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Abstract 

Pin1 is a peptidyl prolyl isomerase (PPIase) enzyme with two domains, the catalytic 

domain and the WW domain. Both domains specifically bind pSer/pThr–Pro motifs. Pin1 plays 

an important role in regulating the cell cycle, and it is involved in many diseases, such as cancer, 

HIV-1, Alzheimer’s disease, asthma, hepatitis B, and rheumatoid arthritis. Pin1 is a very 

promising target for new drug development.  

Three stereoisomers: (2R,5S)-, (2S,5R)- and (2S,5S)-Ac–pSer–Ψ[(Z)CH=C]–Pip–2-(2-

naphthyl)ethylamine were synthesized as inhibitors binding to the Pin1 catalytic domain. The 

(2R,5S)- and (2S,5R)-isomers were synthesized via a 13-step route, with overall yields of 2.0% 

and 1.4%, respectively. The newly formed stereogenic center in the piperidyl ring was 

introduced by a Luche reduction, followed by a stereoselective [2,3]-Still-Wittig rearrangement. 

The configuration of the stereocenter was determined by NOESY of a bicyclic derivative. The 

(Z)- to (E)-alkene ratio in the rearrangement was (5.5:1). The (2S,5S)-isomer was obtained as the 

epimerized by-product resulting from the (2S,5R)-isomer in the Na/NH3 deprotection step. The 

IC50 values for Pin1 inhibition were: 52, 85, and 141 µM, respectively. We concluded that in this 

Z-alkene isostere, the R-configuration would be preferred at both stereogenic centers, as mimics 

of L-Ser and L-Pip, to improve the affinity. 

Combinatorial chemistry is a powerful method to discover biologically active compounds, 

and solid-phase synthesis is most commonly used to synthesize combinatorial libraries. To 

identify ligands for the Pin1 WW domain, a library, R1CO–pSer–Pro–NHR2, was designed. A
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new solid-phase phosphorylating reagent (SPPR) containing a phosphoramidite function was 

synthesized in one step from commercially available Wang resin. The SPPR was applied in the 

preparation of a designed library through parallel synthesis. The library contained 357 members 

(17 × 21), and was screened by an enzyme-linked enzyme binding assay (ELEBA). The best hits 

were resynthesized, and the competitive dissociation constants, Kd-obs, were measured by ELEBA, 

with a Kd-obs value of 130 µM for the best ligand. The absolute dissociation constants will be 

measured by our collaborator, Prof. Jefferey Peng, University of Notre Dame, using NMR 

methods. Besides the identification of the Pin1 WW domain ligands, I created a practical method 

for solid-phase synthesis of phosphopeptides. 
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Chapter 1. Pin1 and its enzymatic activity 

In this chapter, I provide a brief introduction to the Pin1 structure, biological importance, 

and enzymatic activity. Pin1 enzymatic mechanisms are discussed. Finally, I review inhibitors 

binding to the Pin1 catalytic domain. Unless necessary, ligands that bind specifically to the Pin1 

WW domain are not discussed here. WW domain ligands will be reviewed in detail in Chapter 3.  

1.1 Discovery and structure of Pin1 

Pin1 (protein interacting with NIMA #1) was first identified in 1996 by Lu and 

coworkers in a yeast two-hybrid screen for proteins interacting with NIMA (never in mitosis A) 

kinase.1 Pin1 consists of 163 amino acid residues, with a molecular mass of 18,245 Da.1 Pin1 

contains two domains, an N-terminal WW domain (residues 1-39, characterized by two invariant 

residues, Trp11 and Trp34) and a C-terminal PPIase (peptidyl-prolyl isomerase) domain 

(residues 45-163) connected by a flexible loop (residues 40-44).2 Ranganathan et al. reported that 

residues 1-6 and 40-44 are disordered,2 while Verdecia et al. reported that residues 39-50 are 

disordered;3 the difference is due to the different ligands in the crystal structures. 

 Two 3-dimensional structures of Pin1 are shown in Figure 1.1.2,3 The C-terminal PPIase 

domain consists of a four-stranded anti-parallel β-sheet and four α-helices. The N-terminal WW 

domain consists of a triple-stranded anti-parallel β-sheet. The PPIase domain is the catalytic 

domain. The WW domain is hypothesized to affect the catalytic activity through substrate 

recognition, interaction with anchoring proteins, etc, but the mechanism is unknown.2  
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Figure 1.1. Three-dimensional structures of Pin1. Left: the crystal structure of Pin1–Ala–Pro 

complex reported by Ranganathan, with the Ala–Pro dipetpide and a sulfate ion binding to the C-

terminal PPIase domain. “Reprinted from Cell, 89, Rama Ranganathan, Kun Ping Lu, Tony 

Hunter, Joseph P. Noel, Structural and Functional Analysis of the Mitotic Rotamase Pin1 

Suggests Substrate Recognition Is Phosphorylation Dependent, 875-889, 1997, with permission 

from Elsevier.”2 Right: the crystal structure of Pin1 in complex with a doubly phosphorylated 

peptide, Tyr–pSer–Pro–Thr–pSer–Pro–Ser, reported by Verdecia, with the ligand binding to the 

N-terminal WW domain. “Reprinted by permission from Macmillan Publishers Ltd: [Nature 

Strucuture and Molecular Biology] (Mark A. Verdecia, Marianne E. Bowman, Kun Ping Lu, 

Tony Hunter, Joseph P. Noel, Structural basis for phosphoserine-proline recognition by group IV 

WW domains. Nature Structure and Molecular Biology, 2000, 8, 639-643), copyright (2000)” 3 

1.2 Pin1 enzymatic activity 

Amide bonds exist in cis- and trans-conformations.4 Proline is the only dialkylated amine 

among the 20 common natural amino acids, and that leads to the tertiary prolyl amide bonds. 

Compared with secondary amide bonds, which exist exclusively in the trans conformation 

(>99.9%), prolyl amides contain much more cis, about 10-30% in small peptides,5 and 6% in 
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proteins,6 because N-alkylation reduces the steric advantage of the trans conformation. The trans-

conformer of the prolyl amide is favored, because the two large groups are opposite to each other. 

Furthermore, an electronic factor, n-to-π* interaction between the oxygen of the prolyl amide 

bond and the subsequent carbonyl carbon on the C-terminus, stabilizes the trans-conformation 

(Scheme 1.1).7 The energy barrier of the cis-trans isomerization is 18-21 kcal/mol in peptides.8  

Scheme 1.1. Isomerization of pSer–Pro amide bond. The arrow in the pSer-trans–Pro shows the 

n-to-π* interaction. 

 

Proteins containing prolyl amide bonds usually need them to be the proper conformation 

for protein folding, and in this process, thermal isomerization of prolyl amide bond is the rate-

determining step.9-13 Pin1 is involved in many biological processes by catalyzing the cis-trans 

isomerization of prolyl amide bonds. For example, PP2A phosphatase specifically 

dephosphorylates the trans-conformer of the substrate, and Pin1 improves the phosphatase 

catalytic efficiency by increasing the rate of cis-trans isomerization of the substrate.14,15  

1.3 Pin1 biological activity 

Pin1 plays an important role in regulating the cell cycle.1,16-18 A typical cell cycle is described 

by four phases, G1 (first growth phase), S (synthesis phase), G2 (second growth phase), and M 

(mitosis). Pin1 negatively regulates the transition from G2 to mitosis. Depletion of Pin1 leads to 

mitotic arrest, while overexpression of Pin1 causes G2 arrest.1,19 
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Pin1 is overexpressed in different types of human cancer cells, such as breast, lung, 

prostate cancers, and Esophageal squamous cell carcinoma.20-25 Pin1 inhibitors show anti-

proliferative activity towards cancer cell lines.26 Pin1 activity is not required in normal cells,27-29 

or at least, only a very tiny portion is sufficient for the growth of normal cells.30 That makes Pin1 

an attractive anti-cancer target.31,32 

Pin1 plays an important role in Alzheimer’s disease (AD). Previous studies showed a low 

level of soluble Pin1 in AD patients, and that depletion of Pin1 accounts for the loss of 

neurons.18,33,34 Recently contradictory results were reported by Wang, and a speculation was 

proposed that Pin1 levels were higher in the early stage, but reduced in the later stage of AD.35 

Pin1 catalyzes the isomerization of phosphorylated viral integrase of HIV-1 (human 

immunodeficiency virus type 1).36 Pin1 was found to be involved in HIV-1 replication by 

inactivating A3G (APOBEC3G), which restricts HIV-1 replication, and at the same time, HIV-1 

infection improves the ability of Pin1 to inhibit A3G.37 Pin1 is also involved in many other 

diseases, such as asthma,38-40 hepatitis B,41,42 and rheumatoid arthritis.43,44 Pin1 may act as a very 

promising target for new drug development. 

1.4 Pin1-ligand binding mode 

1.4.1 Pin1 binding motif 

Pin1 belongs to the parvulin family of PPIases.1 Although the first crystal structure of 

Pin1 was in complex with Ala–Pro dipeptide and a sulfate,2 Yaffe and coworkers found that the 

binding of Pin1 was phosphorylation-dependent, which distinguished Pin1 from two other 

PPIase families, the cyclophilins and the FKBPs.16 Both the Pin1 catalytic domain and WW 

domain bind the same motif, pSer/Thr–Pro, and the binding energy of pSer–Pro to Pin1 is about 
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2.5 kcal/mol higher than that of the unphosphorylated dipeptide.45 The phosphorylation-

dependence of Pin1 has been confirmed in many cases. For example, Ac–Lys(N-biotinoyl)–Ala–

Ala–Bth–pThr–Pip–Nal–Gln–NH2 was reported to be a potent inhibitor for Pin1 (IC50 = 0.21 

µM).46 The unphosphorylated peptide at 500 µM concentration did not show significant 

inhibition of Pin1; PPIase activity was greater than 95%.46 However, exceptions were reported, 

e.g. Yaffe et al. showed that replacement the pSer/Thr with Glu in the binding motif preceding 

the Pro in some peptides retained substrate activity.16 

1.4.2 Pin1-ligand interactions 

Crystal structures showed that the phosphate group and the five-membered Pro ring in 

Pin1 binding motif bind to the enzyme.2,3,47 These are the key interactions between Pin1 and its 

subtrates. The residues flanking the C- and N- termini of the binding motif affect the binding, but 

less strongly.16,47   

A loop formed by residues 66-77 in the Pin1 catalytic domain is thought to be essential to 

bind the phosphate group of Pin1 subtrates.48 Two different conformations of this loop have been 

observed in the crystal structures, indicating the flexibility of this part.2,4 In this loop, three 

critical residues, Lys63, Arg68 and Arg69, form a basic patch. Substitution of Lys63 with Ala 

resulted in almost no PPIase activity.14 Substitution of both of the two Arg residues with Ala also 

dramatically compromised Pin1 function,14 while substitution of either one of them did not 

compromise Pin1 function.48 These results implied that Lys63, which probably anchors the 

substrate to the enzyme, and only one Arg, either Arg68 or Arg69, are required for phosphate 

binding.48 The rest of the residues of this loop are important for the connection between this loop 

and the enzyme.48 The flexibility of the catalytic loop may assist the rotation around the prolyl 

bond.48 
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The Pin1 catalytic site consists of residues His59, Cys113, Leu122, Met130, Phe134, and 

His157.2,3 Residues Leu122, Met130, and Phe134 form a hydrophobic pocket to bind the Pro 

ring. His59, Cy113, and His157 are crucial for the PPIase activity. His59 and His157 were 

thought to form a hydrogen bond with the neighboring residues.2 However, recent studies 

showed that substitution of His157 with Ala, Leu, or Asn retains Pin1 functionality, suggesting 

that hydrogen bonding from His157 is not required.14,48 Pin1 activity is not tolerant to 

substitution of His59 with Ala, Leu, or Pro, but tolerant with Gln, implying that the hydrogen 

bonding, but not the basicity, is required at position 59.48 Cys113 was initially thought to act as a 

nucleophile to attack the carbonyl group of the prolyl amide bond to achieve the isomerization. 

Substitution of Cys113 with Ala, Ser, or Asn resulted in almost no PPIase activity. However, 

substitution of Cys113 with Asp, a poor nucleophile, retains Pin1 functionality.48  

The IC50 value of pSer–Pro dipeptide as an inhibitor of PPIase activity was determined to 

be 1.0 mM.45 Pin1 does not catalyze the cis-trans isomerization of this small peptide. Therefore, 

the binding motif alone does not fulfill the minimal requirements for binding, and residues 

flanking the C- and N-termini are needed for substrate activity. 

The binding preference for natural amino acids flanking the binding motif is shown in 

Table 1.1.16 Both the +1 and –1 positions prefer Arg or hydrophobic aromatic residues, including 

Tyr, Phe, and Trp.16 The –3, –2, and +2 positions mainly prefer hydrophobic residues.  

Table 1.1. Binding preference at positions flanking pSer–Pro 

Positiona –3 –2 –1 +1 +2 

Residues Trp, Tyr, Phe Phe, Ile Tyr, Arg,  

Phe, Trp 

Arg, Phe, 

Tyr, Trp 

Leu, Ile 
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a Positions –3, –2, and –1 refer to X–3, X–2, and X–1 positions relative to the N-terminus of the 

binding motif, respectively, and positions +1 and +2 refer to X+1 and X+2 positions relative to 

the C-terminus of the binding motif.16  

 

Figure 1.2. Interactions in the Pin1-pentapeptide complex 

Recently, Zhang and coauthors reported the crystal structure of Pin1 in complex with 

Fischer’s pentapeptide, Ac–Phe–D-pThr–Pip–Nal–Gln–NH2 (Ki = 20.4 nM).46,47 Figure 1.2 

shows the interactions revealed by the crystal structure: (1) Electrostatic contacts between two 

residues, Lys63 and Arg69, and the phosphate group, (2) two hydrogen bonds between two 

residues, Gln131 and Ser154, and two carbonyl groups, (3) hydrophobic interactions between the 

binding pocket formed by Leu122, Met130, and Phe134 and the six-membered ring of Pip, 

which acts as a mimic of Pro in the substrate, and (4) hydrophobic interactions between the 

pocket formed by Leu122, Met130, Ala124, and Phe125 and the bulky aromatic structure.47 No 

electron density for the N-terminal Ac-Phe is visible in the crystal structure, suggesting weak 

interactions between Phe and the enzyme.47 
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1.5 Pin1 enzymatic mechanism 

Pin1 is different from most other enzymes. It catalyzes reactions in which the substrates 

and products are only different in conformation. That adds difficulties to study the enzymatic 

activity. The Pin1 enzymatic mechanism is still not clear. Two popular mechanisms have been 

proposed: (1) nucleophilic-addition and (2) twisted-amide mechanisms. 

1.5.1 Nucleophilic-addition mechanism 

In the first reported crystal structure (Figure 1.1), the side chain of Cys113 was close to 

the amide bond of the substrate (the distance was determined to be 4.69 Å from the X-ray 

structure,2 PDB code: 1PIN), and accordingly a nucleophilic addition mechanism was proposed.2 

In this proposed mechanism, the thiol group from Cys113 attacks the carbonyl group of the 

pSer/Thr–Pro amide bond, forming a tetrahedral adduct (Scheme 1.2). Then the single bond 

(formerly the C–N bond in the amide group) rotates, followed by recovery of the carbonyl 

double bond by kicking out the thiol group, giving the isomerized conformation. This 

mechanism was supported by the partial disruption of the PPIase activity for Cys113Ala and 

Cys113Ser Pin1 mutants.14 However, Behrsin et al. questioned this mechanism, because no 

significant loss of PPIase activity for Cys113Asp mutant Pin1 was observed.48 

Scheme 1.2. Nucleophilic addition mechanism 
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1.5.2 Twisted-amide mechanism 

A twisted amide mechanism was proposed by Etzkorn et al. based on the studies on 

FKBP catalytic mechanisms (Scheme 1.3).49-51 In this mechanism, the nitrogen of the amide 

function forms a transient hydrogen-bond, probably with the side chain of His59 or His157 at the 

active site. The amide group is not planar due to the tetrahedral nitrogen, and the double bond 

character of the bond between carbon and nitrogen is disrupted, which allows rotation to achieve 

the isomerization.    

Scheme 1.3. Twisted amide mechanism49-51  

 

1.5.3 Negative-charge-repulsion mechanism 

In addition to the two mechanisms discussed above, recently, Behrsin et al. proposed a 

new mechanism (Scheme 1.4) based on their studies that Cys113Asp mutant Pin1 was only 

slightly less active, while Cys113Asn was totally inactive.48 Behrsin and coworkers thought that 

the negatively charged thiol group from Cys or carboxylate from Asp is located close to the 

oxygen of the carbonyl group. That makes the resonance structure with a negative charge on the 

oxygen, which contributes to the double bond character of the peptide bond, less favorable. 

Therefore the energy barrier for amide bond isomerization is reduced.48  
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Scheme 1.4. Mechanism proposed by Behrsin.48 

 

1.6 Pin1 inhibitors 

Due to the importance in many biological processes, many Pin1 inhibitors have been 

reported. In this part, we will show the structure and either the IC50 or Ki of the reported 

inhibitors. For a group of inhibitors that have similar structures, only the best inhibitors and those 

that are informative for understanding the structure-activity relationship are discussed. 

1.6.1 Inhibitors based on the binding motif 

The Fischer group synthesized a series of substrate-based inhibitors (Table 1.2),45 and 

low micromolar inhibitors 1.3, 1.4, and 1.5 were discovered by incorporating D-Ser and using a 

CS–N isostere to replace the amide bond. 

Table 1.2 Substrate-based peptide inhibitors by Fischer group45 

Pin1 inhibitor Sequence IC50 (µM) 

1.1 Ac–Ala–Ala–D-Ser–Pro–Leu–NH–pNAa 85 

1.2 Phe–Ser–Ψ[CS–N]–Pro–Phe–NH– pNA 97 

1.3 Phe–pSer–Ψ[CS–N]–Pro–Phe–NH– pNA 4.0 

1.4 Ac–Ala–Ala–D-pSer–Pro–Leu–NH– pNA 1.0 

1.5 Ac–Ala–Ala–D-pSer–Pro–Arg–NH– pNA 1.0 

a pNA = p-nitroaniline 
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By screening combinatorial peptide libraries containing unnatural amino acid residues, 

the Fischer group identified several potent peptidic inhibitors for Pin1 (Table 1.3).46 

Replacement of Pro with Pip (pipecolic acid) in an 8-residue peptide 1.6 improved the inhibition 

by 100-fold, probably due to the stronger hydrophobic contacts between Pip and Pin1.46 

Replacement of L-Thr with D-Thr in peptide 1.7 improved the inhibition up to 150-fold.46 The 

combination of D-Thr and Pip at the appropriate positions of the peptide gave the best inhibitor 

for Pin1 to date, 1.8 with a Ki value of 1.2 nM.46 

Table 1.3. Inhibitors containing unnatural amino acids identified by the Fischer group46 

Pin1 

Inhibi-

tors 

Sequence Pin1 inhibition 

IC50              Ki            

(nM)      (nM) 

1.6 Ac–Lys(Nα-biotinoyla)–Ala–Ala–Bth–pThr–Pro–Nal–Gln–NH2 20000         NA 

1.7 Ac–Lys(Nα-biotinoyl)–Ala–Ala–Bth–pThr–Pipb–Nal–Gln–NH2 210          183 

1.8 Ac–Lys(Nα-biotinoyl)–Ala–Ala–Bth–D-pThr–Pip–Nal–Gln–NH2 NA            1.2 

abiotinoyl =                         bPip =  

The Etzkorn group synthesized various peptidomimetics as Pin1 inhibitors by replacing 

the amide bond in the binding motif with other functions, including alkene isosteres,26,52 α-

ketoamide mimics,53 ketone mimics,54 and reduced amide mimics.54 

Wang and Etzkorn et al. reported two alkene isosteres, Ac–Phe–Phe–pSer–Ψ[(Z and 

E)CH=C]–Pro–Arg–NH2, as cis- and tran-conformationally locked peptidomimetics (1.9 and 
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1.10 in Figure 1.3, respectively).26 The geometry of the double bonds and the desired 

configuration of the stereogenic centers on the five-membered rings of 1.9 and 1.10 were 

achieved through Still-Wittig and Ireland-Claisen rearrangements, repectively.55 The Z-alkene 

mimic 1.9, a low micromolar level inhibitor (IC50 = 1.74 µM), inhibited Pin1 approximately 23-

fold better than the E-alkene mimic 1.10. Another Z-alkene mimic 1.11 synthesized by Zhao,52 

was 16-fold less potent than 1.9, indicating the importance of the longer peptide sequence. 

 

Figure 1.3. Alkene isostere peptidomimetics26,52  

Stereoisomers of ketone mimics 1.12 (Figure 1.4) were designed and synthesized. The 

pure stereoisomer (S,R,R)-1.12, and the inseparable racemic mixture of (S,S,S)-1.12 and 

(R,R,R)-1.12 were assayed as Pin1 inhibitors. These stereoisomers were not good inhibitors for 

Pin1, and they did not support the nucleophilic-addition mechanism.54 The poor inhibition may 

result from the wrong configuration of the stereogenic centers on the piperidyl ring. 
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Figure 1.4. Stereoisomers of ketone mimics54 

α-Ketoamides have been used widely as inhibitors of proteases,56-58 and α-ketoamide 

stereoisomers 1.13 were designed and synthesized as transition-state analogues for Pin1 by Xu 

and Etzkorn (Figure 1.5).53 Two stereoisomers were separated without confirmation of the 

stereochemistry. From the poor inhibition, they concluded that these were not transition-state 

mimics.53 

 

Figure 1.5. α-Ketoamide stereoisomeric inhibitors53  

Several amines (Figure 1.6, 1.14, 1.15, 1.16 and 1.17) were synthesized as potential 

transition state analogues. Inhibitor 1.14, with Fmoc at the N-terminus and tryptamine at the C-

terminus (IC50 = 6.3 µM) was the most potent inhibitor among them. Overall, the reduced amides 

were better inhibitors than the ketoamide and ketone counterparts.54 The reduced amide 

inhibitors were designed to mimic the transition state of twisted-amide mechanism, and this 

mechanism is more promising than other proposed mechanisms. 
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Figure 1.6. Reduced amide inhibitors54 

1.6.2 Structure-Affinity Relationship, an insight into enzymatic mechanism 

The stereochemistry of Pin1 inhibitors plays an important role in affinity. In the crystal 

structures reported by Zhang, the two pentapeptide ligands, Ac–Phe–L/D-pThr–Pip–Nal–Gln–

NH2 (Ki = 507 nM and 20.4 nM, respectively), bound to Pin1 in the cis- and trans-conformations, 

respectively.47 This implied a relationship between the stereochemistry of the Ser/Thr in the 

binding motif and the conformation of the amide bond. Both alkene isosteres, 1.9 and 1.10, 

contain an L-Ser mimic.26 Considering that the Z-alkene isostere 1.9 is 23-fold more potent than 

the E-alkene isostere 1.10 (Figure 1.3),26 and that the ratio of cis- and trans-peptidyl prolyl amide 

bond ranges only from 1:10 to 1:3,5 it is reasonable that the pentapeptide containing L-Thr adopts 

a relatively unfavorable cis-conformation when bound to the enzyme. 

Zhang’s crystal structure showed that the nitrogen of the Thr–Pro peptide bond was 

closer to sp3-hybridized,47 which supports the twisted amide mechanism. Although the inhibition 

of the synthesized reduced amide mimics 1.13-1.17 was not good enough to be considered as 
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transition-state analogues, we think the results support this mechanism. Comparing the inhibition 

of 1.14 and 1.11, which have the same structure except the amide bond mimics, the reduced 

amide 1.14 is four times better, probably due to the conformational advantage of the sp3 nitrogen 

on the five-membered ring in 1.14 over the sp2 carbon counterpart in 1.11 (Figure 1.7). 

The stereochemistry of 1.17 was not determined. We assume that (R, S)-1.17 is the better 

inhibitor (Figure 1.6), with an S-stereogenic center on the six-membered ring (mimic of L-Pip), 

since that allows both the six-membered ring and the indole ring to be in the corresponding 

binding pockets at the same time, as indicated by Zhang’s crystal structure.47 Ketone mimic 1.12 

has an extra stereogenic center in the six-membered ring comparing with reduced amide mimic 

1.17, which adds more complexity to the stereochemical issue. The correct configuration of this 

chiral carbon is essential. The opposite configuration may either not be able to fit the phosphate 

into the corresponding binding site or force the six-membered ring to adopt an unfavorable 

conformation. 

 

Figure 1.7. Alkene isostere and reduced amide mimics 

In summary, two combinations of stereochemistry result in good binding: (1) L-Ser/Thr 

or its mimic and the cis-conformation of the Ser/Thr–Pro amide bond or its mimic; (2) D-Ser/Thr 

or its mimic and the trans-conformation of the Ser/Thr–Pro amide bond or its mimic, although 

the latter is much better based on Fischer’s inhibitors.46 If the amide bond is replaced with a 



 
 

16 

single bond, the D-configuration of Ser/Thr or its mimic might be better. Replacement of Pro in 

the binding motif with L-Pip or its mimic might result in good affinity. 

1.6.3 Other types of inhibitors 

Juglone (5-hydroxy-1,4-naphthoquinone) (Figure 1.8), a natural product, acts as an 

irreversible inhibitor of Pin1. The inhibition was thought to be achieved by a 1,4-addition of the 

thiol group of Pin1 Cys113 to Juglone.59,60 This was supported by the fact that Juglone did not 

inhibit cyclophilin which lacks a thiol group in the active site.59,61 However, Juglone has been 

found to be a non-specific inhibitor of Pin1 that reacts at a surface Cys and causes Pin1 to unfold. 

(also acts on the CTD of RNA PolII). Look up these references! 

Analogues of Juglone were synthesized, and inhibitors 1.18, 1.19, and 1.20, with low 

micromolar level IC50 values and good cell permeability, were identified (Figure 1.8).62 All the 

inhibitors have a symmetric cyclic ring structure. Unlike Juglone, these compounds act as 

competitive inhibitors by binding to the Pin1 active site.62 

 

Figure 1.8. Juglone and its multi-cyclic analogues62 
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Figure 1.9. Selected aryl indanyl ketone inhibitors63 

Daum et al. synthesized substituted aryl indanyl ketone inhibitors for Pin1, as mimics of a 

twisted amide (Figure 1.9, 1.21-1.23).63 Racemic mixtures were used for assays except 1.23. 

