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ABSTRACT 

 Collagen is one of the most important and abundant proteins in mammals. It consists 

of three left-handed PPII helixes coiled along a common axis to form a very compact right-

handed super helix. The primary structure is shown to be (Gly-Xaa-Yaa)n repeats with high 

content of prolyl residues at both Xaa and Yaa positions. Cis-trans isomerization of the 

prolyl amide bonds is one of the rate-limiting steps during collagen triple helix folding. 

The conformationally locked alkene isosteres Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-

OH and Fmoc-Pro- [(E)CH=C]-Pro-OH were designed and synthesized. The synthesis of 

the Gly-Pro isostere had no stereo-control, and the two diastereomers of the tripeptide 

isostere Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-OBn were separated by normal phase HPLC. 

Although the stereoselectivity of the asymmetric reduction was not good for the Pro-Pro 

isostere, the resulting diastereomers was separable by flash chromatography, and the absolute 

stereochemistry of the two diastereomers was determined by Mosher’s method.  

The Gly-Pro alkenyl peptides, and their control peptide Ac-(Gly-Pro-Hyp)8-Gly-Gly-

Tyr-NH2 were synthesized and purified. All three peptides showed a maximum around 225 

nm and a minimum close to 200 nm in the CD spectra, which indicated the formation of PPII 

helixes. The Tm value of the control peptide was determined to be 50.0 °C. The peptide with 

Gly- [(E)CH=C]-L-Pro-Hyp as the guest triplet formed a stable triple helix with a Tm value  
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of 28.3 °C. The peptide with Gly- [(E)CH=C]-D-Pro-Hyp as the guest triplet showed a 

linear decrease in the ellipticity with increasing temperature, which indicated that no triple 

helix was formed. 

The Pro-Pro alkenyl peptide and its control peptide H-(Pro-Pro-Gly)10-OH were 

synthesized and purified. The Tm value of control peptide was determined to be 31.6 °C by 

extrapolation to 0 M TMAO in PBS buffer, which was very close to the measured value of 

31.5 °C. The Pro-Pro alkenyl peptide began to show a maximum around 225 nm in the CD 

spectra when the concentration of TMAO was higher than 2.5 M. After extrapolation to 0 M 

TMAO, the Tm value was determined to be –22.0 °C. These results indicate that the backbone 

inter-chain hydrogen bond is one of the major forces in stabilizing the collagen triple helix, 

while cis-trans isomerization has limited contribution. The intrinsic properties of the amide 

bond may have huge influence on the stability of the collagen triple helix. 

The helix-turn-helix motif is an important tertiary structure in DNA-binding proteins. 

Stepwise modifications of the Antennapedia HTH peptide (27-55) were performed to 

improve the helicity and stability. The peptide with more side-chain ion-pairs was over 4 

times more helical than the native Antp peptide, while the Ala-based peptide was over 9 

times more helical than the native peptide. 

A 12-membered ring, Fmoc-protected HTH-turn mimic was designed and 

synthesized, and was ready for solid phase peptide synthesis. The solubility of the cyclic 

peptide was very poor, and the purification of the final product was very difficult. The 

solubility problem might also affect solid phase peptide synthesis in the future. 



 

 

 iv 

ACKNOWLEDGMENTS 

 

I would like to acknowledge my advisor, Dr. Felicia A. Etzkorn, for her constant 

encouragement, intellectual support, consideration for our academic and personal lives, and 

providing excellent working environment for her students. I am very lucky to have an 

excellent advisor like her, and this experience will be a precious treasure for my whole life. I 

would also like to express my sincere appreciation to my committee members, Dr. Paul R. 

Carlier, Dr. Richard D. Gandour, Dr. Webster L. Santos, and Dr. Larry T. Taylor for their 

excellent teaching, precious advice and help. I thank all of the faculty, administrators and 

staff for providing the excellent environment in the Chemistry Department at Virginia Tech. 

 I want to thank all the people that provided advice, help and support to my reasearch. I 

want to thank Dr. Paul R. Carlier for the advice with regards to the asymmetric synthesis, Dr. 

Richard D. Gandour for computational advice, Dr. David G. Kingston for allowing me to use 

his HPLC and solvent distillation systems, Prof. Robert H. White and Kim Harich 

(Biochemistry Department, Virginia Tech) for allowing me to use their CD and UV-vis 

spectrometer. Dr. Shugeng Cao for the advice for normal phase HPLC purification, Dr. Carla 

Slebodnick for the advice regarding asymmetric crystallization, Dr. Mehdi Ashraf-

Khorassani for the LC-MS analysis, Dr. Bing Fang (Virginia Bioinformatics Institute, 

Virginia Tech) for the MALDI-TOF analysis. Mr. Mathew D. Shoulders (Department of 

Chemistry and Biochemistry, University of Wisconsin-Madison) for Data process and 

software help. 

I also deeply thank my former and current lab colleagues: Dr. Galina Kapustin, Dr. 

Bailing Xu, Dr. Xiaodong Wang, Dr. Tao Liu, Dr. Song Zhao, Ms. Guoyan Xu, Ms. Ashley 



 

 

 v 

Mullins, Ms. Ana Y. Mercedes-Camacho, Mr. Xingguo Chen, Ms. Jiajia Li, Mr. Chao Yang, 

Mr. Jun Qi, Dr. Changhui Liu, Dr. Yiqun Zhang, Dr. Danny Hsu and Dr. Ming Ma for 

helping with all kinds of experimental details and invaluable discussion about a variety of 

scientific topics. Financial supports from Virginia Tech, NIH and ACS are appreciated.  

Most of my thanks are reserved for my parents, who have provided consistent 

encouragement and support all my life. As their only son, I feel sorry that I could not be with 

them for the past six years. Finally but most importantly, words cannot express my gratitude 

to my wife, Liangming Hu. I greatly appreciate the love and support she has given me. 

Marrying her is the most important achievement and the best decision of my life. 



 

 

 vi 

Table of Contents 

Chapter 1 Introduction to Collagen...................................................................................1 

1.1 Structure of collagen ....................................................................................................................1 
1.1.1 Primary structure of collagen.................................................................................................................1 
1.1.2 Polyproline type II helix.........................................................................................................................2 
1.1.3 Collagen triple helix ...............................................................................................................................4 

1.2 Collagen types and biological functions ....................................................................................8 
1.2.1 Classification of natural collagens.........................................................................................................8 
1.2.2 Biological functions of common natural collagens ..............................................................................9 

1.3 The stability of collagen ............................................................................................................ 13 
1.3.1 Hydrogen bonding patterns..................................................................................................................13 
1.3.2 Amino acid sequence ...........................................................................................................................17 
1.3.3 Stabilizing effect of Pro and Hyp ........................................................................................................21 
1.3.4 Cis-trans isomerization ........................................................................................................................28 

1.4 Folding of the collagen triple helix.......................................................................................... 31 
1.4.1 Nucleation .............................................................................................................................................33 
1.4.2 Propagation ...........................................................................................................................................34 
1.4.3 Thermodynamics and kinetics of folding of the collagen triple helix...............................................35 

1.5 Summary..................................................................................................................................... 41 

Chapter 2 Design and synthesis of conformationally locked Gly-Pro and Pro-Pro alkene 

isosteres ........................................................................................................................43 

2.1 Design and Synthesis of the Gly- [(E)CH=C]-Pro-Hyp isostere ...................................... 43 
2.1.1 Theoretical base for the design of the alkene isosteres ......................................................................43 
2.1.2 Synthesis of Fmoc-Gly-Pro-Hyp-OH tripeptide mimic.....................................................................46 
2.1.3 Synthesis of Fmoc-Gly- [(E)CH=C]-Pro-Hyp-OH isostere ............................................................51 
2.1.4 Synthesis of Fmoc-Gly-Pro-Hyp(

t
Bu)-OH tripeptide mimic ............................................................57 

2.1.5 Synthesis of Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-OH isostere ....................................................62 

2.1.6 Introduction of the chiral center ..........................................................................................................64 
2.1.7 Deprotection of the benzyl group ........................................................................................................73 

2.2 Design and Synthesis of Pro- [(E)CH=C]-Pro isostere ...................................................... 78 
2.2.1 Design of Pro- [(E)CH=C]-Pro isostere............................................................................................78 
2.2.2 Synthesis of the tripeptide building block Fmoc-Gly-Pro-Pro-OH...................................................79 
2.2.3 Synthesis of the dipeptide isostere Fmoc-Pro- [(E)CH=C]-Pro-OH...............................................81 

2.3 Synthesis of other tripeptide building blocks for polymerization...................................... 85 
2.3.1 Synthesis of the tripeptide building block Boc-Gly-Pro-Pro-OH .....................................................86 
2.3.2 Synthesis of the tripeptide building block Boc-Gly-Pro-Hyp-OH....................................................87 

2.4 Summary..................................................................................................................................... 88 

Chapter 3 Design, synthesis and characterization of collagen-inspired polypeptides....128 

3.1 Design of peptides containing the Gly-trans-Pro isostere ................................................. 128 

3.2 Synthesis of peptides containing the Gly-trans-Pro isostere............................................. 130 

3.3 Purification of peptides containing the Gly-trans-Pro isostere ........................................ 136 

3.4 Characterization of peptides containing the Gly-trans-Pro isostere ............................... 138 
3.4.1 NMR................................................................................................................................................... 138 
3.4.2 LC-MS and MALDI-TOF................................................................................................................. 138 



 

 

 vii 

3.4.3 CD analysis ........................................................................................................................................ 141 
3.4.4 Discussion .......................................................................................................................................... 151 
3.4.5 Summary ............................................................................................................................................ 152 

3.5 Design of the peptide containing the Pro-trans-Pro isostere ............................................ 153 

3.6 Synthesis of the peptide containing the Pro-trans-Pro isostere........................................ 154 

3.7 Purification of the peptide containing the Pro-trans-Pro isostere ................................... 156 

3.8 Characterization of the peptide containing the Pro-trans-Pro isostere .......................... 157 
3.8.1 NMR................................................................................................................................................... 157 
3.8.2 LC-MS................................................................................................................................................ 158 
3.8.3 CD analysis ........................................................................................................................................ 158 
3.8.4 Discussion .......................................................................................................................................... 165 
3.8.5 Summary ............................................................................................................................................ 166 

3.9 Discussion and conclusion ...................................................................................................... 167 

3.10 Synthesis of collagen-like polypeptide by polymerization............................................... 172 
3.10.1 Free amino acid coupling................................................................................................................ 173 
3.10.2 Activated ester ................................................................................................................................. 176 

3.11 Summary................................................................................................................................. 177 

Chapter 4 Structure and stability of the -helix............................................................185 

4.1 Structure of the -Helix .......................................................................................................... 185 

4.2 Amino acid propensity ............................................................................................................ 187 

4.3 Models for the -helix............................................................................................................. 188 
4.3.1 Lifson-Roig Theory ........................................................................................................................... 188 
4.3.2 Zimm-Bragg Theory.......................................................................................................................... 189 

4.4 Stability of the -helix ............................................................................................................ 190 
4.4.1 The Helix Dipole and Capping Effects ............................................................................................ 191 
4.4.2 Side-Chain-Side-Chain Interactions................................................................................................. 196 
4.4.3 Ion Pairs ............................................................................................................................................. 197 
4.4.4 Hydrogen Bonds ................................................................................................................................ 199 
4.4.5 Hydrophobic Interactions.................................................................................................................. 201 
4.4.6 Cation-  Interactions ......................................................................................................................... 204 
4.4.7 C-H···O Hydrogen Bonds and Other Non-Classical Hydrogen Bonds .......................................... 206 

4.5 De Novo design of the -helix ................................................................................................ 209 

4.6 Summary................................................................................................................................... 210 

Chapter 5 Design of the helix-turn-helix peptides.........................................................211 

