAD is followed by deprotonation of phenol by TMAD. Phenol would have a lower 

pK, (pK, of 10)'" than the DFMS-bearing naphthalene 82 (comparable to ethanol. pK, of 

16)"'. thus it would be expected to deprotonate first. The phenolate would then 

deprotonate 82 to initiate nucleophilic attack of 82 to the PBu3KMAD adduct. In this 

step. an oxyphosphonium ion intermediate (88) is formed to activate 82 for the finai step. 

Once phenol is deprotonated again by TMAD. tributylphosphine oaide is displaced from 

the intermediate 88 by phenolate in an SN2 manner resulting in the coupled product 87. 

Of the three Mitsunobu reagents we tried. TMAD was probably the best reagent 

because the basicity of it was strong enough to eficiently activate phenol. Sirnilar 

observations were made by Tsunoda et al.'" They found TMAD to be a better reagent 

than DEAD for Mitsunobu reacrions that involved nucleophiles with higher pK& such 

as LV-benqltnfluomacetamide that has a pK, of 13.6. 



Scheme 30. Proposed mechanism for the Mitsuno bu reaction. 



3.4.1 Syntbesis of TMAD 

Although TMAD is commercially available. it is rather an expensive reagent. 

Thus. we prepared TMAD in two simple steps (Scheme 31). The reduced f o m  of 

TMAD (91) was synthesized using a procedure adapted fiom Crawford et 

Hydrazine (89) was reacted with carbamoyl chloride (90) in the presence of 

triethylamine. The product isolated. which was a mixture of 91 and triethylamine 

hydrochloride salt was used directly in the subsequent oxidation step to fom TMAD 

(86). Using lead (IV) acetate (Pb(0ac)~) as the ~xidant"~.  TMAD was obtained in 61% 

y ield. 

90 (2.1 eq) '\ '! N- 

NEtj (2.1 eq) 
CH~CI~.!  1 . 5  hn 

9 1 

Scheme 3 1. Synthesis of TMAD (86) 

3.5 Synthesis of DFMS-Bearing Aryl Bromide Coupled to Linker Chain 76 

Once the chemistry was developed using our mode1 system. we then focussed o u  

attention on preparing the desired substrate (e.g. an aryl halide as outlined in Scheme 9. 

section 1.7) and loading it onto the polymer support. 

The Swuki reaction is a palladium-catalyzed cross-coupling reaction between 

aryl halides or ary1 triflates and boronic acids. 119. 120 For aryl haiides, iodides and 

bromides are ofien used due to their hi& reacti~it~."~. We chose to prepare aryl 

brornides as opposed to the iodides because Hum el al have observed that during 



electrophilic fluonnation with NFSi and NaHMDS. a significant loss of iodine from aryl 

iodides o~curs . '~  As a result. the product would be contaminateci with the noniodinated 

materiai." 

I l  
,- s- osa- 
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(1: I )  CH~CN?;~< 
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Scheme 32. Synthesis of DFMS-bearing aryl bromide 97 



The synthesis of aryl bromides with the linker chah (76) anached is outlined in 

Scheme 32. The comrnercially available 3-bromobenzyl bromide (92) was refluxed for 

48 hrs with Na2S03 in 1: 1 mixture of acetone and H20. An 8 1% yield was obtained for 

the product 93. 3-Bromobenzyl bromide. as opposed to the 4-bromo derivative. was used 

because research has shotm that biphenyl denvatives substituted with the DFMP moiety 

at the metu-position are more potent inhibitors than the para variant towards PTP 1 B. 73. 74 

Heating the sodium sulfonate salt 93 with phosphorus oxychloride in a 1:l mixture of 

acetonil.de and tetrarnethylene sulfone at 70 O C  for 3 hrs resulted in the sulfonyl chlofide 

(94) in 85% yield. The TBS monoprotected linker chah  76 was then coupled to the 

sulfonyl chloride 91 in the presence of uirthylamine. The resulting sulfonate ester 95 

was obtained in 86% yield. Electrophilic fluorination with NFSi and NaHMDS gave the 

difluorinated product 96 in 88% yield. Lastly. the desired DFMS-bearing aryl halide (97) 

was prepared for Mitsunobu coupling by deprotection of 96 in a 3: 1 : 1 mixture of acetic 

acid/HzO/THF. Yields for 97 ranged From 5 1% to 89%. 

3.6 Suzuki Reactioos on a Mode1 System 

Before the DFMS-bearing aryi bromide 97 was loaded ont0 the polymer. we fint 

prepared cornpound 98 and used this as a mode1 system for working out the Suzuki 

reaction conditions. Usine the optimized Mitsunobu conditions described above (TMAD, 

PBu3). compound 98 was obtained in quantitative yields (Scheme 33). 

The S uniki cross-coupling reaction is a carbon-carbon bond forming reaction 

between an aryl halide or trinate and a boronic acid or boronate ester in the presence of a 

palladium (Pd) catalyst and base.'19 The availability of the reagents and mild reaction 

conditions rnakes this reaction one of the moa widely used methods in both laboratories 



BT Br quantitative yields 
85 97 98 

Scheme 33. Mitsunobu coupling of DFMS-bearing aryl bromide 97 to phenol 

and industrial processes. 119.120 It has also been shown to be amenable for SPOS.~' The 

Suzuki reaction can tolerate a broad range of f ctionional groups. Stenc hindrance of the 

q l  halides and boronic acids do not have any significant effect on the reaction. The 

inorganic byproducts from the reaction are non-toxic and can be easily removed from the 

reaction mixture. The reaction is unaffected by the presence of water. However water 

has been show to enhance the rate of the reaction'" or cven be used as a solvent for 

reactions'?' . 

The general catalytic cycle of the Suzuki cross-coupling reaction is show in 

Scheme 34. It involves three steps: oxidative addition. transmetalation. and reductive 

elimination."' In the first step. oxidative addition of aryl halides to a palladium (O) 

species occurs. Insertion of the palladium into the aryl halide results in the formation of a 

stable rruns-a-organopalladium (II) halide intermediate (1). The rate-determining step is 

often the oxidative addition step where relative reactivity decreases in the order of 

I>OTDBr>>Cl. On the other hand. the presence of electron withdrawing groups on the 

aryl halide can enhance the rate. The next step involves a h-ansmetalation between the 

organopailadium (II) halide intermediate 1 and a boronic acid to give a new intermediate 

II. This step is enhanced when a base is added. There are two proposals to explah the 

role of the base. The negatively charged bases may quaternize boron to form boronate 
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Scheme 34. General catalytic cycle of the Suzuki cross-coupling reaction 

complexes and su bsequently increase the nucleophilicity of the organic group (Scheme 

35A). Transfer of the organic group would likely occur more readily in this situation. 

Thepaljemative - - - - - - - -  explanation is displacement of the halide ligand in intermediate 1 by an 
- - - - - - - - - - - - - - - - - - - - - - - - -  - - - -  

alkoxy. hydroxy. or acetoxy anion to give a reactive Pd-OR compler III (Scheme 358). 

A 
O W R  

1 
Ar- %OR 

OWR 
Ar-Pd(l1)-X - Ar-Pd(1l)-Ar' - ~ r - ~ f  - pd(0) 

B 
NaOR Ar'-8x1 

Scheme 35. Proposed roles of the base in the Suzuki reaction 



In the final step. reductive elimination yields the biaryl coupled product and regenerates 

the palladium (0) species. nie reaction takes place once the tram-diarylpalladium (II) 

species isomerizes to the cis species. where favorable xsrbital interactions can occur 

between the aryl groups (Scheme 36).'19 

trans c is 

Scheme 36. Cis-truns isomerization of diarylpalladiurn intermediates in the Suniki 

reaction 

The key feature in our methodology is the Suzuki cross-coupling reaction since 

divenity in our small rnolecule library would be achieved by using various boronic acids. 

To complete the final stages of our preliminary studies. we needed to work out the Suzuki 

reaction conditions. The DFMS-bearing aryl halide 98 was used as our mode1 

compound. 

3.6.1 Room Temperature Suzuki Reactions 

The conditions we first exarnined for room temperature Suzuki reactions were 

developed in the Taylor group for the preparation of a library of biphenyl DFMP'S.'" The 

protocol requires 20 mol% of the palladium catalyst (PhCN)2PdC12. 3 eq of boronic acid. 

3 eq of K2C03. 10 eq of H20. and degassed DMF. Solvents are typicalty degassed since 

the presence of air c m  result in the formation of deboronated compounds and 



symmeuical biaryl cornpounds.12 By monitoring the reaction by ' 9 ~  NMR Suniki 

coupling of the mode1 compound 98 with phenylboronic acid successfully went to 

completion within 18 hrs at room temperature. We also attempted the sarne reaction 

except in the absence of water. The reaction had only gone to 77% completion after 78 

hrs. Thus. water can have a rate enhancing effect. which is consistent with the results of 

Hum et al where the addition of water increased their Suzuki coupling rate 1 -7-fold. 74.75 

During the progress of Our research project. Buchwald et ul developed impressive 

room temperature Suzuki coupling conditions where aryl chlonde substrates. that weren't 

even activated. couid be used. 123. 124 Their conditions required only 0.5-1.5 mol% of 

Pd(0Ac); along with an elecuon-rich. biaryl phosphine ligand (2 ligands/Pd). such as 99 

and 100. They have proposed the following rolrs for the phosphine ligands when it 

coordinates to palladium. The electron-richness is thought to enhance oxidative addition 

and increase catalyst lifetime by binding tightly to the palladium and keeping it in 

solution. The steric bulk is to promote reductive elimination. In their studies. they f o n d  

that KF and CsF were the most effective bases and the reactions were most efficient 

when carried out in THF or dioxane. '". 12' This may be due to the fluoride ions being a 



stronger base in THF' ' ' and subsequent formation of reactive organo(trifluoro)borate ions 

for the transmetdation step (Scheme 37)' j 9 .  