Several sub-micromolar inhibitors were identified, and biaryl ketones were found to be more 

potent than monoaryl inhibitors. Compound (R)-1.23 inhibited Pin1 about nine times better than 

(S)-1.23, indicating the importance of the configuration on the five-membered ring.63 

Replacement of the five-membered ring with a four- or six-membered ring gave poor 

inhibitors.63 

Three unphosphorylated peptidomimetic Pin1 inhibitors, 1.24, 1.25, and 1.26, with sub-

micromolar inhibition were identified from Pepticinnamin E libraries (Figure 1.10).64-66 All of 

these inhibitors contained a D-Tyr–Tyr–Phe/Nal structure, and inhibited Pin1 by induction of 

enzyme precipitation.64 
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Figure 1.10. Unphosphorylated peptidomimetic Pin1 inhibitors 

Computer-designed perhydropyrrolizine inhibitors were reported by Siegrist et al. (Figure 

1.11).67 Inhibitor rac-27 was much more potent than (+)-1.27, implying that the stereochemistry 

significantly affects the inhibition, and that (–)-1.27 was the better inhibitor. Replacement of the 

naphthylene group with pentafluorophenyl (rac-1.29) resulted in similar inhibition. Although 

(+)-1.29 is a good inhibitor, the unphosphorylated analogue of (+)-1.29 is inactive, indicating the 

importance of the phosphate group in this structure.67 The low-level micromolar inhibition of 

these small molecules suggested that perhydropyrrolizine is a promising skeleton for Pin1 

inhibitors. 
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Figure 1.11. Perhydropyrrolizine inhibitors67 

Spiroannulated 3-benzofuranones were reported to have moderate inhibition of Pin1 

(Figure 1.12, 1.30-1.32), and removal of the methoxy group in 1.30 and 1.31 abolished 

inhibition.68 

 

Figure 1.12. Benzofuranones68 

 

Figure 1.13. Dipentamethylene thiuram monosulfide69 

Dipentamethylene thiuram monosulfide (Figure 1.13, 1.33), a small-molecule, potent, 

competitive inhibitor of Pin1, was reported by Tatara.69 Modeling studies showed that 1.33 binds 
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to the hydrophobic pocket and blocks the phosphate-binding site located in the PPIase domain.69 

This structure represents a promising scaffold for Pin1 inhibitors. 

Guo and colleagues designed a series of Pin1 inhibitors based on the pipecolate core, a 

scaffold from FKBP inhibitors (Figure 1.14).70 Replacement of the ketoamide group with a urea 

gave a low micromolar inhibitor 1.34.70 The unphosphorylated analogue of 1.34 was inactive, 

showing that the phosphate group was crucial. The structure was modified according to the 

crystal structure of a Pin1-ligand, and several nanomolar Pin1 inhibitors were discovered, with 

two single digit nanomolar inhibitors (Figure 1.14, 1.35 and 1.36).70  

 

Figure 1.14. Inhibitors reported by Guo70 

Non-phosphate inhibitors were synthesized by replacing the phosphate group in Figure 

1.14 with a carboxylic acid, and sub-micromolar inhibitors were identified after structure 

optimization (Figure 1.15, 1.37-1.42).71 Various isosteres, such as tetrazoles, acylaminothiazoles, 

were used to replace the carboxylic acid group, and the best was found to be α-tetrazole, which 

has inhibitory activity similar to its carboxylic acid counterparts.71 
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Figure 1.15. Non-phosphate Inhibitors71 

Cyclic peptides may have higher affinity for Pin1 due to the more rigid conformation.72 

Cyclic peptidyl inhibitors with low nanomolar inhibition were reported.72 Examples are: 

cyclo(D-Ala–Sar–D-pThr–Pip–Nal–Tyr–Gln) with an IC50 value of 31 nM and cyclo(D-Ala–

Gly–D-pThr–Pip–Nal–Orn–Gln) with an IC50 value of 43 nM.72 

Table 1.4. Bivalent Pin1 inhibitor 

Ligand Structure Binding domain IC50 (µM) 

1.43 Ac–Phe–D-Glu–Pip–Nal–Gln–NH2 Catalytic 62 

1.44 Ac–Ala–Bth–pThr–Pro–Cha–Gln–NH2 WW 120 

1.45 Ac–Phe–D-Glu–Pip–Nal–Gln–(Pro)5–  

Ala–Bth–pThr–Pro–Cha–Gln–NH2 

Catalytic and WW 0.18 

 

Inhibitors that bind to both the Pin1 catalytic domain and the WW domain were also 

reported.73 In Table 1.4, Peptide 1.43 and 1.44 are moderate inhibitors, binding to the catalytic 

domain and WW domain, respectively. A bivalent inhibitor 1.45, formed by linking the C-



 
 

22 

terminus of 1.43 with the N-terminus of 1.44 through five Pro residues, showed sub-micromolar 

inhibition.73 

1.7 In vivo inhibition 

Although the phosphate group is essential for ligand binding to Pin1, the presence of the 

negative charge on the phosphate group of phosphorylated compounds usually reduces cell 

permeability, which leads to a loss in activity of the phosphorylated inhibitors in vivo. A method 

to apply bis-pivaloyloxymethyl (POM) to mask phosphate groups has been reported,74-77 and the 

neutral phosphate triester of a Pin1 inhibitor was used as a prodrug (Figure 1.16, 1.46).52 

Bioassays in cells showed improved activity in the prodrug comparing to its unmasked 

phosphorylated counterpart.52  

Another example to transport non-permeable inhibitors is to attach a species with good 

cell permeability, through a bond that is labile under physiological conditions.78,79 A cyclic 

nanomolar peptidyl Pin1 inhibitor, which showed no activity in vivo, was successfully 

transported into cells by incorporation of the octaarginine sequence through a disulfide bond.72 

The cyclic peptides were released in cells, and inhibited Pin1 without loss of potency (Figure 

1.17, 1.47).72 

 

 

Figure 1.16. POM-masked phosphate inhibitor52 
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Figure 1.17. Cell permeable cyclic peptidyl inhibitor72 

Potent inhibitors without a phosphate group, such as 1.22, 1.24, and 1.33 described above 

are expected to have good cell permeability, and may effectively inhibit Pin1 activity in vivo. 

1.8 Summary 

In summary, Pin1 catalyzes isomerization of the prolyl amide bond of its substrates. 

Three enzymatic mechanisms, nucleophilic-addition, reduced-amide and negative-charge-

repulsion, have been proposed. Various inhibitors have been reported, and for most inhibitors, a 

phosphate group is essential for the inhibition. Potent inhibitors were identified by incorporating 

unnatural amino acids in the structure, suggesting a potential way to improve the inhibition. 



 
 

24 

 

Chapter 2. Three Stereoisomers of Ac–pSer–Ψ[(Z)CH=C]–Pip–NEA 

as inhibitors of Pin1 

This chapter was prepared as a manuscript to be submitted. 

Three Stereoisomers of Ac–pSer–Ψ[(Z)CH=C]–Pip–NEA as inhibitors of Pin1 

Xingguo R. Chen and Felicia A. Etzkorn* 

Department of Chemistry, Virginia Tech, Blacksburg, Virginia 24061 

fetzkorn@vt.edu 

Abstract 

Three stereoisomers: (2R,5S)-, (2S,5R)- and (2S,5S)-Ac–pSer–Ψ[(Z)CH=C]–Pip–2-(2-

naphthyl)ethylamine were synthesized as inhibitors of Pin1. The two enantiomers, (2R,5S)- and 

(2S,5R)-isomers, were synthesized through a 13-step route, with overall yields of 2.0% and 1.4%, 

respectively. The newly formed stereogenic center in the piperidyl ring was introduced by a 

Luche reduction, followed by a stereoselective [2,3]-Still-Wittig rearrangement. The (Z)- to (E)-

alkene ratio in the rearrangement was (5.5:1). The (2S,5S)-isomer was first obtained as the 

epimerized by-product resulting from the (2S,5R)-isomer in the Na/NH3 debenzylation step, and 

the stereochemistry was confirmed by optical rotation. The IC50 values for Pin1 inhibition are: 52, 

85, and 141 µM, respectively. We concluded that with this Z-alkene isostere, the S-configuration 

mimic of D-Ser or D-Pip was not optimal at either stereogenic center. 
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Introduction 

Proline is the only one of the 20 common amino acids containing a secondary amino 

group. Compared to primary amide bonds, which exist exclusively in the trans-conformation in 

peptides, the unique steric feature of proline dramatically increases the ratio of the cis-

conformation of peptidyl-prolyl bonds to up to 30%, resulting in a much higher tendency for cis-

trans isomerization.5,56 Isomerization of the Xaa-Pro amide bond is implicated in many important 

biological processes.5,56 

Peptidyl-prolyl isomerases (PPIases) catalyze the isomerization of Xaa–Pro amide 

bonds.56 Pin1, a member of the PPIase family that binds phosphorylated Ser/Thr–Pro (pSer/Thr-

Pro) motifs, was first discovered in 1996.1,2,16,21 Pin1 negatively regulates the G2 to M transition 

in the cell cycle by catalyzing the cis-trans isomerization of pSer/Thr-Pro amide bonds in 

regulatory proteins.1 Depletion of Pin1 leads to mitotic arrest, while overexpression of Pin1 

causes G2 arrest.1,19 Pin1 plays an important role in cancer, Alzheimer’s disease, and asthma.56 

Pin1 regulates the uncoating and replication processes of human immunodeficiency virus type 1 

(HIV-1). 80-82 Discovery of specific inhibitors for Pin1 is valuable for understanding its role in 

these diseases.  

Twisted-amide transition state and Cys-113 tetrahedral intermediate mechanisms have 

been proposed for Pin1.2,83 Two diastereomeric ketoamides were synthesized as the transition-

state inhibitors, however, the poor inhibition did not support either of the two hypothesized 

mechanisms.84 

The Etzkorn group previously synthesized both cis- and tran-Ser–Pro alkene mimics 

(Ser–Ψ[(Z)CH=C]–Pro and Ser–Ψ[(Z)CH=C]–Pro)55 as conformationally locked amide-bond 

isosteres to elucidate the conformational specificity of the Pin1 catalytic domain. Micromolar 
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inhibitors were discovered by incorporating them into pentapeptides, and the cis-inhibitor was 

23-fold more potent than the trans-, which demonstrated a cis-conformational preference of the 

Pin1 PPIase domain.26 

By screening combinatorial peptide libraries containing unnatural amino acid residues, 

the Fischer group identified several potent peptidic inhibitors of Pin1.46 Replacement of Pro with 

Pip (pipecolic acid) in an 8-residue peptide improved the inhibition by 100-fold, probably due to 

the stronger hydrophobic contacts between Pip and Pin1.46 Replacement of L-Thr with D-Thr in 

5-residue and 8-residue peptides improved the inhibition up to 150-fold.46 The combination of D-

Thr and Pip at the appropriate positions of an octapeptide gave the best inhibitor for Pin1 to date 

with a Ki value of 1.2 nM.46  

Recently, Zhang and coauthors reported the crystal structure of Pin1 in complex with 

Fisher’s pentapeptide, Ac–Phe–D-pThr–Pip–Nal–Gln–NH2 (Ki = 20.4 nM).47 Electrostatic 

contacts and hydrogen bonds between the phosphate group and Pin1, and hydrophobic 

interactions between the Pip and Nal residues and Pin1 were revealed to account for its high 

inhibitory activity.47 No electron density for the N-terminal Ac−Phe was visible in the cocrystal 

structure, indicating weak interactions between Phe and the enzyme.47 

Combining the best elements from these studies, Ac–D-pSer–Ψ[(Z)CH=C]–L-Pip–NEA, 

(2S,5R)-2.1, was designed as an inhibitor for Pin1 (Figure 2.1). The D-pSer–Ψ[(Z)CH=C]–L-Pip 

core was used to mimic D-pSer–L-Pip, and the NEA (2-(2-naphthyl)ethylamine) group to mimic 

Nal (β-(2-naphthyl)alanine) in the crystal structure. An acetyl group was attached to the serine 

because the N-terminal residue did not appear in the electron density map.47 We were also 

interested in synthesizing and testing the inhibitory activity of the enantiomeric (2R,5S)-2.1 
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(Figure 2.1). The synthesis of this enantiomer was expected to be the same as (2S,5R)-2.1, but 

the less expensive Boc–L-Ser(Bn)–OH was the starting material. 

 

Figure 2.1. Designed inhibitors 

Results and Discussion 

In the synthesis of (2R,5S)-2.1 (Scheme 2.1), the Weinreb amide of Boc–L-Ser(OBn)–

OH was first synthesized as reported.85 1-Iodocyclohexene was prepared from cyclohexanone by 

the method of Barton.86 Nucleophilic addition of cyclohexenyllithium, which was prepared from 

1-iodocyclohexene in situ, to the Weinreb amide afforded (S)-2.2. Luche reduction of (S)-2.2 

gave two inseparable diastereomers, (2S,3R)-2.3 and (2S,3S)-2.3, with a ratio of 5:1 calculated 

from the 1H NMR spectrum of the mixture. Without separation, the mixture was converted into 

(2S,3R)-2.4, and the desired single diastereomer was isolated by chromatography. The precursor 

for the Still-Wittig rearrangement, (2S,3R)-2.5, was synthesized by treating (2S,3R)-2.4 with n-

Bu3SnCH2I, prepared as reported.87 In the presence of n-BuLi, Still-Wittig rearrangement of 

(2S,3R)-2.5 afforded the (Z)-alkene (2R,5S)-2.6 as the major product, with a (Z)- to (E)- ratio of 

5.5 to 1. The selectivity was higher than the Ser−Pro alkene isostere (3:1) or the Ala−Pro (2:1), 

probably due to the greater bulk of the six-membered ring.55,88 The selectivity of Still-Wittig 

rearrangement was dependent on the structure of the substrates and the solvents. Table 2.1 shows 

the selectivity of Still-Wittig rearrangement under different conditions.55,88,89 
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Scheme 2.1. Synthesis of (2R,5S)-2.1 

 

One N-benzyl protecting group of (2R,5S)-2.6 was selectively removed with formic acid 

in the presence of Pearlman’s catalyst. Selective acylation of the amino group of (2R,5S)-2.7 

with acetic anhydride gave (2R,5S)-2.8, without affecting the primary hydroxyl group.  Then the 

hydroxyl group was converted to the carboxylic acid with Jones reagent to afford (2R,5S)-2.9. 

Both remaining benzyl protecting groups were removed in one step with Na/NH3, and gave pure 

(2R,5S)-2.10. Compound (2R,5S)-2.10 was coupled with NEA to give (2R,5S)-2.11 in high yield, 

without affecting the free hydroxyl group in (2R,5S)-2.10. Primary alcohol (2R,5S)-2.11 was 
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phosphorylated with P(OBn)2N(i-Pr)2 in the presence of 5-ethylthio-1H-tetrazole, followed by 

oxidation with tert-butyl hydroperoxide. Deprotection of (2R,5S)-2.12 with TIS:water:TFA 

(2.5:2.5:95) afforded the target compound (2R,5S)-2.1. 

Table 2.1. Selectivity of Still-Wittig Rearrangement55,88,89 

 

product R ring 

size 

Stereochem-

istry of 2.5 

Stereochem-

istry of 2.6 

solvent Z/E 

Ala−Ψ[C=CH]−Pro CH3 5 2S,3S 2S,5R THF 2:1 

Ser−Ψ[C=CH]−Pro CH2OBn 5 2S,3S 2R,5R THF 3:1 

Ser−Ψ[C=CH]−Pro CH2OBn 5 2S,3S 2R,5R toluene 1:3 

Ser−Ψ[C=CH]−D-Pip CH2OBn 6 2S,3R 2R,5S THF 5.5:1 

 

Starting with Boc–D-Ser(OBn)–OH, compound (2S,5R)-2.1 was synthesized via the 

same route as (2R,5S)-2.1, except during the Na/NH3 deprotection. In the deprotection of 

(2R,5S)-2.9 (Scheme 2.1), compound (2R,5S)-2.10 was afforded in its pure form, while the 

deprotection of (2S,5R)-2.9 gave a mixture of two  inseparable diastereomers, (2S,5R)- and 

(2S,5S)-2.10, with a ratio of 2.5:1 determined by 1H NMR. The Na/NH3 deprotections of both 

enantiomeric substrates were carried out at –33°C, and quenched with NH4Cl at –78°C. The 

work-up procedures of the two enantiomers were different.  In the work-up of (2R,5S)-2.9, acetic 

acid was added at –78°C directly to neutralize NH3, and the resulting ammonium acetate salt was 
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removed by flash chromatography. To avoid the large amount of salt in the deprotection of 

(2S,5R)-2.9, the reaction mixture was first warmed slowly to rt to evaporate most of the NH3, 

and the remaining small amount of NH3 was neutralized by acetic acid at –78°C. The 

epimerization of the stereogenic center on the piperidyl ring took place during the warm-up. 

Under basic conditions, the acidic α-proton, which is attached to the carbon between the 

carbonyl group and the double bond, was removed to form a dianion intermediate (Scheme 2.2). 

The α-carbon of the dianion intermediate was protonated in the acidification work-up, producing 

the epimerized product, (2S,5S)-2.10. In the dianion intermediate, the carbonyl group and α-, β-, 

γ- and δ-carbon were probably not co-planar due to the 1,3-allylic interaction (Scheme 2.2). 

Hence the γ-carbon was not negatively charged through resonance, and protonation of the γ-

carbon leading to the conjugated compound did not happen. 

Scheme 2.2. Hypothesized epimerization mechanism in Na/NH3 deprotection 

 

The inseparable mixture was used in the coupling reaction with NEA, and the two 

diastereomeric products, (2S,5R)- and (2S,5S)-2.11, were separated by flash chromatography. 

They were treated separately in the next steps to afford (2S,5R)-2.1 and (2S,5S)-2.1 (Scheme 

2.3). 
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Scheme 2.3. Synthesis of (2S,5R)-2.11 and (2S,5S)-2.11 

 

 

 

 

 

 

 

The stereochemistry of the (2S,5S)-2.10, the epimerized by-product in the Na/NH3 was 

determined as follows (Scheme 2.4). The intermediate (2R,3R)-2.4, which was separated as the 

by-product from the dibenzylation step to synthesize (2R,3S)-2.4, was used to synthesize 

(2S,5S)-2.11 through the same route as in the synthesis of (2R,5S)-2.1. The optical rotation of 

(2S,5S)-2.11 synthesized from (2R,3R)-2.4 was the same as the 2.11 synthesized from the 

epimerized by-product in the Na/NH3 deprotection, proving that both of  them were (2S,5S)-2.11. 

Scheme 2.4. Synthesis of (2S,5S)-2.11 from by-product in Luche reduction 

 

To determine the stereochemistry of the Luche reduction, the oxazolidinone derivatives 

were synthesized from the mixture of (2R,3S)-2.3 and (2R,3R)-2.3. Derivatives of a five-

membered analogue were prepared by Wang et al. in two steps: removing Boc protecting group 

with TFA, then coupling the amino and the hydroxyl group with triphosgene (Scheme 2.5).55 
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This conversion was accomplished simply by adding a strong base, KH, yielding 2.13 81% after 

purification by flash chromatography (Scheme 2.6). The coupling constant, Jab, of the major 

product was determined to be 7.7 Hz, while Jab of the minor product was 5.5 Hz. The larger 

coupling constant of this oxazolidinone was assigned as syn,90 indicating that the major product 

in the reduction was (2R,3S)-2.3. 

Scheme 2.5. Determination of the reduced alcohol stereochemistry.55 

 

Scheme 2.6. Determination of the stereochemistry in the Luche reduction 

 

In the Still-Wittig reaction, the geometry of the double bond in (2S,5S)-2.6 and (2S,5R)-

2.6 was confirmed by 1D nOe. The NOE correlation between Hf and Hm in (2S,5S)-2.6 proved 

the intermediate to be Z-alkene, as shown in Figure 2.2 (The peaks in the 1H NMR spectra were 

assigned from the COSY. Detailed analysis of COSY and 1D nOe spectra of (2S,5S)-2.6 and 

(2S,5R)-2.6 are available in the Experimental Section. The spectra are available in the Appendix). 

To determine the newly formed stereogenic center on the piperidyl ring, two 

diastereomeric derivatives (2S,5S)- and (2S,5R)-2.14 were synthesized through the same route, 

from (2S,5S)- and (2S,5R)-2.6, respectively (Scheme 2.7).  
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Figure 2.2. 1D nOe of (2S,5S)-2.6. The f proton was irradiated.  

Scheme 2.7. Stereochemistry determination through synthesis of bicyclic compounds. 

 

The hydroxyl group of (2S,5S)-2.6 was first mesylated, followed by selective removal of one N-

benzyl protecting group with formic acid in the presence of Pearlman’s catalyst. Spontaneous 

ring closure formed the bicyclic ring, affording (2S,5S)-2.14. This ring closure provides 
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additional evidence for the geometry of the Z-alkene, since the E-alkene cannot form the six-

membered ring. In the NOESY experiment of (2S,5S)-2.14, two key NOE correlations were: He 

to Hi’, indicating that the OBn group was syn to Hi’, and Hi to Hh, indicating Hi was syn to Hh. 

(Figure 2.3) Having determined the relative stereochemistry, the configuration of the stereogenic 

center on the piperidyl ring was confirmed to be S. The stereochemistry of (2S,5R)-2.14 was 

determined by 1D nOe and coupling constant data (Detailed analysis is available in the 

Experimental Section). 

Figure 2.3. Determination of the stereogenic center on the piperidyl ring after the Still-Wittig 

rearrangement. 

Assays to evaluate inhibition of Pin1 by the three stereisomeric target compounds were 

performed by the protease-coupled method.26 The commercially available peptide Suc–Ala–Glu–

N

O

a

b

c

d
e

f
g

h
i

j
k

lm

(2S,5S)-2.14
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Pro–Phe–pNA (pNA: p-nitro aniline) was used as the Pin1 substrate. The concentration of the 

cis-substrate was increased by employing 0.48 M LiCl in TFE (trifluoroethanol) as the solvent. 

α-Chymotrypsin, which specifically cleaves the trans-substrate to release pNA, was used as the 

protease. The concentration of the released pNA was measured at 390 nm by UV/Vis for 90 sec 

(Figure 2.4). The IC50 values of (2R,5S)-2.1, (2S,5R)-2.1 and (2S,5S)-2.1 were determined to be 

52 ± 4 µM, 85 ± 10 µM and 140 ± 20 µM (Table 2.2), respectively. 

 

Figure 2.4. Protease-coupled assay for Pin1 inhibitors 

Table 2.2. IC50 values of (2R,5S)-, (2S,5R)- and (2S,5S)-2.1 

Pin1 inhibitors Mimic of IC50 values (µM) 

(2R,5S)-2.1 L-Ser-D-Pip 52 ± 4 

(2S,5R)-2.1 D-Ser-L-Pip 85 ± 10 

(2S,5S)-2.1 D-Ser-D-Pip 140 ± 20 
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The results of assays showed that none of the three stereoisomers were potent inhibitors 

for Pin1. Surprisingly, compound (2R,5S)-2.1, which mimics the L-Ser–D-Pip sequences, and 

was initially synthesized as a model compound, was the best inhibitor among them. Compound 

(2S,5R)-2.1, which mimics the D-Ser–L-Pip sequences, gave a slightly worse inhibition. 

Compound (2S,5S)-2.1, which mimics the D-Ser–D-Pip sequences, was the worst inhibitor. The 

small differences in the activity implied that the stereochemistry of this structure slightly affects 

the inhibition, and replacement of an L-amino acid mimic at either position with a D-mimic 

resulted in worse inhibitors. We expect the unsynthesized (2R,5R)-isomer would be the best 

inhibitor in the Z-alkene series.  

In the crystal structures reported by Zhang, the two ligands, Ac–Phe–L/D-pThr–Pip–Nal–

Gln–NH2 (Ki values of 507 nM and 20.4 nM, respectively), bound to Pin1 in the cis (ω bond 

angle = −19°) and trans (ω bond angle = 183°) conformations, respectively (Figure 2.5).47 

Because our inhibitors mimic tripeptides and are much shorter than those two ligands, we will 

not compare the inhibitory potency, but only discuss the stereochemical effects. Our Z-alkene 

stereoisomers, (2R,5S)-2, (2S,5R)-2, and (2S,5S)-2.1, have mimic the cis-amide conformation of 

the L-pSer-cis-L-Pip peptide in the crystal structure. The phosphate and the six-membered ring of 

(2R,5S)-2.1, as a mimic of L-pSer-cis-L-Pip, should bind to the same sites of Pin1 as the L-pSer-

cis-L-Pip peptide. However, the opposite stereogenic center in the six-membered ring might lead 

to poor binding of the NEA group. Compound (2S,5S)-2.1, as a mimic of D-pSer–D-Pip, has two 

stereogenic centers opposite to the L-pSer-cis-L-Pip peptide, and is expected to have relatively 

poor binding at both of these two sites. That is consistent with the experimental results that 

(2S,5S)-2.1 was the worst inhibitor. Furthermore, the nitrogen atom of the Pip ring in L-pSer-cis-
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L-Pip approaches a tetrahedral hybridization,47 while the corresponding carbon atom of the six-

membered ring in our synthesized inhibitors is restricted to planarity. That results in different 

conformations of the two six-membered rings, and may partially account for the different 

inhibitory activities. 

 

Figure 2.5. Conformation of L-pSer-cis-L–Pip and D-pSer-trans-L–Pip bound to Pin147 

 

 

Figure 2.6. (2R,5S)-2.1 and inhibitors with similar structures 

The Z-alkene (2R,5S)-2.1 was approximately 2-fold worse than 1.11 reported by Zhao.52 

In the reduced-amide cases, 1.14 was 2-fold better than 1.15, indicating the slight improvement 
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in inhibition by replacing the acetyl group with a Fmoc group (Figure 2.6). Therefore we think 

that (2R,5S)-2.1 and 1.11 would have very similar inhibitory activity if they had the same N-

terminal groups. The reduced amides are each approximately 4-fold better inhibitors than the 

corresponding ground-state analogues. Surprsingly, the D-Pip configuration does not have a 

deleterious effect on the inhibition. 

Conclusion 

Although none of our final compounds were potent inhibitors, our results, combined with 

previously reported substrate-based inhibitors, provided useful information to design potent 

inhibitors. We expected that the inhibitory activity could be possibly improved by using either L-

pSer–[(E)CH=C]–L-Pip or D-pSer–[(Z)CH=C]–L-Pip as the core structure. We also provided 

practical methods to determine the configurations of the newly formed stereogenic centers in the 

Luche reduction and the [2,3]-Still-Wittig rearrangement. 

Experimental Section 

General Information.  Amino acid derivatives and reagents were purchased. Pd(OH)2/C 

was purchased from Aldrich Chemical Company, Inc. with Pd content of 20%, batch No. 