5.1 Introduction to the helix-turn-helix motif ........................................................................... 211 

5.2 De Novo Design of HTH Peptides ......................................................................................... 213 

5.3 Purification of HTH Peptides ................................................................................................ 215 

5.4 CD analysis of HTH peptides................................................................................................. 216 
5.4.1 CD results........................................................................................................................................... 218 
5.4.2 Discussion .......................................................................................................................................... 222 

5.5 Other HTH peptides................................................................................................................ 224 

5.6 Summary................................................................................................................................... 226 



 

 

 viii 

Chapter 6 Design and synthesis of the conformationally locked HTH-turn mimic.......229 

6.1 Design of the HTH-Turn Mimic............................................................................................ 229 

6.2 Synthesis of the HTH-turn mimic ......................................................................................... 231 
6.2.1 Asymmetric synthesis of L-allylglycine and L-homoallylglycine ................................................. 231 
6.2.2 Protecting group manipulation ......................................................................................................... 233 

6.3 Summary................................................................................................................................... 242 

Chapter 7 Conclusion and future work .........................................................................260 

7.1 Collagen-like polypeptides ..................................................................................................... 260 
7.1.1 Conclusion ......................................................................................................................................... 260 
7.1.2 Future work ........................................................................................................................................ 261 

7.2 Helix-turn-helix peptides and turn mimetics ...................................................................... 262 
7.2.1 Conclusion ......................................................................................................................................... 262 
7.2.2 Future work ........................................................................................................................................ 263 

Reference .........................................................................................................................265 



 

 

 ix 

List of Figures 

Figure 1.1 Structure of polyproline type II helix ........................................................................................................3 
Figure 1.2 Structure of the synthetic collagen-like peptide (Pro-Pro-Gly)9..............................................................5 
Figure 1.3 Backbone-backbone hydrogen bonding patterns in the collagen triple helix .......................................14 
Figure 1.4 The puckering of the prolyl 5-membered ring ........................................................................................23 
Figure 1.5 Natural collagen folding process .............................................................................................................32 
Figure 2.1 Design of collagen-like tripeptide isostere 2...........................................................................................46 
Figure 2.2 Double-coupled side product Boc-Pro-Hyp(Boc-Pro)-OMe 5 ..............................................................48 
Figure 2.3 Mechanism of the Ireland-Claisen rearrangement..................................................................................54 
Figure 2.4 The tripeptide building block 25 and tripeptide isostere 26...................................................................57 
Figure 2.5 Mechanism of Fmoc deprotection by piperidine ....................................................................................59 
Figure 2.6 Epimerization mechanism of active esters through the azlactone .........................................................60 
Figure 2.7 Mechanism of double bond isomerization ..............................................................................................63 
Figure 2.8 Four feasible stages to introduce a chiral center .....................................................................................64 
Figure 2.9 Reagents used to make diastereomers from enantiomers.......................................................................68 
Figure 2.10 HPLC separation of tripeptide isostere benzyl ester 37 by normal phase HPLC ...............................72 
Figure 2.11 Designed dipeptide isostere Fmoc-Pro- [(E)CH=C]-Pro-OH 43 ......................................................79 
Figure 2.12 Stereoselectivity of the NaBH4 CeCl3 reduction ..................................................................................83 
Figure 3.1 Design of the collagen-like host-guest polypeptides........................................................................... 129 
Figure 3.2 Full-range CD spectra of the peptides 63 and 64 from 300 nm to 190 nm ........................................ 146 
Figure 3.3 CD spectra of peptides 62, 63 and 64................................................................................................... 147 
Figure 3.4 Relative ellipticity-temperature dependence of peptides 62, 63 and 64............................................. 148 
Figure 3.5 Fraction conversion-temperature dependence for the unfolding process of the peptides 62 and 63.......

.......................................................................................................................................................................... 151 
Figure 3.6 Design of the collagen-like host-guest polypeptides with the Pro-Pro isostere ................................ 154 
Figure 3.7 Full range CD spectra of control peptide 65 in PBS buffer at 3 °C ................................................... 159 
Figure 3.8 Molar ellipticity-temperature dependence of control peptide 65 in different concentrations of TMAO

.......................................................................................................................................................................... 159 
Figure 3.9 Full range CD spectra of control peptide 65 in PBS buffer in 3.0 M TMAO at 3 °C....................... 160 
Figure 3.10 Molar ellipticity-temperature dependence of control peptide 65 in 3.0 M TMAO solutions......... 161 
Figure 3.11 Tm–[TMAO] dependence of peptide 65 ............................................................................................. 162 
Figure 3.12 Full range CD spectra of peptide 66 in PBS buffer at 3 °C .............................................................. 163 
Figure 3.13 Molar ellipticity-temperature dependence of peptide 66 in different concentrations of TMAO ... 164 
Figure 3.14 Tm–[TMAO] dependence of peptide 66 ............................................................................................. 164 
Figure 3.15 Structure of alkene isosteres, control and alkenyl peptides .............................................................. 167 
Figure 3.16 Torsion angles and possible n * interactions in the collagen-like peptide (Pro-Hyp-Gly)10 ..... 171 
Figure 4.1 Idealized diagram of the main chain in an -helix .............................................................................. 186 
Figure 4.2 Matrix for Lifson-Roig definition and modified Lifson-Roig definition ........................................... 189 
Figure 4.3 Codes, numberings and statistical weights for the Zimm-Bragg, Lifson-Roig and modified Lifson-

Roig models in a partially helical peptide ..................................................................................................... 190 
Figure 4.4 Two views of the -helix....................................................................................................................... 193 
Figure 4.5 (i, i + 3 or i + 4, i + 7) hydrogen bond in the -helix .......................................................................... 201 
Figure 4.6 Cation-  interaction arrangements ....................................................................................................... 205 
Figure 4.7 Structure of some classical and non-classical hydrogen bonds .......................................................... 207 
Figure 4.8 Structure of proline C-H···O hydrogen bond – type 4/3 ...................................................................... 208 
Figure 5.1 Antp-DNA binding complex................................................................................................................. 213 
Figure 5.2 Stepwise changes to Antennapedia HTH peptide (27–55) ................................................................. 214 
Figure 5.3 Full range CD spectrum of peptides 69, 70, and 71 ............................................................................ 219 
Figure 5.4 Molar ellipticity-concentration dependence of peptides 69, 70 and 71 ............................................. 220 
Figure 5.5 Salt effect of peptides 69, 70 and 71 .................................................................................................... 221 
Figure 5.6 Molar ellipticity-concentration dependence of peptide 72.................................................................. 224 
Figure 5.7 Molar ellipticity-concentration dependence and salt effect of control peptide 73 ............................ 225 
Figure 6.1 Designed conformationally locked HTH-turn mimics. ....................................................................... 230 



 

 

 x 

List of Schemes 

Scheme 2.1 Synthesis of dipeptide Boc-Pro-Hyp-OMe 4 ........................................................................................47 
Scheme 2.2 Synthesis of tripeptide Fmoc-Gly-Pro-Hyp-OMe 8 .............................................................................49 
Scheme 2.3 Synthesis of the tripeptide building block Fmoc-Gly-Pro-Hyp-OH 1 ................................................50 
Scheme 2.4 Alternative synthetic route for the tripeptide building block Fmoc-Gly-Pro-Hyp-OH 1...................51 
Scheme 2.5 Synthesis of , -unsaturated ketone 15 ................................................................................................52 
Scheme 2.6 Synthesis of ester 20 ...............................................................................................................................53 
Scheme 2.7 HBTU coupling method to synthesize ester 20 ....................................................................................54 
Scheme 2.8 Synthesis of Fmoc-protected acid 23.....................................................................................................55 
Scheme 2.9 Synthesis of tripeptide isostere 2 ...........................................................................................................56 
Scheme 2.10 Synthesis of building block Fmoc-Gly-Pro-Hyp(

t
Bu)-OH from right to left ...................................58 

Scheme 2.11 Synthesis of building block Fmoc-Gly-Pro-Hyp(
t
Bu)-OH from left to right ...................................61 

Scheme 2.12 Formation of isomerized alkene isostere 34........................................................................................62 
Scheme 2.13 Synthesis of tripeptide isostere 37 .......................................................................................................64 
Scheme 2.14 Asymmetric reduction of , -unsaturated ketone 15.........................................................................65 
Scheme 2.15 Synthesis of the diphosphonite ligand 39............................................................................................66 
Scheme 2.16 Asymmetric transfer hydrogenation of , -unsaturated ketone 15...................................................67 
Scheme 2.17 Attempts to make diastereomers from the racemic mixture ..............................................................68 
Scheme 2.18 Deprotection of the benzyl group with acids or bases........................................................................74 
Scheme 2.19 Mild hydrogenation reactions ..............................................................................................................76 
Scheme 2.20 Synthesis of tripeptide isostere 26 .......................................................................................................77 
Scheme 2.21 Synthesis of the tripeptide building block Fmoc-Gly-Pro-Pro-OH 42..............................................80 
Scheme 2.22 Synthesis of alcohols (R)-49 and (S)-49 .............................................................................................81 
Scheme 2.23 Determination of the absolute stereochemistry of the alcohol (R)-49 and (S)-49............................82 
Scheme 2.24 Synthesis of the dipeptide isostere Fmoc-Pro- [(E)CH=C]-Pro-OH 43..........................................84 
Scheme 2.25 Synthesis of the tripeptide building block Boc-Gly-Pro-Pro-OH 57 ................................................86 
Scheme 2.26 Synthesis of the tripeptide building block Boc-Gly-Pro-Hyp-OH 61 ...............................................88 
Scheme 3.1 Solid phase peptide synthesis of control peptide 62.......................................................................... 134 
Scheme 3.2 Solid phase peptide synthesis of the Gly-Pro isostere containing peptide 63 and 64 ..................... 135 
Scheme 3.3 Solid phase peptide synthesis of control peptide 65.......................................................................... 155 
Scheme 3.4 Solid phase peptide synthesis of the Gly-Pro isostere containing peptide 66.................................. 156 
Scheme 3.5 Polymerization with free amino acid coupling .................................................................................. 174 
Scheme 3.6 Polymerization with activated ester .................................................................................................... 176 
Scheme 6.1 Synthesis of (R,R)-(–)-pseudoephedrine glycinamide 77.................................................................. 231 
Scheme 6.2 Synthesis of L-allylglycine 80 and L-homoallylglycine 81 .............................................................. 232 
Scheme 6.3 Synthesis of protected allylglycine 83 and homoallylglycine 84 ..................................................... 234 
Scheme 6.4 Synthesis of tripeptide 86 .................................................................................................................... 235 
Scheme 6.5 Deprotection of the TMSE-group ....................................................................................................... 236 
Scheme 6.6 Synthesis of the HTH-turn mimic 89 ................................................................................................. 237 
Scheme 6.7 Synthesis of dipeptide 91 .................................................................................................................... 237 
Scheme 6.8 Synthesis of tripeptide 93 .................................................................................................................... 238 
Scheme 6.9 Synthesis of tripeptide 96 with a reverse sequence ........................................................................... 239 
Scheme 6.10 Ring-closing metathesis .................................................................................................................... 240 
Scheme 6.11 Model reactions to deprotect the methyl protecting group ............................................................. 240 
Scheme 6.12 Synthesis of the cyclic tripeptide mimic 100 ................................................................................... 241 
Scheme 6.13 Synthesis of tripeptide benzyl ester 103........................................................................................... 242 



 