Scheme 37. Proposed role of organo(trifluoro)borate ions in the Suzuki reaction 

To determine whether the conditions developed by Buchwald er al could be 

applied to our substrates. eight different reactions were set up using P ~ ( O A C ) ~ .  ligand 99 

or 100, phenylboronic acid (PhE3(OH)2). KF or CsF. and dioxane or THF. The reactions 

were monitored by "F NMR and the results are listed in Table 1. Al1 the reactions were 

unsuccessfui in going to complerion within 24 hrs. even when 5 mol% of the palladium 

catalyst was used. The percent conversion of the DFMS-bearing aryl bromide 98 to the 

biaryl product ranged h m  30%-93%. ''F NMR analysis of the reactions showed the 

rates to exponentially decrease over the 24 hr time period. Thereafter. the palladium 

catalyst was dead. Adding more catalyst at that point did not sipificantly push the 

reaction closer to cornpletion. The most efficient base/solvent system was CsF and 

dioxane. We aIso noticed that the reactions were sensitive to the solvent and whether it 

was degassed. Reactions went further to completion when THF was degassed, however 

degassing wasn't necessary for dioxane. 

Further attempts to push the Swuki  reaction to completion with the conditions 

123.121 developed by Buchwdd et al were not carried out as it would have required more of 

the palladium catalya and phosphine ligands. Using more of the phosphine ligands 



Table 1. Room Temperature Suzuki Coupling of DFMS-Bearing Aryl Bromide 98 wîth 
P ~ B ( o H ) ~ ~  

would no1 have been ided since they are either difficult to prepare''' or expensive 

reagents. In cornparison. the conditions developed in our laboratory by Hum rr al '' 

% conversionb 

72% 
76% 
93% 
78% 
79% 
30% 
68% 
54% 

Reaction 

1 
î d  - 

I~ 4 
5' 
6 
7 
8': 

requires a rather inexpensive palladium cataiyst ((PhCN)rPdC12) and no phosphine 

"Reaction conditions: 5 moloh of Pd(OAc)?. 1 eq of DFMS aryl bromide 98. 1.5 eq of PhB(OH)2. O. 1 eq of 
phosphine ligand. 3 eq of base. n. 14 hrs. b~ercent conversion of 98 into biaryl pmduct aller 24 hn as 
dearmined by "F N MR. '0.075 eq o f  phosphine ligand 99 was used. "2.mol% of P ~ ( O A C ) ~  was used. ' 5  
sq of PhB(OH)? was used. 

ligand. Thus. we settled on their room temperature Suniki conditions. which requires 1 

Phosphine 
Ligand 

and degassed DMF.'" 

3.7 Polymer Synthesis and Loading 

Base 

With the Suzuki conditions worked out. we were ready to prepare die library 

Solvent 

using the LPOS approach. The two most cornmon polymer supports used for LPOS are 

Dioxane 
Dioxane 
Dioxant: 

Dioxane (degassed) 
Dioxane 

THF 
THF (degassed) 
THF (degassed) 

CsF 1 CsF 90 

polyethylene glycol (PEG) and non-crosslinked polystyrene (NCPS). 88-90 However. there 

90 
90 
90 
90 
90 
90 

are advantages to using NCPS as opposed to PEG. NCPS is soluble in polar, aprotic 

CsF 
CsF 
CsF 
KF 
KF 
KF 

solvents such as THF. CH2C12. CHC13. EtOAc. and benzene. yet insoluble in polar, protic 

solvents such as MeOH. EtOH, and ~ a t e r ? ~  Therefore, homogeneous reactions cm be 



carried out in a broad range of organic solvents and reactions can be rapidly purified by 

precipitation of the polymer in MeOH, EtOH. or water and subsequent filtration. PEG on 

the other hand. is slightly soluble in water which posses a problem For solvent extraction 

purification of intermediates and products.9' . The hct ional  group(s) on NCPS and 

polymer loading cm be easily controlled. whereas the nature of PEG allows for only a 

maximum of two molecules to be attached to the hydroxyl groups at the termini of each 

polymer r n o l e ~ u l e . ~ ~  Lastly. PEG is insoluble in THF at low temperatures and has been 

found to complex with metal cations.90 Besides these advantages to using NCPS. we 

chose to use NCPS as our polymer suppon because it has not been widely used in the 

area LPOS of small molecule libraries and we wished to explore the scope of this 

polymer as a support in LPOS. 

The synthesis of the desired 4hydroxyIated NCPS (104) is outlined in Scheme 

38. To prepare Our polymer. we fint copolymerized styrene (36) with 9 mol% of 4- 

acetoxystyrene (102) in the presence of the tiee radical initiator VAZO at 1 IO0C for 48 

Scheme 38. Synthesis of 4-hydroxylated NCPS (104) 



hrs to obtain the 4-acetoxy-functionalized NCPS (103). The polymer was then saponifird 

by refluxing it in an aqueous solution of NaOH in THF for 14 hours to give the 4- 

hydroxylated NCPS (104). At each step, the polymer was purified by diluting the 

reaction mixture with CH2C12 and then precipitating out the polymer in MeOH. filtering it 

off. and washing it with MeOH. The recovery of polymer 101 was approximately 90%. 

3.7.1 Determining Loading of the Polymer 

The loading of the polymer is defined as the number of anchoring sites per gram 

of polymer and is expressed in units of millirnoles per gram ( r n r n ~ l l ~ ) . ~ ~  Before any 

reaction is canied out on a polymer. the loading must first be detemined. This was done 

so in the following mariner." The aryl bromide 106 was prepared by coupling the 

deprotected sulfonate ester 97 to 4ethylphenol(lOS) with TMAD and PBu3 (Scheme 39). 

Ten standards were then prepared with varying ratios of the monomers styrene and aryl 

brornide 106. The total m a s  for each of the standards was approximately 35 mg and the 

ratios ranpd from 0.1 to 1 .O mm01 of the aryI bromide 106 per gram of styrene and 106. 

Deutented-chloroform (0.5 mL) was added to each of the standards and 'H NMR spectra 

97 
Scheme 39. Synthesis of DFMS-bearing 

Br 
quantitative yields 

106 

aryl bromide 106 



were acquired. Integration ratios of the averaged (-CHP-) peak area to the aromatic 

proton peak area were calculated and then plotted against the mmol of 106/g of styrene 

and 106. A linear relationship was found. where the equation of the line (y = mu + b) 

was subsequently used for determining the loading of the polymer loaded with the initial 

starting functionality (aryl bromide 97). From the equation found. y would be the 

integration ratio CHzO (average)/Ar-H of the polymer. m would be the slope of the line. 

b would be the y-intercept of the graph. and s would be the ratio of mmol of 106/g of 

styrene and 106. Therefore. the loading of the polymer-bound aryl bromide would be 

determined by first calculating the integration ratio CH20 (average)/Ar-H OF the polymer 

(y value). and then using the equation of the line From the above studies to find the 

polymer loading (x value). 

3.7.2 Incomplete Loading of the Polymer 

Once I-hydroxylated NCPS 104 was prepared. the aryl bromide 97 was coupled 

to the polymer using Mi tsunobu conditions from the preliminary studies (assuming 0.3 

rnmoI/g loading. I eq of 104.2 eq of 97.2 eq of TMAD. and 2 eq of PBu3). Surprisingly. 

the polymer was not h l l y  loaded which was unexpected since quantitative yields were 

obtained in the preliminary studies. Incomplete loading was discovered when the loaded 

polymer (107) was subjected to a reaction with pyridine and 4-nitrocinnamoyl chloride 

(108) (Scheme JO)."~ 'H NMR analysis of the resulting product (109) revealed a signal 

corresponding to the aryl protons ortho to the nitro group of the 4-nitrocinnarnoyl 

f~nctionaiit~.'~' Further studies needed to be carried out until maximum loading was 

obtained. 



pyr ( 5  eq). CHzClz 
rt. om 

Scheme 10. Coupling 4-nitrocimamoyl chloride 108 to loaded polymer 107 

3.7.3 Loading of Aryl Bromide 97 onto 4-Hydoxylated NCPS 

In order to obtain maximum loading of the aryl bromide 97 onto polymer 104. 

different Mitsunobu coupling conditions were carried out. The results are Iisted in Table 

2. The difference in loading \vas significant when the number of equivalents for al1 of 97. 

Table 2. Effeci of Mitsunobu Coupling Reagents on Polymer Loadinga 
Polyrner 104 ( Aryl Brornide 97 1 TMAD ( PBu3 1 Reaction 1 Polymer ~ o a d i n ~ ~ l  

(eq) 

1 
1 
1 
1 
1 
1 

(es) 1 (eq) 

'Ali Mitsunobu reactions were carried out in ( I : I ) CHrClflHF at n. b~olymer loading was detemined by 
the 'H NMR inteeration ratio of the (-CH#-) to the combined aryl proton signais. 'The reacrion was 
stirred overnight. '~esults from two determinationa. 

- 3 

3 
3 
4 
4 
4 

(eq) 
1 I 2 - 7 2 

3 - 
3 
3 
4 
4 
4 

Time (hm) fmmoUg) 
O N C  

- 3 

3 
3 
3 
4 
4 

0.18 
24 

O N c  
24 

O/Nc 
24 
48 

0.28 
0.30 
0.36 
0.42 

0.43.0.54~ 
0.47 



TMAD. and PBu3 was changed fiom two through to four. However. there was linle 

change observed when 5 equivalents of each reagent was used. Thus for maximum 

loading. the polymer 104 was stirred with 4 equivalents of each reagent at room 

temperature for 24 hrs (Scheme 11). Any hydroxyl groups left unreacted on the resulting 

polymer (1 10) was not a concem to us thereafier since they were not expected to 

participate in any subsequent reactions. lncomplete Ioading may have been due to non- 

random polyrnerization. If a series of hydroxyl moieties were grouped together in a 

contiguous mamer. then steric crowding would likely prevent neighboring sites from 

coupling with the aryl bromide. 