33,009-4. Unless otherwise indicated, all reactions were carried out under dry N2 sealed from 

moisture. Anhydrous THF was obtained by refluxing from Na-benzophenone. Brine (NaCl), 

NaHCO3, and NH4Cl refer to saturated aqueous solutions unless otherwise noted. Flash 

chromatography was performed on 230-400 mesh, ASTM silica gel with reagent grade solvents. 

NMR spectra were obtained at ambient temperature in CDCl3 unless otherwise noted. Proton, 

carbon-13, and phosphorus-31 NMR spectra were obtained at 500, 125 and 202 MHz, 

respectively, unless otherwise noted. In carbon-13 spectra, minor rotamer chemical shifts, if 

applicable, are followed by (m). In proton spectra, coupling constants, J, are given in Hz. In 2D 
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NMR spectra, all protons are labeled with letters, and the correlated protons are reported in 

parenthesis. The two diastereotopic protons are labeled with the same letter, with a prime added 

to one of the protons, if well resolved. For overlapping protons, all protons are listed, and 

separated by slash, and no attempt was made to specify the protons in 2D NMR spectra. (e.g. 

(Ha/b, Hf) in a NOESY spectrum means either Ha or Hb or both Ha and Hb are correlated to Hf.) 

The concentrations for optical rotations are reported as g/100mL in parenthesis. Unless otherwise 

stated, the experimental procedures to synthesize enantiomers or diastereomers are the same, and 

only one is reported. The NMR data for two enantiomers are the same, and only one is reported. 

Analytical HPLC were obtained on a Xbridge C18 4.6 × 50 mm column with 100% H2O for 5 

min, then 0% to 100% CH3CN/H2O gradient over 20 min, 100% CH3CN for 20 min, flow rate 

1.0 mL/min, λ = 254 nm, with exceptions noted. 

 L- and D-Serine Weinreb Amide, was synthesized by the method of Niel.85  

 1-Iodocyclohexene, was synthesized by the method Barton86 with modifications. 

Cyclohexanone (3.6 g, 37 mmol) was added in a solution of hydrazine hydrate (2.2 g, 44 mmol) 

and Et3N (2.3 mL, 18 mmol) in EtOH (8 mL) and the solution was stirred for 6 h.  Then the 

reaction solution was dried with anhydrous NaOH in the refrigerator overnight.  The mixture was 

filtered and evaporated under reduced pressure to afford crude cyclohexanone hydrazone (4.6 g). 

A solution of I2 (21 g, 84 mmol) in Et2O (110 mL) was cooled with an ice bath and stirred for 20 

min.  The solution of tetramethylguanidine (56 mL, 447 mmol) in Et2O (92 mL) was added 

slowly and stirred at 0 °C for 3. The crude cyclohexanone hydrazone (4.2 g, 37 mmol) was added 
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slowly at 0 °C and warmed to rt.  The stirring was continued for 16 h and the mixture was 

filtered.  The filtrate was concentrated to remove Et2O.  The residue was heated to reflux for 3 h.  

The resulting mixture was washed with NH4Cl, Na2S2O3, NaHCO3 and brine, and dried with 

Na2SO4.  The mixture was filtered and concentrated.  The crude product was purified by flash 

chromatography with hexanes to give a colorless liquid. (4.4 g, 65%). The 1H NMR is slightly 

different from the data reported by Barton, and 13C NMR data that were missing in the Barton’s 

method are also provided. 1H NMR: δ 6.34 (m, 1H), 2.52-2.48 (m, 2H), 2.12-2.07 (m, 2H), 1.73-

1.63 (m, 4H). 13C NMR: δ 137.8, 97.2, 39.7, 29.3, 25.6, 21.2. 

 (S)-Ketone, (S)-2.2. A solution of 1-iodocyclohexene (9.8 g, 47 mmol) in 

THF (285 mL) was cooled to –78 °C and s-BuLi (1.4 M in cyclohexane, 67 mL, 94 mmol) was 

added dropwise over 15 min to generate 1-cyclohexenyl lithium. The resulting solution was 

stirred at −78 °C for 3h. In another flask with a solution of L-Serine Weinreb amide (9.9 g, 29 

mmol) in THF (82 mL) was cooled to −60 °C, and i-PrMgCl (2.0 M in THF, 14 mL, 28 mmol) 

was added dropwise and stirred for 55 min. The 1-cyclohexenyl lithium solution was added into 

the solution of the deprotonated L-Serine Weinreb amide via cannula. The mixture was stirred at 

−78 °C for 1 h and warmed slowly to rt. The mixture was stirred overnight, quenched with 

NH4Cl (50 mL) at –30 to –40 °C, diluted with EtOAc (300 mL), washed with NH4Cl (200 mL × 

2), NaHCO3 (300 mL) and brine (300 mL). The organic solution was then dried with Na2SO4 and 

evaporated at reduced pressure. The crude product was purified by flash chromatography with 

EtOAc:hexanes (1:18), followed by EtOAc:hexanes (1:15) to give a colorless oil (6.4 g, 61%). 

HPLC: 1H NMR (400 MHz): δ 7.34-7.22 (m, 5H), 6.91 (m, 1H), 5.59 (d, J = 7.5, 1H), 5.13 (dt, J 

= 4.3, 8.4, 1H), 4.54 (d, J = 12.4, 1H), 4.42 (d, J = 12.4, 1H), 3.67 (d, J = 3.8, 2H), 2.39-2.10 (m, 
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4H), 1.65-1.58 (m, 4H), 1.44 (s, 9H). 13C NMR (100 MHz): δ 197.8, 155.5, 141.8, 137.8, 137.4, 

128.4, 127.8, 127.6, 79.8, 73.1, 71.3, 54.3, 28.4, 26.2, 23.4, 21.8, 21.5.  

(R)-Ketone, (R)-2.2, 7.1 g, 81%. LRMS calcd. for C21H29NNaO4 (MNa+) m/z = 382.2, found 

m/z = 382.3. 

 (2S,3R)- and (2S,3S)-Allyl alcohol, (2S,3R)- and (2S,3S)-2.3. A solution of 

(S)-Ketone, (S)-2.2, (6.2 g, 17 mmol) in THF/CH3OH (2.5:1, 500 mL) was cooled with an ice 

bath. CeCl3. 7H2O (9.6 g, 26 mmol) was added and stirred for 15 min. Then NaBH4 (3.9 g, 103 

mmol) was added in three portions. The reaction was stirred for 4.5 h, quenched with NH4Cl, 

diluted with EtOAc, and washed with NH4Cl and brine. The organic solution was dried with 

Na2SO4 and evaporated at reduced pressure to give a colorless oil as an inseparable mixture of 

two diastereomers, (2S,3R)-2.3 and (2S,3S)-2.3 (~6:1 by 1H NMR, 6.2 g, 100%). The crude 

product was used in the next step without further purification. 1H NMR: δ 7.37-7.29 (m, 5H), 

5.72 (br, 1H), 5.26 (d, J = 8.6, 0.85H), 5.12 (d, J = 9.2, 0.15H), 4.55 (d, J = 12.4, 0.15H), 4.53 (d, 

J = 12.0, 0.85H), 4.49 (d, J = 12.4, 0.15H), 4.44 (d, J = 12.0, 0.85H), 4.18 (br, 0.15H), 4.06 (t, J 

= 6.3, 0.85H), 3.82 (m, 0.85H), 3.76 (dd, J = 2.4, 9.4, 1H), 3.64 (m, 0.3H), 3.56 (dd, J = 2.6, 9.2, 

0.85H), 3.02 (d, J = 7.4, 0.85H), 2.02-1.93 (m, 4H), 1.63-1.48 (m, 4H), 1.44 (s, 7.65H), 1.43 (s, 

1.35H).  

(2R,3S)- and (2R,3R)-Allyl alcohol, (2R,3S)- and (2R,3R)-2.3, 6.1 g, 98%. LRMS calcd. for 

C21H31NNaO4 (MNa+) m/z = 384.2, found m/z = 384.4.  



 
 

42 

 (2S,3R)-Dibenzyl amine, (2S,3R)-2.4. A mixture of (2S,3R)- and (2S,3S)-2.3, 

(0.50 g, 1.4 mmol) was dissolved in CH2Cl2 (9 mL) and TFA (4.5 mL) was added and stirred for 

1.5 h. The mixture was concentrated and the residue was dissolved in CHCl3 (13 mL). DIEA (1.4 

g, 11 mmol) and BnBr (0.59 g, 3.4 mmol) were added, and the solution was stirred for 52 h. The 

solution was diluted with EtOAc (25 mL), washed with NH4Cl (25 mL × 2) and brine (25 mL). 

The organic solution was dried with Na2SO4 and evaporated at reduced pressure. The crude 

product was purified by flash chromatography with EtOAc:hexanes (1:25), followed by 

EtOAc:hexanes (1:12) to give a colorless oil as a single diastereomer (0.40 g, 65%). HPLC: 18.7 

min, 90%, λ = 210 nm. 1H NMR: δ 7.40-7.19 (m, 15H), 5.64 (m, 1H), 4.60 (d, J = 11.8, 1H), 

4.54 (d, J = 11.8, 1H), 4.32 (d, J = 8.2, 1H), 3.94 (dd, J = 4.6, 9.7, 1H), 3.86 (dd, J = 5.2, 9.7, 

1H), 3.83 (d, J = 13.8, 2H), 3.56 (d, J = 13.8, 2H), 2.93 (dt, J = 4.9, 8.0, 1H), 2.75 (br, 1H), 2.09-

1.99 (m, 2H), 1.80-1.75 (m, 1H), 1.65-1.47 (m, 4H), 1.42-1.37 (m, 1H). 13C NMR (100 MHz): δ 

140.2, 138.7, 138.1, 129.2, 128.6, 128.2, 127.9, 127.8, 127.0, 125.0, 77.7, 73.6, 68.6, 58.0, 55.0, 

25.3, 22.74, 22.72, 22.67. HRMS calcd. for C30H36NO2 (MH+) m/z = 442.2741, found m/z = 

442.2727.  

(2R,3S)- and (2R,3R)-Dibenzyl amines, (2R,3S)- and (2R,3R)-2.4. Procedure as for (2S,3R)-2.4. 

The crude product was purified by flash chromatography with EtOAc:hexanes (1:50), followed 

by EtOAc:hexanes (1:25), then EtOAc:hexanes (1:12) to give (2R,3S)-2.4 (4.8 g, 64%), and 

(2R,3R)-2.4 (0.60 g, 8.1%) as colorless oils. (2R,3R)-2.4, 1H NMR (400 MHz): δ 7.39-7.22 (m, 

15H), 5.59 (s, 1H), 4.56 (d, J = 12.0, 1H), 4.48 (d, J = 12.0, 1H), 4.36 (br, 1H), 3.94 (d, J = 13.0, 

2H), 3.82 (d, J = 10.0, 1H), 3.68 (m, 3H), 3.52 (dd, J = 3.2, 10.6, 1H), 3.01 (ddd, J = 3.2, 8.1, 

10.6, 1H), 1.96 (m, 2H), 1.82 (d, J = 16.5, 1H), 1.43 (m, 5H). 13C NMR (100 MHz): δ 139.3, 
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138.5, 137.2, 129.4, 128.6, 128.5, 127.8, 127.6, 127.3, 126.8, 73.5, 72.7, 67.8, 59.1, 54.5, 25.3, 

22.8, 22.7, 22.4. HRMS calcd. for C30H36NO2 (MH+) m/z = 442.2741, found m/z = 442.2712. 

[α]22
D  −68.2 (c 0.36, CH3OH). (2R,3S)-2.4, HPLC: 18.8 min, 94%. LRMS calcd. for C30H36NO2 

(MH+) m/z = 442.3, found m/z = 442.4. [α]25
D 6.6 (c 0.51, CH3OH). 

 (2S,3R)-Stannane, (2S,3R)-2.5. To a solution of (S,R)-Dibenzyl amine, 

(2S,3R)-2.4, (3.5 g, 7.9 mmol) in THF (115 mL), 18-crown-6 (2.7 g, 10 mmol) in THF (5 mL) 

was added, followed by the addition of KH (0.48 g, 12 mmol). Then a solution of n-Bu3SnCH2I 

(5.1 g, 12 mmol) prepared as previously reported87 was added and the mixture was stirred for 2.5 

h. The reaction was quenched with CH3OH (15 mL), and the resulting yellow solution was 

diluted with EtOAc (350 mL) and washed with NH4Cl (200 mL × 2). The organic solution was 

dried with Na2SO4 and evaporated at reduced pressure. The crude product was purified by flash 

chromatography with hexanes, followed by EtOAc:hexanes (1:150) to give a colorless oil (4.9 g, 

83%). 1H NMR: δ 7.42-7.17 (m, 15H), 5.54 (br, 1H), 4.56 (d, J = 12.1, 1H), 4.51 (d, J = 12.1, 

1H), 3.87 (dd, J = 2.7, 10.3, 1H), 3.82 (dd, J = 6.8, 10.3, 1H), 3.76 (d, J = 13.6, 2H), 3.70 (d, J = 

13.6, 2H), 3.61 (d, J = 9.8, 1H), 3.54 (d, J = 8.1, 1H), 3.24 (d, J = 9.8, 1H), 2.90 (ddd, J = 2.6, 

6.6, 8.0, 1H), 2.07 (m, 2H), 1.63-1.29 (m, 13H), 1.24 (app. sextet, J = 7.4, 6H), 0.93-0.74 (m, 

16H). 13C NMR (100 MHz): δ 140.9, 139.3, 136.0, 129.4, 128.4, 128.0, 127.5, 127.4, 126.7, 

126.5, 88.3, 73.4, 68.4, 58.4, 58.1, 55.0, 29.3, 27.5, 25.4, 23.0, 22.7, 22.4, 13.9, 9.0. LRMS calcd. 

for C43H64NO2Sn (MH+) m/z = 746.40, found m/z = 746.40.  

(2R,3R)-Stannane, (2R,3R)-2.5, was synthesized via the same procedure as (2S,3R)-2.5, 0.73 g, 

92%. 1H NMR: δ 7.40-7.16 (m, 15H), 5.59 (s, 1H), 4.42 (d, J = 12.0, 1H), 4.32 (d, J = 12.0, 1H), 
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3.94 (d, J = 13.6, 2H), 3.86 (d, J = 13.6, 2H), 3.70 (d, J = 7.6, 1H), 3.67 (d, J = 9.9, 1H), 3.52 (dd, 

J = 5.8, 9.8, 1H), 3.45 (dd, J = 4.0, 9.8, 1H), 3.35 (d, J = 9.9, 1H), 2.96 (ddd, J = 4.2, 5.6, 8.6, 

1H), 2.06-1.98 (m, 2H), 1.76 (m, 1H), 1.61-1.42 (m, 11H), 1.32 (sextet, J = 7.3, 6H), 0.95 (t, J = 

8.2, 6H), 0.89 (t, J = 7.3, 9H). 13C NMR (100 MHz): δ 141.7, 139.0, 135.6, 129.1, 128.3, 128.0, 

127.6, 127.4, 126.5, 126.1, 90.5, 73.2, 71.1, 58.3, 58.0, 55.7, 29.4, 27.6, 25.3, 23.6, 22.9, 22.8, 

13.9, 9.0. HRMS calcd. for C43H64NO2Sn (MH+) m/z = 746.3959, found m/z = 746.3937. [α]22
D  

−27.1 (c 0.52, CH2Cl2).  

(2R,3S)-Stannane, (2R,3S)-2.5, 4.3 g, 74%. LRMS calcd. for C43H64NO2Sn (MH+) m/z = 746.4, 

found m/z = 746.5. 

 (2R,5S)-Z-Alkene, (2R,5S)-2.6. The intermediate (2S,3R)-2.5 (2.45 g, 3.29 

mmol) was dissolved in THF (35 mL) and dried with molecular sieves for 2 h. The solution was 

transferred to another flask via cannula and cooled to –78 °C. n-BuLi (2.5 M in hexanes, 1.7 mL, 

4.3 mmol) was added slowly and stirred for 2.5 h. (The reaction time was very important. If the 

reaction was quenched before the completion, the remaining starting material, which was 

converted into the corresponding methyl ether, could not be recovered. Prolonged reaction time 

resulted in removal of benzyl protecting groups. However, the reaction was hard to monitor 

accurately. If a small sample was taken out of the reaction solution, which was at –78 °C, for 

analysis, the sample warmed up during this period of time, and analytical results were not 

consistent with the reaction itself. Based on our experience, the color that changed from pale 

yellow to red was a good indicator for the completion of the reaction.) The reaction was 

quenched with CH3OH (8 mL), diluted with CH2Cl2, washed with NH4Cl (150 mL) and brine 

(150 mL). The organic solution was dried with Na2SO4 and evaporated at reduced pressure. The 
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crude product was purified by flash chromatography with EtOAc:hexanes (1:25), followed by 

EtOAc:hexanes (1:12) to give a colorless oil (0.94 g, 62%). HPLC: 21.0 min, 98%, 100% H2O 

for 3 min, then 0% to 100% CH3CN/H2O gradient over 15 min, 100% CH3CN  for 15 min, flow 

rate 1.0 mL/min, λ = 254 nm. 1H NMR: δ 7.34-7.18 (m, 15H), 5.40 (dd, J = 1.4, 10.4, 1H), 4.49 

(d, J = 12.6, 1H), 4.44 (d, J = 12.6, 1H), 3.76-3.67 (m, 5H), 3.48 (t, J = 8.8, 1H), 3.44 (d, J = 

14.2, 2H), 3.33 (ddd, J = 4.8, 8.2, 10.5, 1H), 2.58 (dd, J = 3.4, 8.2, 1H), 2.52 (m, 1H), 2.32 (m, 

1H), 2.18 (d, J = 13.7, 1H), 1.89 (m, 1H), 1.68(d, J = 13.4, 1H), 1.61-1.52 (m, 2H), 1.50-1.38 (m, 

2H). 13C NMR (100 MHz): δ 144.9, 140.5, 137.8, 128.5, 128.4, 128.3, 128.0, 127.8, 127.0, 122.0, 

73.2, 72.3, 63.6, 54.8, 54.5, 39.1, 33.4, 29.9, 28.9, 22.2. [α]25
D 49.2 (c 0.30, CH3OH). 

 

1D nOe experiment was performed by irradiating Hf, and NOE correlations observed were: (Hf, 

Hc), (Hf, Hc’), (Hf, Hg), (Hf, Hm’). The NOE correlation between Hf and Hm’ proved the geometry 

of the double bond to be Z. 

(2S,5S)-Z-Alkene, (2S,5S)-2.6, 88 mg, 59%. 1H NMR: δ 7.39-7.19 (m, 15H), 5.43 (dd, J = 1.4, 

8.3, 1H), 4.57 (d, J = 12.1, 1H), 4.52 (d, J = 12.1, 1H), 3.84 (dd, J = 6.4, 10.0, 1H), 3.81 (d, J = 

13.0, 2H), 3.73 (dt, J = 5.9, 8.2, 1H), 3.65 (t, J = 10.0, 1H), 3.63 (d, J = 13.0, 2H), 3.58 (dd, J = 

5.5, 9.8, 1H), 3.44 (dd, J = 6.4, 9.8, 1H), 3.42 (br, 1H), 2.25-2.17 (m, 2H), 2.04 (d, J = 13.7, 1H), 

1.74 (d, J = 11.1, 1H), 1.47-1.35 (m, 3H), 1.26-1.19 (m, 2H). 13C NMR: δ 144.8, 139.1, 138.6, 
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129.9, 128.5, 128.3, 127.8, 127.7, 127.2, 123.0, 73.4, 70.1, 63.1, 54.7, 53.3, 39.1, 33.0, 28.02, 

27.99, 21.7. 

 

COSY: (Hf, Hg), (He, Hg), (He, He’), (He’, Hg), (Hc, Hc’), (Hh, Hi), (Hi, Hi’), (Hh, Hj), (Hm, Hl). 

1D nOe experiment was performed by irradiating Hf, and NOE correlations observed were: (Hf, 

He), (Hf, He’), (Hf, Hc), (Hf, Hg), (Hf, Hm’). The NOE correlation between Hf and Hm’ proved the 

geometry of the double bond to be Z. HRMS calcd. for C31H38NO2 (MH+) m/z = 456.2903, found 

m/z = 456.2892 . [α]22
D 36.3 (c 1.3, CH3OH). 

(2S,5R)-Z-Alkene, (2S,5R)-2.6, 0.93 g, 58%. LRMS calcd. for C31H38NO2 (MH+) m/z = 456.3, 

found m/z = 456.5. [α]25
D –49.4 (c 0.33, CH3OH). 

 (2R,5S)-Benzylamino alcohol, (2R,5S)-2.7. Pd(OH)2/C (25.9 mg, 20%) was 

added to a flask containing (R,S)-Z-alkene, (2R,5S)-2.6 (303 mg, 0.665 mmol). CH3OH (21 mL) 

was added, followed by the addition of HCOOH (4.59 g, 99.8 mmol). The reaction mixture was 

stirred and monitored by TLC with EtOAc:hexanes (1:4) as the mobile phase. When all starting 

material was consumed, the mixture was filtered through Celite immediately because the other 

benzyl protecting groups could be removed with prolonged reaction time. The Celite was washed 

with CH3OH (250 mL), and the combined filtrate was concentrated at reduced pressure, and the 
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residue was neutralized with NaHCO3 and extracted with CH2Cl2 (80 mL × 7). The combined 

organic solution was dried with Na2SO4 and evaporated to give a colorless oil (237 mg, 97%). It 

was very critical to remove formic acid completely, since it would lead to the formation of the 

formamide by-product in the following acylation step. The resulting secondary amine was not 

stable on silica gel, and no further purification was performed. 1H NMR: δ 7.35-7.22 (m, 10H), 

5.13 (dd, J = 1.9, 9.6, 1H), 4.49 (s, 2H), 3.85 (d, J = 13.4, 1H), 3.75-3.70 (m, 2H), 3.65 (d, J = 

13.4, 1H), 3.50 (dd, J = 5.5, 10.6, 1H), 3.47 (dd, J = 6.2, 8.7, 1H), 3.31 (dd, J = 7.2, 8.7, 1H), 

2.78 (m, 1H), 2.25 (ddt, J = 1.7, 4.4, 13.5, 1H), 2.12 (m, 3H), 1.82 (m, 1H), 1.72 (m, 1H), 1.56 

(m, 1H), 1.52-1.41 (m, 2H), 1.40-1.29 (m, 1H). 13C NMR: δ 143.3, 140.5, 137.9, 128.6, 128.5, 

128.2, 128.1, 127.9, 127.1, 126.5, 73.33, 73.31, 63.7, 53.6, 51.1, 39.9, 33.3, 29.3, 28.5, 22.1. 

(2S,5S)-Benzylamino alcohol, (2S,5S)-2.7, 149 mg, 83%. 1H NMR: δ7.37-7.20 (m, 10H), 5.39 

(dd, J = 1.8, 7.3, 1H), 4.56 (d, J = 12.0, 1H), 4.53 (d, J = 12.0, 1H), 3.77-3.66 (m, 3H), 3.61 (m, 

2H), 3.56 (dd, J = 5.1, 10.0, 1H), 3.50 (dd, J = 6.9, 10.6, 1H), 2.80 (m, 1H), 2.23 (m, 1H), 2.06 

(d, J = 13.8, 1H), 1.77-1.66 (m, 2H), 1.50-1.25 (m, 4H). 

(2S,5R)-Benzylamino alcohol, (2S,5R)-2.7, 0.43 g, 94%. LRMS calcd. for C24H32NO2 (MH+) 

m/z = 366.2, found m/z = 366.5. 

 (2R,5S)-Acetyl-benzylamino alcohol, (2R,5S)-2.8. (2R,5S)-Benzylamino 

alcohol, (2R,5S)-2.7 (237 mg, 0.648 mmol) was dissolved in CH2Cl2 (7 mL), and Et3N (197 mg, 

1.94 mmol) and acetic anhydride (132 mg, 1.30 mmol) was added and stirred for 30 min. The 

mixture was washed with NH4Cl (30 mL), NaHCO3 (30 mL) and water (30 mL). The organic 

solution was dried with Na2SO4 and evaporated at reduced pressure. The crude product was 
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purified by flash chromatography with EtOAc:hexanes (1:2), followed by EtOAc:hexanes (1:1) 

to give a colorless oil (215 mg, 81%). Due to the presence of the tertiary amide bond in the 

structure, the compound exists as a pair of rotamers. In CDCl3, the ratio was ~7:3. In DMSO-d6, 

the ratio was ~1:1. HPLC: 15.7 min, 94%, λ = 210 nm. 1H NMR: δ 7.34-7.17 (m, 10H), 5.58 (dd, 

J = 1.3, 9.9, 0.7H), 5.25 (dt, J = 6.3, 9.9, 0.7H), 5.18 (d, J = 8.9, 0.3H), 4.89 (t, J = 7.7, 0.3H), 

4.59 (d, J = 15.6, 0.3H), 4.56 (d, J = 15.6, 0.3H), 4.51 (s, 1.3H), 4.48 (d, J = 12.2, 0.7H), 4.45 (d, 

J = 12.2, 0.7H), 4.37 (d, J = 12.0, 0.3H), 4.33 (d, J = 12.0, 0.3H), 3.75 (t, J = 9.8, 0.3H), 3.71 (t, 

J = 10.6, 0.7H), 3.62-3.49 (m, 2.3H), 3.34 (dd, J = 7.2, 9.5, 0.3H), 3.31 (dd, J = 7.0, 9.0, 0.3H), 

2.91-2.88 (m, 0.7H), 2.80-2.78 (m, 0.3H), 2.30 (br, 0.3H), 2.28 (s, 0.9H), 2.20-2.14 (m, 1H), 2.03 

(s, 2H), 1.98-1.94 (m, 1H), 1.71-1.69 (m, 2.7H), 1.50-1.48 (m, 1H), 1.42-1.29 (m, 2H), 1.13-1.05 

(m, 1H). 1H NMR (DMSO-d6): δ 7.37-7.14 (m, 10H), 5.46 (m, 0.5H), 5.22 (d, J = 8.7, 0.5H), 

5.03 (d, J = 7.3, 0.5H), 4.89 (dt, J = 4.3, 8.8, 0.5H), 4.63 (d, J = 15.8, 0.5H), 4.60 (t, J = 5.6, 

0.5H), 4.57 (s, 1H), 4.53 (t, J = 5.5, 0.5H), 4.45 (d, J = 12.4, 0.5H), 4.43 (d, J = 12.4, 0.5H), 4.37 

(d, J = 12.0, 0.5H), 4.34 (d, J = 12.0, 0.5H), 4.28 (d, J = 15.8, 0.5H), 3.56 (dd, J = 7.6, 10.0, 

0.5H), 3.49-3.34 (m, 3.5H), 2.81 (m, 0.5H), 2.65 (m, 0.5H), 2.19 (s, 1.5H), 2.06-1.99 (m, 1H), 

1.86 (s, 1.5H), 1.84-1.76 (m, 2H), 1.63-1.55 (m, 1H), 1.40-1.31 (m, 2H), 1.21-1.13 (m, 1H), 0.98 

(m, 0.5H), 0.85 (m, 0.5H). 13C NMR: δ 171.6, 144.9 (m), 144.7, 139.6 (m),138.0, 137.9, 128.8, 

128.6 (m), 128.5, 128.4 (m), 128.01 (m), 127.98, 127.94 (m), 127.8, 127.5, 127.4, 126.8 (m), 

126.3, 121.5, 121.2 (m), 73.3 (m), 73.2, 71.3, 63.7, 54.7 (m), 52.1, 50.4, 45.1 (m), 40.1 (m), 39.7, 

33.2, 33.1 (m), 28.8, 27.8, 27.2 (m), 22.7, 21.9, 21.8 (m). LRMS calcd. for C26H34NO3 (MH+) 

m/z = 408.25, found m/z = 408.65. 