 

 xi 

List of Tables 

Table 1.1 Dihedral angles for the “ ideal” 10/3 and 7/2 collagen triple helixes .......................................................7 
Table 1.2 Classification, chain composition, and body distribution of collagen ....................................................10 
Table 1.3 Nomenclature of water mediated hydrogen bond ....................................................................................16 
Table 1.4 Melting points of (Pro-Pro-Gly)n and (Pro-Hyp-Gly)n ............................................................................18 
Table 1.5 The melting point of the host-guest peptides............................................................................................20 
Table 1.6 Melting points of the peptides with 4-substituted prolyl amino acid residues .......................................23 
Table 1.7 Kcis/trans values for model compounds Ac-Yaa-OMe................................................................................31 
Table 2.1 Co-crystallization results of Boc-protected acid 22 and brucine ............................................................70 
Table 2.2 Methods to remove the benzyl protecting group of a carboxylic acid ....................................................77 
Table 3.1 Method for HPLC separation of the collagen-like peptides 62, 63 and 64 ......................................... 137 
Table 3.2 Mass of the collagen-like peptides 62, 63 and 64 from LC-MS .......................................................... 139 
Table 3.3 Mass of the collagen-like peptides 62, 63 and 64 from MALDI-TOF ................................................ 140 
Table 3.4 Concentration of the collagen-like peptides 62, 63 and 64 solutions .................................................. 142 
Table 3.5 Calculated thermodynamic data of the collagen-like peptides 62 and 63 ........................................... 152 
Table 3.6 Mass of the collagen-like peptides 65 and 66 from LC-MS................................................................. 158 
Table 3.7 Tm values of control peptide 65 at different concentrations of TMAO................................................ 162 
Table 3.8 Tm values of alkenyl peptide 66 in different concentration of TMAO................................................. 164 
Table 3.9 Melting point comparisons and structural analysis of alkenyl peptides .............................................. 169 
Table 3.10 Combinations of coupling reagents and solvents ................................................................................ 175 
Table 4.1 Stabilizing energy of the side-chain ion pairs ....................................................................................... 198 
Table 4.2 Stabilizing energy of the cooperative salt bridge triplet ....................................................................... 199 
Table 4.3 Stabilizing energy of the side-chain hydrophobic interactions ............................................................ 203 
Table 5.1 Dihedral angles  and  of the amino acid residues in the -turn, -turn and HTH-turn ................. 212 
Table 5.2 CD peaks of different secondary structures in the folded proteins ...................................................... 217 



 

 

 xii 

List of Abbreviations 

Amino Acids 

 

Ala, A Alanine 

Asn, N Asparagine 

Asp, D Aspartic acid 

Arg, R  Arginine 

Cha Cyclohexyl alanine 

Clp 4(R)-Chloroproline 

clp 4(S)-Chloroproline 

Cys, C  Cysteine 

Flp 4(R)-Fluoroproline 

flp 4(S)-Fluoroproline 

Gln, Q  Glutamine 

Gly, G  Glycine 

His, H  Histidine 

Hyl Hydroxylysine 

Hyp 4(R)-Hydroxyproline 

hyp 4(S)-Hydroxyproline 

Ile, I  Isoleucine 

Leu, L Leucine 

Lys, L  Lysine 

Met, M Methionine 

Mep 4(S)-Methyl proline 

mep 4(R)-Methyl proline 

Phe, F Phenyalanine 

Pro, P Proline 

Ser, S Serine 

Thr, T Threonine 

Trp, W Tryptophan 

Tyr, Y Tyrosine 

Val, V Valine 

Xaa Amino acids at the X position 

Yaa Amino acids at the Y position 

pSer Phosphoserine 

pThr Phosphothreonine 

AlloThr allo-threonine 

 

Abbreviations 

 

AA Amino acid 

Ac Acetyl 

Antp Antennapedia type homeodomain 

aq Aqueous 

BINOL 1,1'-Binaphthalene-2,2'-diol 



 

 

 xiii 

BM Basement membrane 

Bn Benzyl 

Boc tert-Butyloxycarbonyl 

BOP Benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium 

hexafluorophosphate 

Bu Butyl 

Cbz Carbobenzoxy 

CD Circular dichroism 

CDI 1,1'-Carbonyldiimidazole 

CE Capillary electrophoresis 

COL2A1 Collagen, type II, alpha 1chain 

COSY Correlation spectroscopy 

Cy Cyclohexyl 

DCC 1,3-dicyclohexylcarbodiimide 

DCE Dynamic capillary electrophoresis 

DCM Dichloromethane 

DCU dicyclohexylurea 

DIEA Diisopropylethylamine 

DMA N,N-Dimethyl aniline 

DMAP N,N-dimethyl-4-amino pyridine 

DMF Dimethylformamide 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DSC Differential scanning calorimetry 

EDC 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

ER Endoplasmic reticulum 

Et Ethyl 

Fmoc 9-Fluorenylmethoxycarbonyl 

h Hour 

HATU 2-(7-Aza-1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium 

hexafluorophosphate 

HBTU O-Benzotriazole-N,N,N’,N’-tetramethyl-uronium-hexafluoro-

phosphate 

HOAt 1-Hydroxy-7-Azabenzotriazole 

HOBt N-Hydroxybenzotriazole 

HSQC Heteronuclear single quantum coherence 

HTH Helix-turn-helix 

HPLC High performance liquid chromatography 

IR Infrared spectroscopy 

Kcis/trans Equilibrium constant between the cis- and trans-conformations 

LDA Lithium diisopropylamide 

MALDI Matrix-assisted laser desorption/ionization 

Me Methyl 

min Minute 

MS Mass spectroscopy 

NB-Enantride Lithium hydrido(9-BBN-nopol benzyl ether adduct) 



 

 

 xiv 

NMP N-Methyl-2-Pyrrolidone 

NMR Nuclear magnetic resonance spectroscopy 

NOESY Nuclear Overhauser Enhancement Spectroscopy 

NP p-Nitrophenyl 

PBS Phosphate buffered saline 

Ph Phenyl 

PPI Polyproline type I 

PPII Polyproline type II 

Pr Propyl 

PTM Post-translational modification 

RCM Ring-closing metathesis 

rt Room temperature 

SPPS Solid phase peptide synthesis 

Su Succinimide 

TBAF Tetrabutylammonium fluoride 

TBS tert-Butyldimethylsilyl 

TEA Triethylamine 

TFA Trifluoroacetic acid 

THF Tetrahedrofuran 

TIPSH Triisopropylsilane 

TLC Thin layer chromatography 

Tm Melting point (mid-point) 

TMAO Trimethylamino N-oxide 

TMEDA Tetramethylethylenediamine 

TMS Trimethylsilyl 

TOF Time-of-flight mass spectrometer 

SAR Structure activity relationship 

UV-vis Ultraviolet-visible spectroscopy 

 

 

 



 

 

 1 

Chapter 1 Introduction to Collagen 

 Collagen is one of the most important and abundant proteins in mammals.
1
 It is the 

most important structural protein, especially in connective tissues. It accounts for more than 

25 % of all proteins in the body, about 30 % of all vertebrate body proteins, more than 90 % 

of the extracellular proteins in the tendon and bone, and more than 50 % of the proteins in the 

skin.
1,2

 Collagen acts as a scaffolding material to maintain the strength and elasticity for our 

bodies.
3
 It is responsible for the structural integrity of tissues and organs, and also regulates 

many biological events, such as cell attachment, migration and differentiation, tissue 

regeneration and animal development.
4
 

1.1 Structure of collagen 

1.1.1 Primary structure of collagen 

 Collagen usually refers to a family of proteins with at least one triple helix region.
5
 

The primary structure of collagen can be shown as a polymer of (Gly-Xaa-Yaa)n, in which 

Gly-Xaa-Yaa is the repeating unit. There is a glycine (Gly) residue every three residues in the 

sequence, which is one of the most important structural features for the collagen triple helix. 

Gly is the only amino acid without a side-chain, so it can fit into the highly compacted triple 

helix at the specific position. Mutation of Gly to any other residues, even alanine (Ala), the 

second smallest residue, alters or even breaks the triple helical conformation.
6
 

The amino acid residues at the Xaa and Yaa positions may vary, but high occurrences 

of certain amino acid residues at these positions are observed. At the Xaa position, 

approximately 10 % of the residues are proline (Pro). At the Yaa position, 10-12 % of the 
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residues are 4(R)-hydoxyproline (Hyp),
7,8

  a non-natural amino acid that is derived from 

proline during post-translational hydroxylation by 4-prolyl hydroxylase.
9
 The cyclic side-

chains of Pro and Hyp are also believed to contribute to the folding of the collagen triple 

helical structure.
10

 Pro and Hyp are preferred, but not required, to form a collagen triple 

helix. 

1.1.2 Polyproline type II helix 

Each chain in the collagen triple helix forms a left-handed polyproline type II 

(PPII).
11,12

 The PPII helixes are widely found in both folded
13,14

 and unfolded proteins.
15

 The 

PPII helix is very important in biological signal transduction, transcription, cell mobility and 

immune responses.
16-18

 It is an important component in the protein unfolded state
19

 and 

contributes to the stability and ensemble of unfolded proteins.
17,20 

The PPII helix has high water content, and is relatively short and loose structure. 

About 90 % of the PPII helixes are less than 5 turns, the PPII helixes with more than 10 turns 

are very rare.
21

 The average main-chain dihedral angles ,  and  are –75°, 145° and 180° 

respectively.
13,22,23

 The helical pitch is about 9.3 Å per turn and 3.0 residues per turn, thus the 

rise per residue is approximately 3.1 Å (Figure 1.1).
24

 

Unlike the -helix, the PPII helix has no main-chain to main-chain hydrogen bonding 

because of the long distance and incorrect orientation of the corresponding amide oxygen and 

nitrogen atoms.
25,26

 Moreover, because of the high occurrence of Pro in the PPII helix, the 

PPII helix chain lacks H-bond donors, and intra-chain hydrogen bonding is disfavored. 

The PPII helix is more surface exposed than any other structure.
13

 Stapley and 

Creamer showed that polar residues in the PPII helixes are 60 % more solvent exposed, and 

the hydrophobic residues are 50 % more solvent exposed than the average for all residues in 
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proteins.
21

 Backbone solvation is essential for the stability of the PPII helical structure.
27-29

 

The water molecule is a good hydrogen bond donor as well as a good hydrogen bond 

acceptor and it acts as a bridge to associate amide nitrogen and oxygen atoms on the PPII 

backbone.
18,30

 Other factor that stabilize the PPII helix are: 1) side-chain-side-chain 

hydrophobic packing, 2) hydrogen bonding between i and i + 3 residues,
21,31

 3) side-chain-

main-chain hydrogen bonding between the i and i + 1 residues,
21

 4) inter-chain hydrogen 

bonding, especially in collagen. 

9.3 Å
3 residues per turn

 

Figure 1.1 Structure of polyproline type II helix. (Generated from ppII.pdb with MacPyMOL 

1.0) 

 

All the peptide amide bonds in the PPII helix adopt the trans-conformation,
25,26

 which 

is the major difference from the relatively compact polyproline type I (PPI) helix. The PPI 
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helix is a right-handed structure with 3.3 residues per turn. The backbone dihedral angles , 

 and  are –75°, 160° and 0° respectively.
18,32

 The amide bonds in PPI helix adopt the cis-

conformation.
32

 

The PPII helix has a high preference for Pro and Pro derivatives, although Pro is not 

required to form the PPII helix. An all-Pro PPII helix is found only in a few proteins.
13,21

 

About 25 % of the PPII helixes have no Pro in the sequence at all.
21

 Positively charged 

residues, such as glutamine and lysine, are preferred in the PPII sequence at the i + 1 position 

because they can form the side-chain to main-chain hydrogen bond with the oxygen of the 

C=O at the i position to stabilize the PPII structure.
21

 It is notable that Gly does not have high 

occurrence in the PPII helix sequence,
21

 while it is essential to form the collagen triple helix 

structure. Not all of the PPII helixes can form a collagen triple helix.  