,\ OH TMAD (4 eq) 
" PBul(1 eq) 

( 1  : 1 1  C H ~ C I ~ ~ T H F  
(' eq) rt. 21 hn 

104 97 110 

Scheme 41. Loadinp of aryl bromide 97 ont0 4-hydroxylated NCPS 

Upscaling the Mitsunobu coupling of the aryl brornide 97 to 4-hydroxylated 

NCPS resulted in a polymer loading of 0.54 mmol/g. To determine the percentage of 

unreacted Ioading sites. 4-nitroci~amoy l chloride ( 108) was reacted wi th 4-hydroxy lated 

NCPS in the presence of pyridine (Scheme 43). A polymer loading of 0.64 mmoVg was 

obtained for 111.''~ Assurning that 0.64 mmol/g is a fully loaded polymer. the 

Mitsunobu conditions we use results in a loaded polyrner that has at least 16% of the 

anchoring sites left unreacted. 



Scheme 42. Loading of 108 onto 4hydroxylated NCPS 

3.8 Suzuki Cross-Coupling on the Polymer 

Suzuki cross-coupling reactions were carried out on the polymer-bound aryl 

bromides (1 10) using the room temperature Suzuki conditions descnbed above (Scheme 

43). The reactions were perforrned in parallel. using boronic acids that were 

commercially available. A total of 26 different aryl boronic acids were used. of which 7 

were heterocyclic. The reactions were monitored by 1 9 ~  NMR and within 9 hrs or less. al1 

Scheme 43. Suzuki cross-coupling on the polymer-bound -1 bromides 

reactions had successfully gone to completion. with the exception of the Suzuki reaction 

outlined in Scheme 44. This reaction. which involved 2-furanboronic acid (114). 

required 14 hrs. and then another 24 hrs with fresh reagents. Although ail reactions went 

19 to completion, F NMR analysis of the reactions indicated that 2-7% of the polymer- 

bound sulfonates were lost from the support (15.5% for reaction in Scheme 44), moa 



likely a result of slow hydrolysis. Boronic acids that were activated with electron- 

withdrawing groups (such as trifluoromethyl. acetyl) went to 100% completion within 3- 

4 hrs. while those without substituents or with electron-donating groups (such as methyl. 

ethyl. r-butyl) took longer. Once the palladium catalyst was removed by centrifugation. 

al1 polymer-bound biaryl products were purified by diluting the reaction mixture with 

CHICI?. precipitating out the polymer in MeOH (and a few drops of brine). filtering off 

the polymer. and rinsing the collected polymer with MeOH. The polymer recovery 

ranged from 90%-95%. During the workup. no hydrolysis of the sulfonate ester iinkage 

took place as deterrnined by "F NMR of the filtrate from the precipitated polymer. 

Scheme 44. Suzuki cross-coupling of polymer-bound aryi brornide with 2-furanboronic 

acid 

Suzuki reactions were attempted with four other heterocyclic boronic acids (1 16- 

119). however al1 were unsuccessful. The boronic acids 116. 118. and 119 were 

surprisingl y unreactive. especially since 1 16 and 1 18 had electron-withdrawing groups 

present. The other thiopheneboronic acid 117 could not be pushed to 100% completion 

even when 1 eq of the palladium catalyst was used. As well, adding fresh reagents did 

not have any significant affect on the reaction. 



3.9 Cleavage of the Product off the Polymer Support 

Based on the stability studies of the sulfonate ester linkage. the procedure in 

which the biaryl products were cleaved off the polymer support and purified is outlined in 

Schemr 45. The reactions were set up in parailel. in test tubes equipped with a stir bar 

\/ 80 OC. 17 hrs 
+ 

O F~ ? F~ ' 1 .  MeOH 
HO- S /  1.  IN NaOH 12. Filter off polyrner 

i 7 2. CH2CJI wash 
O t a  

j 3. Concentrate filtrate 
' 3. Ac id i l  with IN HCI 

4. EtOAc extraction 1/ 

I 

j 1. NH4HC03 ( 2  eq), H20 
2. Lyophilize 

i 
Ar 

Scheme 45. Cleavage of biaryl DFMS compounds off the polymer support 



and septum. The products were hydrolyzed off the polymer support with 3 eq of K2C03. 

10 eq of HIO. in DMF. at 80 OC for 17 hrs. The cmde reaction mixture was then diluted 

with CH2C12 and added to a solution of MeOH and a few drops of bnne. The precipitated 

polymer was filtered off. leaving the filtrate which contained the crude potassium salt of 

the biaryl DFMS compounds. The filtrate was concentrated down. redissolved in I N  

NaOH. washed with CHzC12 to remove any residual polymer and organic impurities. and 

acidified to pH of approximately 0.5. The sulfonic acids were then exvacted out with 

EtOAc. concrntrated down. treated with an aqueous solution of NI&HC03. Iyophilized 

down repratsdly to obtain the ammonium salts of the biaryl DFMS compounds in yields 

ranging fiom 3497%. Although 26 polymer-bound Suzuki reactions took place. only 25 

of the biaryl DFMS's were isolated. stxting with 120 in Table 3. Suzuki coupling of the 

aryl bromide with 3-fomylfuran-2-boronic acid (145) resulted in a biaryl DFMS that was 

very unstable to air and the acidic conditions used in the workup following the cleavap 

step. Nwenheless. the mild cleavage conditions proved to be compatible for coupling 

heterocyclic boronic acids to the polymer-bound aryl bromides. In contrast. the 

heterocyclrs would have been unstable under the conditions used by Hum ri uZ (TMSBr 

or TMSI) for preparing their library of DFMP ~orn~ounds.~'' 

\ 
CHO 

145 



Table 3. Percentage Yields and Purities of Products 120-144 Cleaved off the Polymer 

Product P O h  Purity 
' 9 ~  1 

Product NMR 1 Yield 1 NMR 1 HPLC 
O/o 

HPLC 

Q-Q 

O/O Purity 
' 9 ~  1 



1 H and ' 9 ~  NMR and HPLC analysis of the ammonium salts indicated that 19 of 

the 25 compounds were at least 96% pure. while 5 of the other 6 were 9045% pure. Al1 

compounds in the biaryl DFMS library. with the exception of 139. could be used directly 

for biological screening without any h h e r  purification. Compound 139 was only 77% 

pure as a result of its instability under acidic conditions. but it was used in the biological 

screenings anyhow. If the sulfonic acid was a potent inhibitor. then it wou!d have been 

resynthesized or further puri fied. 

3.10 Enzyme Inhibition Studies with PTPlB 

ICFo values for PTPl B were determined for the sulfonic acids 120-144. 

Fluorescein diphosphate (FDP) was used as the substrate at Km concentration (70 PM) in 

assay buffer containing 50 m M  Bis-Tris (pH 6.3). 2 mM EDTA. 5 mM DTT. 2% 

glycerol. and 0.00 1 % triton. at 25 OC . Al1 inhibiton were dissolved in DMSO. with a 

final concentration of 5% for the assays. The reactions were followed by monitoring the 

appearance of the fluorescent product tluoroscein monophosphate (FMP) on a plate 

reader with excitation at 440 nm or 485 nrn and emission at 530 nrn or 538 m. The 

results are listed in Table 4. The unsubstituted biaryl DFMS 130 had the lowest [CIO 

value of 483 PM. Al1 other sulfonic acids were better inhibitors. Of the biphenyl DFMS 

compounds that contained a fluorine or chlonne. the chlonnetontaining sulfonic acids 

were more potent than their fluorine counterparts. and the addition of a second chlonne 

atom enhanced their potency significantly. In fact. the most potent inhibitor in our library 

was 126 (ICjo of 14 PM. Figure 1). which has chlorines substituted at positions 3 and 5 

on the second aryl ring. The presence of the chlorines at the meia-positions was 



important for binding affinity. since the 3.4-substituted counterpart (125) resulted in a 2- 

fold decrease in potency. 

96 Inhibition 
20 - 

Figure 1. Inhibition of PTP 1 B by compound 126. The activity of PTP 1 B (0.5 pe/mL) in 
the presence of 126 at various concentrations (0-500 PM) were measured at 23 O C  as 
described in the Experimental (Chapter 2). 

Among the collection of biphenyl sulfonic acids. the hydrophobic DFMS 

compounds 131. 133. and 138 were fairly decent inhibitors. with ICso values of 80 FM. 

98 pM. and 78 pM respectively. Their enhanced potency. in cornparison to the biphenyl 

DFMS 130. was probably due to n-stacking abilities andior hydrophobic interactions 

from the extra aryl or t-butyl moiety. 

The heteroc yclic DFMS compounds ( 139-144) were generally better inhibitors 

than the biphenyl compounds. likely due to the ability of the heterocycles forming both 

electrostatic and hydrophobic interactions. Interestingiy. the thiophenes were more 

potent than the furans. with the exception of the benro-derivatives 140 and 141. Both 

sulfonic acids inhibited PTPIB equally well. with ICjo values of 49 and 56 @ 

respectively. Although the oxygen atom of furans may not be able to form efficient 



Table 4. ICjo Values of Biaryl DFMS Compounds 120-14 tor PTPl B and CD45 

Product Product 



electrostatic interactions with the enzyme. as opposed to thiophenes. the loss of potency 

may be compensated by hydrophobic interactions introduced fiom an extra aryl rnoiety. 

3.11 Enzyme Inhibition Studies with CD45 

To examine enzyme selectivity. the sulfonic acids 120-144 were also screened 

against another PTP. CD45 CD45 is a trammembrane PTP expressed on the surface of 

hematopoietic cells. It is believed to be responsible for the dephosphorylation of Src 

PKKs which results in the up-regulation of their catdytic activity that eventually leads to 

ce11 a~tivation.'~ The results are listed in Table 4. In cornparison to the PTPlB studies. 

similar observations were made for CD45 The unsubstituted biphenyl DFMS 130 was a 

poor inhibitor towards CD45. Compound 130. along with 3 other sulfonic acids (121. 

134. and 136). had an ICso greater than 500 FM. Ail other sulfonic acids were relatively 

better. Once again. the Xj-àichloro-biphenyl DFMS 126 was the most potent inhibitor. 

with an ICro of 5 I pM (Figure 2). Interestingly. the 3.4-substituted counterpart 125 

( Biaryl DFMS 126. (FM) 1 

1 % inhibition 1 

Figure 2. Inhibition of CD45 by compound 126. The activity of CD45 (0.075 @mL) in 
the presence of 126 at various concentrations (0-500 PM) were rneasured at 35 O C  as 
descnbed in the Experimental (Chapter 2). 



resulted in a 5-fold decrease in potency. as opposed to a 2-fold difference for PTPIB. 