(2S,5S)-Acetyl-benzylamino alcohol, (2S,5S)-2.8, 124 mg, 78%. Due to the presence of the 

tertiary amide bond in the structure, the compound exists as a pair of rotamers, with a ratio of 
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~4:1 in CDCl3. 1H NMR (400 MHz): δ 7.34-7.21 (m, 10H), 5.73 (dt, J = 4.8, 9.1, 0.8H), 5.18 (d, 

J = 9.5, 1H), 4.94 (dt, J = 5.4, 8.6, 0.2H), 4.62 (d, J = 17.6, 1H), 4.53 (d, J = 17.6, 1H), 4.39 (d, J 

= 11.9, 0.8H), 4.32 (d, J = 11.9, 0.8H), 4.28 (d, J = 11.5, 0.2H), 4.23 (d, J = 11.5, 0.2H), 3.69 (m, 

1.6H), 3.53 (dd, J = 8.9, 10.1, 1H), 3.39 (dd, J = 4.8, 10.6, 1H), 3.31 (m, 0.4H), 3.11 (m, 1H), 

3.00 (m, 0.8H), 2.78 (m, 0.2H), 2.33 (s, 0.6H), 2.28 (m, 0.2H), 2.21 (dt, J = 3.2, 13.6, 1H), 2.01 

(s, 2.4H), 1.93 (d, J = 13.7, 1H), 1.78 (d, J = 11.7, 2H), 1.49-1.34 (m, 3H), 1.28-1.17 (m, 1H).  

13C NMR (100 MHz): δ 172.8, 172.0 (m), 145.1 (m), 145.0, 139.7 (m), 138.1, 138.0, 128.7, 

128.44 (m), 128.37, 128.2 (m), 127.8, 127.7, 127.6 (m), 127.5 (m), 127.2, 126.7 (m), 126.2, 

119.9 (m), 119.5, 73.0 (m), 72.8, 71.3 (m), 70.7, 63.4, 62.7 (m), 55.3 (m), 50.8, 48.6, 44.8 (m), 

40.3 (m), 39.8, 33.3, 33.0 (m), 29.1, 28.3, 28.0 (m), 22.5, 21.7, 21.4 (m). HRMS calcd. for 

C26H34NO3 (MH+) m/z = 408.2533, found m/z = 408.2546. [α]22
D 36.6 (c 0.82, CH3OH). 

(2S,5R)-Acetyl-benzylamino alcohol, (2S,5R)-2.8, 408 mg, 86%. HPLC: 15.9 min, 96%. 

LRMS calcd. for C26H34NO3 (MH+) m/z = 408.2, found m/z = 408.4.  [α]25
D –37.2 (c 0.99, 

CH3OH). 

 (2R,5S)-Acetyl-benzylamino acid, (2R,5S)-2.9. (2R,5S)-Acetyl-

benzylamino alcohol (2R,5S)-2.8 (266 mg, 0.653 mmol) was dissolved in acetone (36 mL) and 

cooled with an ice bath. A solution of CrO3 (0.73 mL, 2.7 M in 24% aq. H2SO4) was added 

dropwise, and the resulting solution was stirred for 30 min. Isopropanol (8 mL) was added and 

the mixture was stirred for 30 min. Water (50 mL) was added to the solution and the mixture was 

extracted with CH2Cl2 (25 mL × 12). The combined organic solution was dried with Na2SO4 and 

evaporated at reduced pressure. The crude product was purified by flash chromatography with 
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EtOAc:hexanes (1:3) containing 1% AcOH to give a colorless oil (246 mg, 89%). Due to the 

presence of the tertiary amide bond in the structure, the compound exists as a pair of rotamers, 

with a ratio of ~4:1 in CDCl3. 1H NMR: δ 7.34-7.15 (m, 10H), 5.50 (d, J = 9.8, 0.8H) 5.22 (m, 

0.8H), 5.15 (d, J = 8.5, 0.2H), 4.81 (q, J = 7.3, 0.2H), 4.58-4.42 (m, 3.5H), 4.36 (d, J = 12.0, 

0.2H), 4.30 (d, J = 12.0, 0.2H), 3.68-3.58 (m, 2.2H), 3.46 (br, 0.2H), 3.40-3.32 (m, 0.5H), 2.28 (s, 

0.8H), 2.22-2.02 (m, 5.25H), 1.72-1.55 (m, 3H), 1.25-1.04 (m, 2H). HRMS calcd. for C26H32NO4 

(MH+) m/z = 422.2326, found m/z = 422.2332. 

(2S,5S)-Acetyl-benzylamino acid, (2S,5S)-2.9, 68 mg, 68%. Due to the presence of the tertiary 

amide bond in the structure, the compound exists as a pair of rotamers, with a ratio of ~4:1 in 

CDCl3. 
1HNMR (400 MHz): δ 7.35-7.15 (m, 10H), 5.60 (dt, J = 5.2, 8.3, 0.8H), 5.23 (d, J = 8.1, 

0.8H), 5.14 (d, J = 7.4, 0.2H), 4.91 (d, J = 15.8, 0.2H), 4.85 (dt, J = 5.6, 8.1, 0.2H), 4.59 (d, J = 

17.9, 0.8H), 4.51 (d, J = 17.9, 0.8H), 4.39 (d, J = 12.0, 0.8H), 4.34 (d, J = 12.0, 0.8H), 4.22 (d, J 

= 15.8, 0.2H), 4.18 (s, 0.4H), 3.80 (d, J = 3.9, 0.8H), 3.51 (dd, J = 7.8, 10.2, 0.8H), 3.48 (m, 

0.2H), 3.41 (dd, J = 5.0, 10.2, 0.8H), 3.26 (dd, J = 5.0, 9.7, 0.2H), 3.19 (t, J = 9.2, 0.2H), 2.37 (s, 

0.6H), 2.32-2.13 (m, 2H), 2.09-2.14 (m, 1H), 2.03 (s, 2.4H), 1.80-1.57 (m, 3H), 1.41-1.19 (m, 

2H). 13CNMR (100 MHz): δ 175.2, 173.3, 173.0 (m), 143.6 (m), 143.0, 139.2 (m), 137.9, 137.8, 

128.8, 128.5, 128.3 (m), 127.9, 127.8, 127.6 (m), 127.5 (m), 127.3, 126.8 (m), 126.2, 125.9 (m), 

120.9, 119.8 (m), 73.0, 71.4 (m), 70.7, 55.6 (m), 51.4, 49.0, 45.1 (m), 43.2, 42.9 (m), 34.5, 34.3 

(m), 29.3, 29.2 (m), 28.0, 27.4 (m), 22.6, 22.4 (m), 22.2 (m), 22.1. [α]22
D 67.3 (c 0.84, CH3OH). 

HRMS calcd. for C26H32NO4 (MH+) m/z = 422.2326, found m/z = 422.2310. 

(2S,5R)-Acetyl-benzylamino acid, (2S,5R)-2.9, 305 mg, 77%. HPLC: 10.8 min, 98.5%, λ = 

210 nm, 0.1% TFA was added to the mobile phases. LRMS calcd. for C26H32NO4 (MH+) m/z = 

422.2, found m/z = 422.3. [α]25
D –86.2 (c 0.37, CH3OH). 
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 (2R,5S)-Acetyl amino acid, (2R,5S)-2.10. NH3 (19 mL) was distilled into a 

flask and Na (139 mg, 6.04 mmol) was added at –78 °C. A solution of (2R,5S)-Acetyl-

benzylamino acid, (2R,5S)-2.9 (212 mg, 0.503 mmol) in dry THF was added dropwise to the 

Na/NH3 solution. The reaction was refluxed for 3 h, and was quenched with solid NH4Cl (~ 4 g). 

AcOH (40 mL) was added slowly to the solution at –78 °C, followed by the addition of CH3OH 

(30 mL). The mixture was filtered, and the filtrate was concentrated. The residue was purified by 

flash chromatography with CH3OH:CH2Cl2 (1:12) containing 1% AcOH to give a colorless oil 

(84 mg, 69%). HPLC: 9.48 min, 100%, λ = 210 nm. 1H NMR (CD3OD): δ 5.21 (d, J = 9.1, 1H), 

4.70 (dt, J = 5.9, 9.0, 1H), 3.76 (br, 1H), 3.54 (dd, J = 5.1, 11.0, 1H), 3.49 (dd, J = 6.6, 11.0, 1H), 

2.28-2.23 (m, 2H), 2.13 (m, 1H), 1.95 (s, 3H), 1.82-1.77 (m, 1H), 1.64-1.59 (m, 2H), 1.53-1.43 

(m, 1H), 1.36-1.27 (m, 1H). 13C NMR (CD3OD): δ 172.6, 142.5, 123.6, 65.2, 50.5, 35.5, 30.4, 

28.9, 24.0, 22.7. LRMS calcd. for C12H19NNaO4 (MNa+) m/z = 264.12, found m/z = 264.51.  

(2S,5S)-Acetyl amino acid, (2S,5S)-2.10, 12 mg, 75%. 1H NMR (CD3OD): δ 5.38 (d, J = 7.9, 

1H), 4.74 (q, J = 6.6, 1H), 3.74 (br, 1H), 3.64 (dd, J = 5.8, 11.0, 1H), 3.58 (dd, J = 6.0, 11.0, 1H), 

2.43-2.35 (m, 2H), 2.25 (m, 1H), 2.01 (s, 3H), 1.89 (m, 1H), 1.70-1.57 (m, 3H), 1.47-1.41 (m, 

1H). 13C NMR (CD3OD): δ 172.7, 143.8, 123.3, 65.5, 50.1, 35.5, 30.7, 29.0, 24.0, 22.6. HRMS 

calcd. for C12H20NO4 (MH+) m/z = 242.1387, found m/z = 242.1393. [α]22
D 178 (c 0.59, CH3OH). 

(2S,5R)- and (2S,5S)-Acetyl amino acids, (2S,5R)-2.10 and (2S,5S)-2.10. NH3 (25 mL) was 

distilled into a flask and Na (187 mg, 8.14 mmol) was added at –78°C. A solution of (2S,5R)-

Acetyl-benzylamino acid, (2S,5R)-2.9 (286 mg, 0.678 mmol) in dry THF was added dropwise to 

the Na/NH3 solution. The reaction was refluxed for 3 h, and was quenched with solid NH4Cl (~ 
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6.5 g). The mixture was warmed slowly to rt to remove NH3. Then AcOH (5 mL) was added 

slowly to the solution at –78 °C. The white slurry was warmed to rt, and CH3OH (25 mL) was 

added. The mixture was filtered, and the filtrate was concentrated. The residue was purified by 

flash chromatography with CH3OH:CH2Cl2 (1:12) containing 1% AcOH in to give a colorless oil 

as an inseparable mixture of (2S,5R)-2.10 and (2S,5S)-2.10 (132 mg, 81%), with a ratio of 

~2.5:1 by 1H NMR. LRMS calcd. for C12H19NNaO4 (MNa+) m/z = 264.1, found m/z = 264.4. 

LRMS calcd. for C12H18NO4 (M-H)- m/z = 240.1, found m/z = 240.4. 

 (2R,5S)-Amide, (2R,5S)-2.11. (2R,5S)-acetyl amino acid, (2R,5S)-

2.10 (42.0 mg, 0.174 mmol) was dissolved in DMF:CH2Cl2 (1:2, 18 mL). 2-(2-

naphthyl)ethylamine (89.4 mg, 0.522 mmol), DIEA (67.5 mg, 0.522 mmol), DMAP (~ 3 mg), 

HOBt (79.9 mg, 0.522 mmol) and DCC (108 mg, 0.522 mmol) were added, and the mixture was 

stirred for 24 h. The reaction was diluted with EtOAc (75 mL), washed with water (30 mL), HCl 

(1N, 30 mL), NaHCO3 (30 mL) and brine (30 mL), dried with Na2SO4 and concentrated. The 

crude product was purified by flash chromatography with CH3OH:CHCl3 (1:8) to give a 

colorless oil (67 mg, 98%). 1H NMR: δ 7.79 (d, J = 7.4, 1H), 7.77 (d, J = 8.0, 1H), 7.76 (d, J = 

5.8, 1H), 7.60 (s, 1H), 7.45 (dt, J = 1.3, 7.0, 1H), 7.42 (dt, J = 1.4, 7.0, 1H), 7.31 (dd, J = 1.6, 8.7, 

1H), 6.75 (t, J = 5.6, 1H), 5.89 (d, J = 7.3, 1H), 5.13 (d, J = 9.5, 1H), 4.56 (m, 1H), 3.57 (quintet, 

J = 6.8, 1H), 3.55 (t, J = 6.6, 1H), 3.49 (quintet, J = 6.5, 1H), 3.43 (dd, J = 4.6, 10.0, 1H), 3.21 

(br, 1H), 3.16 (dd, J = 7.6, 10.0, 1H), 2.94 (dt, J = 2.0, 7.0, 2H), 2.33 (d, J = 13.2, 1H), 1.99 (m, 

2H), 1.93 (s, 3H), 1.66 (d, J = 12.0, 1H), 1.56-1.45 (m, 2H), 1.36-1.28 (m, 1H), 1.23 (m, 1H). 13C 
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NMR: δ 172.1, 170.1, 143.3, 136.8, 133.6, 132.2, 128.2, 127.7, 127.5, 127.40, 127.38, 126.2, 

125.6, 123.6, 64.9, 49.1, 43.6, 40.8, 35.7, 34.7, 28.4, 27.7, 23.4, 22.8. [α]25
D 102 (c 1.6, CH3OH). 

(2S,5R)- and (2S,5S)-Amide, (2S,5R)-2.11, and (2S,5S)-2.11. The mixture of (2S,5R)-2.11 and 

(2S,5S)-2.11 was prepared from the inseparable mixture of (2S,5R)- and (2S,5S)-Acetyl amino 

acids, (2S,5R)-2.10 and (2S,5S)-2.10, by the method of synthesizing (2R,5S)-2.11 and separated 

by flash chromatography with EtOAc to give (2S,5R)-2.11 (124 mg, 61%) and (2S,5S)-2.11 (34 

mg, 17%) as colorless oils in their pure forms. 

(2S,5S)-2.11, 1H NMR: δ 7.79-7.74 (m, 4H), 7.62 (s, 1H), 7.42 (m, 2H), 7.36 (dd, J = 1.4, 8.5, 

1H), 6.24 (m, 1H), 5.05 (dd, J = 1.5, 9.0, 1H), 4.34 (tt, J = 4.8, 9.2, 1H), 3.68-3.56 (m, 2H), 3.52-

3.45 (m, 2H), 3.42 (d, J = 3.8, 1H), 3.27-3.15 (m, 1H), 3.05-2.96 (m, 2H), 2.40 (d, J = 13.6, 1H), 

2.00-1.97 (m, 1H), 1.90-1.85 (m, 2H), 1.77 (s, 3H), 1.70-1.53 (m, 2H), 1.26-1.13 (m, 2H). 13C 

NMR: δ 171.8, 171.1, 142.4, 137.2, 133.6, 132.2, 127.9, 127.8, 127.7, 127.5, 127.4, 126.0, 125.3, 

123.4, 64.7, 50.7, 42.7, 41.1, 35.8, 34.3, 28.4, 27.9, 23.1, 22.8. LRMS calcd. for C24H31N2O3 

(MH+) m/z = 395.2, found m/z = 395.3. LRMS calcd. for C24H29N2O3 (M-H)- m/z = 393.2, found 

m/z = 393.4. HPLC: 16.2 min, 99.5%. [α]22
D 98.7 (c 0.32, CH3OH). 

(2S,5R)-2.11, LRMS calcd. for C24H31N2O3 (MH+) m/z = 395.2, found m/z = 395.2. HPLC: 16.0 

min, 95.2%. [α]25
D –102 (c 1.8, CH3OH). 

 (2R,5S)-Dibenzylphosphate, (2R,5S)-2.12. To a flask 

containing (2R,5S)-Amide, (2R,5S)-11, (24.0 mg, 0.0610 mmol) and 5-ethylthio-1H-tetrazole 

(31.8 mg, 0.244 mmol) under N2, THF (8 mL) was added, and the mixture was stirred for 5 min, 
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followed by the addition of P(OBn)2N(i-Pr)2 (63.2 mg, 0.183 mmol) via syringe. The mixture 

was stirred for 18 h, and was cooled to –40 °C by a CH3CN/dry ice bath. t-BuOOH (49 µL, 5.0-

6.0 M in Decane) was added. The mixture was warmed slowly to rt, and the stirring was 

continued for 30 min. Na2S2O5 (15 mL) was added. The mixture was stirred for 20 min, 

extracted with CH2Cl2 (20 mL × 4), dried with Na2SO4 and evaporated at reduced pressure. The 

crude product was purified by flash chromatography with EtOAc to give (2R,5S)-2.12 (24.5 mg, 

62%). 1H NMR: δ 7.75 (dd, J = 1.2, 7.1, 1H), 7.74 (d, J = 8.2, 2H), 7.59 (s, 1H), 7.42-7.29 (m, 

13H), 6.10 (t, J = 5.6, 1H), 5.87 (d, J = 7.9, 1H), 5.09 (dd, J = 1.4, 9.0, 1H), 5.02 (dd, J = 5.2, 

11.6, 1H), 5.00 (dd, J = 5.4, 11.7, 1H), 4.98 (dd, J = 5.4, 11.6, 1H), 4.97 (dd, J = 5.1, 11.7, 1H), 

4.66 (app. septet, J = 4.2 Hz, 1H), 3.70 (ddd, J = 4.2, 8.5, 10.7, 1H), 3.67 (ddd, J = 4.6, 9.8, 10.4, 

1H), 3.55 (tt, J = 6.8, 13.4, 1H), 3.51 (tt, J = 6.5, 12.8, 1H), 6.92 (d, J = 3.8, 1H), 2.96 (t, J = 7.0, 

2H), 2.33 (d, J = 13.1, 1H), 2.03-1.90 (m, 2H), 1.87 (s, 3H), 1.65 (d, J = 12.1, 1H), 1.54-1.51 (m, 

1H), 1.47 (app. tq, J = 3.6, 13.1, 1H), 1.31 (app. tt, J = 4.8, 13.1, 1H), 1.20 (app. tq, J = 4.1, 12.7, 

1H). 13C NMR: δ 171.6, 169.4, 143.8, 136.8, 129.0, 128.8, 128.3, 128.19, 128.18, 127.7, 127.6, 

127.43, 127.40, 126.2, 125.5, 121.9, 69.81, 69.77, 46.9, 44.0, 40.7, 35.7, 34.5, 28.9, 27.7, 23.4, 

22.7. 31P NMR: δ 0.36. LRMS calcd. for C38H44N2O6P (MH+) m/z = 655.29, found m/z = 655.98. 

[α]25
D 83.8 (c 0.57, CH3OH). 

(2S,5S)-Dibenzylphosphate, (2S,5S)-2.12, yield: 26 mg, 47%. HPLC: 20.8 min, 96%. 1H NMR: 

δ 7.78-7.72 (m, 3H), 7.65 (t, J = 5.6, 1H), 7.61 (s, 1H), 7.43-7.33 (m, 13H), 6.70 (d, J = 5.3, 1H), 

5.10-5.00 (m, 4H), 4.92 (d, J = 9.2, 1H), 4.53-4.48 (m, 1H), 3.88-3.78 (m, 2H), 3.67 (dq, J = 6.9, 

13.4, 1H), 3.47 (ddt, J = 5.4, 7.2, 13.4, 1H), 3.34 (d, J = 3.5, 1H), 3.00 (t, J = 7.4, 2H), 2.42 (d, J 

= 12.7, 1H), 1.94-1.84 (m, 2H), 1.74 (s, 3H), 1.71-1.68 (m, 2H), 1.55-1.53 (m, 1H), 1.16-1.09 (m, 

2H). 13C NMR: δ 171.0, 170.7, 144.0, 137.4, 135.5, 135.3, 133.6, 132.2, 129.07, 129.06, 128.9, 
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128.24, 128.22, 127.86, 127.82, 127.7, 127.6, 127.3, 125.9, 125.2, 121.2, 70.0 (d, J = 5.7), 68.5 

(d, J = 6.1), 48.7 (d, J = 3.4), 42.7, 41.0, 35.9, 34.4, 28.6, 28.1, 23.0, 22.7. [α]25
D 97.6 (c 0.61, 

CH3OH). 

(2S,5R)-Dibenzylphosphate, (2S,5R)-2.12, 33 mg, 58%. [α]25
D –79.3 (c 0.082, CH3OH). 

 (2R,5S)-Phosphate, (2R,5S)-2.1. (2R,5S)-Dibenzylphosphate, 

(2R,5S)-2.12, (22 mg, 0.034 mmol) was dissolved in TFA:TIS:H2O (95:2.5:2.5, 5 mL), and the 

mixture was stirred for 3 h. The reaction solution was concentrated, and the residue was purified 

by HPLC () to give a white solid (5.3 mg, 33%). HPLC: 14.5 min, 99%, with 0.1% TFA in the 

mobile phases. 1H NMR  (CD3OD): δ 7.68 (m, 3H), 7.59 (s, 1H), 7.31 (m, 3H), 5.21 (br, 1H), 

4.66 (br, 1H), 3.71 (br, 2H), 3.52 (br, 2H), 3.44 (br, 1H), 2.91 (br, 2H), 2.14 (d, J = 9.2, 1H), 

1.83 (m, 4H), 1.48-1.08 (m, 6H). 13C NMR (CD3OD): δ 174.7, 172.3, 142.2, 138.3, 135.1, 133.7, 

129.0, 128.9, 128.6, 128.45, 128.38, 126.8, 126.2, 125.6, 67.6, 44.7, 44.6, 41.8, 36.6, 35.3, 29.8, 

28.7, 23.8, 22.7. 31P NMR (CD3OD): δ 0.00 (overlapped with external H3PO4 standard). LRMS 

calcd. for C24H32N2O6P (MH+) m/z = 475.2, found m/z = 475.2. [α]25
D 62.3 (c 0.12, CH3OH).  

(2S,5S)-Phosphate, (2S,5S)-2.1, 7.1 mg, 54%. HPLC: 14.5 min, 95%, with 0.1% TFA in the 

mobile phases. 1H NMR (CD3OD): δ 7.80 (d, J = 8.1, 1H), 7.76 (d, J = 8.1, 2H), 7.62 (s, 1H), 

7.44 (t, J = 6.8, 1H), 7.40 (t, J = 6.8, 1H), 7.36 (d, J = 8.4, 1H), 5.09 (d, J = 8.3, 1H), 4.62 (br, 

1H), 3.84 (br, 2H), 3.66 (dt, J = 7.2, 13.1, 1H), 3.56 (br, 1H), 3.42 (app. dt, J = 6.8, 13.2, 1H), 

2.97 (t, J = 6.8, 2H), 2.31 (d, J = 13.2, 1H), 1.94-1.91 (m, 1H), 1.80 (m, 1H), 1.78 (s, 3H), 1.63-

1.51 (m, 3H), 1.36-1.31 (m, 1H), 1.24-1.16 (m, 1H). 13C NMR (DMSO-d6): δ 170.6, 169.8, 
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140.7, 137.3, 133.1, 131.6, 127.6, 127.5, 127.4, 127.3, 126.7, 125.9, 125.2, 123.8, 48.3, 41.8, 

35.2, 33.6, 27.9, 27.4, 22.5, 22.3. 31P NMR (DMSO-d6, 162 MHz): δ 1.11. LRMS calcd. for 

C24H32N2O6P (MH+) m/z = 475.20, found m/z = 475.14. [α]25
D 176 (c 0.14, CH3OH).  

(2S,5R)-Phosphate, (2S,5R)-2.1, 8.5 mg, 38%. HPLC: 14.4 min, 96%, with 0.1% TFA in the 

mobile phases. LRMS calcd. for C24H32N2O6P (MH+) m/z = 475.2, found m/z = 475.1. [α]25
D –

61.4 (c 0.22, CH3OH). 

 Determination of stereochemistry of (2R,3S)- and (2R,3R)-allyl alcohol, 

(2R,3S)- and (2R,3R)-2.3.  

(2R,3S)- and (2R,3R)-Oxazolidinones, (2R,3S)- and (2R,3R)-2.13. A mixture of allyl alcohol 

(2R,3S)- and (2R,3R)-2.3 (22 mg, 0.059 mmol) was dissolved in THF (3 mL). KH (3.5 mg, 

0.088 mmol) was added, and the mixture was stirred for 1 h. The reaction was quenched with 

CH3OH, diluted with NH4Cl (15 mL) and extracted with EtOAc (15 mL). The organic solution 

was washed with brine, dried with Na2SO4 and evaporated at reduced pressure. The crude 

product was purified by flash chromatography with EtOAc:hexanes (1:4), followed by 

EtOAc:hexanes (1:3) to give a colorless oil as a mixture of two diastereomers, (13 mg, 81%). 1H 

NMR: δ 7.38-7.26 (m, 5H), 5.84 (m, 0.87H), 5.76 (m, 0.13H), 5.30 (s, 0.87H), 5.24 (s, 0.13H), 

4.96 (d, J = 7.7, 0.87H), 4.55 (s, 0.26H), 4.51 (d, J = 5.5, 0.13H), 4.49 (s, 1.74H), 4.02 (m, 

0.87H), 3.78 (m, 0.13H), 3.51 (dd, J = 4.0, 9.3, 0.13H), 3.45 (dd, J = 7.8, 9.3, 0.13H), 3.39 (dd, J 

= 3.7, 9.3, 0.87H), 3.34 (t, J = 9.3, 0.87H), 2.06 (m, 2H), 1.95-1.86 (m, 2H), 1.69-1.50 (m, 4H). 
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 Determination of newly formed chirality of (2S,5R)-Z-alkene, (2S,5R)-

2.6.  