1.1.3 Collagen triple helix 

  The collagen triple helix model was determined from the X-ray diffraction patterns 

the collagen fibers in tendons.
33-36

 This model has three left-handed PPII helixes coiled with 

each other along a common axis, and forms a right-handed super helical structure with the 

Gly-Xaa-Yaa repeating unit.
35,37

 All of the peptide bonds in the collagen triple helix adopt 

the trans-conformation, as shown in Figure 1.2. 

 The structure of the PPII helix in collagen is slightly different from the free single 

chain PPII helix. In the collagen triple helix, each PPII chain has 3.33 residues per turn and 

the axis repeat is 2.86 Å per residue,
24,33

 while the number is exactly three residues per turn 

and the axis repeat is 3.1 Å per residue in the free single-chain PPII helix.
25

 The axial repeat 

is 28.6 Å for the right-handed triple helix. The helical structure moves to a new start after ten 

residues, and the new start point is located on a different chain. Sequence dependent 
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structural variations were observed crystallographically. The strong intermolecular 

interactions may also change the structural parameters of the collagen triple helix.
38

 

2.86 Å

10 Å

 

Figure 1.2 Structure of the synthetic collagen-like peptide (Pro-Pro-Gly)9.
39

 (Generated from 

PDB file 1ITT with MacPyMOL 1.0) 

 

In the collagen triple helix, a Gly residue faces the Xaa residue of a neighboring 

chain, and the Xaa residue faces the Yaa residue of the third chain, as shown in Figure 1.2. 

This configuration is called staggered arrangement.
40

 The staggered arrangement of the 

collagen triple helix is the major difference from other multi-stranded helixes such as the 

DNA coiled-coil double helical structure.
40

 The staggered arrangement is especially 

important for most natural collagen, because the six possible alignments of the three chains 

provide an array of residues from different chains for recognition during the folding 

processes.
41

 

To form the very compact collagen triple helix, the hydrogen atoms of the Gly 

residues point inside the structure.
40

 The replacement of a hydrogen atom of Gly to a larger 

side-chain at the -carbon breaks the main-chain-main-chain hydrogen bond between the N-

H of the Gly residue and the C=O of the Xaa residue of another chain.
6,35

 Bella et al. 
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confirmed the existence of this hydrogen-bonding pattern by studying the crystal structure of 

a synthetic Gly Ala polypeptide.
6
 They also pointed out that the mutation of Gly to Ala 

altered the triple helical structure and interrupted the inter-chain hydrogen bonding patterns.
6
 

Computational studies suggest that replacing Gly with D-alanine or D-serine residues might 

stabilize the triple helix,
42

 but the synthetic peptides (Pro-Hyp-D-Ala)7 and (Pro-Hyp-D-Ser)7 

both failed to form a stable triple helix.
43

 The isolated collagen PPII helixes are not stable if 

the polypeptide chain contains other residues except for Pro or Hyp.
40

  

Pro is preferred at the Xaa position, while Hyp has the highest preference at the Yaa 

position.
7,8

 Other residues are also possible at these positions, although the stability of the 

resulting collagen triple helix may decrease.
44,45

 The side-chains of the Xaa and Yaa residues 

are pointed out of the helix and exposed to the solvent, thus freely accessible to water 

molecules and for forming binding interactions, which is very important in collagen fibril 

formation.
40

 The interactions between oppositely charged residues and hydrophobic 

interactions between residues of different chains also contribute to the fibril formation.
46,47

  

The lateral association of triple helixes, which is important in fibril formation, is 

determined by both the sequence of all three chains and the symmetry of the helixes.
40

 The 

“ten residues forming three turns” collagen triple helical structure in the fibers in tendons has 

a 10/3 (or 107) symmetry, and most natural collagen fibers adopt a 10/3 symmetry.
35,48

 

Crystallographic studies of synthetic model peptides with Gly-Pro-Hyp and related sequences 

were used to reveal detailed structural information about the collagen triple helix. In 1981, 

Okuyama et al. showed the first atomic resolution X-ray diffraction pattern of a synthetic 

collagen polypeptide (Pro-Pro-Gly)10.
49

 They reported the model peptide has a 7/2 (or 75) 

symmetry, with 3.5 residues per turn and an axial repeat of 2 nm.
49

 This result is different 



 

 

 7 

from the 10/3 symmetry obtained by X-ray diffraction of natural fibers,
50

 but it is very close 

to the structure Cohen and Bear proposed.
51

 In 1994, Bella et al. reported the crystal structure 

of a synthetic Gly Ala polypeptide at 1.9 Å resolution.
6
 They found that the polypeptide 

forms a triple helix structure with a length of 8.7 nm and a diameter of 1.0 nm, and the 

polypeptide again showed a 7/2 symmetry.
6
 They believed that imino acid (Pro or Hyp) rich 

peptides have a 7/2 symmetry, while imino acid poor regions adopt a 10/3 symmetry.
6
 

Kramer et al. studied the X-ray crystal structure of a synthetic peptide with an imino acid 

poor region, and found that in this region, the structure of the collagen triple helix is close to 

a 10/3 helix, while in the imino acid rich region, the triple helical structure is close to a 7/2 

helix.
12,52

  

Additional structural information was revealed from studies of the crystal structures 

of (Pro-Pro-Gly)10 and related synthetic peptides.
39,53,54

 The crystal structure of (Pro-Pro-

Gly)10 obtained at 1.3 Å resolution showed that the preferential distribution of Pro backbone 

and side-chain conformations are position dependent.
55-57

 The Pro residues at the Xaa 

position exhibit an average main-chain torsion angle of  = –75° and a positive side-chain 

angle (down puckering of the Pro ring).
55,56

 The Pro residues at the Yaa position displayed a 

significantly smaller main-chain torsion angle of  = –60° and a negative side-chain angle 

(up puckering of the Pro ring).
55,56

 These results also explained the stabilizing effect of Hyp 

at different positions, which will be discussed later. 

Table 1.1 Dihedral angles for the “ ideal” 10/3 and 7/2 collagen triple helixes. 
49,50,58

 

 Gly  (°) Gly  (°) Xaa  (°) Xaa  (°) Yaa  (°) Yaa  (°) 

7/2 helix –70.2 175.4 –75.5 152.0 –62.6 147.2 

10/3 helix –67.6 151.4 –72.1 164.3 –75.0 155.8 
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1.2 Collagen types and biological functions 

1.2.1 Classification of natural collagens 

 Collagen is important in the development of large complex organisms. It provides an 

insoluble scaffold to maintain the shape and form of organisms; it is also responsible for the 

attachment of large macromolecules, glycoproteins, hydrated polymers and inorganic ions, 

and even cell attachments.
59

 Collagens are different in morphology and function, thus play 

different roles in maintaining the differentiation of various biological features.
60

 They are 

found from supramolecular assembly in rope-like fibrils, which provide the fibrous scaffold 

to maintain the integrity of tendons, ligaments, and bone, to net-like sheets in the basement 

membranes, which support the epithelial and endothelial cells. Collagens are also found as 

fine filaments from anchor basement membranes to specialized structure in the deep dermis, 

and as hexagonal lattices in cartilage and Descemet’s membranes, which provide the 

substrates for cell differentiation, proliferation, migration and support.
59

 

 Based on the difference in the helix length, the nature and the length of the non-

helical parts, collagens are categorized into different types,
9,61

 which were assigned with 

Roman numerals (I, II, III etc.) in the order of discovery. More and more types of collagens 

have been isolated and identified.
60,62,63

 To date, 28 different types of collagen have been 

isolated and found to exist independently or co-existent in various connective tissues.
64

 Every 

type of collagen has the unique triple helical structure in common, consisting of three 

polypeptide chains ( -chain). A natural collagen triple helix can be a homotrimer consisting 

of three identical -chains, which is shown to be [ 1(V)]3, or a heterotrimer with two 

identical -chains and one dissimilar chain, which is shown to be [ 1(V)]2 2(V)], or three 

dissimilar chains, which is shown to be 1(V) 2(V) 3(V). 
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Based on the molecular and supramolecular structures, collagen can be classified into 

six subfamilies.
65

 The classification, chain composition and tissue distribution of selected 

collagen types are showed in Table 1.2.  

1.2.2 Biological functions of common natural collagens 

The fibril-forming collagens are the most abundant subfamily of all collagens. 

Especially for Type I, II and III collagens, which have large sections of homologous 

sequences that are independent of the species.
66

 About 80-90 % of all collagens are either 

Type I, II or III.
63

 Other collagen types exist in very small quantities and are found only in 

specific biological structures. For example, Type IV collagen is a loose two-dimensional 

fibrillar network which is found only in the basement membrane. 

Type I is the most abundant collagen form. It is found in almost all connective issues 

except for hyaline cartilage.67 It accounts for about 95 % of the entire collagen content and 

about 80 % of the proteins in bone.
68

 It is also the predominant protein in skin, tendons, 

ligaments, sclera, cornea, and blood vessels. Type I collagen is usually a heterotrimer with 

two of them are identical, termed as 1(I), and the third chain, termed as 2(I), has a 

different chemical composition. A homotrimer type I collagen consisting of three identical 

1(I) chains is found in embryonic tissues with very small quantities.
60

 Type I collagen is a 

fibril-forming collagen, and its major biological function is acting as a scaffold for the 

extracellular matrix of connective tissues.
59

 Type I collagen can incorporate the minerals 

during the formation of bone, which is unique to other types of collagens.
59,69-72

 This is 

important for the integrity and strength of the bones, and mutations in type I collagen cause 

brittle bones.
59

 Moreover, the mutations of the genes COL1A1 and COL1A2, which encode 
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Table 1.2 Classification, chain composition, and body distribution of collagen.
5,60,63,65,73,74

 

Class Type Chain composition 
a 

Tissue distribution 

I [ 1( )]2 2( ), [ 1( )]3 

Skin, tendon, bone, cornea, dentin, 

fibrocartilage, large vessels, intestine, uterus, 

dermis 

II [ 1( )]3 
Hyaline cartilage, vitreous, nucleus 

pulposus, notochord 

III [ 1( )]3 
Large vessels, uterine wall, dermis, intestine, 

heart valve, gingiva 

(Usually coexists with Type I) 

V 
1(V) 2(V) 3(V), 

 [ 1(V)]2 2(V), [ 1(V)]3 

Cornea, placental membranes, bone, large 

vessels, hyaline cartilage, gingival 

XI 1(XI) 2(XI) 3(XI) Cartilage, intervertebral disc, vitreous humour 
XXIV [ 1(XXIV)]3 Bone, cornea 

Fibril-

forming 

collagens 

XXVII [ 1(XXV )]3 Cartilage 
IV [ 1( V)]2 2( V) Basement membrane (BM) 

VI 1(VI) 2(VI) 3(VI) 
Descemet’s membrane, skin, nucleus 

pulposus, heart muscle 

VIII 
[ 1(VIII)]2 2(VIII), 

[ 1(VIII)]3 

Produced by endothelial cells, descemet’s 

membrane 

Network-

forming 

collagens 

X [ 1(X)]3 Hypertrophic and mineralizing cartilage 

IX 1(IX) 2(IX) 3(IX) Cartilage, cornea 

XII [ 1(X )]3 
Chicken embryo tendon, bovine periodontal 

ligament 

XIV [ 1(X V)]3 Associated with type I in fibril surface 

XVI [ 1(XVI)]3 Hyaline cartilage, skin 

XIX [ 1(X X)]3 
Endothelial, neuronal, mesenchymal 

epithelial BM zone 

XX [ 1(XX)]3 Corneal epithelium 

XXI [ 1(XXI)]3 Heart, stomach, kidney, placenta 

XXII [ 1(XXII)]3 
Cartilage-synovial junctions, confined zone 

between anagen hair follicle and dermis 

Fibril-

associated 

collagens 

with 

interrupted 

triple helixes 

XXVI [ 1(XXVI)]3 Testis, ovary 

XIII [ 1(X )]3 Cetal skin, bone, intestinal mucosa 

XVII [ 1(XV )]3 Skin, intestinal epithelia 

XXIII [ 1(XXIII)]3 Human heart and retina 

Trans-

membrane 

collagens 
XXV [ 1(XXV)]3 Neurons 

Anchoring 

fibrils 
VII [ 1(V )]3 Skin, placenta, lung, cartilage, cornea 

XV [ 1(XV)]3 BM zones 
Multiplxin 

XVIII [ 1(XVIII)]3 Perivascular BM zones 

a) The composition of the polypeptide chains ( -chain) of the collagen triple helix is shown 

as: : each peptide chain; Arabic numerals: number of different chains in one triple helix; 