Thus for CD45. having halogens (Cl of F) at the meta-position on the second aryl ring is 

important for enhanced binding affinity. Similar to the PTP 1 B studies. the hydrophobie 

DFMS compounds 131. 132. 133. and 138 were decent inhibiton with ICro values of 67 

PM. 83 PM, 81 PM. and 99 pM respectively. As well. similar trends were seen with the 

heterocyclic sulfonic acids (139-144). 

Overall. the sulfonic acids with ICjo values in the 10% micromolar range were 

generall y more potent towards CD45. However. IittIr selectivity was seen between the 
L 

two enzymes in terms of inhibition. This is consistent with the studies of Wang rr al. 

where similar observations were made with their bis-DFMP naphthalene ~ubsuates.'~ 

3.12 DFMP Analogue of Biphenyl DFMS 126 

The DFMS-bearing compounds are typically not as effective PTP 1 B inhibitors 

than their DFMP analogues. This has been demonstrated by Kotons et du In their 

PTPl B inhibition studies. the naphthyl and biphenyl DFMS's were 5-fold and 7.7-fold 

poorer inhibitors of PTPIB than their DFMP counterparts. Similarly. the viphenyl 

DFMP 21 from the library of biphenyl DFMP compounds had an ICjo of 8.6 pM for 

PTP1 B". while the DFMS analogue 131 that we prepared was 9-fold worse (Go of 80 

FM). As such. we wished to prepare a DFMP analogue of the biphenyl DFMS 126 in 

hopes of finding a submicrornolar PTP 1 B inhibitor. 

O 
l t 
S-OH 

8 



We first attempted to prepare the DFMP analogue by carrying out a room 

temperature Suzuki coupling of diethyl protected 3-bromophenyl DFMP 146"~ with 3.5- 

dichlorobenzeneboronic acid (147) (Scheme 46). However. the reaction was 

unsuccessful because the desired biphenyl DMFP product 148 could not be separated 

from a byproduct. which was later determined by GCMS analysis to be the 

triphenylphosphonic acid 149. The byproduct was likely a result of two Suzuki couplings 

that took place. the second coupling arising between the biaryl chloride (118) and the 

boronic acid 147. 

Scheme 46. Room temperature S&i coupling of wyl bromide 116 with boronic acid 

147 

The synthesis outlined in Scheme 47 was successful for preparing the desired 

DFMP analogue (154). The commercialIy available 3-bromotoluene (150) was coupled 

to 3.5-dichlorobenzeneboronic acid (147) by refluxing the reaction in DME in the 

presence of Pd(PPh3)4. Na2C0 j? and water.l3' The product 151 from the Suzuki coupling 

was obtained in 87% yield. Compound 151 was then converted to the benzyl brornide 



152 with NBS. A mixture of the mono- (major product) 152a and dibrominated (minor 

product) 152b products was obtained and not M e r  purified since the dibrominated 

152b byproduct was unreactive in the subsequent reaction. The benzyl bromide 152 

was treated with triethylphosphite (P(OEt)3) to give the phosphonate 153 in 92% yield. 

A one-step rlectrophilic fluorination with NFSi and NaHMDS resulted in the 

difluorinated phosphonate 118 in 95% yield. Deprotection of 1-48 with TMSBr. followed 

by conversion of the phosphonic acid to the ammonium salt. gave the desired biphenyl 

DFMP analogue 151 in 73% yield. 

HO, ,OH 
B 

1. 'TMSBr ( l O q) A"~ ' - 
CkIICl2 

1 $ 1  A* NFSi (3  eq) 
i 1 r r. 48 hrs 

Cl < 
--' 

/ 1 2. workup 
'4 3. NHjHCO; (2.5 eq) \ 

! H l 0  i I 

73% Cl 9594, CI 
9% 

Cl 

154 148 153 

Scheme 47. Synthesis of the biphenyl DFMP 154 



3.12.1 Enzyme Inhibition Studies of 154 with PTPlB 

The biphenyl DFMP analogue 154 was screened against PTPlB using the same 

assay conditions as previously described in Section 3.10. Surpnsingly. an ICjo of 47 p M  

was obtained (Figure 3). The DFMP analogue was expected to be more potent than the 

DFMS counterpart. however it was 3-fold worse. This suggests that the DFMS group of 

the sulfonic acid may be more suitable for placing the mera-chlorines. on the second aryl 

ring. in an optimum position for enhanced hydrogen bonding and/or electrostatic 

interactions with the enzyme. 

Biaryl DFMP 154. (FM) 

Figure 3. Inhibition of PTP 1 B by compound 154. The activity of PTP 1 B (0.5 pg/mL) in 
the presence of 154 at various concentrations (0-250 pM) was measured at 25 OC as 
descnbed in the Experimentai (Chapter 2). 



3.13 A Word about Aryl Sulfatases 

It has not escaped our attention that our library of sulfonic acids may have had 

potent inhibitors of aryl sulfatases. Aryl sulfatases are enzymes that hydrolyze -1 

sulfates to their non-sulfated counterparts.13' Among this family is steroid sulfatase. 

which has recently attracted much interest. The enzyme is responsibie for hydrolyzing 

estrogen sulfate (155) to estrogen (156). (Scherne 48).13' Estrogens are essential for 

Scheme 48. Hydrolysis of estrogen sulfate to estrogen by steroid sulfatase 

supporting the g r o ~ h  of approximately one-third of al1 breast tumon. thus. there is 

considerable interest in developing inhibitors for this enzyme."' One of the most potent. 

irreversible. steroidal inhibitor to date for steroid suifatase is estrone-3-O-sulfamate with 

an ICcu of 80 nM (EMATE. 157).'~' However. EMATE has been found to be 

O 157 EMATE 



e ~ t r o ~ e n i c . ' ~ '  Scientists are now looking at developing non-steroidal type inhibitors that 

should have the following properties for high-afinity binding to steroid sulfatase: (1) an 

oxygen or an elecuonically similar link between the steroid ring and sulfonate moiety 

that c m  f o n  hydrogen bonds'". 13". (2) an oxygen anion or an uncharged but highly 

electronegative substituent at the sulfur atom that can take part in ionic interactions 134. 135 

136. 137 and (3) a large carbon skeleton that can provide hydrophobie interactions13-. . Our 

l i b v  of sulfonic acids met al1 three criteria. Thus. we were interested in screening our 

compounds against steroid sulfatase. 

3.13.1 Enzyme Inhibition Studies with Aryl Sulfatase 

Human steroid sulfatase is not commercially availabie. The enzyme has never 

been overexpressed and is very dificult to purify. However. the degree of primary 

sequence homology is high among the family of -1 ~ulfatases"~~ 13'. which includes 

steroid sulfatase and aryl sulfatase A. B. and C (some studies have suggested that steroid 

sulfatase and aryl sulfatase C are the sarne Thus. the enzyme studies were 

carried out with commercially availabie H. pornatiu aryl sulfatase. which is a mixture of 

aryl sulfatase A and B. We assurned that any compounds that are inhibitors of the H. 

pornutiu aryl sulfatase A and B. may be potent towards human steroid sulfatase. 

Rapid screens of the sulfonic acids 120-144 against H. pomatia aryl sulfatase 

were carried out at 500 pM of inhibitor. p-Nitrophenyl sulfate @-NPS) was used as the 

subsvate at the Khi concentration (0.83 mM) in assay buffer containîng 20 mM MOPS 

(pH 7.0) and 0.1 KCI. at 23 O C .  The enzyme activity was monitored 

spectrophotometrically at 400 nM. The results are listed in Table 5. Percent inhibition 



Table 5. Percent Inhibition of H pomatiu Aryl Sulfatase with 500 pM of the Suifonic 
Acids 

1 

% Inhibition at 500 
PM 

O h  Inhibition at 500 
PM Product Product 

I 

LI. 9 4 1 ,  Yla I ND" 

144 1 
Vercent inhibition could not be determined due to solubility problerns. 



values with sulfonic acids 131. 138. and 141 were not obtained due to solubility 

problems. Al1 of the compounds were poor inhibitos. The most potent inhibitor was 

once again the 3.5-dichloro-biaryl DFMS 126 with 95% inhibition of H. pomatiu aryl 

sulfatase. An ICjo value was obtained for the sulfonic acid using the same assay 

conditions for the rapid screens except with a different Ku concentration of p-NPS. We 

had later realized that the p N P S  used in the rapid screens was partially hydrolyzed. 

resulting in a higher KM concentration than expected. Thus. before determining the ICjo 

of  compound 126. the Kbt concentration was redetemiined with a new bottle of p-NPS. 

The new Kxc concentration was 0.70 mM (Figure 4). Compound 126 was found to have 

an ICso of 334 pM (Figure 5 ) .  making i t a modest. revesible. non-steroidal. aryl sulfatase 

inhibitor. 

Figure 4. KM concentration for H. pornofia aryl sulfatase with the substrate p-NPS. The 
assays were carried out as descrïbed in the Experirnental (Chapter 2). 



Figure 5. Inhibition of H. pomaiia aryl sulfatase by compound 126. The activity of H. 
pomutio aryl sulfatase (0.03 mg/mL) in the presence of 126 at various concentrations (O- 
922 PM) was measured at 25 OC as described in the Expenrnental (Chapter 2). 

3.13.2 Synthesis of the Non-Fluorinated Sulfonate 158 and Enzyme Inhibition 

Studies with Aryl Sulfatase 

To determine the significance of the fluorines of 126 on binding &nity. a 

nonfluorinated analogue 158 was prepared and screened. The synthesis is outlined in 

scheme 49. The precunor for 158. which was 152. was prepared in the sarne manner as 

descnbed above for the synthesis of the phosphonic acid. The b e w l  bromide was 

converted to the sodium sulfonate sait by refluxing it in 1 :I mixture of acetone and water 

for I I  hn in the presence of Na2S03. The nonfluorinated sulfonate 158 was obtained in 

65% y ield. 