(2S,5R)-Z-Bicyclic alkene, (2S,5R)-2.14. (2S,5R)-Z-alkene, (2S,5R)-2.6, (34.0 mg, 0.0750 

mmol) was dissolved in CH2Cl2, and the solution was cooled with an ice bath. Pyridine (88.5 mg, 

1.12 mmol) was added, followed by the addition of CH3SO2Cl (103 mg, 0.900 mmol). The 

mixture was stirred and warmed slowly to rt. The stirring was continued for 16 h. The reaction 

was washed with H2O, dried with Na2SO4 and evaporated to give (S,R)-Z-alkene methylsulfonate 

as a colorless oil (29 mg, 73%). The crude product was used for next step without further 

purification. Pd(OH)2/C (2.5 mg, 20%) was added to a flask containing (S,R)-Z-alkene 

methylsulfonate (18 mg, 0.034 mmol). CH3OH (2 mL) was added, followed by the addition of 

HCOOH (235 mg, 5.10 mmol). The mixture was stirred and monitored by TLC. When the 

reaction was complete, the mixture was filtered through celite immediately and washed with 

CH3OH (25 mL). The filtrate was concentrated at reduced pressure, and the residue was 

neutralized with NaHCO3 and extracted with CH2Cl2 (25 mL × 2).The combined organic 

solution was dried with Na2SO4 and evaporated. The crude product was purified by flash 

chromatography with EtOAc:hexanes (1:12) to give (2S,5R)-2.14 (9.3 mg, 79%). 1H NMR: δ 

7.35-7.21 (m, 10H), 5.36 (m, 1H), 4.57 (d, J = 12.1, 1H), 4.53 (d, J = 12.1, 1H), 4.18 (d, J = 13.8, 

1H), 3.72 (dd, J = 4.6, 9.6, 1H), 3.46 (dd, J = 5.8, 9.6, 1H), 3.24 (d, J = 13.8, 1H), 3.15 (br, 1H), 

2.83 (dd, J = 5.6, 11.1, 1H), 2.36-2.23 (m, 1H), 2.13 (br, 1H), 2.04-1.96 (m, 1H), 1.87 (dd, J = 

9.5, 11.2, 1H), 1.76-1.67 (m, 2H), 1.64-1.59 (m, 2H), 1.34-1.13 (m, 2H), 0.87 (dq, J = 3.5, 12.5, 

1H). 13C NMR: δ 140.3, 139.6, 138.5, 129.1, 128.5, 128.3, 127.8, 127.7, 126.9, 120.2, 73.8, 73.4, 
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60.8, 59.4, 56.4, 37.0, 34.0, 31.8, 27.5, 25.5. HRMS calcd. for C24H30NO (MH+) m/z = 348.2322, 

found m/z = 348.2329. 

(2S,5S)-Z-Bicyclic alkene, (2S,5S)-2.14, was synthesized through the same procedure as for 

(2S,5R)-2.14, 6.2 mg, 79%. 1H NMR: δ 7.39-7.21 (m, 10H), 5.36 (d, J = 1.8, 1H), 4.53 (d, J = 

12.2, 1H), 4.49 (d, J = 12.2, 1H), 3.77 (s, 2H), 3.66 (dd, J = 6.8, 10.0, 1H), 3.42 (dd, J = 5.1, 10.0, 

1H), 3.31 (br, 1H), 2.70 (dd, J = 5.6, 12.8, 1H), 2.54 (dd, J = 9.2, 12.8, 1H), 2.22 (d, J = 13.5, 

1H), 2.14 (br, 1H), 2.02 (t, J = 12.3, 1H), 1.76 (t, J = 12.2, 2H), 1.64 (d, J = 12.3, 1H), 1.36 (tq, J 

= 3.2, 13.2, 1H), 1.24 (tq, J = 3.7, 13.1, 1H), 0.93 (dq, J = 3.3, 12.5, 1H). 13C NMR: δ 141.1, 

140.2, 138.8, 128.8, 128.4, 128.3, 127.6, 127.5, 126.8, 118.6, 73.1, 72.1, 58.6, 58.3, 51.8, 34.8, 

33.8, 32.2, 27.8, 26.0. HRMS calcd. for C24H30NO (MH+) m/z = 348.2322, found m/z = 348.2330. 

COSY and NOESY experiments were performed with (2S,5R)-2.14 and (2S,5S)-2.14, and the 

configurations of the stereogenic centers on the piperidyl rings were determined as follows:  

(1) Stereochemistry confirmation of (2S,5S)-2.14. 

 

COSY: (Hf, Hg), (He, He’), (He, Hg), (He’, Hg), (Hi, Hi’), (Hi, Hh), (Hi’, Hh), (Hh, Hj’), (Hj, Hj’), (Hj’, 

Hk’), (Hk, Hk’), (Hl, Hl’), (Hl’, Hm), (Hl’, Hm’), (Hl, Hm’). NOESY: (Ha, Hd), (Hb, Hc), (Hf, He’), 

(Hf, Hg), (Hf, Hm), (Hd, He), (Hd, He’), (Hc, Hh), (Hc, Hi), (Hc, Hg), (Hc, He), (He, Hi’), (He,  

Hg), (He, He’), (He’, Hg), (Hi, Hh), (Hi’, Hj’), (Hm, Hk/l), (Hh, Hj), (Hm’, Hk/l), (Hk/l, Hj’), 

(Hk/l, Hk’), (Hk/l, Hl’), (Hk/l, Hj), (Hj, Hj’), (Hj, Hk’). All peaks of the 1H NMR spectrum were 
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assigned based on the COSY spectrum. Key correlations in the NOESY spectrum are: (He, Hi’), 

(Hi, Hh). 

 

Figure 2.7. Major conformation of (2S,5S)-2.14 

The NOE correlation between He and Hi’ indicated that the CH2OBn group and Hi’ were 

syn to each other. The NOE correlation between Hi and Hh indicated that Hi and Hh were syn to 

each other. Therefore the relative position of Hh and the CH2OBn group was confirmed to be anti, 

and the configuration of the stereogenic center on the piperidyl ring was determined to be S 

(Figure 2.7). The coupling constant data support the stereochemistry determined by NOESY. 

The splitting patterns of Hi and Hi’ were: Hi, dd, J = 5.6, 12.9; Hi’, dd, J = 9.2, 12.6. Therefore 

the coupling constants between Hi-Hh and Hi’-Hh were 5.6 Hz and 9.2 Hz, respectively, which 

indicated that on this six-membered ring, Hi’ and Hh were anti to each other and both were axial 

(the two neighboring anti axial protons give a larger coupling constant, 9.2 Hz), while Hi and Hh 

were syn to each other (the two neighboring protons that are axial and equatorial give a smaller 

coupling constant, 5.6 Hz). Because Hi’ was axial on the six-membered ring, the CH2OBn should 

also be axial. Due to the close distance between the two 1,3-diaxial groups, the NOE correlation 

of Hi’ and He of the CH2OBn group was observed. 

(2) Stereochemistry of (2S,5R)-2.14. 
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COSY: (Hc, Hc’), (He, He’), (He, Hg), (He’, Hg), (Hi, Hi’), (Hi, Hh), (Hi’, Hh), (Hh, Hj’), (Hj, Hj’), (Hj, 

Hk), (Hj’, Hk), (Hj’, Hk’). (Hk, Hl), (Hm’, Hl’), (Hm’, Hl), (Hm, Hl’), (Hm, Hm’). All peaks of the 

proton spectrum were assigned based on the COSY spectrum. 

1D nOe experiment was performed by irradiating Hg. Strong NOE correlations observed were: 

(Hg, Hf), (Hg, Hc), (Hg, He), (Hg, He’), (Hg, Hc’) and (Hg, Hi’). Weak NOE correlations were: (Hg, 

Ha/b), (Hg, Hd). 

 

Figure 2.8. Major conformation of (2S,5R)-2.14. 

To determine the relative stereochemistry of Hi and Hi’ to Hg, 1d nOe was performed by 

irradiating Hg. NOE correlation between Hg and Hi’ was observed, indicating that Hi’ is syn to Hg. 

The splitting patterns of Hi and Hi’ were: Hi, dd, J = 5.6, 11.1; Hi’, dd, J = 9.5, 11.1. Therefore 

the coupling constants between Hi-Hh and Hi’-Hh were 5.6 Hz and 9.5 Hz, respectively, which 

showed a syn-relationship between Hi and Hh. Thus the relative position between Hg and Hh was 
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confirmed to be anti, and the stereogenic center on the piperidyl ring was determined to be R. 

The major conformation of (2S,5R)-2.14 is shown in Figure 2.8. 

IC50 Determination of Inhibitor (2R,5S)-, (2S,5R)- and (2S,5S)-2.1.  

(1) Preparation of inhibitor solutions 

The concentrations of the inhibitor stock solutions in DMSO:H2O (2:1) were determined as 

follows: A small sample of the stock solution was dried, and dissolved in 95% ethanol. The 

concentration was measured by UV at 286 nm (logξ = 3.59 for naphthyl group), and the 

concentration stock solution was calculated. The stock solution was diluted to prepare a series of 

solutions with different concentrations.  

(2) Isomerization rate constant in the presence of Pin1 and an inhibitor, kobs:  

The HEPES buffer (1014 µL, 35 mM, pH = 7.8) was added into a cuvette at 4 °C. Pin1 

(30 µL, stock concentration 2.68 µM, final concentration in the assay 67 nM) in Tris·HCl (aq. 20 

mM) and the inhibitor (30 µL of varied concentrations in DMSO:H2O (2:1).) were added into the 

cuvette, and the mixture was pre-equilibrated for 12 min. A solution of α-chymotrypsin in 0.001 

N HCl (120 µL, 60 mg/mL; final concentration in the assay 6 mg/mL) was added, immediately 

followed by the addition of  the Suc–Ala–Glu–Pro–Phe–pNA substrate (6 µL, 6 mM in TFE 

containing 0.48 M LiCl). The cuvette was inverted four times. The concentration of released 

pNA was recorded by UV at 390 nm for 90 s.  

(3) Pin1-catalyzed isomerization rate constant, kPin1, and thermal isomerization rate constant, 

kthermal: 

The thermal isomerization rate constant, kthermal, of the substrate at 4 °C was determined in the 

absence of Pin1 and inhibitors, and the Pin1-catalyzed isomerization rate constant, kPin1, was 

determined in the absence of inhibitors. The procedure was the same as above, except that 
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DMSO:H2O (2:1, 30 µL) and/or Tris·HCl solution (30 µL) were added to bring the total volume 

of the mixture solution up to 1.2 mL. 

% inhibition = 1 − (kobs − kthermal)/(kPin1 − kthermal)                    eq. 2.1 

The % inhibitions were plotted against log [I] ([I]: concentrations of an inhibitor in µM) 

with Table Curve, Version 3. The IC50 value of an inhibitor was the concentration of the inhibitor 

at 50% inhibition derived from the curve. 

 

Figure 2.9. Inhibition of Pin1 by (2R,5S)-2.1, IC50 = 52 ± 4 µM 
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Figure 2.10. Inhibition of Pin1 by (2S,5R)-2.1, IC50 = 85 ± 10 µM 

 

 

Figure 2.11. Inhibition of Pin1 by (2S,5S)-2.1, IC50 = 140 ± 20 µM 
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Chapter 3. Pin1 WW domain, Combinatorial Chemistry and 

Phosphorylation 

This chapter introduces my research on the Pin1 WW domain. We aim to identify ligands 

for the Pin1 WW domain through combinatorial libraries, which contain the pSer–Pro dipeptide 

as the core structure. The dipeptide was linked to the solid phase through the phosphate group. 

This chapter consists of three parts, background on the WW domain, combinatorial chemistry, 

and phosphorylation chemistry. In the first part, the structure of WW domain, the binding modes 

with the ligands, and known Pin1 WW domain ligands are discussed. In the second part, 

applications, design and synthesis, especially solid-phase synthesis, of combinatorial libraries are 

reviewed. In the third part, phosphorylation of alcohols, the reported solid-phase phosphorylating 

reagents, and synthesis of phosphopeptides are discussed. 

3.1 WW domain 

3.1.1 Introduction 

The WW domain is one of the smallest protein domains, containing 35-40 amino acids 

with two highly conserved tryptophan (W) residues spaced 20-22 amino acids apart, hence the 

name WW domain.91-93 Most WW domains have a high content of hydrophobic, aromatic and 

proline residues.91,92,94 The WW domain is a very common intracellular protein interaction 

module, often present in multiple copies (up to four) within the same protein.95 It has been found 

in numerous unrelated proteins of yeast, plant, animal and human, e.g. Nedd4, Rsp5, Ess1 and 

Pin1, in both the cytoplasm and the cell nucleus.95 Various studies have confirmed that the WW 

domain mediates protein-protein interactions by binding proline-rich peptides.91 WW domain 
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mediated protein-protein interactions have been implicated in several important biological 

processes, including the cell cycle, coactivation of transcription, and ubiquitin ligation.95 Some 

WW domain-containing proteins are implicated in several human diseases, such as Alzheimer’s 

disease, Liddle’s syndrome, and Duchenne muscular dystrophy.96,97  

3.1.2 Structures of WW domains 

Although the name of the WW domain is derived from the two highly conserved 

tryptophans (Figure 3.1), some WW domains lack the second tryptophan.98 An N-terminal 

proline two amino acids away from the second tryptophan is present quite often, but not always. 

Based on the presence or absence of these two amino acid residues, WW domains are classified 

into three groups. Group I has both the second tryptophan and the N-terminal proline, Group II 

has the second tryptophan, but does not contain the N-terminal proline, and group III lacks the 

second tryptophan. Moreover, almost all WW domains have at least one tyrosine, whose 

aromaticity is important in the binding mechanism.98 

 

Figure 3.1. Sequence alignment and the secondary structure of selected WW domains.  

“Reprinted from FEBS Letters, 513, Maria J. Macias, Silke Wiesner, Marius Sudol, WW and 

SH3 domains, two different scaffolds to recognize proline-rich ligands, 30-37, 2002, with 

permission from Elsevier.” The strictly conserved residues are colored black, semi-conserved 

yellow and other conserved gray. Negatively charged residues are shown in blue and positively 

charged in brown.98 



 
 

66 

 

Figure 3.2. Fold of the YAP WW domain. “Reprinted from Biophysical Journal, 77, Gulshat T. 

Ibragimova, Rebecca C. Wade, Stability of the beta-sheet of the WW domain: A molecular 

dynamics simulation study, 2181-2198, 1999, with permission from Elsevier.” Dashed lines refer 

to hydrogen bonds.99 

In the absence of ligands and bound ions, the WW domain folds as a twisted anti-parallel 

three-stranded β-sheet that is monomeric in solution (Figure 3.2).99 The hydrogen bonds formed 

between the carbonyl oxygen and the amide hydrogen from separate amino acid residues are key 

to the formation of the β-sheet.99 Studies on the WW domain of YAP, the first WW domain 

structure solved, showed that the three strands are composed of residues 16-22, 26-32 and 35-39, 

respectively.91 Residues 14-17, 23-25 and 33-34 form the turns to connect the strands.91 Eight 

hydrogen bonds occur between the adjacent strands to hold them together.91,99 Factors that affect 

the stability of the β-sheet include side-chain packing (aromatic residues on the neighboring 

strands), domain-solvent interactions, and electrostatic interactions within the domain.91,99 

Studies on other WW domains with different ligand preferences revealed similar structures.99 

The five WW domain structures, FBP28, PROTOTYPE, YJQ8, Pin1 and dystrophin WW 

domains, are almost superimposable (Figure 3.3). The structures were taken from PDB (1E0L, 
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1E0M, 1E0N, 1F8A and 1EG4) and edited manually.100 Only the ligand for the dystrophin WW 

domain is shown.100 

 

Figure 3.3. Superposition of five WW domain structures. “Reprinted from Cellular Signalling, 

14, Jane L. Ilsley, Marius Sudol, Steven J. Winder, The WW domain: Linking cell signalling to 

the membrane cytoskeleton, 183-189, 2002, with permission from Elsevier.” The three strands 

are colored in light grey and the loops in dark grey. The dystrophin ligand, β-dystroglycan 

peptide labeled as PPxY, is shown.100 

3.1.3 WW domain-peptide complexes 

WW domains bind proline-containing peptides and according to the ligand selectivities, 

are divided into five groups.101 No relationships between primary-structure-based classifications 

and ligand-based classifications have been discussed. Group I binds Pro−Pro−Xaa−Tyr motifs, 

and the phosphorylation of tyrosine exerts negative regulation on the binding affinity.101 Group II 

selects peptides with the Pro−Pro−Leu−Pro motif.101 Group III recognizes sequences with the 



 
 

68 

core consensus of Pro−Pro followed by Arg or Lys.101 Group IV binds specifically 

pSer/pThr−Pro motifs.101 Group V recognizes the consecutive polyproline sequence.101 To date 

only structures of Group I and IV WW domain-ligand complexes have been solved. For proline-

rich ligands, the dissociation constants (Kd) of the WW domain complexes range from high nM 

to low mM. For pSer/pThr−Pro-containing ligands, Kd ranges from low µM to low mM 

range.3,94,102  

WW domains recognize Xaa−Pro motifs, where Xaa is a variable amino acid. The two 

conserved residues on the WW domain, Tyr from the second strand and Trp at the end of the 

third strand, form a groove by aromatic packing.103 The pyrrolidine ring of the Xaa−Pro can 

efficiently fit in the aromatic groove (Figure 3.4), which is a general way for protein domains to 

bind proline-containing motifs, such as SH3.101,104 Proline, a secondary amine, distinguishes 

itself from the other 19 common natural amino acids, and as a consequence, selectivity can be 

achieved even with low affinity.103,105 Moreover, in different WW domain-ligand complexes, the 

binding can take place in either of two orientations, N- to C-terminus (+) or C- to N-terminus 

(−).103,105 This can be explained by the approximately same stability of the two opposite-

orientation bindings due to the presence of a rough C2 symmetric element in both the ‘Xaa−Pro’ 

pair and the binding groove.103,105 Hence, additional contacts are required to determine the 

binding orientation.103,105  

The selectivity for sequences flanking the Xaa−Pro motifs of different WW domains is 

dependent on the less conserved residues and the two loops on the same surface as the groove. 

For example, the dystrophin WW domain recognizes Pro−Pro−Xaa−Tyr motifs due to the 

interactions between the hydrophobic pocket on loop II formed by the conserved residues 

(frequently His) and the Tyr residue in the cognate ligand (Figure 3.5).104 This contact, combined 
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with the interactions between the aromatic groove and Xaa−Pro, ensures that the C- to N-

terminus (−) is the only favorable orientation for binding.103 

 

Figure 3.4. Cartoon representation of mechanism recognizing the PPXY (Group I WW domains) 

and pSP (Group IV WW domains) motifs.103 “Reprinted by permission from Macmillan 

Publisher Ltd: [Nature Structural and Molecular Biology] (Zarrinpar A, Lim WA, Converging on 

proline: the mechanism of WW domain peptide recognition. Nature Structural and Molecular 

Biology, 2000, 7(8), 611-613), copyright (2000)”  

The adjacent domains in the same protein can influence ligand recognition, which implies 

that WW domains may just have an auxiliary effect on recognition in tandem with neighboring 

domains.103  
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Figure 3.5. Complex of dystrophin-β-dystroglycan. “Reprinted by permission from Macmillan 

Publishers Ltd: [Nature Structural and Molecular Biology] (Huang X, Poy F, Zhang R, 

Joachimiak A, Sudol M, Eck MJ, Structure of a WW domain containing fragment of dystrophin 

in complex with beta-dystroglycan. Nature Structure and Molecular Biology, 2000, 7, 634-638), 

copyright (2000)”Hydrogen bonds are shown by thin red lines.104 PDB ID: 1EG4 

3.1.4 The Pin1 WW domain 

As discussed in chapter 1, Pin1 contains two domains, the catalytic domain and WW 

domain.1 The Pin1 WW domain (Figure 3.1)106 falls into group I WW domains. Based on its 

ligand motif, the Pin1 WW domain belongs to group IV, binding peptide sequences containing 

pSer/Thr residue immediately followed by a proline (pSer/pThr–Pro motif).101 The Pin1 WW 

domain structure indicating the inter-residue interactions is shown in Figure 3.6.107  
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Figure 3.6. Interactions in the Pin1 WW domain. “Reprinted from Journal of Molecular Biology, 

311, Marcus Jäger, Houbi Nguyen, Jason C Crane, Jeffery W Kelly, Martin Gruebele, The 

folding mechanism of a β-sheet: the WW domain, 373-393, 2001, with permission from 

Elsevier.” Residues that form the β-strands are colored light blue, and loop residues are colored 

yellow. The three residues in white, Leu7, Pro8, and Pro37, form the hydrophobic patch. The 

two conserved Trp residues are in Red. Arrows in black represent hydrogen bonds between 

backbones. Arrows in magenta represent hydrogen bonds between side chains and backbones. 

Dotted lines in black represent hydrophobic interactions.  Residues that form the binding site are 

shown in bold.107  

The X-ray structure of the crystal formed with the WW domain in complex with the 

diphosphorylated Cdc25 heptapeptide (YpSPTpSPS) complex were obtained by Verdecia et al 

(Figure 3.7).3 Figure 3.7a and c show the presence of two important binding sites on the WW  
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Figure 3.7. Pin1-heptapeptide complex. a. Ribbon representation of the Pin1-heptapeptide 

complex. The WW domain is colored purple, the PPIase domain is colored blue and the carbons 

of the bound peptide are colored yellow. Amino acid residues on the ligand are labeled with 

primes. b. Interaction of the aromatic molecular clamp and part of the bound peptide. c. Ribbon 

representation of the WW domain-heptapeptide complex derived from figure 3.7a by a 90o 

rotation around a vertical axis.3 PDB ID: 1F8A “Reprinted by permission from Macmillan 

Publishers Ltd: [Nature Structural and Molecular Biology] (Mark A. Verdecia, Marianne E. 

Bowman, Kun Ping Lu, Tony Hunter, Joseph P. Noel, Structural basis for phosphoserine-proline 

recognition by group IV WW domains, 2000, 7, 639-643), copyright (2000)”. 
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domain. The first region is a molecular clamp (Figure 3.7b) formed by the two aromatic rings 

from Tyr23 and Trp34 accommodating the ring structure of Pro6’ and the backbone of pSer5’. 

The second region is the pocket composed of Ser16 and Arg17 at the lower portions of the β1 

and β2 strands. The pocket interacts with the phosphate on the side chain of pSer5’ through 

multiple hydrogen bonds. Tyr 23, although not within hydrogen bonding distance from the 

phosphate on pSer5’, is capable of interacting with the phosphate indirectly through a bound 

water molecule. In addition to these two binding sites, van der Waals contacts between Arg15 

and Phe25 of the WW domain and Pro3’ of the heptapeptide occur due to the twist of the upper 

portions of the β1 and β2 strands. Another hydrogen bond forms between the hydroxyl group of 

the nonphosphorylated Ser7’ and the indole nitrogen of Trp34.3  

The X-ray structure also shows that both pSer-Pro amide bonds adopt the trans- 

conformation, and the binding orientation is N- to C-terminus (+).3 The weak electron density of 

Tyr1’ and pSer2’ implies almost no interaction between the WW domain and these residues, 

suggesting that the small Pin1 WW domain can interact with a polypeptide with a maximum of 

five amino acid residues.3  

NMR, including 1H NMR, intermolecular NOESY and 15N NMR, is a useful tool to study 

the structures of WW domain-substrate complexes.105,108,109 Using homonuclear TOCSY and 

NOESY, the 1H NMR of the isolated Pin1 WW domain was assigned.105 The changes in 

chemical shift or the width of some peaks resulting from the addition of the substrate provided 

information on the binding mode. Comparing the 1H NMR of the isolated WW domain with the 

WW domain-peptide complex, Wintjens et al. drew an NMR binding map by plotting the 

changes in chemical shift against the location of the residues on the WW domain.105 The map 

showed clearly that the Arg12 and Trp29 are the binding sites.105 The intermolecular NOE 
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showed an N- to C-terminal (+) orientation of the substrates.105 By comparing with the NMR of 

both cis- and trans- free ligand, Cdc25 peptide, the NMR of complexes confirmed that the 

substrates adopt the trans-conformation in solution.105 The dissociation equilibrium constants of 

the WW domain-substrate complexes can also be calculated from the 1H NMR.105  

X-ray and NMR structures reveal that the two essential interactions between the Pin1 

WW domain and its ligands are the Xaa−Pro groove and the phosphate binding pocket. The 

former is a common recognition mechanism among all WW domains, and the latter provides the 

unique ligand selectivity for the Pin1 WW domain.  