Roman numerals: type of the collagen. 
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the propeptide of type I collagen pro 1(I) and pro 2(I) chains, respectively, have been 

identified as the molecular reason of different types of osteogenesis imperfecta.
59

 

Type II collagen is a homotrimer consisting of three identical 1(II) chains, and the 

structure of the 1(II) subunit is very close to that of 1(I).
65

 Type II collagen is essentially 

unique to hyaline cartilage, and is the most abundant collagen form in cartilage, inter-

vertebral disc, notochord and vitreous humour and forms narrow D-periodic fibrils.
59

 Type II 

collagen exists in two forms due to the difference in connection, and the 1(II) chain appears 

to be encoded with the same gene as 3(XI) chain.
75

 Type IX collagen is covalently cross-

linked to type II collagen in cartilage in an anti-parallel orientation.
76

 Type II collagen is the 

main target of the progressive destruction in rheumatoid arthritis. Sequence polymorphisms 

of type II collagen make the cartilage matrix susceptible to autoimmune attack or subsequent 

degradation, and either can result in rheumatoid arthritis.
77,78

 Moreover, mutation in 

COL2A1, a gene encoding type II collagen, can result in the Stickler syndrome, the Goldblatt 

syndrome, the Wagner syndrome, hypochondrogenesis, osteoarthritis and 

spondyloepiphyseal dysplasia.
59

 

Type III collagen is also a homotrimer consisting of three identical 1(III) chains.
65

 

It is abundant in hollow organs, dermis, placenta and uterus, and forms fine banded, D-

periodic fibrils.
59

 Blood vessels consist predominantly of type III collagen.
65

 Compared to 

type I collagen, type III collagen is very limited in quantity in nature (about 10 %).
65

 Type 

III collagen usually co-exists with type I collagen. A partially processed pNcollagen 

containing N-terminal propeptides, but no C-propeptides, is often observed in type III 

collagen.
59

 Mutation in COL3A1, a gene encoding type III collagen, can result in the Ehlers-

Danlos syndrome type IV (EDS IV) and aortic aneurysm.
59
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Other fibril-forming collagens, such as type V and type XI collagens are much 

smaller in quantities. Type V collagen has very complex chemical composition. It can be a 

homotrimer with three identical 1(V) chains, or a heterotrimer with two identical -chains 

and one dissimilar chain [ 1(V)]2 2(V), or with three dissimilar chains 

1(V) 2(V) 3(V).59,65
 Moreover, the pro 1(XI) chain can substitute for the pro 1(V) chain 

to form a hybrid triple helix.
79

 Type V collagen is usually observed as heterotypic fibrils with 

type I collagen in cornea and placenta, and it binds to thrombospondin more than other fibril-

forming collagens.
80,81

 Type V collagen plays an critical role in determining the diameters of 

heterotypic collagen fibrils in tissues.
82

 Unlike type I, II, III collagens, type V collagen has a 

higher molecular weight in vivo than that of the pepsin-extracted material, which indicates 

that the molecule is only partially processed, and the non-helical domains are still 

preserved.
83

 Abnormal increasing in the type V collagen content can cause the bone 

brittleness by interfering with the process of mineralization, and result in a lethal brittle bone 

disease.
84

 Mutation of COL5A1 or COL5A2, which encode 1(V) and 2(V) respectively, 

can cause type I or type II Ehlers-Danlos syndrome.
85-88

 

Type XI collagen is observed as heterotypic fibrils with type II and IX collagens in 

several tissues. It is a heterotrimer consisting of three dissimilar chains 

1(XI) 2(XI) 3(XI). The 3(XI) chain is similar to the 1(II) chain, and encoded with the 

same COL2A1 gene.
59

 However, the pro 3(XI) chain is more glycosylated than the 

pro 1(II) chain, and the N-propeptide of the pro 3(XI) chain can only be partially cleaved.
59

 

 Type IV collagen is a highly specialized collagen form found only in basement 

membranes, which are thin sheet-like extracellular structures that compartmentalize tissues, 

provide substrata for organ cells, and important signals for the differentiation, maintenance 
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and shape of tissues.
89,90

 Type IV collagen is one of the major components of all basement 

membranes.
89

 The chain composition of type IV collagen is very complicated, and at least six 

genetically distinct chains have been discovered.
90

 However, most of type IV collagen is 

heterotrimer consisting of two distinct chains [ 1( V)]2 2( V), a homotrimer with three 

identical ( V)-chains was also confirmed.
91,92

 Studies showed that the 1( V) and 

2( V) chains are ubiquitous, while the rest four chains are limited in quantities and 

restricted in distribution.
93

 Many diseases have been linked to the mutation of type IV 

collagen. The mutation in the 3( V) chain may cause the Goodpasture Syndrome;
92,94

 the 

Alport Syndrome is primarily caused by the mutation of COL4A5,
95-97

 which encoding the 

5( V) chain; the recessive mutations of both COL4A3 and COL4A4 genes result in 

autosomal inherited forms of the Alport syndrome.
98

 The Diffuse Esophageal 

Lewmyomatosis is caused by the deletions involving the 5’ end of COL4A5 extending into 

the second intron of the adjacent COL4A6 gene.
99

 

 Other types of natural collagens are very limited in quantities in nature, and the 

biological properties of some newly discovered types are still under study. The details will 

not be discussed here. 

1.3 The stability of collagen 

1.3.1 Hydrogen bonding patterns 

 The backbone intra-chain hydrogen bond is not favorable in collagen because of the 

incorrect orientation and lack of hydrogen bond donor in the PPII helix.
25,26

 The presence of 

inter-chain backbone hydrogen bonding patterns have been confirmed by X-ray 

crystallography.
6
 There are two hydrogen bond types found in the collagen triple helix, 
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namely, direct backbone hydrogen bonds between different chains, and water mediated 

hydrogen bonds.
100
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Figure 1.3 Backbone-backbone hydrogen bonding patterns in the collagen triple helix. 

(Reprinted from Brodsky et al., Adv. Protein Chem. 2005, Copyright 2005, with permission 

from Elsevier.) 

 

 The most common hydrogen bonding pattern observed is the interchain backbone 

direct hydrogen bonding. Bella et al. confirmed that this hydrogen bond is between the N-H 

of the Gly residue of one chain and the C=O of the Xaa residue (Pro) in an adjacent chain.
6
 

The interchain hydrogen bond connectivity is in the same direction as N-H···O=C, which can 

be described as 1 2 3 1 (the number designates different chains in the triple helix).  The 
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carbonyl groups of the Gly and Yaa residues (Hyp) have no hydrogen bond partner, and are 

therefore not involved in a hydrogen bond.
6
 Even if the Xaa or Yaa position is occupied by 

residues other than Pro and Hyp, and the amide N-H is available for hydrogen bonding, no 

carbonyl group in the triple helix is within hydrogen bonding distance, and therefore the N-H 

cannot form a hydrogen bond.
100

 No other direct backbone interchain hydrogen bonding 

patterns have been reported. 

 The direct hydrogen bonding pattern also explains why the Gly residue is required 

every third amino acid residues in the collagen triple helix. It is believed that the hydrogen 

bond between the backbone N-H of Gly and the backbone C=O of the Xaa residue of a 

neighboring chain is the major source of the stability for the collagen triple helix.
40

 

Structurally, the two hydrogen atoms of Gly face inside the triple helix. The mutation of Gly 

to Ala will increase the distance to the hydrogen bond acceptor, and weaken or break the 

hydrogen bond.
6
 

When the Xaa position is occupied by residues other than Pro, an interchain hydrogen 

bond mediated by one water molecule forms between the amide N-H of the Xaa residue and 

the C=O group of Gly in another chain. This hydrogen bonding pattern links two chains with 

a hydrogen bond opposite to the direct backbone-backbone N-H···O=C hydrogen 

bonding.
12,101-103

 The water molecule involved in the hydrogen bond can also form an 

additional hydrogen bond with the hydroxyl group of Hyp or the side-chains of other residues 

to form a hydrogen bond network and thus stabilize the triple helix.
104

 

 The side-chains of Pro and Hyp extend out of the triple helix and cannot form direct 

hydrogen bond with any other group within the molecule. An extensive and ordered water 

mediated hydrogen bonding network has been observed.
6,49,105

 Water mediated hydrogen 
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bonds can be formed between all available backbone carbonyl groups and the hydroxyl group 

of Hyp.
7,106

 Okuyama studied the crystal structure of (Pro-Pro-Gly)10 and indicated that the 

backbone carbonyl groups are the possible hydration sites.
49

 Bella et al. reported five types of 

water mediated hydrogen bonds in their study of the crystal structure of (Pro-Hyp-Gly)4-Pro-

Hyp-Ala-(Pro-Hyp-Gly)5.
105

 The nomenclature is shown in Table 1.3. 

Table 1.3 Nomenclature of water mediated hydrogen bond. (Reprinted from Bella et al., 

Structure 1995, Copyright 1995, with permission from Elsevier.)
a 

Residue requirement 
Water Bridge Connectivity Name 

Residue 1 Residue 2 

C=O···Wn···O=C 
Intra-chain 

Inter-chain 
n 

n 
None None 

O-H···Wn···O=C 
Intra-chain 

Inter-chain 
n 

n 
Hyp None 

N-H···Wn···O=C 
Intra-chain 

Inter-chain 
n 

n 
No Pro or Hyp None 

N-H···Wn···O-H Inter-chain n No Pro or Hyp Hyp 

Any···Wn···Any Between triple helixes n None None 

a) In which W denotes a water molecule, n is the number of water molecules that participate 

in the water bridge. 

 

Water molecules can form water bridges to link two carbonyl groups or one carbonyl 

group and one hydroxyl group of a Hyp residue. It is possible that multiple water molecules 

participate in the water bridge.
105

 Brodsky reported the presence of water bridges with up to 5 

water molecules.
100

 It is also possible for one hydroxyl group of Hyp to connect with 

different carbonyl groups and forms intra-chain and inter-chain water mediated hydrogen 

bonds at the same time.
105

 

Other than Hyp, the side-chains of some other residues can also form hydrogen bonds 

to stabilize the collagen triple helical structure. Kramer et al. reported that in the crystal 

structure of the host-guest peptide with a Gly-Glu-Lys sequence in the middle, no direct ion-

pair interaction formed between the side-chains of the positively charged Lys and negatively 
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charged Glu. Instead, the Lys side-chain formed a hydrogen bond with the carbonyl group of 

the residue at the Yaa position, and the Glu side-chain formed a hydrogen bond with the Hyp 

hydroxyl group in the neighboring chain.
102

 A similar hydrogen bonding pattern was also 

reported in peptide T3-785 with a ventral region of Gly-Ile-Thr-Gly-Ala-Arg-Gly-Leu-Ala, 

where the Arg side-chain formed a hydrogen bond with a backbone carbonyl group of the 

neighboring chain.
52,107

 Mechling and Bachinger reported that the polypeptide (Gly-Glu-

Arg)15-Gly-Pro-Cys-Cys-Gly formed a pH-dependent collagen-like triple helix at acidic or 

basic conditions, but it was insoluble at neutral conditions.
108

 The Thr and Ser side-chains, 

like Hyp, can also form various water-mediated hydrogen bonds,
109

 but the stability (Tm = 

18 °C for (Gly-Hyp-Thr)10)
110

 is much lower than that of Hyp occupying the corresponding 

position in the triple helixes (Tm = 64.6 °C for (Hyp-Hyp-Gly)10).
111

 

There are also possible hydrogen bonds between the hydrogen of the -carbons and 

the oxygen of the carbonyl groups, which were first described in the PPII helix.
48,112

 Bella 

and Berman studied the crystal structure of the singly Gly Ala peptide and found two 

possible C -H···O=C hydrogen bonding pairs: (1) the C -H of Gly from one chain and the 

C=O of Gly and C=O of Pro from the other two chains; and (2) the C -H of Hyp from one 

chain and the C=O of Pro from the neighboring chain.
113

 This C -H···O=C hydrogen bond is 

very weak, and makes limited contributions to the overall stability of the collagen triple 

helix.
104

 

1.3.2 Amino acid sequence 

Chain length 

 Natural collagen peptides have different chain lengths, amino acid sequences, and 

conformations. Therefore, it is very difficult to compare the stability of different types of 
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natural collagens. Synthetic collagen peptides have controlled sequences and chain lengths. 