The ICjo of 158 for H. pornaiici aryl sulfatase was determined under the sarne 

conditions used for the biaryl DFMS 126. Compound 158 had an ICjo of 742 W. h 



cornparison to the fluorinated counterpart 126. which had an ICso of 334 W. the 

fluorines only resulted in a 2.2-fold increase in inhibitory potency. Thus. the very larp 

effect of fluorines observed with DFMP or DFMS inhibitors and PTPs is not as 

pronounced with the DFMS compounds and ary1 sulfatases A and B from H pomaticr. 

Pd(PPh;)a (0.03 eq) 
I j 

NazCO; ( 1 .O5 eq) g 
H20 ( IO0 eq) l 

DME) . 3  hrs 8 7% Cl 
i 50 151 

4 NBS ( 1 . I  eq) 
l benzene 
/ hu. 1 hr 
v 

O 
A\ NazSO3 ( I eq) 

I 

1 CI ( I : 1 ) AcetondH20 - I i - 
f . 24 hrs 

,\ 
Il I/ 

Scheme 49. Synthesis of the non-fluorinated sulfonate 158 

4 Conclusion 

In conclusion. LPOS has proven to be an effective method for rapid construction 

of our small molecule library of a,a-difluoromethylenesuifonic acids. Al1 reactions were 



carried out under homogeneous conditions, thus allowing us to monitor the reactions by 

19 conventional F NMR. The products were rapidly purified by precipitation and 

subsequent filtration, and most of the compounds could be directly screened for 

biological activity without further purification. Lastly. the mild cleavage conditions 

enabled us to use heterocyclic boronic acids. which resulted in greater structurai diversity 

of our library. 

From the phosphatase biological s~udies. the DFMS group has proven to be an 

effective monoanionic phosphate mimetic. We even found that the DFMS moiety can be 

more potent than the DFMP moiety as demonstrated by the sulfonic acid 126 and the 

phosphonic acid 154. As well. sulfonic acids bearing a heterocyclic ring enhances 

binding affiniry since they were generally more potent inhibiton of both PTP 1 B and 

CD45 

5 Future Direction 

Since the start of Our research projrct. many repons have appeared in the 

literature describing inhibitors of PTPases. Desmarais er al prepared several tripeptides 

containing the non-hydrol yzable phosphotyrosine analogue. FzPmp (5). and screened 

them against PTPIB. CDJS. PTPP. LAR and S H P - I . ' ~ ~  They found that the tripeptide 

Glu-F2Pmp- F2Pmp was most potent towards PTPl B. with an ICso of 40 nM. and was at 

least 100-fold more selective for PTPl B than the other PTPs. Speculations were made 

that one of the FzPrnp residues may have been binding in the second non-catalytic 

arylphosphate binding site found on PTP 1 B. 

To take advantage of the second arylphosphate binding site which is found in 

close proximity to the active site of PTPIB. Taing et al prepared a series of 



bis(ary1difluorophosphonates) designed to sirnultaneousty occupy both sites."" Their 

most potent inhibitor. 159. had a Ki of 0.93 rnM. and displayed greater than 100-fold 

preference for PTPlB relative to VHR, LAR and PTPa. The likelihood that 159 was 

simultaneously binding to both arylphosphate binding sites is unlikely since the bis- 

DFMP diphenyhethyl derivatives (26. n = 4) developed by Taylor and c o w ~ r k e r s ~ ~  had 

sirnilar potency and was found not to bind in both arylphosphate binding sites. 

,- 
col- 

The bis(qloxymethy1phosphonate) 160 has been shown to be more potent 

towards PTPI B (K, of 0.047 mM) than VHR due to possible interactions of the second 

aryloxymethylphosphonate group with the second phosphate binding site!' From these 

studies. the aryloxymethylphosphonate was found to be a very good nonhydrolyzable 

phosphotyrosine mimetic. 



Researchers at Wyeth-Ayerst Research Inc. prepared a series of large molecular 

weight organic molecules and screened them against several PTPs. 143. 1-44, 145 Arnong their 

collection of compounds they found that polyaromatic molecules such as 161 (ICso of 61 

n~)'.". 162a-d (ICro values ranging from 0.12 to 0.3 pM)IU. and 163 (0.37 C i ~ ) ' 4 '  were 

selective and potent inhibitors of P I P I  B. Their enhanced binding affinity and specificity 

were attributed to increased hydrophobic interactions with residues just outside the 

catalytic pocket'u. ~he182'"~.  and/or a hydrophobic region in the immediate vicinity of 

the catalytic site 143. 145 . This hydrophobic region is defined on one side by residues 2 15- 

221 of the PTP loop and on the other by Phe 182 and Asp 18 1 .14' Thep found 

162c X = n-octy l ( , ), Y = CHtCOOH 
I 

I 

I62d X = n - o c t y l ' ~ '  ). Y = CHzCOOH 
/ 



interactions between the be.1 goup. at the a-carbon of the 0x0-acetic acid moiety (161 

and 163). with the hydrophobic region had an important effect on PTPlB binding and 

inhibition. For 161 and 163. the absence of the benzyl group resulted in a 6-fold and 4- 

fold decrease in potency respectively. Implications were made that the hydrophobic 

region may be a selective determinant for PTP 1 B binding. 

Very recently. 2-(oxaly1amino)-bentoic acid (OBA. 161) was found to be a very 

good phosphotyrosine rnirneti~.'"~ A crystal structure of OBA complexed with PTP 1 B 

revealed that OBA fonns similar interactions with PTPl B in cornparison to the natural 

phosphotyrosine substrate. Some of these include a salt bridge between the carboxy 

group of oxamic acid and the guanidiniurn group of Argl?l. and a hydrogen bond 

between the carbonyl group of the oxamic acid and the main chah amide of Gly120. 

Additional interactions were also found. which were important for binding affinity to 

PTP1 B. Upon OBA binding. the WpD loop was found in the closed conformation where 

favorable aromatic-aromatic interactions between Phel 82 and the aryl ring of OBA could 

take place. As well. the O-carboxy group formed hydrogen bonds with Aspl81 and 

Tyr46. and a salt bridge with LysllO. OBA was found to have a K, of 23 PM. and was 

more selective towards PTP 1 B than PTPa. PTPE. PTPP. CD45. LAR, and SHP 1. 

164 OBA 



Further studies were carried out to enhance the binding affmity and specificity of 

OBA for PTPIB. Ivenen and coworken examined residues at positions 47.48.258. and 

259 of PTPIB and several other PTPs."' These residues were found in the active site or 

within close proxirnity. They found residue 48 to be of interest because Asp exists at this 

position for PTPlB and is an Asn in many other PTPs. Thus. they developed the OBA 

variant. compound 165. which was designed to fom a salt bridge between the basic 

nitrogen and Asp48. and cause repulsion in other PTPs containing an Asn in the 

equivalent position. Indeed. the salt bridge was formed with PTPl B as well as 

interactions between the saturated ring and several nonpolar residues. including van der 

Waals interactions with A121 7. Ile219. and Va149. and aromatic-aromatic interactions 

with Tyr&. The combined features resulted in a K, of 0.29 pM for 165 which was 79- 

fold more potent than 164. .4s well. 165 was at least 1900-fold more selrctive for PTP 1 B 

than for several other PTPs that has the basic residue Asn at position 48. CD45 on the 

other hand. has an Asp at position 48 and so not surprisingly the selectivity for PTPl B 

(200-fold) was significantly iower. Nevertheless. Asp48 may be another selective 

determinant for PTP I B. 

Iversen and coworkers also found residue 259 to be a key selectivity determinant 

between PTPl B and PTP~.'"' In PTP 1 B. residue 259 is a glycine. whereas PTPa has 

glutamine in the equivalent position. By screening different anaIogs of the hexapeptide 

DADE(pY)L. they found the size of residue 259 to be important for substrate recognition. 

Introducing glycine at position 259 of PTPa resulted in an enzyme with the same broad 

substrate recognition and catalytic activity as PTPlB. Convenely. when Gîy259 in 

PTPlB was replaced with glutamine, the enzyme tumed into a PTPa-like enzyme. 



Iversen and coworkers proposed that the bulky glutamine in position 259 causes stenc 

hindrance and would therefore limit the substrate recognition capability of PTPa. 

whereas a glycine would allow for broader substrate recognition. as seen by PTPlB. 

Thus. designing bulkier substrates may enhance selectivity of the inhibitor for PTP 1 B 

than for PTPa. 

Sarmiento cr a2 have fond  that compounds 166. 167. and 168 are potent and 

selective inhibitors for PTP1 B. each binding in their own distinct rnanner~.'"~ The sulfate 

moiety of 166 did not interact with the PTP binding loop as well as the phosphate group 

of phosphotyrosine. However. the decreased binding afinity was compensated by 

extensive hydrophobic interactions between the polyaromatic ring and residues 

sum~inding the active site pocket of PTPl B. Due to the size of the polyaromatic ring. 

Sarmiento et ui suggested that the PTP 1 B active site must possess significant plasticity to 

accommodate such a large molecule. Cornpound 166 had a Ki of 39 PM. The sdicylic 

moiety of 167 was found to be a good phosphotyrosine mimetic, since it maintained the 

rlectrostatic interactions seen between the phosphate moiety of phosphotyrosine and the 

PTP binding loop. Interestingly. the positions of the hydroxyl and carboxyl groups were 

important sincç reversa1 of the two groups resulted in a 12-fold reduction in potency. The 

2-thioxo-1 -benzimidazoyl fused ring portion of 167 was also found to be important. since 

hydmphobic interactions between the ring system and surface residues of PTP1B resulted 

in a 320-fold binding enhancement. A Ki of 61 pM was obtained for 167. Lady. the 

nitrophenyl moiety of 168 may also act as a phosphotyrosine mimetic. The nitro group of 

the hitrophenyl acryloyl moiety was able to form hydrogen bonds with the PTP binding 

Ioop. where as the phenyl ring formed hydrophobic interactions. As well. the nitro group 



osa- 
\ 

in the quinolon moiety rnay have formed hydrogen bonds with the basic side chah of 

Aq47. resulting in the selectivity (greater than 2-fold) of 168 for PTPI B than for LAR or 

PTPa. The latter two phosphatases lack the basic residue at the equivalent position. 