Three residues, Ser16 and Arg17 on loop I, and Tyr23 contribute the most to the 

phosphate preference.102,105 Arg17 is the key to Pin1 WW domain’s selectivity because it is not 

present in most other WW domains.102,105 This extra residue makes loop I longer and hence the 

loop is capable of adopting a special conformation, which is further stabilized by multiple 

hydrogen bonds between the side chain of Ser16 and residues on loop I, to bind the phosphate.3 

When the phosphate binds to the domain, the phosphate forms a network of hydrogen bonds with 

these three residues to stabilize the whole complex. This binding mode implies that the 

pSer/pThr−Pro motifs can only bind in the (+) orientation, which is consistent with experimental 

results.103,105  

The flexible loop of the Pin1 WW domain is critical for the binding specificity.110 Peng et 

al. found that this loop became partially rigid upon ligand binding.110 Deletion of Ser19, which is 

not chemically important for ligand binding, shortened the loop, and decreased both the loop 

flexibility and the ligand binding affinity. The authors suggested that besides the chemical 

features, the conformational dynamics of the recognition loops play an important role in the 

binding selectivity.110 
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3.1.5 Pin1 WW domain and Pin1 activity 

Although the catalytic site is located in the Pin1 PPIase domain, the WW domain is 

thought to affect the Pin1 activity. Pin1 activity is regulated by phosphorylating the Ser/Thr 

residues in the WW domain.111 Phosphorylation of Ser16 in the WW domain significantly 

decreased the substrate binding.111 One hypothesis is that the WW domain binds substrates prior 

to the isomerization of the prolyl amide bond in the PPIase domain.111 Some residues in the WW 

domain are essential to Pin1 enzymatic activity. Behrsin et al. found that two residues, Trp11 and 

Ser32, are conserved.48 Trp11 is critical to the folding and stability of the WW domain,48,106 and 

Ser32 is probably essential to the substrate binding.3,48 Although previous studies showed that 

Tyr23 and Trp34 are highly conserved,14,112 Behrsin found that substitution of Tyr23 with Phe or 

substitution of Trp34 with Arg does not result in loss of Pin1 activity.48 

Ligands that bind to the Pin1 WW domain may be used as Pin1 inhibitors, and provide 

valuable information about Pin1 activity. Verdecia et al. investigated the sequence selectivity 

flanking the pSer/Thr–Pro binding motif in nature substrates (Table 3.1).3 The top four ligands, 

3.3, 3.7, 3.12 and 3.13, all have a Pro residue at the X−2 position relative to the Ser/Thr in the 

binding motif, suggesting a possible sequence selectivity, Pro–Xaa–pSer/Thr–Pro.3 Some ligands, 

such as 3.3 and 3.7, binding specifically to the WW domain also inhibit Pin1 activity,3 which 

proved that the WW domain ligands may be used as Pin1 inhibitors. 
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Table 3.1. Pin1 WW domain ligands3 

Ligands Sequence WW domain 

(µM) 

Catalytic domain 

(µM) 

Full-length Pin1 

(µM) 

3.1 WFYSPFLE Not determined Not determined > 540 

3.2 WFYpSPFLE 44 86 17 

3.3 VPRpTPV 7.7 No binding 4.9 

3.4 YLGpSPI 91 > 400 69 

3.5 LYRpSPS 72 > 500 47 

3.6 GSSpSPV Not determined Not determined 73 

3.7 PPApTPP 15 No binding 12 

3.8 PPGpSPP 126 No binding 80 

3.9 STSpTPR 39 No binding 46 

3.10 YSPTSPS No binding No binding No binding 

3.11 YpSPTSPS 110 No binding 61 

3.12 YSPTpSPS 34 > 500 30 

3.13 YpSPTpSPS 34 390 10 

 

Dipeptide, Ac–pThr–Pro–NH2 (Kd = 150 µM by NMR), is thought to be one of the 

smallest molecules that fulfill the minimal requirements as a substrate.102 The affinity was 

significantly improved by either adding a fluoro group or incorporating a double bond on the 

five-membered ring (3.15 and 3.16 in Figure 3.8, respectively).102 Replacement of Pro with Pip 

(3.14) did not affect the binding affinity.102 
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Figure 3.8. Ac–pThr–Pro–NH2 analogues as Pin1 WW domain ligands102 

Replacement of pThr with hydrophilic groups (3.17, 3.18 and 3.19 in Figure 3.9) resulted 

in loss of affinity, indicating that the phosphate group is crucial for binding.102  

 

Figure 3.9. Ac–pThr–Pro–NH2 analogues without phosphate group102 

Smet et al. found that the affinity could be improved by flanking hydrophobic aromatic 

moieties at the N-terminus.102 Ligands with Kd values in the low micromolar range were 

identified (3.20, 3.21 and 3.22 in Figure 3.10).102 

 

Figure 3.10. Ac–pThr–Pro–NH2 analogues with N-terminal hydrophobic moieties102 
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Not all Pin1 WW domain ligands inhibit Pin1 enzymatic activity. Two 

perhydropyrrolizines, 3.23 and 3.24, were reported to bind to the Pin1 WW domain, but did not 

inhibit Pin1 activity at all (Figure 3.11).67 

 

Figure 3.11. Perhydropyrrolizines. 

The binding of 3.23 and 3.24 to the Pin1 WW domain was revealed by 15N, 1H-HSQC-

NMR spectroscopy.108,113,114 Kd values were not reported. 

3.2 Combinatorial chemistry 

3.2.1 Introduction 

Combinatorial chemistry is an important methodology for the pharmaceutical and 

biotechnology industries. Before the appearance of combinatorial chemistry, extracts isolated 

from natural products, and the database of a vast number of unrelated compounds synthesized by 

traditional chemistry were the main sources to screen biologically active compounds for drug 

discovery.115 This process was time-consuming and extremely expensive. Therefore, more 

efficient and economical methods were highly in demand. 

Since solid-phase peptide synthesis (SPPS) was first introduced by Merrifield in 1963,116 

it has become a powerful tool to synthesize peptides. In 1984, Geysen described a procedure on 

SPPS to synthesize hundreds of peptides simultaneously for bioassay.117 Since then the idea of 

concurrent synthesis of a large number of compounds has been widely employed, and the 
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concept of a new subdiscipline of chemistry, combinatorial chemistry, was introduced by Furka 

in 1991.118 Besides peptide libraries, various small organic molecule libraries have been designed 

and synthesized.119 Modern combinatorial chemistry not only plays an important role in 

medicinal chemistry, but has profound impacts on many fields of chemistry. 

Combinatorial chemistry can be defined as a technique to concurrently synthesize a large 

number of different, but structurally related compounds.120 In combinatorial chemistry, a 

collection of those compounds is called a library. In traditional chemistry, one product is 

generated at one time, while in the combinatorial chemistry, a library is obtained (Figure 

3.12).121 Compounds in the same library usually have a common core structure.120 A library is 

prepared through one or more steps, and in each step, every single starting material containing 

the core structure reacts with a set of different building blocks under the same or similar 

conditions. In this way all possible combinations can be achieved. Because the reaction 

conditions of each combination in a step are very similar, automated synthesis is quite often used 

in combinatorial chemistry.120 Compared to traditional synthesis, the combinatorial approach is 

more efficient in producing a series of diverse molecules for screening: it is a faster and cheaper 

way to identify active compounds. 

A + B AB
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A4
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.
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(I) (II)  

Figure 3.12. Traditional synthesis (I) and combinatorial synthesis (II)121 

 



 
 

80 

Combinatorial chemistry generally consists of four steps.121 (1) a library to achieve the 

specific goal is designed based on the relevant knowledge of chemistry and biology, and  

sometimes computational methodology is employed; (2) the library is synthesized with the 

combinatorial reaction apparatus; (3) the activities of all final products are evaluated by the 

proper methods;(4) the structure and purity of active compounds should be confirmed by 

analytical techniques, such as MS, NMR etc. Resynthesis on a relatively large scale, and more 

complete reassays of those compounds are usually required. 

3.2.2 Methods in combinatorial chemistry 

In solid-phase synthesis, the starting material is attached to the solid support and the 

building blocks are added stepwise. Finally, cleavage is performed to release the product from 

the solid support.30,122 Because the removal of soluble impurities can be achieved simply by 

filtration and rinsing at each step, excess reagents may be used to drive reactions to completion 

without added difficulties in the purification steps. Moreover, the repetitive operations, 

especially in peptide synthesis, such as protection, coupling, deprotection and washing, are easily 

performed by automation.123 Due to its characteristic merits, solid-phase synthesis has been 

applied the most by far since the inception of combinatorial chemistry.124  

Solid supports in solid-phase combinatorial synthesis (SPCS) are polymers with four 

basic features: (1) insoluble in all solvents involved in the synthesis, (2) mechanically stable 

enough to maintain its shape intact after agitation, (3) porous to allow the diffusion of molecules 

of solvents, reagents and building blocks, and (4) a reactive site to which the starting material 

can be attached.116 To date, many kinds of resins, mainly polystyrene cross-linked with 

divinylbenzene (DVB), and polystyrene-polyethylene glycol copolymer (PS-PEG), with different 

physical and chemical properties have been employed in SPCS.115,119 Recently, “volatilizable” 
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solid supports were developed by attaching a “volatilizable” linker to silica gel.125 These solid 

supports were used in peptide synthesis. In the cleavage step, HF was added to convert the solid 

supports into volatile compounds, leaving the desired peptide as the only product.125 The most 

common functionalities anchored to resins are carboxyl, amino and hydroxyl groups.126  

Almost all types of solution reactions can be carried out by solid-phase synthesis. In the 

synthesis of peptide libraries, coupling reactions in the presence of appropriate coupling reagents 

between the amino and carboxylic group are employed to elongate the peptide chain.127 Boc and 

Fmoc are the main methods. In the Boc approach, removal of Boc and final cleavage is achieved 

selectively by graduated acidolysis, usually with TFA and HF respectively. In the latter method, 

the Fmoc protecting group is removed by mild base while the cleavage is performed by acid. The 

orthogonal strategy has made Fmoc the best choice in solid-phase peptide synthesis.127 In the 

synthesis of small molecule libraries, various reactions including halogenations, reductions, 

oxidations, alkylations, and even transition metal-catalyzed reactions have been applied. General 

methods and examples were reviewed by Thomson and Ellman.119  

Another commonly used method to synthesize libraries is to use solid-supported reagents, 

scavengers or catalysts in solution-phase chemistry, which is called polymer-assisted solution-

phase synthesis (PASPS).121,128 In PASPS, solid-supported reagents are usually used in excess. If 

one or more reactants are in excess, solid-supported scavengers are added to capture the 

unreacted reactants to the solid phase, and all solid-supported compounds are removed by 

filtration in the work-up steps (Scheme 3.1).121 Besides the simple work-up steps, the reaction of 

PASPS can be monitored as conveniently as regular solution-phase reactions. Due to these 

advantages, this approach has been applied to synthesize all kinds of libraries, even natural 

products.129-133 A large number of solid-supported reagents have been reported.134-137 For 
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example, a novel amide-coupling reagent, PS-IIDQ, was used without pre-activation to 

synthesize amides in high yields (up to 89%) and excellent purity (> 99%) (Scheme 3.2), and PS-

IIDQ could be regenerated.138  

Scheme 3.1. Polymer-assisted solution-phase synthesis121 

A + B
reagent

scavengerexcess

A B +
consumed reagent

scavenger B  

Scheme 3.2. PS-IIDQ as a solid-supported coupling reagent138 

 

Although SPCS is the most popular method in combinatorial chemistry, it is not 

appropriate in some cases. Major drawbacks include: (1) the reactions cannot be monitored as 

conveniently as solution reactions; (2) the heterogeneous reaction rate is much slower than the 

homogeneous reaction rate; (3) the chemistry in solution sometimes does not work under 

heterogeneous conditions; (4) some functionalities on the substrates are not compatible with 

linkage and cleavage steps.139 Those problems in SPCS have been partially solved by liquid-

phase synthesis.115 

In combinatorial chemistry, liquid-phase synthesis refers to the utility of soluble 

polymers as the supports for substrates or reagents.140 Liquid-phase combinatorial synthesis 
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(LPCS) combines the advantages of both solid-phase and solution-phase syntheses. Due to the 

high solubility of compound-linked polymer, the reaction is totally homogenous. One of the 

distinct advantages arising from the homogeneity is that the reaction can be monitored directly 

by the analytical techniques used in ordinary reactions, such as NMR, IR and TLC.140 The 

purification procedure in each step in LPCS is as simple as in SPCS, accomplished by one of the 

following strategies. (1) the organic compound-linked polymer is precipitated out by adding a 

solvent in which the polymer is unsoluble, and the solution with the impurities is removed by 

filtration;140 (2) some polymeric supports can be conveniently crystallized in proper solvents;140 

(3) because the size of polymer molecules is much larger than ordinary organic compounds, the 

polymeric support can be separated by dialysis with a semipermeable membrane.141  

Polymers employed in LPCS have a medium molecular weight, high enough to be in 

solid form at room temperature and low enough to provide solubility in some commonly used 

organic solvents. The most frequently applied type of polymers in LPCS is polyethylene glycol 

(PEG). By taking advantage of its helical structure, the polymer has a strong tendency to be 

crystalline, thus simplifying the purification procedure.139  

3.2.3 Parallel synthesis and “Split and Mix” synthesis 

Molecular diversity is a key element for a library. However, if the mechanism of binding 

the compound to the biological target, or the structure of a lead compound is available, the 

library just requires a relatively small number of diverse structures. This type of library is termed 

a “focused library” or “biased library” and, can be prepared by parallel synthesis.119  

Parallel synthesis is a combinatorial technique suitable to synthesize a library with 

hundreds to thousands of compounds. During the whole synthesis, each reaction is carried out in 

a spatially separate vessel.119 The pure products are afforded and their structures are defined by 
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the location. After evaluation, the structure of the “best” compound can be identified directly. 

Typically a 96-well plate is used as the reaction apparatus in parallel synthesis.121  

When the information on the structure of the active compounds is not available and 

therefore the screening is relatively random, large libraries comprising thousands to millions or 

even more compounds need to be synthesized, and “Split and Mix” synthesis is a powerful 

approach to reach the goal.119,121,142 The general procedure of this strategy is given in Figure 3.13. 

The solid support is divided into several portions. Each portion is treated with one of the first 

building blocks. Then first-building-block-linked beads are mixed and split into a number of 

portions. Then each portion again is treated with one of the second building blocks.  The “split 

and mix” approach is applied at each step, so all the possible combinations of the building blocks 

can be obtained. For an m-step reaction, if the choices of different building blocks at each step 

are: N1, N2, N3,…,Nm, a library containing N1*N2*N3…Nm compounds will be 

produced.119,121 In the “Split and Mix” approach, the final product in a reaction vessel is a 

mixture. Hit compounds can be identified by MS on the bead. After evaluation, resynthesis of 

libraries is usually necessary to identify the active compound. 
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A3
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A3

B1
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A2 B3
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Figure 3.13. “Split and Mix” synthesis of libraries 

3.2.4 Applications and Design of Libraries 

In the early days, combinatorial synthesis was mainly used to synthesize peptides and 

oligonucleotides.121 As the design concept to incorporate the transition state analogs came into 
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being,143 libraries comprising nonpeptidic compounds with transition-state mimetic core 

structures have been created.144 Due to the poor oral bioavailabity of peptides, more and more  

nonpeptidic small-molecule libraries have been developed.119 Combinatorial techniques have 

been routinely used in pharmaceutical and biotechnology companies to identify biologically 

active compounds as enzyme inhibitors and receptor antagonists. Libraries are also employed to 

discover and optimize catalysts and materials.145,146  

The design of libraries for a specific purpose is comprised of three steps. 

1. Selection of the scaffold (core structure).  

The scaffold is the building block that a library starts with. There are two effective ways 

to choose the structure of the scaffold. One is based on privileged structures which have been 

proven to have the crucial elements of some drugs or very biologically active compounds for 

specific targets.122 The other strategy is to design the scaffold based on the recognition motif of 

the biological targets.122 For example, a structural mimic of the transition state in an enzyme-

catalyzed reaction is a good scaffold candidate for libraries to screen for potent inhibitors of that 

enzyme.122  

2. Selection of the building blocks.  

The availability of the building blocks needs to be considered. The building blocks 

should be commercially available or at least easily prepared. More importantly, by sequentially 

incorporating the selected building blocks in the library, reasonable molecular diversity should 

be attained.122  

3. Selection of the synthetic chemistry. 

The synthetic chemistry should not interfere with the functionalities on the scaffold and 

building blocks which are not supposed to participate in the reactions. If some potential side 
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reactions cannot be avoided, protection of the active functionalities is required. Based on the 

chemistry and quantities of the final products needed for evaluation, the appropriate synthetic 

method (solid-phase, liquid-phase or solution) and, if solid-phase is chosen, the solid support 

should be chosen as well.122  

Methods for library design emerged with the development of computational chemistry.147 

By modeling the three-dimensional structures of the complexes of a biological target and a series 

of compounds, computational chemistry can help estimate how well the compounds fit the target 

and eliminate those compounds not likely to be active, making the designed library more 

“focused”.121 A typical example of computer-aided design and synthesis of library was reported 

by Zhao.148 To discover FKBP (FK506-binding protein) ligands, Zhao et al. designed a novel 

scaffold structure by analyzing a weak FKBP ligand with LUDI, a program developed by 

Bohm.149 By incorporating two diverse substituents flanking the scaffold structure, a virtual 

library containing 57120 members was generated, and screened by an automated docking 

program. Taking the synthetic accessibility into account, 43 compounds out of the 500 top-

scoring virtual members were selected to build the library, and several potent ligands were 

identified.148  

3.3 Phosphorylation of peptides 

3.3.1 History of phosphorylation chemistry 

Phosphorylation plays a critical role in regulating protein-protein interactions (e.g. WW 

domain described previously), and therefore phosphorylated peptides are valuable reagents to 

investigate biological processes.150 The first phosphorylation of alcohols was reported by Jean 

Lassaigne early in the 19th century, using phosphoric acid and ethyl alcohol.150 In 1934, Levene 
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and Schormueller accomplished the synthesis of phosphorylated hydroxyamino acids, employing 

POCl3 as the phosphorylating reagent for tyrosine and serine.150 The first synthetic 

phosphopeptides, pTyr−Gly, pTyr−Gly−Gly, Gly−pTyr and Gly−pTyr−Gly were reported by 

Posternak and Grafl in 1945.150 Taking advantage of successful syntheses of various 

phosphorylating reagents and new protection strategies, a large number of methodologies have 

been developed, providing effective approaches for different cases. 

3.3.2 Methods of Phosphorylation 

There are two strategies to perform the phosphorylation of alcohols, including the 

hydroxyl functionalities on the side chain of amino acids.150,151 The first method is to 

phosphorylate the alcohol directly with an appropriate P(V) reagent. In the second method, the 

alcohol is treated with a P(III) species and the resulting phosphite intermediate is oxidized to 

afford the corresponding phosphate.150,151 At present, the latter method is much more frequently 

employed in both solid-phase and solution syntheses. But P(V) phosphorylating reagents are still 

used in some cases, particular for compounds with functionalities sensitive to oxidation such as 

alkenes.151  

The most straightforward way to prepare monophosphate esters is to apply phosphoric 

acid and phosphorus pentaoxide as the phosphorylating reagents, giving the product in one 

step.151 Although these reagents are very cheap, this method suffers from the fact that multiple 

side reactions, such as formation of pyrophosphates, can take place, and currently it is not often 

used.Among all P(V) phosphorylating reagents, the most popular are dialkyl- or diaryl-

phosphorochloridates (Scheme 3.3).151 Under basic conditions, the alcohol reacts with a dialkyl- 

or diarylphosphorochloridate to generate a phosphate triester. Because the two protecting groups 
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can effectively prevent some side reactions in the subsequent steps, deprotection can be 

conducted later on, and sometimes they are removed even at the end of the entire synthesis. 

Scheme 3.3. Phosphorylation of alcohol with dialkyl- or diarylphosphorochloridate.151  

(R1 and R2 are alkyl and/or aryl with specific structures, and they can be removed without 

affecting R group, see Table 3.2 for deprotecting strategies.) 

 

Phosphorylation of alcohols with inorganic phosphoric acid has been reported (Scheme 

3.4).152,153 In this one-pot procedure, phosphoric acid was activated with acetic anhydride in the 

presence of base to form acetyl phosphate anhydride, which is capable of phophorylating 

alcohols.152  

Scheme 3.4. Phosphorylation with acetic anhydride-activated phosphoric acid.  

R = methyl, ethyl, t-butyl, dodecyl, benzyl, 2-hydroxyethyl, allyl, 2-cyanoethyl, 2,2,2-

trichloroethyl, this protocol gave moderate yields.152 

 

Hardre et al. synthesized a mannosyl phosphate by treating the bromide substrate with 

silver dibenzyl phosphate, followed by hydrogenation to remove the benzyl groups (Scheme 

3.5).154 Silver dibenzyl phosphate was prepared by treating the commercially available dibenzyl 

phosphate with sodium carbonate and silver nitrate.154 
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Scheme 3.5. Phosphorylation with bromide and silver phophate.154 

 

Because P(III) species are much more reactive than P(V) species in phosphorylation of 

alcohols, they are better choices in most cases. Dialkyl- and diarylphosphoramidites are the most 

widely used reagents (Scheme 3.6).150,151 

In the presence of 1H-tetrazole, a mild acid (pKa = 4.9), the phosphoramidite nitrogen can 

be protonated to give a good leaving group. The hydroxyl group attacks the phosphorus atom and 

gives phosphite triester, called a phosphitylation. Then the phosphite intermediate is converted 

into phosphate by oxidation with oxidative reagents such as tert-butyl hydroperoxide, m-

chloroperbenzoic acid (mCPBA), H2O2, and aqueous iodine. At this point, the phosphate 

intermediate is the same as P(V) phosphorylation, and therefore deprotection approaches are the 

same.  

Scheme 3.6. Phosphorylation of alcohols with dialkyl- or diarylphosphoramidites. 

(R1 and R2 are same as in Scheme 3.3) 

 

Recently, a one-pot phosphorylation with di(p-methoxybenzyl)-N,N-diisopropylphos-

phoramidite in the presence of dicyanoimidazole (DCI) was reported (Scheme 3.7).155 Major 
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advantages of this methodology include: (1) mild acidic condition to remove the protecting 

groups; (2) versatile synthesis of phosphate derivatives.155 

Scheme 3.7. Phosphorylation with di(p-methoxylbenzyl)-N,N-diisopropylphosphoramidite. Nuc. 

= morpholine, iso-butylamine, diethylaminosulfur trifluoride, p-nitrophenolate, diphenyldisulfide. 

 

H-phosphonates (phosphonic acid monoesters), which are less expensive, more stable, 

but as reactive as phosphoramidites, were reported as a phosphorylating reagent for nucleotides 

and phosphopeptides.156-160 In the synthesis of tert-butyl-protected phosphodiesters of Ser- and 

Tyr-containing peptides on solid phase, phosphorylation was performed by phosphitylation with 

ammonium tert-butyl H-phosphonate, followed by oxidation with iodine (Scheme 3.8).160  

Scheme 3.8. Phosphorylation with H-phosponate160 

 

Phosphorylation with trimethylphosphite was reported by Oza (Scheme 3.9).161 Alcohols 

other than methanol were mixed with trimethylphosphite, followed by oxidation with carbon 
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tetrabromide, and the methyl groups were selectively removed by chlorotrimethylsilane/sodium 

iodide.161  

Scheme 3.9. Phosphorylation with trimethylphosphite161 

 

Metcalf III and coworkers reported the synthesis of a novel type of phosphate ester-

linked resins from commercially available reagents and Wang resins.162 The resin was employed 

as a solid support for a series of solid-phase reactions including coupling reactions between 

carboxylic acid and amino groups. The linkage was chemically stable under those conditions. 

The cleavage was achieved with TFA:CH2Cl2:H2O (30:65:5) to give phenyl phosphates.162 This 

strategy provides a convenient method to perform solid-phase phosphorylation and can be used 

in combinatorial library synthesis.162 However, this approach is limited to the synthesis of phenyl 

type phosphates.162  

Scheme 3.10. Synthesis of resin-bound phosphorylating reagent163 
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Parang et al. reported a solid-phase phosphorylating reagent (SPPR), which can be 

employed to synthesize various phosphate esters.163 The solid-phase reagent was synthesized 

from carboxylpolystyrene in four steps with an overall yield of 39% (Scheme 3.10). This solid-

phase reagent can be used the same way as phosphoramidites described previously. Unlike the 

approaches in most other solid-phase reactions, the cleavage was accomplished with a strong 

base, sodium methoxide.163 The excess reagents and by-products can be easily removed by 

filtration. The final product will not be contaminated by unphosphorylated alcohols, the common 

impurities in phosphorylations.163 

Scheme 3.11. A SPPR synthesized from aminomethyl polystyrene resin164 

 

A SPPR prepared from aminomethyl polystyrene resin was also reported (Scheme 

3.11).164 The SPPR was synthesized in four steps with an overall yield of 78%.164 This SPPR was 

applied to selectively phophorylate the primary hydroxyl group of carbohydrates and 

nucelosides.164 The phosphorylated product was cleaved from the resin by TFA:CH2Cl2 (1:1).164 
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Jones and coworkers have developed catalytic methods for phosphoryl transfer to 

accomplish phosphorylation of alcohols. In these approaches, P(V) reagents including 

phosphorochloridates and N-phosphoryl oxazolidinones were used as the phosphate source. 

Lewis acids such as TiCl4, Ti(t-BuO)4 or Cu(OTf)2 were effective catalysts for the reactions 

(Scheme 3.12).165-167 The reaction conditions in this catalytic methodology are very mild and are 

suitable for a variety of alcohols including primary, secondary, allylic and even tertiary 

alcohols.167 

Scheme 3.12. Catalyzed phosphorylation of alcohols.167 

 

3.3.3 Phosphorylation of amino acids and peptides  

Among the 20 common natural amino acids, serine, threonine and tyrosine have hydroxyl 

groups on their side chains. Phosphopeptides can be prepared by either pre-phosphorylation (also 

called a building block approach or a synthon approach) or post-phosphorylation (global 

approach).150,151,168 In the former, the phosphorylated amino acids, usually in their phosphate 

ester form, are synthesized and then are incorporated into the peptide chain. The peptide chain is 

further extended until the desired phosphopeptide is obtained. In the latter approach, the 

unphosphorylated complete peptide is synthesized first, and then is phosphorylated on the 

desired site(s).  
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Table 3.2. Deprotection procedures for phosphate protecting groups151,169 

Phosphate Protecting Group (R) Deprotection Procedure 

methyl, ethyl Acidolytic or silylytic treatment 

β-cyanoethyl Piperidine or DBU 

phenyl H2/PtO2 

tert-butyl TFA 

benzyl TFA 

2,2,2-trichloroethyl Zn, AcOH 

allyl Bu3SnH/ Pd(PPh3)4/ AcOH 

cyclopentyl, cyclohexyl TFMSA : MTB : m-Cresol : 

EDT: TFA (9 : 12 : 10 : 4 : 65)  

 

Currently phosphorochloridates, phosphorochlorodites and phosphoramidites are the 

three important classes of phosphorylation reagents. All of these reagents are used in their O-

protected form. Common protecting groups and the deprotection protocols are shown in Table 

3.2.151,169 The two protecting groups can be the same or different (asymmetrical reagents). In the 

cases where asymmetrical reagents are used, one protecting group can be selectively removed to 

produce the diester intermediate.151 

For phosphoramidites, the substituents on the nitrogen atom can be various alkyl groups. 