They are ideal targets to reveal detailed information about the relationship between amino 

acid sequences and the stability of the collagen triple helix. 

 For natural collagens, the number of the repeating unit of Gly-Xaa-Yaa is usually 

very large, and the chain length does not cause a problem for the stability of collagen 

globular domain. For synthetic collagen peptides, the chain is usually short, and the chain 

length will affect for the stability of the triple helical structure. 

 Synthetic collagen has a 7/2 symmetry, with 3.5 residues per turn.
6,49

 A peptide with 

only one or two repeating units cannot form a triple helical structure no matter what the 

sequence is. Peptides with the sequences (Pro-Pro-Gly)n and (Pro-Hyp-Gly)n have been used 

to study the effect of chain length on the stability of the collagen triple helix. Melting point 

(or mid-point) Tm, defined as the temperature at which half of the collagen triple helix 

disassociates to random coils, has been used to quantitatively describe the stability of the 

triple helical structure.
40

 A higher Tm value suggests greater stability of the specific triple 

helix. 

Table 1.4 Melting points of (Pro-Pro-Gly)n and (Pro-Hyp-Gly)n. 

(Pro-Pro-Gly)n (Pro-Hyp-Gly)n 

n Tm (°C) n Tm (°C) 

5 n. d. 
a 

3 n. d. 
d 

7 6-7 
a 

5 5,
a
 18 

d 

8 18 
a 

6 36-37 
d
 

10 26,
a
 41,

b
 32.6 

c
 7 36 

b
 

15 52 
a 

8 47 
e 

20 72 
a
 9 67 

d
 

  10 69,
b
 60 

c
 

a) In 10 % AcOH solution;
114-116

 b) in 50 mM AcOH solution;
117,118

 c) in 10 mM PBS buffer 

(pH 7.0);
45

 d) measured as Ac-(Gly-Pro-Hyp)n-NH2 in H2O;
119

 e) measured as Ac-(Gly-Pro-

Hyp)n-Gly-Gly-NH2 in 10 mM PBS buffer (pH 7.0).
120
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The stability of the collagen triple helix increases with the increase of the chain 

length. The melting point will not increase with the lengthening of the peptide chain 

indefinitely. Shaw and Schurr studied the thermodynamics of the collagen polypeptides and 

predicted that the melting point of (Pro-Pro-Gly)n with an infinite chain length was about 

400 °K.
115

 It is important to choose an appropriate chain length to ensure that the Tm value is 

in a measurable range. The triple helical structure is more stable with Gly-Pro-Hyp repeats 

than with Gly-Pro-Pro repeats (at the same length) because of the intrinsic stabilizing ability 

of Hyp.
121,122

 The effect of Pro and Hyp puckering will be discussed later. 

 Sequence 

 The use of a “host-guest” peptide system makes studying the effect of a single amino 

acid on the overall structural stability possible. O’Neil and DeGrado,
123

 and Smith et al.
124

 

used this system to study the stability of the -helix and -sheet respectively. Brodsky and 

co-workers designed a host-guest peptide, Ac-(Gly-Pro-Hyp)3-Gly-Xaa-Yaa-(Gly-Pro-Hyp)4-

Gly-Gly-NH2, and used this system in collagen stability studies.
44,45,125-130

 The melting point 

results are shown in Table 1.5. 

 Persikov et al. analyzed the correlation between the amino acid sequence and the Tm 

value, and found that imino acids such as Pro, Hyp and Flp have a stabilizing effect at both 

Xaa and Yaa positions, while Gly and aromatic residues show a destabilizing effect at both 

positions.
120

 Many residues show different preference at the Xaa or Yaa position because of 

the difference of inter-chain interactions and solvent exposure abilities. Charged residues at 

the Xaa position have very little effect on the stability of the triple helix compared to Pro, and 

the destabilizing effect is much greater if the charged residues are placed at the Yaa position. 

This can be explained by the solvent accessibility difference between the Xaa and Yaa 
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positions. The side-chain of the Yaa residue is less solvent accessible and closer to the side-

chains at the neighboring chains.
131

 A high propensity of charged residues at the Xaa 

positions can improve direct or water mediated inter-chain hydrogen bonding. The low 

propensity of the amino residues with branched side-chains at the Yaa position is due to the 

decrease in solvent accessibility of the backbone carbonyl groups.
120

 It has also been reported 

that the charged residues can stabilize the PPII helix in the unfolded state,
21

 and the ability of 

unfolded polypeptide chains to adopt a PPII helical structure also contributes to the triple 

helix stability.  

Table 1.5 The melting point of the host-guest peptides. (Reprinted with permission from 

Persikov, A. V. et al.; Biochemistry 2000, Copyright 2000, American Chemical 

Society.)
44,45,125-129

 

Gly-Xaa-Hyp Gly-Pro-Yaa 

Xaa residue Tm (°C) Yaa residue Tm (°C) 

Pro 47.3 Hyp 47.3 

Hyp 47.3 Arg 47.2 

Glu 42.9 Pro 45.5 

Ala 41.7 Flp 43.7 

Lys 41.5 Met 42.6 

Arg 40.6 Ile 41.5 

Gln 40.4 Gln 41.3 

Asp 40.1 Ala 40.9 

Leu 39.0 Val 40.0 

Val 38.9 Glu 39.7 

Met 38.6 Thr 39.7 

Ile 38.4 Cys 37.7 

Asn 38.3 Lys 36.8 

Ser 38.0 His 35.7 

His 36.5 Ser 35.0 

Thr 36.2 Asp 34.0 

Cys 36.1 Gly 32.7 

Tyr 34.3 Leu 31.7 

Phe 33.5 Asn 30.3 

Gly 33.2 Tyr 30.2 

Trp 31.9 Phe 38.3 

  Trp 26.1 

 Tm values were measured at concentration of 1 mg/mL in 10 mM pH PBS buffer (0.15 M 

NaCl, 10 mM phosphate buffer, pH 7.0) 
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 It is notable that the stability of a host-guest system cannot be translated into the 

stability of the peptide when the whole sequence is homogenous. For example, the host-guest 

peptide with Gly-Pro-Flp in th middle of the sequence (Tm = 43.7 °C) has a similar stability 

to the peptide with Gly-Hyp-Pro (Tm = 43.0 °C).
45

 The peptide (Pro-Flp-Gly)10 forms the 

most stable triple helical structure with a Tm of 87.0 °C,
118

 even more stable than (Pro-Hyp-

Gly)10. While (Hyp-Pro-Gly)10 does not form a stable triple helical structure.
132

 

1.3.3 Stabilizing effect of Pro and Hyp 

The puckering of the prolyl 5-membered ring 

 It is very interesting that (Pro-Hyp-Gly)10 forms a very stable triple helix with a Tm 

value of 60 °C,
121,133

 while (Hyp-Pro-Gly)10 cannot form a triple helical structure at all.
132

 

Many studies were performed to reveal the role of Pro and Hyp in the overall stability of the 

collagen triple helix. It is known that Hyp at the Yaa position has a special stabilizing effect 

on the overall triple helix structure,
121,134

 and this effect is not because of the direct hydrogen 

bonding between the hydroxyl group of Hyp and backbone carbonyl group within the same 

molecule. Hydrogen bonding through water bridges involving the hydroxyl group of Hyp 

was proposed as a stabilizing factor.
50

 This hypothesis was confirmed by studies of the X-ray 

crystal structure, which showed the presence of different types of water mediated hydrogen 

bonds.
6,105

 However, Inouye et al. found that both (Pro-4(S)-Hyp-Gly)10 and (Hyp-Pro-

Gly)10, cannot form a stable triple helix, although the hydroxyl group of Hyp is available for 

hydrogen bonding.
132,133

 These results weakened the hypothesis that water-mediated 

hydrogen bonds involving Hyp provide the major stabilizing force. 

 Raines and co-workers used 4(R)-fluoroproline (Flp) to replace 4(R)-Hyp in the 

sequence, and obtained a more stable triple helical structure.
135

 The Tm value is 87.0 °C, 
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which is higher than for any other sequence with 10 repeats, including (Pro-Hyp-Gly)10 (Tm = 

60 °C).
135

 Since the fluorine atom has a very low tendency to form a hydrogen bond,
136

 they 

believed that the inductive effect generated by the electronegative oxygen of the hydroxyl 

group is more important in stabilizing the collagen triple helix than water bridges. The 

inductive effect of a 4(R)-Hyp hydroxyl group helps Hyp maintain the required trans-

conformation of the amide bond preceding Hyp.
118,135

 Later, they also found that 4(S)-Hyp 

favors the cis-conformation and destabilizes the triple helix when placed at either the Xaa or 

the Yaa positions.
117

 Vitagliano et al. studied the crystal structure of (Pro-Pro-Gly)10 and 

found that the Pro residues at the Xaa positions have a positive side-chain angle (down 

puckering),
55,56

 while the Pro residues at the Yaa positions have a negative side-chain angle 

(up puckering).
55,56

 These results were used to explain the stabilizing and destabilizing 

effects of the Hyp and Flp in triple helixes. 

Yaa position  

To achieve a stable triple helical structure, the imino acid residues should be allocated 

in the triple helix without significant strain.
137

 4(R)-Hyp adopts exclusively C -exo 

conformation (up puckering) due to the inductive effect.
135

 The imino acid ring at the Yaa 

position also prefers the C -exo pucker, so 4(R)-Hyp fits well at the Yaa position. Moreover, 

the dihedral angles adopted by 4(R)-Hyp are similar to those adopted by Pro at the Yaa 

position, but significantly different from those at the Xaa position.
56,57

 4(S)-Hyp prefers the 

C -endo pucker (down puckering); it does not fit well at the Yaa position, and therefore 

destabilizes the triple helical structure when located at this position.
117

  

The fluorine atom is more electronegative than the hydroxyl group, so the inductive 

effect in 4(R)-Flp is greater than that in 4(R)-Hyp, which was demonstrated by the lower 
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NH2
+
 pKa of the conjugated acid of 4(R)-Flp.