Compound 168 had a Ki of 54 FM. From these studies. Sarmiento et al demonstrated 

that selective and potent non-phosphorus inhibiton of PTP 1 B can be obtained if properly 

functionalized phosphate surrogatrs are attached to appropriate aromatic frameworks 

which effectively occupies the pTyr pocket and forms interactions with residues 

irnmediately outside the active site.'"9 

Based on thrse studies that have recently corne out in the literature. there is 

potential for finding more potent and selective DFMS-bearing PTP l B inhibiton. Future 

work in the area of low-molecular weight. non-peptidyl. organic DFMS inhibiton may 

include designing aryl DFMS derivatives with hydroxyl and or carboxyl groups orrho to 

the DFMS moiety (generai structure 169) in order to increase electrostatic interactions 

between the inhibitor and active PTP binding loop. Just as equally important is forming 

interactions with residues within or immediately outside the active site in order to 



VR 
R = H, OH. COOH 

enhance enzyme selectivity. Since the heterocyclic sulfonic acids from the DFMS 

library were generally more potent inhibitors of PTP 1 B and CD45 the introduction of 

different functionalities on the heterocyclic ring rnay enhance their potency and 

selectivity by forming new electrostatic interactions with active site ancilor surface 

residues. Enzyme selectivity rnay be enhanced just by appropriatriy positioning the 

functional groups such thar they cm interact with the key residues h g 4 7  and Asp48 of 

PTPIB. introducing more heterocycles or aryl rings to sulfonic acids in our library may 

also result in increased hydrophobie interactions. subsequently leading to increased 

binding affinity. 

The LPOS approach in preparing the biaryl DFMS compounds has proven to be 

an effective method for rapid construction of the library. However. because the sulfonate 

ester linkage was only stable at room temperature. the type of chemistry that could be 

canied out on the polymer-bound substrates was limited. Based on our studies though. 

one possible route to forming polyaromatic DFMS compounds is by carrying out multiple 

room temperature Suzuki couplings. Suzuki reactions take place more readily if aryl 

bromides and iodides are used. Aryl chlorides are generally less reactive. Thus, by 

loading a dihalogenated aryl sdfonate ont0 the polymer, such as 3-bromo-5thlorophenyl 



DFMS (170), different Suzuki couplings can be canied out by using appropnate 

palladium catalysts. In cornparison to the highly reactive palladium catalyst used in our 

studies, (PhCN)2PdC12, a less reactive catalyst could be used to selectively cany out the 

S h i  coupling with the bromide. Once the first Suzuki coupling takes place. than a 

more reactive catalyst/ligand system (such as those described by Buchwaid and 

coworkers '". Iz4)  could be used for the second coupling with the chloride. Since three 

"building blocks" would be used in this methodology. the size of the Iibnry would be 

considerably greater. resulting in greater odds for finding a substrate that is potent and 

selective towards PTP 1 B or other phosphatases. 

The sulfonic acids in our library were only moderate inhibitors of H. pomatia aryl 

sulfatase. However. they may be more potent towards human steroid sulfatase. Isolation 

of this enzyme from human placenta is currently taking place in the Taylor group. thus 

screening of the DFMS library with steroid sulfatase will take place in due time. 

Future studies to improve the potency of the sulfonic acids with aryl sulfatase 

may include preparing the sulfmate derivatives (general structure 171a). Many of the 

non-steroidal steroid sulfatase inhi bi tors that have recentl y appeared in the literature have 



Y" 
171a R = NH2 and X.Y = alkyl. aryl. heterocycle 
171 b R = OH and X.Y = alkyl. aryl. heterocycle 

incorporated the sulfamate moiety due to EMATE being a highly potent inhibitor of 

steroid sulfatase. l 3  ' The sulfarnate rnoiety of EMATE was responsible for inactivation of 

the Introducing alkyl chains or aryl rings to the sulfonic acids may also 

further enhance binding afinity by the increasing hydrophobic interactions between the 

inhibitor and the residues immediately outside the active site (171a and b). 

Recently. post-translational modification of many secreted and membrane-bound 

proteins by sulfation of tyrosine residues has attracted much at~ention."~ Little is known 

about the biological roles of these proteins. as well as the enzymes responsible for 

transfemng the sulfate group to tyrosine (tyrosyl protein sulfotransferases. TPSTs). 

However. tyrosine sulfate has been implicated as a determinant of protein-protein 

interactions invol ved in the inflammatory and immune response. The compounds 

described in this study and future compounds of this type may be usehl as tools for 

studying these and other biological processes involving tyrosine sulfation. 



References 

1. Walton, K. M.. Dixon. J. E. Annu. Rev. Biochem. 1993,62. 101 - 1  20. 

2. Stone, R, L., Dixon. J. E. J. Biol. Chem. 1994.269,3 1323-3 1326. 

3. Tonks. N. K.; Neel. B. G. Cell. 1996.87.365-368. 

4. Zhang. 2-Y. Crirical Revieivs in Biochemistry and Molecular Biology 1998.3 3. 1 - 
52. 

5. Hunter, T. Ce11 1995.80.235-236. 

6. Hunter. T. Biochem. Soc. Tram 1996.24.307-327. 

7. Burke. T. R.: Zhang. 2-Y. Biopolyrners 1998.47. 735-241. 

8. Fauman. E. B.:Saper. M. A. TIBS1996.21.413417. 

9. Bart'ord. D: Flint. A. JI; Tonks, N. K. Science 1994.263. 1397- 1404. 

10. Stuckey. J. A.: Schuben. H. L.: Fauman. E. B.: Zhang. Z-Y: Dixon. J. E.: Saper. M. 
A. !Vuiure 1994.370. 571 -578- 

1 1. Su. X-D.: Taddei. N.; Strfani. M.: Rarnponi G.: Nordlund. P. Nature 1994.370.575- 
5 78. 

12. Jia. 2.: Barford. D,: Flint, A. J.: Tonks. N. K. Science 1995,268. 1754-1 758. 

13. Bilwes. A. M.: Hertog. J.: Hunter. T.: Noel. J. P. Xalure 1996.382. 555-559. 

14. Juszcak. L. J.: Zhang. Z-Y.: Wu. L.: Gottfried. D. S.: Eads. D. D. Biochemistry 1997. 
36.3227-2236. 

1 5.  Streuli. M.: Knieger. N. X.; Thai, T.: Tang. M.: Saito. H. EMBO J. 1990.9,7399- 
2407. 

16. Johnson. P.: Ostergaard. H. L.: Wasden. C.: Trowbridge. 1. S. J. Biol. Chem. 1992, 
267.8035-8041. 

1 7. Cotton. F. A.: Hazen. E. E.. Jr.: Day. V. W.: Larsen. S.: Norman. J. G.. Jr.; Wong S. 
T. K.; Johnson. K. H. J. Am, Chem. Soc. 1973.95.2367-2369. 

18. Schuben. H. L.: Fauman, E. B.; Stuckey. J. A.; Dixon. J. E.: Saper, M. A. Protein 
Sei. 1995.4, 1904-1913. 



1 9. Guan. K.: Dixon. J. E. J. Biol. Chem. 199 1.266. Z 7036- 1 7030. 

20. Bniice. T. C.: Benkovic. S. J. Phosphate esters. Bioorgonic mechanisms 1966. Vol. 
II. pp. 1-103. Benjamin. W. A.. Inc., New York. 

21. Zhang, 2-Y.: Dixon. J. E. Biochemistry 1993.37.9340-9345. 

22. Zhang. 2-Y.; Dixon. J. E. Advances in Enzymology and Related Areas of lCloiecufar 
Bioiogy 1994.68. 1-36. 

23. Zhang. 2-Y.: Wang. Y.: Wu. L.: Faurnan. E. B.: Stuckey. J. A.: Schubert. H. L.: 
Saper. M. A.: Dixon. J. E. Biochemism 19943.15266- 15270. 

24. Hoff. R. H.: Hengge. A. C.: Wu. L.: Keng. Y-F.: Zhang. Z-Y. Biochemisrry 2000.39. 
46-54. 

25. Denu. J. M.: Dixon. J. E. Proc. A M .  k u d .  Sci. 1994.92.5910-5914. 

26. Zhang. 2-Y.: Palfey. B. A.: Wu. L.: Zhao. Y .  Biochrrnistry 1995.34. 16389- 16396. 

27. Zhao. Y.: Zhang. 2-Y. Biochemistry 1996.35. 1 1797-1 1804. 

18. Lohse. D. L.: Denu. J. M.: Santoro. N.: Dixon. J. E. Biochernisrry 1997.36.4568- 
4575. 

29. Cleland. W. W.: Hengge. A. C. E-ISEB J. 1995.9. 1585-1594. 

30. Zhang. 2-Y.: Wang. Y.: Dixon. J. E. Proc Nad* &ad. Sci USA 1994.9 1. 1624 
162% 

3 1. Hengge. A. C.: Denu. J. LM.: Dixon. J. E .  Biochemists. 1996.35.7084-7092. 

32. Wu. L.: Zhang. 2-Y. Biochemisrry 1996.35.5476-5434. 

33. Zhao. Y.: Wu. L.: Zhang. Z-Y. Biochemistry 1997.36. 7928-7936. 

34. Hengge. A. C.: Sowa G. A.: Wu. L.: Zhang. 2-Y. Biochemistry 1995.34.13982- 
13987. 

35. Tonks. N. K.: D i l e  C. D.: Fischer. E. H. J. Biol. Chem. 1988.263.6722-6738. 

36. Tonks. N. K.: Diltz. C. D.: Fischer. E. H. J. Biol. Chem. 1988.363.673 1-6737. 

37. Hippen. K. L.: Jakes. S.; Richards, J.: Jena, B. P.: Beck. B. L.; Tabatabai L. B.; 
Ingebritsen T .  S .  Biochemistry 1993.32. 12405- 1241 2. 