N,N-diisopropyl derivatives are the most commonly used due to their simple preparation and 

high reactivity. The more electrophilic, positively charged intermediate formed by the 

protonation of the nitrogen atom in the presence of 1H-tetrazole accounts for the high reactivity 
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of phosphoramidites.170,171 The less reactive phosphorochloridates do not work well for tyrosine, 

because the phenolic hydroxyl group of tyrosine is less nucleophilic than serine and threonine.151  

Phosphotriesters are common building blocks to synthesize phosphopeptides. The 

synthesis of phosphotriesters from Nα-protected amino acids includes three steps: protection of 

the carboxylic acid group, phosphorylation of the hydroxyl group and selective deprotection to 

remove the carboxyl protecting group.150  

The selection of the protecting group for the carboxylic function is crucial. 4-Nitrobenzyl 

(Nb) was one of the first groups applied since it can be removed by saponification, 

hydrogenolysis, zinc in acetic acid, etc.150 The tert-butyldimethylsilyl (TBDMS) ester, which can 

be hydrolyzed easily in aqueous acidic solution, became an attractive protecting group and the 

three steps are performed in “one pot.”150 However, TBDMS only works well for small-scale 

syntheses. For a large-scale synthesis, phenacyl (Pac), which can be removed by zinc in acetic 

acid, was used to take the place of TBDMS.150 Other protecting groups such as methylthiomethyl 

(MTM), cleaved with MgBr2, and allyl cleaved by Bu3SnH/Pd(PPh3)4, are also possible 

choices.150,151  

Although phosphotriesters are good building blocks for peptide syntheses, when the 

phosphotriesters of serine and threonine are incorporated into the peptide chain, base-catalyzed 

β-elimination occurs as a side reaction, resulting in the formation of dehydropeptide and 

different addition products.151 This problem can be avoided by employing mono-protected 

phosphates (phosphodiesters). Phosphodiesters are either synthesized by selectively removing an 

O-protecting group from phosphotriesters or by simultaneously removing one O-protecting 

group and the carboxyl protecting group from carboxyl-protected phosphotriesters.151 

Asymmetrical phosphorylation reagents are frequently used to achieve the selective cleavage of 
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the two O-protecting groups. Vorherr and Bannwarth reported a strategy to synthesize Nα-Fmoc-

O-(monobenzyl-phospho)-serine and -threonine building blocks with O-dibenzyl 

phosphorylation reagents.172 Phosphotriester intermediates were treated with NaI, and one of the 

two benzyl groups on phosphate was removed cleanly. This provides a practical alternative 

approach to synthesize phosphodiesters. The disadvantage of using phosphodiesters as the 

building blocks for peptide syntheses is that the free hydroxyl on the phosphate group can 

consume the activated amino acid in the coupling reactions (acylation of hydroxyl attached to the 

phosphorus atom), resulting in lower coupling efficiency.150,168  

Bpoc (2-(p-biphenylyl)-2-propyloxycarbonyl)-based solid-phase synthesis of 

phosphopeptides was reported by Attard (Figure 3.14).168 In this approach, Bpoc was used as the 

Nα-protecting group, and was readily removed by very mild acidic conditions, such as 0.5% TFA 

or 15% formic acid in CH2Cl2.168 Compared with Fmoc-based synthesis of phosphopeptides, this 

method effectively avoids the base-catalyzed β-elimination of phosphotriester of Ser and Thr in 

the deprotection steps.168  

 

Figure 3.14. Structure of Bpoc-protecting group 

3.4 Conclusion 

The WW domain is a very common protein interaction module. The Pin1 WW domain 

belongs to the group IV WW domain family, binding the pSer/Thr−Pro motif. Although the Pin1 

catalytic site is not located in the WW domain, most Pin1 WW domain ligands inhibit Pin1 
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enzymatic activity. Combinatorial chemistry is a powerful method to identify potent enzyme 

ligands, and solid-phase synthesis is the most commonly used method to build combinatorial 

libraries. The most popular phosphorylating reagents are phosphoramidites. Two solid-phase 

phosphorylating reagents (SPPR) containing a phosphoramidite function were reported. SPPRs 

may be employed to synthesize phosphopeptide libraries. 
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Chapter 4. The Pin1 WW domain library 

In this chapter, a solid-phase phosphorylating reagent (SPPR) synthesized in one-step 

was developed, and it was used to synthesize a peptidomimetic library of the Pin1 WW domain. 

The library was screened by an enzyme-linked enzyme-binding assay (ELEBA).173 The best hits 

were resynthesized, and the competitive dissociation constants, Kd-obs, were determined. 

4.1. Design of the Pin1 WW domain library 

The Pin1 WW domain recognizes the pSer/Thr–Pro binding motif. However, the 

dipeptide, Ac–pThr–Pro–NH2 (Kd = 150 µM by NMR), is not a good ligand for the Pin1 WW 

domain.102 Verdecia et al. reported that residues at the N- or C-terminus of the binding motif 

affect the binding affinity.3 To identify good ligands and study the effect of the different 

structures immediately preceding or following the dipeptide core structure on the binding affinity, 

we designed a peptidomimetic library with the pSer–Pro as the scaffold and various flanking 

groups at C- and N-termini (Scheme 4.1). The library members mimic tetrapeptides. 

4.2. Development of a SPPR for the library synthesis 

Solid-phase synthesis is the most powerful tool to build libraries. However, in most solid-

phase peptide synthesis, either the C- or the N-terminus of the peptide is bound to the resin, and 

coupling reactions only take place at the other end. Since our designed library has variations at 

both ends, coupling reactions at both ends were needed. It was also necessary to phosphorylate 

the Ser in every case. We chose to link the middle of the pSer–Pro scaffold, i.e. the hydroxyl 
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group, to the resin through a phosphate group, followed by coupling reactions with amines and 

acids at the C- and N-termini, respectively. Final cleavage would break the bond between the 

phosphate group and the solid phase, affording the desired phospho-products (Scheme 4.1). 

Therefore a solid-phase phosphorylating reagent (SPPR) was required.  

Scheme 4.1. Designed library and its retrosynthesis.  If needed, the amino, carboxylic acid and 

phosphate group were temporarily protected with appropriate protecting groups as shown in the 

middle and the right structures.  

 

The most commonly used phosphorylating reagents in solution-phase chemistry are 

phosphoramidites.150,151 By attaching the 2-cyanoethyl N,N-diisopropyl phosphoramidite group 

to solid supports, Parang and coworkers synthesized three types of SPPRs, and successfully used 

them to phosphorylate carbohydrates and nucleosides.163,164  

The reported SPPRs take four or five steps to prepare, and complicated chemistry was 

involved. To simplify the synthesis of our library, we developed an easily accessible SPPR. Two 

important features of an SPPR are: (1) it should contain an active species, generally a 

phosphoramidite, that phosphorylates hydroxyl groups; (2) the phospho-product should be 

cleavable from the solid supports. Since p-alkoxyl-benzyl phosphate ester is very labile to mildly 

acidic conditions, we selected the Wang resin, which is commercially available and cheap, as the 

solid support. By attaching a phosphoramidite group to the resin, we synthesized SPPR 4.2 

(Scheme 4.2). 
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Scheme 4.2. Synthesis of SPPR 4.2 

 

SPPR 4.2 was synthesized by mixing Wang resin with 2-cyanoethyl N,N-diisopropyl 

chlorophosphoramidite in the presence of DIEA, with a yield of 96% by weight. A solution of 

TFA/CH2Cl2 1:2 was used to cleave the phosphoramidite group from the resin 4.2, and 1H NMR 

of the resulting residue showed the presence of the N,N-diisopropyl and 2-cyanoethyl groups. 

For the library synthesis, to avoid the side reactions with the aromatic groups in the cleavage step, 

water and TIS were added to the cleavage solution as cation scavengers; our optimized 

conditions were H2O/TIS/TFA/CH2Cl2 2:2:32:64. 

Scheme 4.3. Phosphorylation of Fmoc–Ser–OH with SPPR 4.2 

 

Fmoc–Ser–OH was used as the substrate to test our synthesized SPPR (Scheme 4.3). 

SPPR 4.2 was used the same way as solution-phase phosphoramidite reagents.150,151 In the 

presence of 5-ethylthio-1H-tetrazole, the substrate was phosphitylated with SPPR 4.2, followed 

by oxidation with tert-butyl hydroperoxide to give resin 4.3. The 2-cyanoethyl phospho-product, 
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4.3a, was cleaved from the resin. 1H NMR indicated the presence of the Fmoc and the 2-

cyanoethyl groups, implying that the substrate was successfully attached to the resin. 

4.3 Synthesis of dipeptide bound resin for the library 

Fmoc–Ser–Pro–OH 4.5 was the core substrate to synthesize the designed library. The 

dipeptide was synthesized in two steps (Scheme 4.4). Coupling of commercially available Fmoc–

Ser–OH with the HCl·H–Pro–OtBu using EDC/HOBt gave Fmoc–Ser–Pro–OtBu 4.4. Removal 

of the tert-butyl protecting group with TFA:CH2Cl2 1:2 gave 4.5. 

Scheme 4.4. Synthesis of Fmoc–Ser–Pro–OH 4.5 

 

The Fmoc–pSer–Pro–OH dipeptide bound resin 4.6 was synthesized in the same way as 

tested for Fmoc–pSer–OH (Scheme 4.3). The yield was determined to be 75% by weight. A 

small sample of 4.6 was cleaved to give 4.6a, whose structure was confirmed by 1H NMR 

(Scheme 4.5). 
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Scheme 4.5. Cleavage of dipeptide bound resin 4.6 

 

4.4 Synthesis of the Pin1 WW domain library 

Verdecia et al. reported that the Pin1 WW domain has a binding preference for Pro, Ser, 

Val, and Arg at the C-terminus, and a binding preference for Arg, Ser, Thr, Ala and Tyr at the N-

terminus of the pSer/Thr−Pro binding motif.3 

 

Figure 4.1. Reagent Chemset, amine 4.7{1-21} 

Commercially available amines (Figure 4.1) and carboxylic acids (Figure 4.2) with 

diverse structures were chosen to build the library. The amines were biased toward branched 
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aliphatic and hydrophilic structures, but a couple of aromatic and hydrophobic groups were also 

included. Some amines mimic the common natural amino acids, e.g. 4.7{1} mimics Pro; 4.7{4} 

mimics Tyr; 4.7{9} mimics His; 4.7{14} mimics Trp; 4.7{16} mimics Arg. Others mimic 

commonly used unnatural amino acids, e.g. 4.7{19} mimics Pip (pipecolic acid) and 4.7{21} 

mimics Nal (2-naphthylalanine). In the set of acids (Figure 4.2), like the amines, some acids 

mimic the common natural amino acids, e.g. 4.8{a} mimics Gly, and 4.8{c} mimics Ile. Most 

acids are hydrophilic groups. Hydrophobic acids, such as 4.8{e} and 4.8{f} were selected to 

increase the cell permeability. For chiral reagents, such as 4.7{3} and 4.8{m}, racemic mixtures 

were used for the library. The commercially available acid 4.8{d} exists as a mixture of cis- and 

trans-isomers, with a ratio of approximately 2.5:1, and was used without separation. 

 

Figure 4.2. Reagent Chemset, acid 4.8{a-r} 

4.4.1 Synthesis of the model compound 

2-(2-Naphthyl) ethylamine, 4.7{21}, and propionic acid, 4.8{l}, were selected as models 

to study the reactions needed for the library synthesis, due to the expected clearly discernible 1H 
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NMR signals of the desired product. The free carboxylic acid function of resin 4.6 was first 

coupled with amine 4.7{21} using HATU/HOAt in the presence of DIEA to afford resin 4.9{21} 

(Scheme 4.6). The two protecting groups, 2-cyanoethyl and Fmoc, were removed with 4% DBU 

in NMP in one step to give resin 4.10{21}. The structure of resin 4.10{21} was confirmed by 

analyzing the cleaved product, 4.10a{21}, with HPLC, 1H NMR and HRMS. The deprotected 

amine on the resin was then coupled with acid 4.8{l}, using HATU/HOAt in the presence of 

DIEA, to afford resin 4.11{21, l}. The final product 4.1{21, l} was cleaved from the resin with 

the mixture of TFA:CH2Cl2:H2O:TIS (32:64:2:2). The filtrate containing the product was 

concentrated, and 1H NMR indicated that the major impurities in the residue were NMP and 

TFA·DIEA salt. The residue was dissolved in a small amount of methanol, and diethyl ether was 

added dropwise to slowly precipitate out the product, which existed as the mixture of free 

phospho-product and phosphate DIEA salt. The yield was quantitative. Purification with 

preparative HPLC without a buffer did not improve the purity much, but significantly decreased 

the yield. 

Scheme 4.6. Synthesis of the Pin1 WW domain library 

(R2NH2 = 4.7{1-21}, R1COOH = 4.8{a-r}) 
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4.4.2 Instrument to synthesize the library 

Based on the protocol for the model compound synthesis, the library was synthesized 

with the dipeptide bound resin 4.6 in a 96-well (8 × 12) Vanguard synthesizer in parallel (Figure 

4.3). After cleavage from the resin, filtrates containing products were concentrated, and ether 

was added to precipitate products. The mixtures were centrifuged, and solutions were removed 

by decanting. The remaining residues were dried in vacuo, and used without further purification. 

The library as designed contained 357 (21 × 17) members. (Acid 4.8{l} was excluded in the 

library synthesis, because it has a similar structure to 4.8{a}.) 1H NMR analysis of the library 

members showed the following. Est. > 85% purity: 4.1{1,a}, 4.1{3,a}, 4.1{6,b}, 4.1{13,c}, 

4.1{7,d}, 4.1{4,e}, 4.1{5,f}, 4.1{1,h}, 4.1{9,h}, 4.1{10,h}, 4.1{11,i}, 4.1{12,m}, 4.1{13,m}, 

4.1{15,o}, 4.1{16,o}, 4.1{20,o}, 4.1{15,q}, 4.1{17,q}, 4.1{15,b}, 4.1{17,b}, 4.1{21,b}. Est. > 

50% purity: 4.1{2,b}, 4.1{4,b}, 4.1{7,k}. No desired product formed: 4.1{11,j}, 4.1{1,n}, 

4.1{15,n}, 4.1{1,p}, and 4.1{15,p}. The 1H NMR spectra of 4.1{1,n}, 4.1{15,n}, 4.1{1,p}, and 

4.1{15,p} also showed that two aromatic acids, 4.8{n} and 4.8{p}, did not undergo the coupling 

reactions with amines, due to the low reactivity of aromatic acids in coupling reactions. 

Excluding these two groups, our library contained 315 members. The yields of the crude 

products were estimated to be quantitative without weighing the library members based on the 

yield of the model compound. 



 
 

106 

 

Figure 4.3. Left: 96-well Vanguard synthesizer. Right: Cleavage block to collect products. 

(Photo by Xingguo Chen, 2011) 

4.5 Screening of the library 

Ana Y. Mercedes-Camacho and I screened the library using the enzyme-linked enzyme-

binding assay (ELEBA) for the Pin1 WW domain published by Mercedes-Camacho and 

Etzkorn.173 Since NMP or DIEA, the major impurities in the crude library products, did not 

affect the assay, the crude products resulted from diethyl ether precipitation were used for 

ELEBA without further purification. The library products were dissolved in DMSO as stock 

solutions for assays at a final concentration of 590 µM. Fmoc–VPRpTPVGGGK–NH2, a ligand 

that binds specifically to the Pin1 WW domain, was covalently bound to a 96-well plate as the 

plate-linked ligand (PLL) as shown in Figure 4.4a. Commercially available recombinant human 

Pin1 conjugated to horseradish peroxidase (Pin1–HRP) was added to the plate.173 Solutions of 

the library members were added to the plate, and competed with the PLL for binding to the Pin1 

WW domain. The PLL-bound-Pin1-HRP remained on the surface of the plate, and the library-

bound-Pin-HRP was washed away. A mixture of hydrogen peroxide and 3,3’,5,5’-

tetramethylbenzidine (TMB) was added to the plate, and the HRP-catalyzed oxidation of TMB 
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with hydrogen peroxide gave the diimine product after acidification with H2SO4. The 

concentration of the diimine product was measured by UV at 450 nm. The binding affinity of the 

library members was evaluated by the amount of the remaining Pin1-HRP on the plate, which 

was calculated from the concentration of the diimine product (Figure 4.4b) DMSO was used as 

the negative control. The % bound of Pin1–HRP to the plate was calculated by normalizing the 

signal obtained with DMSO to be 100%. 

 

  

Figure 4.4. Procedure of ELEBA. “Reprinted from Analytical Biochemistry, 402, Ana Y. 

Mercedes-Camacho, Felicia A. Etzkorn, Enzyme-linked enzyme-binding assay for Pin1 WW 

domain ligands, 77-82, 2010, with permission from Elsevier.” (a) PLL was covalently bound to 

the plate. (b) Pin1-HRP was attached to the plate by binding to the PLL. The plate was washed, 

and the remaining Pin1-HRP catalyzed the oxidation of TMB with H2O2. 
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In the primary assays, library members resulting in less than 50% Pin1-HRP bound were: 

4.1{21, b}, 4.1{2, d}, 4.1{18, m}, 4.1{2, o}, 4.1{13, o}, 4.1{14, o}, 4.1{16, o}, 4.1{18, o}, 

4.1{20, o}. The structures of these compounds are listed in Figure 4.5. These ligands were 

remeasured, and three best hits, 4.1{2, d}, 4.1{18, m} and 4.1{2, o}, were identified. The 

secondary assay was performed with the three compounds which were obtained through large-

scale manual solid-phase syntheses. The cis- and trans-isomers of 4.1{2, d} were separated with 

by preparative HPLC. The two diastereomers (~ 1:1) of 4.1{18, m} were inseparable, and were 

used as a mixture. Competitive dissociation constants, Kd-obs, were measured to be: 263 ± 6 µM 

for cis-4.1{2, d}, 820 ± 6 µM for trans-4.1{2, d}, 206 ± 3 µM for 4.1{2, o}, and 130 ± 3 µM for 

4.1{18, m} (Figure 4.6). 

 

Figure 4.5. Structures of hit compounds 
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  Figure 4.6. Kd-obs of hit compounds. Curves plotted by % bound vs. concentrations (by Ana 

Y.Mercedes-Camacho): (a) cis-4.1{2, d}, (b) trans-4.1{2, d}, (c) 4.1{2, o}, and (d) 4.1{18, m}. 

Kd-obs is defined as the concentration of a ligand where the % Pin1-HRP bound to the plate is 

50%. Kd-obs for cis-4.1{2, d} = 263 ± 6 µM, trans-4.1{2, d} = 820 ± 6 µM, 4.1{2, o} = 206 ± 3 

µM, and 4.1{18, m} = 130 ± 3 µM. 
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All hit compounds identified by the primary assays have an aromatic structure (4.8{b}, 

4.8{d}, 4.8{m}, and 4.8{o}) at the N-terminus, indicating that the Pin1 WW domain binding 

prefers aromatic structures at this position. The cis-isomer of 4.1{2, d} is three times as potent as 

the trans-, suggesting the importance of the geometry of the double bond. Although some hits 

have non-aromatic C-terminal structures, the best ligands have polar aromatic structures 

(4.7{2}and 4.7{18}) at the C-terminus. Group o, 4.1{1-21, o}, gave the most hits in the primary 

assays, which implied a general preference for this structure. However, the best ligand in the 

library was identified to be 4.1{18, m}, indicating that the effects of the C- and N-terminal 

flanking structures are not simply additive. 

4.6 Preliminary results of phosphorylation with SPPR 4.2 

The solution-phase synthesis of compound (2S,5R)-2.1 from (2S,5R)-2.11 was described 

in Chapter 2. The same synthesis was attempted with our SPPR 4.2. Compound (2S,5R)-2.11 

was first phosphorylated by SPPR 4.2, followed by removal of the 2-cyanoethyl protecting group 

with DBU. Finally, the product was cleaved from the solid supports, and washed with 

CH2Cl2/hexanes 1:1 without further purification. As expected, the product (2S,5R)-2.1 exists as 

the salt form with DBU. 1H NMR showed the presence of the desired product with only minor 

impurities. This suggested that 4.2 might be generally used as a phosphorylating reagent for 

alcohols. Major advantages of this method are that the work-up procedures are fast and easy, and 

no purifications of the intermediates with chromatography are needed. 
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Scheme 4.7. Phosphorylation of the alkene mimic intermediate with SPPR 4.2 

  

4.7 Conclusion 

A new SPPR, 4.2, was synthesized in one step. The SPPR was successfully applied to 

synthesize our designed library for the Pin1 WW domain. To the best of our knowledge, this is 

the first reported application of SPPR in library synthesis.  

The synthesized library, 4.1, was screened by ELEBA, and some hits were identified. The 

four best hit compounds were resynthesized, and the competitive dissociation constants, Kd-obs, 

were measured by ELEBA.173 The results showed that the Pin1 WW domain has a binding 

preference for aromatic structures at the N-terminus of its binding motif, and a binding 

preference for polar aromatic structures at the C-terminus. The Kd-obs measured by ELEBA is 

dependent on the binding affinity of the plate-linked ligand, and consequently is only a relative 

value. The absolute binding affinities of the best hits will be further measured by other methods, 

such as NMR. 
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4.8 Experimental Section 

General Information. The library synthesis was carried out on a Vanguard Synthesizer from 

Advanced ChemTech. Polypropylene columns purchased from Thermo Scientific were used for 

manual solid-phase synthesis. Unless otherwise indicated, all reactions were carried out at 

ambient temperature. Anhydrous THF was obtained by reflux and distillation from Na-

benzophenone. Brine (NaCl) and NaHCO3 refer to saturated aqueous solutions, and HCl refers to 

1N aqueous solution unless otherwise noted. Flash chromatography was performed on 230-400 

mesh, ASTM silica gel with reagent grade solvents. Commercially available protected amino 

acids and reagents were used without further purification. Peptide-grade NMP, and HPLC-grade 

CH3OH, CH2Cl2, and TFA were used in solid-phase syntheses. p-Benzyloxy benzyl alcohol resin 

(Wang resin) was purchased from Novabiochem. Pin1–HRP was purchased from R&D Systems. 

Microtiter plates were purchased from Corning Life Sciences. The yield of SPPR 4.2 was based 

on the initial loading of the commercially available Wang resin, and the yield of library 4.1 was 

based on resin 4.6. NMR spectra were obtained at ambient temperature in CDCl3 unless 

otherwise noted. Proton, carbon-13, and phosphorus-31 NMR spectra were obtained at 500, 125 

and 202 MHz, respectively, unless otherwise noted. In carbon-13 spectra, minor rotamer 

chemical shifts, if applicable, are shown by (m). Coupling constants, J, are given in Hz. The 

concentrations for optical rotations are reported as g/100 mL in parenthesis. Preparative HPLC 

were obtained on an Xbridge C18 19 × 100 mm column with a 0% to 100% CH3CN/H2O 

gradient over 12 min, then 100% CH3CN for 4 min, flow rate 12 mL/min, λ = 254 nm, with 

exceptions noted. The HRMS analyses were carried out on Agilent Technologies 6220 Accurate-

Mass TOF LC/MS. The MS ionization methods were ESI–, unless otherwise noted.  
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SPPR 4.2. In a one-necked flask, p-benzyloxy benzyl alcohol resin (3.80 g, batch No. A11085, 

loading: 0.72 mmol/g, 2.74 mmol) was added. The flask was pumped and blown with dry N2. 

THF (120 mL) was added into the flask, and the mixture was shaken for 15 min. DIEA (1.1 g, 

8.1 mmol) was added, immediately followed by addition of 2-cyanoethyl N,N-diisopropyl 

chlorophosphoramidite (1.9 g, 8.1 mmol). The mixture was shaken on an orbital shaker for 3 h at 

room temperature. The mixture was filtered, and washed with THF (120 mL x 2) and CH2Cl2 

(120 mL x 2). The resin was dried under high vacuum overnight to give SPPR 4.2 (4.33 g, 96%). 

A small amount of resin (~ 25 mg) was cleaved with 2 mL of TFA/CH2Cl2 1:2  for 45 min. The 

mixture was filtered, and the filtrate was concentrated to give the mixture of 2-cyanoethyl 

phosphite and iPr2NH·TFA salt in a ratio of 1:1. 1H NMR (400 MHz): δ 8.89 (br, 2H), 4.43 (br, 

2H), 4.12 (dt, J = 6.3, 8.7, 2H), 3.33 (sept, J = 6.4, 2H), 1.35 (d, J = 6.4, 12H). 

  

Fmoc–Ser–Pro–OtBu, 4.4. To a one-necked flask containing CH2Cl2 (250 mL), Fmoc–Ser–OH 

(2.8 g, 8.5 mmol) and H–Pro–tBu·HCl (1.8 g, 8.7 mmol) was added. The mixture was stirred for 

5 min. EDC (2.5 g, 12.8 mmol), HOBt (1.96 g, 12.8 mmol), DMAP (~ 50 mg), and DIEA (3.3 g, 

25.5 mmol) were added and the mixture was stirred for 22 h.  The resulting solution was washed 

with HCl (160 mL × 2), NaHCO3 (160 mL × 2), H2O (160 mL × 2), and brine (160 mL). The 

organic solution was dried with Na2SO4, and evaporated. The residue was purified by 
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recrystallization (CH2Cl2:hexanes 1:8, 250 mL) to give 4.4 as a white solid (3.2 g, 78%). m.p. = 

166-168 °C. 1H NMR: δ 7.75 (d, J = 7.5, 2H), 7.58 (d, J = 7.1, 2H), 7.39 (t, J = 7.4, 2H), 7.30 (dt, 

J = 0.8, 7.4, 2H), 5.91 (d, J = 8.2, 1H), 4.70 (q, J = 6.3, 0.85H), 4.61 (m, 0.15H), 4.48 (dd, J = 

4.2, 8.7, 1H), 4.36 (d, J = 7.2, 2H), 4.20 (t, J = 7.2, 1H), 3.94 (m, 0.85H), 3.82 (m, 0.85H), 3.75 

(m, 0.85H), 3.69 (m, 1H), 3.56 (t, J = 7.2, 1H), 3.45 (m, 0.15H), 3.38 (m, 0.15H), 3.18 (m, 

0.15H), 2.22 (m, 1H), 1.97 (m, 3H), 1.47 (s, 7.65H), 1.42 (s, 1.35H). 13C NMR: δ 171.8, 169.8, 

156.2, 143.9, 141.4, 127.8, 127.2, 125.2, 120.1, 82.5, 67.3, 64.2, 60.0, 54.0, 47.5, 47.2, 29.0, 28.0, 

27.9 (m), 24.9. 

 

Fmoc–Ser–Pro–OH, 4.5. (Fmoc–Ser–Pro–OH, 4.5, was previously synthesized by Raushel 

group as a mixture of 19 Fmoc–Xaa–Pro–OH dipeptides bound to Wang resin without 

cleavage.174) In a one-necked flask, Fmoc–Ser–Pro–OtBu, 4.4, (2.8 g, 5.8 mmol) was dissolved 

in CH2Cl2 (80 mL). TFA (40 mL) was added, and the mixture was stirred for 1.5 h. The solution 

was concentrated, and the resulting yellow oil was purified by flash chromatography (eluant: 3% 

HOAc/EtOAc:hexanes (1:1), then 3% HOAc/EtOAc) to give 4.5 as a white foam (2.2 g, 89%). 