138
 Like 4(R)-Hyp, 4(R)-Flp adopts exclusively 

the C -exo pucker. The torsion angle  in crystalline Ac-Flp-OMe is about 141°,139
 which is 

very close to the torsion angle of the Yaa residues (150°) in collagen crystals.
6
 The 4(R)-

fluorine substitution at the Yaa position also helps the amide bond preceding 4(R)-Flp to 

adopt the trans-conformation,
138

 and increases the overall stability of the (Pro-Flp-Gly)10 

triple helical structure.
118,135

 Conversely, 4(S)-Flp prefers the C -endo pucker increasing the 

ratio of the cis-conformation,
140

 and decreasing the stability of the collagen triple helix when 

placed at the Yaa position.
117,133

 

Pro C -endo

N
O

Pro C -exo

N
O

N
O

OH

N
O

F

4(S)-Flp C -endo4(S)-Hyp C -endo

N
O

F

N
O

HO

4(R)-Flp C -exo4(R)-Hyp C -exo  

Figure 1.4 The puckering of the prolyl 5-membered ring.  

Table 1.6 Melting points of the peptides with 4-substituted prolyl amino acid residues. 

(Xaa-Yaa-Gly)7 (Xaa-Yaa-Gly)10 

Sequence Tm (°C) Sequence Tm (°C) 

Pro-4(R)-Flp-Gly 45 
117

 Pro-4(R)-Flp-Gly 77 
141

 

Pro-4(R)-Hyp-Gly 36 
117

 4(R)-Hyp-4(R)-Hyp-Gly 64.6 
111

 

4(R)-mep-4(S)-Mep-Gly 36 
142

 Pro-4(R)-Hyp-Gly 62.2 
141

 

4(S)-Flp-Pro-Gly 33 
143

 4(S)-Flp-Pro-Gly 54.5 
141

 

Pro-4(S)-Mep-Gly 29 
142

 Pro-4(R)-Clp-Gly 52
144

 

Pro-4(R)-Clp-Gly 23
144

 4(S)-Clp-Pro-Gly 33
144

 

4(R)-mep-Pro-Gly 13 
142

 Pro-Pro-Gly 31.4 
141

 

Pro-Pro-Gly 6-7 
115

 4(S)-Flp-4(R)-Flp-Gly 29.9 
111

 

  4(S)-Hyp-4(R)-Hyp-Gly 9.0 
111
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 In summary, the stabilizing effect of 4(R)-Hyp at the Yaa position can be attributed to 

the inductive effect of the hydroxyl group of 4(R)-Hyp, which reduces the conformational 

strain of 4(R)-Hyp and helps the Hyp residue to adopt the intrinsically correct main-chain 

dihedral angles.
56

  

Xaa position 

The same method was used to explain the destabilizing effect of 4(R)-Hyp and 4(R)-

Flp at the Xaa position. The 5-membered ring of Pro prefers the C -endo pucker at the Xaa 

position.
55,56

 4(R)-Hyp and 4(R)-Flp both adopt exclusively the C -exo pucker, which is not 

preferred at the Xaa position, while 4(S)-Hyp and 4(S)-Flp both adopt exclusively the C -

endo pucker which is preferable at this position. Renner et al. incorporated 4(R)-Flp and 

4(S)-Flp residues in place of a Pro residue with a cis-amide bond in barstar, a single domain 

extracellular RNAse inhibitor protein. They found that the mutant with 4(S)-Flp has a higher 

Tm, and the mutant with 4(R)-Flp has a lower Tm than the original protein.
145

 Raines and co-

workers synthesized the peptides with 4(R)-Flp and 4(S)-Flp at the Xaa positions in the 

sequence of (Pro-Pro-Gly)7, the order of the stability of the three peptides is (4(S)-Flp-Pro-

Gly)7 > (Pro-Pro-Gly)7 >> (4(R)-Flp-Pro-Gly)7.
143

 These results agree with the hypothesis 

that the C -endo pucker of 4(S)-Flp is favored at the Xaa position and stabilizes the collagen 

triple helix.  

Considering the dihedral angles ,  and  of 4(S)-Flp, unlike the stabilizing effect 

of 4(R)-Flp at the Yaa position in which all three dihedral angles ,  and  are satisfied, the 

C -endo pucker of 4(S)-Flp satisfies the torsion angles of  and . But 4(S)-Flp prefers the 

cis-conformation (  = 0°), which is opposite to the main-chain dihedral angle of the collagen 

triple helix with the trans-conformation (  = 180°).139,143
 This explains why (Pro-4(R)-Flp-
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Gly)7 is more stable than (4(S)-Flp-Pro-Gly)7. For peptides with 4(S)-Flp at the Xaa position, 

pre-organization of  and  at the Xaa position is more important than the pre-organization 

of .
143

  

Barth et al. studied the stability of peptides with the sequence Ac-(Xaa-Hyp-Gly)5-

Pro-Cys(S
t
Bu)-(Gly)3-NH2.  They found that when Xaa is Pro, the peptide forms a triple 

helical structure; when Xaa is 4(R)-Flp, the peptide fails to form a triple helix, but each chain 

forms a PPII helix; when Xaa is 4(S)-Flp, no triple helix or PPII helix was formed and each 

chain is a random coil.
146

 They believed that 4(S)-Flp prevented the formation of the triple 

helix, while 4(R)-Flp helped the stability of the PPII helix. The formation of a single-chain 

PPII helix does not correlate with the formation of the triple helix, due to numerous factors 

affecting triple helix folding, such as van der Waals contacts, electrostatic interactions, and 

stereo-electronic effects.
146

 

The results are very complicated when Hyp is placed at the Xaa position. (4(R)-Hyp-

Pro-Gly)10 does not form a triple helix as expected,
132,133

 while (4(S)-Hyp-Pro-Gly)10 also 

fails to form a stable triple helix,
133

 which does not agree with the above mentioned 

hypothesis. It is very interesting that Ac-(Gly-4(R)-Hyp-4(R)-Hyp)10-NH2, which has 4(R)-

Hyp at both the Xaa and Yaa positions, forms a more stable triple helix than Ac-(Gly-Pro-

4(R)-Hyp)10-NH2.
147

 Schumacher et al. studied the X-ray crystal structure of (Gly-4(R)-Hyp-

4(R)-Hyp)9 and found that 4(R)-Hyp residues at both Xaa and Yaa positions show up-

puckering (C -exo pucker).
58

 Although the Xaa position does not favor a C -exo pucker, the 

triple helix still adopts a 7/2 symmetry.
58

 

In peptides with the sequence Ac-(Gly-4(R)-Hyp-Yaa)10-NH2, when the Yaa position 

is occupied by valine (Val) and threonine (Thr), the peptides are able to form a stable triple 
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helix in water. When the Yaa position is occupied by allo-threonine (alloThr), serine (Ser) 

and alanine (Ala), the peptides form stable triple helixes in propanediol.
148

 The peptide with 

Ser at the Xaa position forms the least stable triple helical structure, which indicates that, 

except for the property and position of the methyl group and the hydroxyl group, the 

stereochemical configuration is also important for the triple helix stability.
148

 

Kobayashi and co-workers studied the crystal structure and thermodynamics of the 

triple helix formed by polypeptides containing Hyp and Flp, and they believed that Hyp and 

Flp have different effects on the stability of the collagen triple helix.
141,149,150

 Compared to 

(Pro-Pro-Gly)10, (Pro-4(R)-Hyp-Gly)10 has a greater degree of hydration, which leads to a 

larger enthalpy of folding, but (Pro-4(R)-Flp-Gly)10 has a lower degree of hydration, which 

results in a smaller enthalpy of folding.
141

 They concluded that two parameters are 

responsible for the enhancement of the triple helix stability, 4(R)-Flp and 4(S)-Flp increase 

triple helix stability entropically, while 4(R)-Hyp increases triple helix stability 

enthalpically.
141

 The X-ray crystal structures confirmed that (4(R)-Hyp-4(R)-Hyp-Gly)10 has 

a similar degree of hydration to (Pro-4(R)-Hyp-Gly)10 in the collagen triple helix. (4(R)-Hyp-

4(R)-Hyp-Gly)10 is more highly hydrated than (Pro-4(R)-Hyp-Gly)10 in the single-coil state, 

which means a lower enthalpy barrier during the formation of the triple helix than (Pro-4(R)-

Hyp-Gly)10.
149

 This explains why (4(R)-Hyp-4(R)-Hyp-Gly)10 forms a more stable triple 

helix. 

Most recently, Shoulders et al. replaced Hyp with 4(S)-methylproline (Mep) and 

4(R)-methylproline (mep) to study the stability of the triple helix.
142

 They found that (mep-

Mep-Gly)7, (mep-Pro-Gly)7 and (Pro-Mep-Gly)7 all form stable triple helixes. (Pro-Mep-

Gly)7 has a higher Tm value than (mep-Pro-Gly)7 because of the more favorable C -exo 
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pucker.
142

 Moreover, (mep-Mep-Gly)7 has a similar Tm value to (Pro-Hyp-Gly)7.
142

 This 

indicated that side-chain heteroatoms and side-chain solvation are not necessary for the triple 

helix formation. The steric effect is more important than the inductive stereo-electronic effect 

in triple helix folding.
142

 

Some other Hyp and Flp derivatives were placed at the Xaa or Yaa positions to study 

their roles in stabilizing the triple helix. Neither Ac-(Gly-3(S)-Hyp-4(R)-Hyp)10-NH2 nor Ac-

(Gly-Pro-3(S)-Hyp)10-NH2 forms a stable triple helix in water.
151

 (3(S)-Flp-4(R)-Flp-Gly)7 

forms a triple helical structure, but the stability is lower than when Pro is at the Xaa position 

because of an unfavorable inductive effect that affects the direct inter-chain hydrogen 

bonding.
152

 The crystal structure of (Gly-Pro-4(R)-Hyp)3(Gly-3(S)-Hyp-4(R)-Hyp)2(Gly-Pro-

4(R)-Hyp)4 also confirmed the C -endo pucker of 3(S)-Hyp in the collagen triple helix.
153

 

Conclusion of the stabilizing effects of Hyp and Flp 

The stability of a collagen triple helix is determined by two parameters, the enthalpy 

and entropy during the peptide folding. A high degree of hydration and water mediated 

hydrogen bonding can increase the enthalpy of the single-strand state, resulting in a decrease 

in the enthalpy barrier during the folding process. Favorable inductive effects can pre-

organize the single peptide chain, which decreases the entropy during the peptide folding. 

The enthalpy and entropy are different in importance for Hyp and Flp. The fluorine 

atom is unlikely to form a hydrogen bond, while it has greater inductive effect. So Flp tends 

to pre-organize the single PPII helix chain. The entropic effect is therefore more important 

for Flp. The hydroxyl group in Hyp can form various water-mediated hydrogen bonds, and 

Hyp tends to form water-mediated hydrogen bonds to lower the enthalpy barrier during the 

process of triple helix folding. Therefore, enthalpy is more important for Hyp. 



 

 

 28 

The stabilizing effect is different at the Xaa and Yaa positions. At the Yaa position, 

the collagen triple helix favors the C -exo pucker. The preferred 4(R)-Hyp and 4(R)-Flp 

induce the trans-conformation of the amide bond, and all three dihedral angles: ,  and  

are satisfied at the same time. At the Xaa position, the prolyl 5-membered ring prefers the C -

endo pucker. The preferred 4(S)-Hyp and 4(S)-Flp favor the cis-conformation which conflicts 

with the all trans-conformation of the collagen triple helix. Stabilization or destabilization by 

the inductive effect should be considered together with other factors, such as steric hindrance 

and solvation effects. 