38. Runene. M.; Donella-Deana A.; Marin. O.; Perich, J. W.; R u v a  P.; Bonn. G.; 
Caideran. A.; Pinna, L. A. Eur. J. Biochem. 1993.2 1 1.289-295. 

39. Zhang. Z-Y .; meme-Sefler. A. M.; Maclean, D.; McNamara. D. J.: Dobrusin. E. M.: 
Sawyer. T. K.; Dixon. J. E. Proc. Nati. Acad. Sci. USA 1993.90,4446-4450. 

JO. Pima. L. A.: Donella-Deana. A. Biochem. Biophys. Acta 1994. 1727.4 15-43 1. 

4 1.  Zhang. Z-Y.; Maclean, D.; McNamara D. J.; Sawyer. T. K.; Dixon. J. E. 
Biochemisrry 1994, 33,2285-2290. 

42. Sarmiento. M.: Zhao. Y.: Gordon. S. J.: Zhang, 2-Y. J. Biol. Chem. 1998.273. 
26368-26374. 

43. Sarmiento. M.: Puius, Y. A.: Vetter. S. W.: Keng, Y-F.: Wu. L.: Zhao. Y.: Lawrence. 
D. S.: Almo. S. C.: Zhang. 2-Y. Biochemistry 2000.39.8 17 1-8 179. 

M. White, M. F.: Kahn. R. J. Bioi. C'hem. 1994.269. 1-4. 

45. Kennedy. B. P .  Biorned & Pharmocorher 1999.53. -166470. 

46. Sale. G.  J .  .4&. Pror. Phosphatases 1991. 6. 159-186. 

47. Scheme 4 was adapted from Gryzb. J. M.Sc. Thesis. University of Toronto. 7000. 

48. K e ~ e r .  K. A.: Hill, D. E.: Olefsky. J. M.: Kusari. J. J. Biol. Chem. 1993.268. 
25455-25462. 

49. Kemer. K. A.: Anyanwu. E.: Olefsky. J. M.: Kusari. J. J. Biol. Chem. 1996.27 1. 
19810-19816. 

50. .4hmad. F.: Li. P-M.: Meyerovitch. J.: Goldstein. B. J. J. Biol. Chem. 1995.270. 
20503-20508. 

5 1. Elchebly. M.: Payette. P.: Michaliszyn. E.; Cromlish. W.: Collins. S.: Loy. A. L.. 
Normandin. D.: Cheng, A.: Himms-Hagen. J.: Chan. C-C.: Ramachandran, C.: 
Gresser. M. I.: Tremblay. M. L.; Kennedy, B. P. Science 1999.283. 154-1548. 

52. Burke. T. R.: Kole. H. K.: Roller. P. P. Biochem. Biophys. &S. Commun 1994.204. 
1 29- 134. 

53. Chen. L.: Wu. L: Otaka A.; Srnyth. M. S.: Roller. P. P.: Burke, T. R.; den Hertog, J.; 
Zhang, Z-Y. Biochem. Biophys. Res. Commun 1995.2 16.976-984. 

54. Kole. H. K.; Akamatsu, M.; Ye B.; Yaa, X.; Barford, D.; Roller. P. P.; Burke. T. R. 
Biochem. Biophys. Res. Commun. 1995' 209,8 17-822. 



55.  Burke. T. R.; Ye. B.; Akarnatsu, M.; Ford. H.; Yan. X.; Kole, H. K.; Wolf, G.; 
Shoelson, S. E.; Roller, P. P. J. Med Chem. 1996. 39. 1021- 1037. 

56. Akamatsu. M.: Roller, P. P.; Chen. L.; Zhang, 2-Y .: Ye. B.: Burke. T .  R. Bioorg. 
Med Chem. 1997.5. 157-163. 

57. Roller. P. P.; Zhang. Z-Y.; Burke, T .  R. Bioorg. Med. Chem. Leu. 1998. 8.2149- 
2150. 

58.  Fretz. H .  Tetrahedron 1998. 54.48494858. 

59. Burke. T. R.: Yao. Z-J.: Zhao. H.; Milne. G. W. -4.: Wu. L.: Zhang. 2-Y.: Voigt. J. H. 
Terrahedron 1998.54.998 1-9994. 

60. Moran. E. J.: Sarshar. S.: Cargill. J. F.: Shahbaz. M. M.: Lio. A.: Mjalli. A. M. M.: 
Armstrong. R. W. J. .Am. Chem. Soc 1995. 1 17. 10787-10788- 

6 1. Zheng Huang - persona1 communication to Scott Taylor. 

62.  Liotta A. S.: Kole. H. K.; Fales. H. M.; Roth. J.: Bernier. M. J. Biol. Chem. 1994. 
369.32996-2300 1. 

63. Kole. H. K.; Garant. M. J.: Kole. S.: Bernier. M. J. Biol. C'hem. 1996. 14302-14307. 

64. Desmarais. S.: Jia. 2.: Rarnachandran. C. .Irch. Biochem. Biophys. 1998.354.225- 
231. 

65. Merggen. M. M.: Burns. L. A.: Abraham. R. T.: Powis. G. Cuncer Res. 1993.53. 
1 862- 1866. 

66. Huyer. G.: Liu, S.: Kelly. J.; Moffat. J.: Payette. P.: Kennedy. B.: Tsaprailis. G.: 
Gresser. M.J .: Ramac handran. C. J. Biol. Chern. 1997.272.843-85 1. 

67. Wang. Q.: Dechen. T.: Jirik. F.: Withers. S .  G .  Biochem. Biophys. Res. Commun 
1994- 200.577-583. 

68. Taylor. W. P.: Zhang. 2-Y .: Widlanski. T .  S .  Bioorg. Med. Chem. 1996.4. 1 5 15- 
1520. 

69. (a) Ham. S. W.; Park H. J.: Lim. S .  H .  Bioorg. Chem. 1997.25.33-36. (b)  Ham, S. 
W.: Park J.: Lee. S-J.: Kim. W.: Kang, K.: Choi. K.H. Bioorg. ibled. Chem. Lett. 
1998.8.3507-25 1 O. 

70. Ham. S. W.: Park. J. Lee. S 4.; Yoo, J. S. Bioorg. Med. Chem. Leu. 1999,9. 1 83-1 86. 



71. Kole, H. K.: S m - i ,  M. S.; Russ. P. L.: Burke. T. R. Biochern. J. 1995.31 1. 1025- 
1031. 

72. Burke. T. R.; Ye. B.; Yan. X.; Wang. S.: J i a  2.: Chen, L.: Zhang. 2-Y.: Barford. D. 
Biochemistry 1996,35. 15989-1 5996. 

73. Taylor. S. D.: Kotoris. C. C.: Dinaut. A. N.; Wang. Q.: Ramachandran. C.: Huang. Z. 
Bioorg. Med Chem. 1998.6. 1457- 1468. 

74. I Ium.  G.; Gwb.  J.: Taylor. S.  D. J. Comb. Chern. 2000.2.234-242. 

75. Gryzb. J. M.Sc. Thesis. University of Toronto. 2000. 

76. Wang. Q.: Huang. 2.: Ramachandran. C.: Dinaut. A. N.: Taylor. S. D. Bioorg. Med. 
Chem. Lett. 1998.8.345-350. 

77. Puius. Y. A.: Zhao. Y.: Sullivan. M.: Lawrence. D. S.: Alrno. S. C.: Zhang. Z-Y. 
Proc. A M .  .-lcud. Sci L'SA 1997.94. 13420-13425. 

78. Personal communication from A. Nicole Dinaut. 

79. Frechette. R. F.: Ackeman. C.: Bcers. S.: Look. R.: Moore. J. Bioorg. Med. Chem. 
Leu. 1997.7.2 169-2 1 72. 

80. Been. S.: Malloy. E. A.: Wu. W.: Wachter. M. P.: Gunnia U.: Cavender. D.: Harris. 
C.: Davis. J.: Brosius. R.: Pellefino-Gensey. J. L.: Siekierka. J. Bioorg. Med. Chem. 
1997. 12.2203-22 1 1. 

8 1. Rice. R. L.: Rusnak. J. M.: Yokokawa F.: Yokokawa S.: Messner. d. J.: Boynton. A. 
L.: Wipf. P.: Lazo. J. S. Biochemisty 1997.36. 15965- 15974. 

82. Cebula R. E.: Blanchard. J. L.: Boisclair. M. D.: Pal. K.: Bockovich. N. J. Bioorg. 
Med. Chem. Leu. 1997.7.20 1 5-2020. 

83. Zhang. Y-L.: Keng. Y-F.: Zhao. Y.: Wu. L.: Zhang. 2-Y. J. Biol. Chem. 1998.273. 
12281-12287. 

84. Kotons. C. C.: Chen. M-J.: Taylor. S. D. Bioorg. Med Chem. Left. 1998. 8.3275- 
3280. 

85. Terren N. K.: Gardner. M.: Gordon, D. W.: Kobylecki. R. J.; Steele. J. Tetrahedron 
1995.5 1.8 135-8 173. 

86. Gallop. M. A.: Barrett. R W.: Dower. W. J.; Fodor. S. P. A.: Gordon, E. M. J. Med. 
Chem. 1994.3 7.1233- 125 1. 



87. Gordon, E. M.: Barrett. R. W.: Dower, W. J.; Fodor. S. P. A.; Gallop, M. A. J. Med. 
Chem. 1994.37, 1385-1401. 

88. Gravert. D. J.; Janda. K .  D. Chem. Rev. 1997.97,489-509. 

89. Memfield, R. B. J. Am. C'hem. Soc. 1963.85.2149-3 154. 

90. Toy. P. H.; Janda K. D. Acc. Chem. Res. 2000.33.546-554. 

91. Chsn. S.; Jmda. K. D. ,! :lm. Chcm. 3oc. 1997. 119.8724-8725- 

92. Chen. S.: Janda. K. D. Tetrahedron Lett. t 998.39.343-3946. 

93. Enholm. E. J.: Gallagher. M. E.: Moran. K. M.: Lombardi. J. S.: Schulte. J.  P. Org. 
Leu. 1999, 1,689-69 1. 

94. Lee. K. J.; Angulo. A.: Ghazal. P.: Janda K .  D. Org. Lert. 1999. 1. 1859-1 863. 

95. Toy. P. H.: Reger. T. S.: Janda K .  D .  Org. Lett. 2000.2.2205-2307. 

96. Svensson. A.: Fex. T.: Kihlber. J .  Terrahedron Lert. 1996.37. 7649-7652. 

97. Lorsbach, B. '4.: Kurth. M. J. C'hem. Rrv. 1999.99. 1549-1 58 1. 

98. Kotons. C. C.: Chen. M-J.: Taylor. S. D. J. Org. Chem. 1998. 63.8052-8057. 

99. Lal. G. S.: Pez. G. P.: Syvret. R. G. Chem. Rev. 1996.96. 1737-1756. 

100. Performed by M-J. Chen from the Taylor group. 

10 1. Johnson. T. B.: AmbIer. J. A. J. Am. Chem. Soc. 191436,372485. 