1H NMR (DMSO-d6): δ 7.88 (d, J = 7.5, 2H), 7.73 (t, J = 6.0, 2H), 7.60 (d, J = 7.9, 0.8H), 7.41 (t, 

J = 7.4, 2H), 7.32 (t, J = 7.0, 2H), 7.25 (d, J = 8.5, 0.2H), 4.74 (d, J = 8.1, 0.2H), 4.38 (q, J = 6.8, 

0.8H), 4.34-4.20 (m, 3.8H), 4.12 (br, 0.2H), 3.66 (m, 2H), 3.55-3.37 (m, 1.8H), 3.14 (m, 0.2H), 

2.16-2.07 (m, 1H), 1.92-1.78 (m, 3H). 13C NMR (DMSO-d6): δ 173.5 (m), 173.4, 169.4 (m), 

169.0, 156.2, 155.4 (m), 143.9, 140.8, 127.7, 127.1, 125.6 (m), 125.4, 120.1, 65.9 (m), 65.7, 62.6 

(m), 61.1, 58.6, 55.4, 54.4 (m), 46.7, 46.6, 46.1 (m), 30.8 (m), 28.6, 24.5, 21.9 (m). 
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Dipeptide bound resin, 4.6. To a dry flask, SPPR 4.2 (1.53 g, 0.964 mmol) and THF (80 mL) 

were added. A solution of Fmoc–Ser–Pro–OH 4.5 (1.02 g, 2.41 mmol) in THF (40 mL) was 

dried with activated 4 Å molecular sieves for 2h, and transferred into the flask containing 4.2. 5-

(Ethylthio)-1H-tetrazole (0.314 g, 2.41 mmol) was added in one portion. The mixture was 

shaken for 26 h. The mixture was then cooled with a dry ice/acetone bath. A solution of tert-

butyl hydroperoxide in decane (5.0-6.0 M, 1.5 mL?, ca. 8 mmol) was added. The dry ice/acetone 

bath was removed, and the mixture was shaken for 45 min. The resin was collected by filtration, 

and washed with NMP (120 mL × 3), and CH2Cl2 (120 mL × 3). The resin was dried to give 

dipeptide bound resin 4.6 (1.76 g, 74% by weight). A small sample was cleaved to give 4.6a, 

which was characterized by 1H NMR. 1H NMR: δ 7.74 (d, J = 7.6, 2H), 7.58 (t, J = 7.6, 2H), 

7.37 (t, J = 7.3, 2H), 7.27 (m, 2H), 4.83-4.17 (m, 12H), 3.79 (br, 1H), 3.72 (br, 1H), 2.70 (br, 

2H), 2.17 (br, 1H), 2.07 (br, 2H), 1.93 (br, 1H). 

 

 General procedure to synthesize 4.9{1-21} 



 
 

116 

Fmoc−p(CH2CH2CN)Ser−Pro−OH resin 4.6 (2.77 g, 1.02 mmol) was suspended into 

NMP:CH2Cl2 (4:1, 117 mL). The mixture was stirred very gently. With an automatic pipette, the 

suspended mixture containing the resin (0.5 mL) was dispensed into each well of the reaction 

block. The reaction vessels were emptied, and each well contained 12 mg of resin 4.6 (ca. 4.4 

µmol). HATU (4.9 mg, 0.013 mmol), HOAt (1.7 mg, 0.013 mmol) and DIEA (3.3 mg, 0.026 

mmol) in NMP (0.9 mL) was added into each reaction vessel, followed by addition of amine 

4.7{1-21} (0.013 mmol). The mixture was shaken for 15 min. The reaction vessels were emptied, 

and the remaining resin was washed with NMP twice. The coupling reaction with amines 4.7 

was repeated, and the resin was washed with NMP twice, and CH2Cl2 twice to give resin-bound 

amides 4.9{1-21}. 

 

General procedure to synthesize 4.10{1-21} 

A solution of 4% DBU in NMP (0.8 mL) was added into each well containing resin-bound 

amides 4.9. The reaction block was shaken for 5 min, emptied, and then washed with NMP twice. 

The deprotection procedure was repeated for 15 min, and resin-bound amines were washed with 

NMP (1.2 mL × 2), and CH2Cl2 (1.2 mL × 2). 
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General procedure to synthesize 4.11{1-21, a-r} 

HATU (0.23 g, 0.61 mmol), HOAt (83 mg, 0.61 mmol), and DIEA (0.16 g, 1.2 mmol) were 

added to NMP (7.2 mL) in a 25-mL vial. To this solution, an acid 4.8 (0.61 mmol) was added, 

and was allowed to stand for 15 min to make the activated ester solution. NMP (0.75 mL) was 

dispensed into each well containing resin 4.10, followed by the addition of the activated ester 

solution (0.15 mL). The reaction block was shaken for 15 min, emptied, and washed with NMP 

twice. The coupling reaction was repeated, and each reaction well was washed with NMP (1.2 

mL), CH2Cl2 (1.2 mL × 2), CH3OH (1.2 mL × 2), and CH2Cl2 (1.2 mL × 2) to give resin 4.11{1-

21, a-r}. 

 

Cleavage of products 4.1{1-21, a-r} 

A mixture of H2O:TIS:TFA:CH2Cl2 (2:2:32:64, 0.8 mL) was added into each well containing 

resin 4.11. The reaction block was shaken for 45 min. The heating/cooling module was replaced 

with the cleavage block. The reaction block was emptied, and the filtrate was collected into the 

cleavage block. The filtrate was concentrated to give a white to yellow oil. Each vial in the 

cleavage block contained a product 4.1. CH3OH (80 µL) was added to the crude product, 
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followed by slow addition of diethyl ether (2 mL). The vial was swirled while ether was added. 

The mixture was centrifuged, and the ether was decanted. The residue was washed with diethyl 

ether, and dried. DMSO (0.12 mL) was added into the vial to make the stock solution for 

screening. The yields of the library were assumed to be quantitative, and consequently the 

concentrations of the stock solutions were ca. 37 mM. 

Data for individual library members 

 

4.1{21, l} was synthesized, as a model product, through the similar route as the library, but with 

a polypropylene column as the reaction vessel. The intermediate 4.10a{21} was cleaved from 

resin 4.10{21}, and was characterized by HPLC, 1H NMR and HRMS. HRMS calcd. for 

C20H27N3O6P, (M+H+) m/z = 436.1632, found m/z = 436.1637. 

4.1{21, l}, yield of crude product: 10.3 mg, 99%. The crude product was purified by preparative 

HPLC, yield: 4.8 mg, 46%. 1H NMR showed that approximately 25% exists as the DIEA salt 

form. 1H NMR (CD3OD): δ 7.76 (m, 3H), 7.71 (s, 0.75H), 7.67 (s, 0.25H), 7.41 (m, 3H), 4.82 (m, 

0.75H), 4.62 (t, J = 6.5, 0.5H), 4.39 (dd, J = 4.5, 8.5, 0.75H), 4.09 (m, 1.5H), 3.86 (m, 1.5H), 

3.50 (m, 3.5H), 3.00 (m, 2.5H), 2.26 (q, J = 7.6, 1.5H), 2.13 (m, 1H), 2.11 (q, J = 8.0, 0.5H), 

1.93-1.79 (m, 3H), 1.32-1.29 (m, 3.75H), 1.11 (t, J = 7.6, 2.25H), 1.07 (t, J = 7.6, 0.75H). 31P 

NMR (CD3OD): δ 0.62. HRMS, ionization method: ESI+, calcd. for C23H31N3O7P (M+H+) m/z = 

492.1894, found m/z = 492.1907. 
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Thiophenyl ether 4.1{2, d}. 4.1{2,d} was synthesized from amine 4.7{2} and acid 4.8{d}, 

which was commercially available as a mixture of cis- and trans-isomers in a ratio of 

approximately 2.5:1. The crude product was synthesized as a mixture of cis- and trans-isomers in 

a ratio of about 1:1.4, determined by the NMR of the crude product in CD3OD, indicating the 

trans-acid was more reactive than the cis-acid in the coupling reaction. (The spectrum is 

available in the Appendix.) The spectrum shows that both cis- and trans-isomers exist as two 

rotamers. The Ha of the cis-isomer, δ 6.10 (d, J = 10.0, 0.75H), 6.00 (d, J = 11.2, 0.25H); the Ha 

of trans-isomer, δ 5.90 (d, J = 14.8, 1.2H), 5.78 (d, J = 15.0, 0.2H). Yield of crude product: 25 

mg, 96%. The crude product (21 mg) was purified by preparative HPLC with a 0% to 100% 20 

mM NH4OAc in CH3OH/H2O gradient over 21 min, flow rate 15 mL/min, λ = 254 nm. Retention 

times: cis-4.1{2,d} = 12.3 min, trans-4.1{2,d} = 12.8 min. Cis-4.1{2, d}, was purified as 

monoammonium salt, 5.6 mg, 25% yield. 1H NMR (DMSO-d6): δ 12.95 (br, 0.8H), 10.78 (br, 

0.2H), 9.92 (s, 0.8H), 8.76 (br, 0.8H), 8.45 (br, 0.2H), 8.17 (s, 0.2H), 8.15 (s, 0.8H), 7.99 (s, 1H), 

7.90 (s, 0.2H), 7.62 (d, J = 8.0, 0.2H), 7.51-7.30 (m, 6.8H), 7.19 (d, J = 9.7, 0.8H), 7.10 (d, J = 

9.2, 0.2H), 6.15 (m, 1H), 5.04 (br, 0.2H), 4.83 (m, 1H), 4.45 (dd, J = 4.0, 8.4, 0.8H), 4.43 (m, 

0.2H), 4.08 (br, 0.8H), 3.84 (m, 2.4H), 3.48 (m, 0.6H), 2.23-2.15 (m, 1H), 2.02-1.84 (m, 3H). 13C 

NMR (DMSO-d6): δ 170.1, 168.4, 165.3, 142.2, 137.0, 133.4, 132.0, 129.6, 129.4, 127.4, 122.6, 

121.6, 120.6, 116.6, 110.02, 109.95, 63.6, 60.6, 52.3 (d, J = 6.1), 47.2, 46.7 (m), 29.6, 24.6. 31P 
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NMR (DMSO-d6): δ 1.07, 0.46 (m). H3PO4 was used as the external standard at 0 ppm. The 

chemical shift of the peak for the major rotamer was 1.07, while the peak for the minor rotamer 

overlapped with the broad peak for H3PO4. To show the chemical shift of the minor rotamer, in 

the spectrum without an external standard, the major peak was set as 1.07 ppm, and the chemical 

shift of the minor peak was 0.46. HRMS calcd. for C24H25N5O7PS (M-H–) m/z = 558.1218, found 

m/z = 558.1173. [α]22
D = –69.4 (c 0.657, DMSO). Trans-4.1{2, d}, purified as monoammonium 

salt, 6.8 mg, 30% yield. 1H NMR (DMSO-d6): δ 12.91 (br, 0.8H), 10.70 (br, 0.2H), 9.88 (s, 

0.8H), 8.59 (m, 0.8H), 8.26 (d, J = 7.0, 0.2H), 8.12 (s, 0.8H), 8.09 (s, 0.2H), 7.98 (s, 1H), 7.95 (s, 

0.2H), 7.53-7.32 (m, 8H), 5.98 (d, J = 15.0, 1H), 4.97 (m, 0.2H), 4.84 (m, 1H), 4.40 (dd, J = 3.9, 

8.4, 1H), 4.04 (m, 0.8H), 3.86-3.74 (m, 2.6H), 2.23-1.82 (m, 4H). 13C NMR (DMSO-d6): δ 170.0, 

168.2, 163.5, 163.0 (m), 139.6, 139.3 (m), 137.0, 133.3, 132.0, 131.8 (m), 131.0 (m), 130.9, 

129.9, 129.7, 128.8, 128.6 (m), 122.6, 121.0 (m), 120.6, 119.7 (m), 119.6, 110.4 (m), 110.0, 

109.9, 109.8 (m), 63.7, 60.6, 52.3 (d, J = 3.1), 47.1, 46.7 (m), 29.6, 24.5. 31P NMR (DMSO-d6): 

0.97, 0.32 (m). The 31P chemical shifts were determined as above for cis-4.1{2, d}. HRMS calcd. 

for C24H25N5O7PS (M-H–) m/z = 558.1218, found m/z = 558.1171. [α]22
D = –69.5 (c 0.783, 

DMSO). 

 

4.1{2, o}. 4.1{2, o} was synthesized from amine 4.7{2} and acid 4.8{o}. Crude product: 47 mg, 

85% yield. The crude product was purified with preparative HPLC with 1% formic acid added in 
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the mobile phases, 32 mg, 58% yield. 1H NMR (DMSO-d6): δ 10.42 (s, 0.15H), 9.94 (s, 0.85H), 

8.44 (d, J = 7.3, 0.85H), 8.11 (s, 0.85H), 8.09 (s, 0.15H), 8.00 (s, 0.85H), 7.97 (s, 0.15H), 7.80 (d, 

J = 7.3, 0.15H), 7.45 (m, 2H), 7.29 (m, 2H), 6.99 (m, 2H), 4.92 (d, J = 6.9, 0.15H), 4.86 (m, 

0.85H), 4.74 (q, J = 6.6, 0.15H), 4.46 (dd, J = 4.2, 8.4, 0.85H), 4.16 (m, 0.85H), 4.04 (m, 1H), 

3.94 (q, J = 8.5, 0.15H), 3.74 (m, 1.7H), 3.51 (m, 0.3H), 2.31-2.16 (m, 1H), 2.03-1.85 (m, 3H), 

1.42 (s, 2.6H), 1.41 (s, 2.6H), 1.36 (s, 0.4H), 1.30 (s, 0.4H). 13C NMR (DMSO-d6): δ 173.4, 

170.1, 167.4, 153.6, 137.0, 133.3, 131.9, 129.0, 126.6, 123.1, 122.8, 120.4, 110.1, 109.9, 80.8, 

63.6, 60.6, 52.4, 47.0, 29.5, 25.0, 24.8, 24.6. 31P NMR (DMSO-d6): δ 0.502, 0.118 (m). HRMS 

calcd. for C25H28 ClN5O8P (M-H–) m/z = 592.1370, found m/z = 592.1345. [α]22
D = –40.1 (c 

0.551, CH3OH). 

  

4.1{18, m}. 4.1{18, m} was synthesized from amine 4.7{18} and racemic acid 4.8{m}. 4.1{18, m} 

exists as a pair of diastereomers, with a ratio of ~1:1 measured by 1H NMR. 1H NMR also 

showed the presence of rotamers. Crude product: 73 mg, 89% yield. The crude product (32 mg) 

was purified by preparative HPLC with a 0% to 67% gradient of 1% HCO2H CH3CN/H2O over 

14 min, and 1% HCO2H/CH3CN for 2 min. The two diastereomers were inseparable, 17 mg, 

47%. 1H NMR (CD3OD): δ 7.77 (m, 0.12H), 7.70 (s, 0.88H), 7.61 (d, J = 8.5, 0.75H), 7.59 (m, 

0.25H), 7.27 (m, 0.12H), 7.19 (d, J = 3.2, 0.88H), 7.11 (m, 1H), 6.97 (d, J = 8.5, 0.75H), 6.94 (m, 

0.25H), 6.64 (m, 0.12H), 6.60 (m, 0.88H), 4.99 (br, 1H), 4.93 (m, 1H), 4.52 (m, 0.75H), 4.26 (br, 
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0.75H), 4.11 (m, 1.25H), 3.92-3.75 (m, 6.75H), 3.65 (m, 0.25H), 3.57 (m, 0.25H), 2.85 (m, 1H), 

2.52-1.98 (m, 5H). 13C NMR (CD3OD): δ 206.7, 174.0, 173.85 (m), 173.76, 170.5 (m), 170.0, 

169.9, 167.6, 167.5, 162.5, 162.4, 159.6, 147.4, 147.0, 130.8, 130.7, 126.1, 117.4 (m), 117.24, 

117.21, 116.8 (m), 116.6, 113.1 (m), 113.0, 110.2, 110.1, 110.0 (m), 66.6 (m), 65.9, 65.8, 60.92 

(m), 60.86 (m), 60.65, 60.58, 56.51, 56.46, 53.5, 53.3, 43.7, 42.2, 42.0, 36.3, 36.2 (m), 36.14, 

36.06 (m), 32.8 (m), 32.7 (m), 30.7, 25.91, 25.87, 23.2. 31P NMR (CD3OD): δ 0.00 ppm (Only 

one peak was observed in either the 31P spectrum of 4.1{18, m} with or without H3PO4 as the 

external standand, which implies that the peak for 4.1{18, m} overlapped with H3PO4.). HRMS 

calcd. for C25H28N4O11P (M-H–) m/z = 591.1498, found m/z = 591.1522. [α]22
D = –95.6 (c 0.884, 

CH3OH). 

General procedures for screening of the library by ELEBA 

Primary assays: The Pin1 WW domain ligand, Fmoc–VPRpTPVGGGK–NH2 (245 µM), 

was added into each well (100 µL) of a 96-well plate to prepare the ligand-linked plate as 

reported.173 In the primary assays, all library members were screened with the crude products. 

4.1{1-21, d} were measured as mixtures of cis- and trans-isomers. Library members synthesized 

from racemic reagents, such as 4.1{1-21, c}, 4.1{1-21, m}, 4.1{1-21, r}, 4.1{3, a-r} and 4.1{8, 

a-r} were measured as diastereomeric mixtures. The library members were dissolved in DMSO 

as stock solutions with a concentration of about 37 mM based on estimated yields. The DMSO 

stock solution of each compound (4 µL) was added into a solution of Pin1–HRP in a PBS buffer  

with 2% BSA (pH = 7.3, 246 µL). DMSO was used as a negative control. The final volume of 

the solution was 250 µL, the final concentration of Pin1–HRP was 0.2 nM, and the final 

concentration of the library compound was 590 µM. The resulting solution was preincubated for 

30 min, then added into two wells (100 µL each, for assay in duplicate) of the ligand-linked plate. 
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Incubation was continued for 1 h. The solutions were removed by inverting and shaking the plate, 

and the plate was washed (3 × 10 nM imidazole and 0.05% Tween-20 in PBS buffer). A mixed 

solution of hydrogen peroxide and 3,3’,5,5’-tetramethylbenzidine in water? buffer? was added 

into each plate well, and incubated in the dark for 20 min. A H2SO4 solution (2N aq.) was added 

to quench the reaction, and the absorbance of each well was determined at 450 nm. The 

percentage of Pin1–HRP bound to the plate (% bound) was calculated from equation 4.1.  

% bound = Acompound/ADMSO                       eq. 4.1 

(To calculate the absorbance of a plate well in equation 4.1, the blank ligand-linked plate was 

determined at the same wavelength, and the absorbance was subtracted from the same well 

containing the final solution.) Ligand hits (% bound ≤ 50%) were reassayed to identify the best 

ligands through the same procedures above. 

Secondary Assay: Kd-obs determination. The competitive dissociation constants, Kd-obs, of 

cis-4.1{2, d}, trans-4.1{2, d}, 4.1{2,o}, and 4.1{18, m} were determined by ELEBA. The final 

concentrations of each compound were: 2.0, 10, 30, 50, 100, 200, 300, 500, 700, 1000, and 2000 

µM. The assay was performed by the same procedure as the primary assay. The concentrations 

and the corresponding % bound were fit to equation 4.2. 

% bound = a + (b − a) / (1 + 10(c – log[L])                             eq. 4.2 

Where [L] is the concentration of a ligand, and a, b, and c are fitted constants.173 

Synthesis with Vanguard 

For syntheses with Vanguard, the procedures were programmed and saved. A procedure 

consists of a series of commands. In the main menu, “(1) procedures” was selected to write a 

new procedure, modify, view or delete existed procedures. The manual, page 4-17, was referred 

to about programming procedures. Only letters can be used in the names of procedures. Multi-
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step procedures can be programmed, but it is highly recommended that combinations of one-step 

procedures are used instead of multi-step procedures, due to the unreliability of the instrument 

while executing long procedures. Almost all procedures can be achieved simply by using 

“Dispense” (dispensing selected solvents or solutions into the designated rows, all wells in the 

same row must be added with the same solution or solvent), “Mix” (shaking the reaction block), 

and “Empty” (removing solutions from the wells).  

Synthesis with the instrument. 

The top plate and the caps of all wells in the reaction block were removed, and resin was 

added manually into the reaction wells. The caps and top plate were put back on the reaction 

block. The solutions of substrates and/or reagents and solvents were added either manually or by 

the robot. If added by robot, approximately 60 mL of the solution/solvent was used to rinse the 

lines of the system. A typical solid-phase synthesis procedure consisted of addition of resin 

(manually), addition of solutions of substrates and reagents by “Dispense”, shaking by “Mix”, 

filtration by “Empty”, and washing by the combination of “Dispense”, “Mix” and “Empty”.  

To cleave the products from resin, the heating/cooling module was replaced with the 

cleavage block containing 96 vials. The cleavage solution was added into the wells by 

“Dispense”, the reaction block was shaken by “Mix”, and the products were collected in the vials 

of the cleavage block by “Empty.”  
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Chapter 5. Conclusions and Future Work 

Three stereoisomers: (2R,5S)-, (2S,5R)- and (2S,5S)-Ac–pSer–Ψ[(Z)CH=C]–Pip–2-(2-

naphthyl)ethylamine, were synthesized as inhibitors binding to the Pin1 catalytic domain. The 

two enantiomers, (2R,5S)- and (2S,5R)-isomer, were synthesized. The newly formed stereogenic 

center in the piperidyl ring was introduced by a Luche reduction, followed by a stereoselective 

[2,3]-Still-Wittig rearrangement. The (Z)- to (E)-alkene ratio in the rearrangement was (5.5:1). 

The stereochemical outcome of the rearrangement was in agreement with the previous results in 

the synthesis of the five-membered ring counterparts, while the Z-selectivity of the six-

membered ring substrate was higher. This proves the reliability of applying [2,3]-Still-Wittig 

rearrangement to obtain the desired stereochemistry in the five- and six-membered ring products, 

which are the most common cyclic structures. The (2S,5S)-isomer was first obtained as the 

epimerized by-product resulting from the (2S,5R)-isomer in the Na/NH3 debenzylation step, and 

the stereochemistry of it was confirmed by comparing the optical rotation with the isomer 

synthesized from an intermediate with known stereochemistry. The IC50 values for Pin1 

inhibition, which were determined with protease-coupled assays, were: 52, 85, and 141 µM, 

respectively. In this Z-alkene isostere, we concluded that the non-native-like S-configuration was 

not optimal at either stereogenic center, as mimics of D-Ser or D-Pip. The native-like L-Ser–cis–

L-Pip mimic is expected to be a more potent inhibitor than any of these three stereoisomers. 

A peptidomimetic library containing 315 members was synthesized to identify potent 

ligands binding to the Pin1 WW domain. The library compounds mimic tetrapeptides, with 

pSer–Pro as the core structure and diverse groups flanking the C- and N-termini. A new SPPR, 
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synthesized in one-step, was developed from the commercially available Wang resin, and used to 

synthesize our designed library. The library was screened by ELEBA, and several hits were 

identified. The best hit compounds were resynthesized and fully characterized, and the 

competitive dissociation constants, Kd-obs, were measured by ELEBA (Figure 5.1). 

 

Figure 5.1. Ligands for the Pin1 WW domain identify through library synthesis 

The results showed that the Pin1 WW domain has a binding preference for aromatic 

structures at the N-terminus of its binding motif, and a binding preference for polar aromatic 

structures at the C-terminus. The Kd-obs measured by ELEBA is dependent on the binding affinity 

of the plate-linked ligand, and consequently is only a relative value. The binding affinities of the 

best hits will be measured by other methods, such as NMR. Although amine 4.7{18} and acid 
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4.8{o} gave the most hit compounds by ELEBA, the best ligand was determined to be was 

4.1{18, m}, indicating that the binding affinity was not simply additive. 

In the future, combinatorial chemistry and modeling studies will be employed to 

investigate the structure-activity relationship and identify potent inhibitors binding to the Pin1 

catalytic and WW domains. For alkene mimics, we expect two combinations of the configuration 

of Ser and geometry of the double bond will result in good inhibitors of the Pin1 catalytic 

domain: pSer–Ψ[(Z)CH=C]–Pip and D-pSer–Ψ[(E)CH=C]–Pip. The inhibitions of these two 

alkene isosteres will be measured, and the better one will be used as a scaffold to build 

peptidomimetic libraries for the Pin1 catalytic domain. If more than one amino acid residue is 

attached to each end of the core structure, the coupling reactions at the C-terminus will be 

attempted with HOSu chemistry, a very effective way to avoid C-terminal protection of amino 

acids during amine coupling (Scheme 5.1). Deprotection of the Fmoc and coupling reactions at 

the N-terminus will follow as in this work.    

Scheme 5.1. Proposed coupling reaction at the C-terminus of the alkene mimic bound resin. The 

scheme shows the coupling reaction of one amino acid residue. If more than one residue needs to 

be added, the procedure will be repeated. 
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The synthesized SPPR with a 2-cyanoethyl protecting group is a good choice for peptide 

synthesis. Our preliminary results showed that this SPPR may be used as a general 

phosphorylating reagent for alcohols, and the phosphoproduct exists as the DBU salt. We 

expected that employment of benzyl or alkoxylbenzyl protecting groups would work better for 

one-step phosphorylation. SPPR, 5.1, is proposed to be useful through a similar protocol as 4.2 

(Scheme 5.2) for phosphorylation of the alcohol side chains of Thr and Tyr, as well as Ser as 

shown in Chapter 4. Compared with its 2-cyanoethyl counterpart, phosphorylation with SPPR 

5.1 does not require the base-mediated deprotection step, so cleavage from the resin with TFA, 

which simultaneously removes the benzyl protecting group, will give phosphate product rather 

than the salt form. 

Scheme 5.2. Proposed synthesis and application of SPPR 5.1 

 

To study structure-activity relationships of the Pin1 WW domain, a wide binding affinity 

range is required, and more data of moderate and even poor ligands are also needed. Due to the 

strong interaction of the plate-linked ligand with the Pin1 WW domain, most of our library 

members were negative in the assays. A weaker Pin1 WW ligand could be developed as the 

plate-linked ligand in ELEBA, and binding affinities of weak ligands in the library could then be 

measured.  
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Since the pSer–Pro motif binds to the Pin1 WW domain in the trans conformation, we 

expected the binding affinity could be improved by replacing the amide bond with a trans-alkene 

isostere. Compound 5.2 as the trans-alkene mimic of 4.1{18, m}, the best ligand identified from 

our Pin1 WW domain library, will be synthesized from Boc–Ser–Ψ[(E)CH=C]–Pro–OH. 

(Scheme 5.3). 

Scheme 5.3. Proposed synthesis of 5.2 
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