102. Clutterbuck. P. W.: Cohen. J. B. J. Chem. Soc. 1923. 123,2507-25 15. 

103. Abdellaoui. H.: Depreux. P.: Lesieur. D.: Pfeiffer. B.; Bontempelli. P. Synfhek 
Commrrn. 1995.25. 1303- 13 1 1. 

104. Kato. M.: Kageyarna M.: Tanaka R.: Kuwahara. K.: Yoshikoshi. A. J. Org. Chem. 
1975.40. 1932-1 941, 

105. Richardson. W. H.: Smith. R. S .  J. Org. Chem. 1968.33.3882-3885. 

1 06. Marc h. J. d dvanced Organic Chemistry: renctions, rnechanisms, and structures. 4Ih 
ed.; John Wiley & Sons: New York. 1992. pp 1030-1032. 

107. Lambert. J. B.: Vagenas. A. R. Org. Mup. Reson 1981.17.270-277. 



108. Nagatsugi. F.: Inoue. F.: Sasaki. S.; Maeda M. Chem Pharm. Bull. 1995.43.607- 
6 15. 

109. McAtee. J. J.: Schinazi. R. F.; Liotta D. C. J. Org. Chem. 1998.63.2 16 1-2 167. 

1 10. Isaacs. N .  S .  Physical Organic Chemisrry. 2" ed.; Longman Scientific & 
Technical: England, 1995: pp 665. 

1 1 1 . Carey. E. J.: Venkateswarlu. -4. J. Am. Chem. Soc. 1972. 94.6 1 90-6 1 9 1 . 

1 12. Rano. T. A.: Chapman. K. T. Terrahedron Leri. 1995.36.3789-2792. 

1 13. Krchnak. V.: Flegelova 2.: Weichsel. A. S.: Lebi. M. Terrahedron Lert. 1995.36. 
6 193-6 196. 

1 14. Hughes. D. L. Orgunic Rructions 1992.42.335-656. 

1 1 5 .  Pine. S. H. Orgunic Chemise .  jfh ed.: Misler, K. S.. Ed.: Tenney. S . .  Ed.: 
McGraw-Hill: New York. 1987: pp 99-107. 

1 16. Tsunoda T.: Otsuka J.: Yarnamiya Y.: ho. S. Chem. L m  1994539542. 

117. Crawford. R. J.: Raap. R. J. Org. Chern. 1963.28.2119-1334. 

118. Fantazier, R. M.: Herwch, J. E. J. ..lm. Chem. Soc. 1974.96, 1187-1192. 

1 19. Miyaura. N.: Suzuki. A. Chem. Ret: 1995.95.2457-7483. 

120. Swuki. A. J. OrgunomrtalZic Chern. 1999.576. 147- 168. 

121. Badone. D.: Baroni. M.: Cardamom. R.: lelmini. A.: Guzzi. U. J. Org. Chem. 
1997-02.7 170-7 173. 

1 22. Campi. E. M.: Jackson. W. R.: Marcuccio. S. M.: Naeslund. C. G. J. chem. Soc. 
C'hem. Commun. 1994.20.2395. 

123. Old, D. W.: Wolfe. J. P.: Buchwald, S. L. J. Am. Chem. Soc. 1998. 120,9722- 
9723. 

1 74. (a) Wolfe. J. P.: Buchwald, S. L. .Ingew. Chem. Int. Ed 1999.38.24 13-24 1 6. (b) 
Wolfe. J. P.: Singer. R. A.: Yang, B. H.: Buchwald, S. L. J. Am. C h m .  Soc. 1999. 
12 1.9550-956 1. 

125. Persona1 communication fiom G Hum. 



126. 4-Nitrocimamoyl chloride was prepared fiom a procedure developed by White et 
al. White. W. N.; Fife, W. K. J. Am. Chem. Soc. 1961.83.3846-3853. 

1 27. Other reagents were considered before using 4-nitrocinnamo y1 chloride as the 
reagent for detecting the extent of polyrner loading. Acetic anhydride would readiiy 
undergo nucleophilic attack by the hydroxyl functionality of the polymer. However. 
the methyl group of the acetoxy moiety would have a 'H NMR signal overlapping the 
broad doublet arising fiom the (-CH2CH-) signal from the polymer. In attempt to 
shift the methyl 'H NMR signal downfield from the broad doublet. we tned 
chloroxetic anhydride. However. the methylene 'H NMR signal from the 
chloroacetoxy moirty overiapped with one of the (-CH20-) signal of the polymer. 

. Polymer 
loading of 
106. 

loading was determined in the same manner as that used for 
polymer 110. However. the monorner 112 was used instead 

determining 
of monomer 

119. Prepared by G. Hum from the Taylor group. For the literature procedure. refer ro 
reference 74. 

130. O'Shea. D. F.: Sharp. J. T. J. Chem. Suc.  Prrkin Trans. 1 1997.10.3025-3034. 

13 1. Poirier. D.: Ciobanu. L. C.: Maltais. R. Exp. Upin. Ther. Parents 1999.9. 1083- 
1099. 

132. Howarth. N. M.: Purohit. A.: Reed, M. J.: Potter. B. V. L. J. Med Chem. 1994.37. 
219-221. 

133. Dibbelt. L.; Li. P-K.: Pillai. R.: Knuppen. R. J. Steroid. Biochem. ib10lec. Biol. 
1994. 50.26 1 -366. 

134. Li. P-K.: Pillai. R.: Dibbeit. L. Strroicis 1995.60.299-306. 

135. Howarth. N. M.: Purohit. A.: Reed. M. J.; Potter. B. V. L. Steroids 1997.62.346- 
3 50. 

136. Li. P-K.: Milano. S.: EUuth, L.: Rhodes, M. E. J. Steroid. Biochem. ;Ihlec. Biol. 
1996.59.4148. 

137. Anderson. C.; Freeman. J.: Lucas. L. H.; Farley, M.; Dalhourni, H.; Widlanski. T. S. 
Biochemistry 1997.36.2586-2594. 



138. Figura K.; Schmidt. B.: Selmer. T.; Dierks. T. BioEssays 1998.20.505-510. 

139. Wittstock. U.: Fischer. M.; Svendsen, L: Halkier. B. A. Life 2200.49,71-76. 

140. Desmarais, S.; Friesen, R W.; Zamboni. R.: Ramachandran. C. Biochem. J. 1999. 
337.219-233. 

141. Taing. M.; Keng. Y-F.: Shen. K.: Wu. L.: Lawrence. D. S.: Zhang, 2-Y. 
Biochernistry 1999.38.3793-3803. 

142. Ibrahimi. 0. A.: Wu. L.: Zhao. K.: Zhang. Z-Y. Bioorg. Med. Chem. Leu. 2000. 10. 
457460. 

143. Wrobel. J.: Sredy. J.: Moxham. C.; Dietrich. A.: Li. 2.: Sawicki. D. R.: Seestaller. 
L.: Wu. L.: Katz, A.: Sullivan. D.: Tio. C.; Zhang. 2-Y. J. Med. Chem. 1999.42. 
3 199-3 203. 

1 4 .  Malama. M. S.: Sredy. J.: Gunawan. 1.; Mihan. B.: Sawicki. D. R.: Seestaller. L.: 
Sullivan. D.: Flam. B. R. J. Med. Chem. 2000.43.995- 10 10. 

145. Maiamas. M. S.; Sredy. J.: Moxham. C.: Katz. A.: Xu. W.: McDevitt. R.; Adebayo. 
F. O.: Sawicki. D. R.: Seestaller. L.: Sullivan. D.: Taylor. J. R. J. M d .  Chem. 2000. 
43. 2293-13 10. 

146. Andersen. H. S.: Iversen. L. F.: Jeppesen. C. B.: Branner. S.: Nomis. K.: 
Rasmussen. H. B.: Moller. K. B.: Moller. N. P. H. J. Biol. Chm.  2000.275.7101 - 
7108. 

147. Iversen. L. F,: Andersen. H. S.: Branner. S.: Mortensen. S. B.: Peters. G. H.; Noms. 
K.: Olsen. O. H.: Jeppesen. C. B.: Lundt. B. F.: Ripka W.: Moller. K. B.: Moller. N. 
P. W. J. Biol. Chem. 2000.275. 10300- 10307. 

148. Peters. G. H.: Iversen. L. F.; Branner. S.: Andersen. H. S.: Mortensen. S. B.; Olsen. 
O. H.: MolIer. K. B.: Moller. N. P. H. J. Biol. Chem 2000.275. t 8201-18209. 

149. Sarmiento. M.: Wu. L.: Keng. Y-F.: Song. L.; Luo.2.: Huang, 2.: Wu. (3-2.: Yuan. 
A.K.: Zhang. 2-Y. J. Med C'hem. 2000.43. 146- 155 

150. Kehoe. J. W.: Brrtozzi. C. R. Chemistry & Biology 2000.7. R57-R61. 