1.3.4 Cis-trans isomerization 

The peptide amide has partial double bond character and is planar.
154

 The amide bond 

can adopt either the cis (  = 0°) or the trans (  = 180°) conformation. Other than Pro and 

prolyl derivatives, the cis-content of a specific amide bond in unfolded proteins and peptides 

is very low. Secondary amides, N-methylformamide and N-methylacetamide, were used as 

models to study the equilibrium constants of cis/trans isomerization (Kcis/trans) in various 

solvents. The percentage of structure exhibiting the cis-conformation is in the range of 1.4 % 

to 10.5 % with the lower numbers being observed in aqueous solutions.
155-158

 Scherer et al. 

studied the peptides with Gly, Ala, Phe, and Tyr in aqueous solution and found that only 

0.11 % to 0.48 % of the amide bonds are in the cis-conformation.
159

  

For the amide bond preceding the Pro residue, the cis-fraction is much higher. It was 

reported that the cis-content can be as high as 10 % to 30 % in short unfolded Pro containing 

peptides, which means that the equilibrium constant between the cis and trans-conformation 

(Kcis/trans) is in the range of 0.11 to 0.43.
160,161

 Schoetz et al. reported that the cis-content of 

the amide bond can be as high as 46 % in the dipeptide Phe-Pro as determined by a dynamic 
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capillary electrophoresis (DCE) study.
162

 The equilibrium constant was also measured for 

model compounds containing 4-substituted prolyl derivatives in D2O by NMR, and the 

values of Kcis/trans are in the reported range.
117,145

 The Kcis/trans value is 0.19 when a residue is 

attached to Pro, corresponding to 16 % cis, and is 0.087 when a residue is attached to Hyp in 

unfolded type I collagen.
163

 

 The stability of the collagen triple helix is determined by the free energy difference 

( G
0
) between the unfolded state and the triple helix, which means that changes in the 

unfolded state contribute to the stability of the triple helix. The collagen triple helix requires 

all peptide bonds to be in the trans-conformation, so a change in the cis to trans ratio in the 

unfolded state will directly affect the triple helix stability. For example, a cuticle collagen 

from a deep sea hydrothermal vent worm Riftia pachyptila has a very low content of Pro and 

Hyp residues, but a high Tm of 37 °C.
164,165

 The Yaa position in the sequence of this cuticle 

collagen is frequently occupied by threonine (Thr). The Thr residue at the Yaa position was 

frequently galactosylated to galactosylated threonine Thr( -Gal). The peptide Ac-(Gly-Pro-

Thr)10-NH2 was unable to form a triple helix, while the galactosylated version Ac-(Gly-Pro-

Thr( -Gal))10-NH2 has a Tm value of 39 °C.
166

 The stabilizing effect of galactosyl threonine 

can be explained by the occlusion of water molecules and an increase of hydrogen bonds.
167

 

In addition, galactosylation of the Thr residues also restricts the available conformations in 

the unfolded state and stabilizes the triple helical structure.
168

 

Cis-trans isomerization of the amide bond preceding prolyl residues is regarded as 

one of the rate-determining steps for the refolding of many denatured proteins.
169-173

 

Bachinger and Bruckner also indicated that cis-trans isomerization is important in the 

formation of the collagen triple helix.
174-177

 Collagen has high content of Pro and Hyp, and 
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each chain has a significant number of peptide bonds in the cis-conformation in the unfolded 

state. About 16 % of the Pro and 8 % of the Hyp residues are in the cis-conformation in 

thermally unfolded type I collagen.
163

 In the collagen triple helical structure, all the amide 

bonds in the collagen triple helix adopt the trans-conformation,
178

  which means that, in the 

transition from the unfolded state to the triple helix, all of the cis-amide bonds must convert 

to the trans, because the cis-amide bond cannot be incorporated into the compact triple 

helical structure.
40

 The ratio of cis to trans conformations in the unfolded state directly 

affects the stability of the triple helix. 

The energy difference between the cis- and trans-isomers of Pro and 4-substituted 

prolyl derivatives in the unfolded state is relatively small,
145

 because of the similar internal 

van der Waals interactions in the cis and trans conformations and the extra alkyl substituent 

of the tertiary amide bond.
40

 However, the activation energy of cis-trans isomerization is 

usually fairly high with an average value of 85 kJ/mol.
169,179-181

 The activation energy is 

extremely temperature dependent and decreases significantly with an increase in the 

temperature. Bachinger et al. reported the activation energy for the peptide Col 1-3, which 

contains a precursor specific region for bovine type III procollagen, is 70 kJ/mol at 5-15 °C; 

it lowers to 44 kJ/mol at 30-40 °C.
174

 It is clear that the process of cis-trans isomerization is 

kinetically controlled. 

Favorable inductive effects by the electronegative hydroxyl or fluoro group of 4(R)-

Hyp and 4(R)-Flp can significantly increase the percentage of the amide bonds with the 

trans-conformation in the unfolded state.
117

 The pre-organized single chain reduces the 

entropy of the unfolded state, lowers the energy barrier during the folding process, and 
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increases the stability of the collagen triple helix. The kinetics of triple helix folding will be 

discussed later. 

Table 1.7 Kcis/trans values for model compounds Ac-Yaa-OMe.
117,142,144

 

Ac-Yaa-OMe Pro Hyp hyp Flp flp Mep mep Clp clp 

Kcis/trans 0.217 0.163 0.417 0.149 0.400 0.139 0.278 0.185 0.455 

% cis 17.8 14.0 29.4 13.0 28.6 12.2 21.8 15.6 31.3 

1.4 Folding of the collagen triple helix 

Folding of the natural collagen triple helix is a multi-step, coordinated process in 

vivo.
182,183

 The collagen peptide is synthesized in the rough endoplasmic reticulum (ER) 

membrane in a precursor form, procollagen, which contains C- and N-terminal propeptides, 

and the central region is (Gly-Xaa-Yaa)n.
184-186

 Then the synthesized chain is modified during 

the post-translational modification step by enzymes, such as prolyl and lysyl hydroxylase, to 

prepare the unfolded chain with Hyp or Hyl (hydroxylysine) in the sequence.  The C-terminal 

propeptides of the three chains associate with each other and form a C-terminal trimer. The 

trimer propagates in a “Zipper-like” mechanism and forms a triple helical structure. After the 

formation of the triple helix, the propeptides at the C- and N-terminals are cleaved, and the 

triple helix assembles to form cross-linked fibrils.  

 When considering this process, the nucleation and propagation steps hold the most 

interest to researchers because these two steps are essential for both natural and synthetic 

collagen peptide folding. Short peptides that have a high content of imino acids (Pro, Hyp) 

can adopt a collagen-like triple helix. The triple helix can be stabilized by either the presence 

of repeating Gly-Pro-Hyp units at one, or both ends of the peptide chain, or covalent bonds 

crossing-linking the three chains.
187-189

 These peptides provide important models for the 



 

 

 32 

studies of triple helix conformation, thermodynamics, and the kinetics of collagen triple helix 

folding.
183

  

 

Figure 1.5 Natural collagen folding process. (Reprinted from Baum and Brodsky, Curr. 

Opin. Strut. Biol. 1999, Copyright 1999, with permission from Elsevier.) 

 



 

 

 33 

1.4.1 Nucleation 

 In natural collagen triple helix folding, nucleation is the step following the enzymatic 

post-translational modification. After the formation of Hyp and other hydrolyzed residues, 

which is catalyzed by prolyl hydroxylase and other enzymes, three chains are brought into 

register by association of the globular C-terminal domains.
184

 If the collagen consists of 

different chains, the correct polypeptide chains must be selected before registration. Then the 

three registered chains are connected by various inter-chain interactions, such as covalent 

disulfide bonding, inter-chain hydrogen bonding, and side-chain interactions, and finally 

form a nucleus of a triple helical conformation at the C-terminus.
183,184

 

The short globular domain formed by nucleation is very important for collagen 

folding. Unlike the -helix and other proteins, collagen peptides have no backbone intra-

chain hydrogen bonds. A single peptide chain cannot fold and it requires the nucleation at the 

C-terminus to bring three chains close enough for inter-chain interactions to form.
184

 The 

formation of a C-terminal nucleated trimer is believed to be one of the rate-determining steps 

of the collagen triple helix folding process.
128,190

 The nucleation domain serves to register the 

three chains at the nucleated terminus. They are also involved in the selection of different 

chains when the collagen is a heterotrimer. In addition, many collagen nucleation domains 

contain cross-linked disulfide bonds between the three chains. For example, type III collagen 

has a disulfide knot of six cysteines (two per chain) that links the three chains at the C-

terminus. During the physiological folding process, the earlier non-covalent interactions 

between adjacent domains determine the formation of this knot, and once this knot is formed, 

it serves as an ideal registration and nucleation site to replace the nucleation domain.
175
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The hydroxylation of the Pro to Hyp residues at the Yaa position is important for 

nucleation at the C-terminus. It creates a unique region with 5 to 6 consecutive Gly-Xaa-Hyp 

units, which is believed to act as a nucleation site for the registration of the three chains. It 

also helps to arrange each chain with the correct dihedral angles, and form the proper inter-

chain hydrogen bonds.
191

 The deletion studies on Type III collagen showed that this Hyp-

rich domain is required for nucleation, but two consecutive Gly-Xaa-Hyp units at the C-

terminus may be enough for nucleation.
191

 

Areida et al. reported that the nucleus of the triple helix can form at the N-terminus, 

and the propagation direction is from the N- to C-terminus in the ectodomain of type XVII 

collagen.
192

 Frank et al. also found evidence that nucleation is possible at both C-terminus 

and N-terminus.
193

 A kinetic study showed that the location of the nucleation affects the 

stability of the triple helix, but it does not affect the folding rate of the triple helix.
193

 

1.4.2 Propagation 

 Propagation follows the nucleation step. After the formation of the C-terminal triple 

helical nucleus, the propagation of the collagen triple helix proceeds in a C- to N-terminus 

direction with a “zipper-like” mechanism.
184

 The “zipper-like” folding mechanism of 

collagen is unique, because no other globular proteins that fold through this mechanism have 

to overcome a large number of consecutive unfavorable cis-trans isomerization processes.
184

 

In the “zipper-like” propagation mechanism, the Gly-Xaa-Yaa repeating units have a 

similar ability to fold into a triple helical structure.
184

 If the correct registration of the three 

chains is not maintained, misaligned helixes, in which incorrect tripeptide units form short 

triple helical segments, are likely to be generated.
184

 So the correct registration is very 
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important to maintain the right collagen structure, especially when the collagen monomers 

have no disulfide bonds.
184

 

Bachinger and co-workers studied the kinetics of triple helix folding, and found that 

only a very short segment (about 25 tripeptide units) between the nucleus and the first cis-

amide bond can fold at a very fast rate.
174

 Then the high activation energy of prolyl cis-trans 

isomerization, which is about 78 kJ/mol, will slow down the “zipper-like” folding process.
174

 

They indicated that the rate-limiting step of propagation is cis-trans isomerization of the 

peptide bonds of the imino acids.
174,175,194

 They also suggested that the natural collagen 

folding process requires a specific cis-trans isomerase.
195

 Bachmann et al. studied the triple 

helix formation of the peptide with all-trans amide bonds, and indicated that the “zipper-like” 

folding mechanism is entropy controlled.
196

 

1.4.3 Thermodynamics and kinetics of folding of the collagen triple helix 

Thermodynamics of folding of the collagen triple helix 

 The collagen triple helix is a thermodynamically stable structure, while establishment 

of the coil-to-triple helix equilibrium is relatively slow.
197,198

 When heating the collagen 

triple helix in solution, the transition from triple helix to the unfolded state occurs within a 

very narrow temperature range, which indicates that the unfolding process is highly 

cooperative. The temperature at the midpoint of this transition (Tm) is used to describe the 

stability of the collagen triple helix, and Tm is specific for different collagens from different 

species.
40

 The Tm value of natural collagens in solutions is only 3-4 °C above the body 

temperature of the organism from which it is isolated.
178,184

  

Most natural collagens show an irreversible denaturation curve, because the 

molecules were proteolytically cleaved in the process, and some important domains required 
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for folding are missing.
168

 The Tm value was found to be dependent on the rate of temperature 

increase and the concentration of the peptide in solution. It increases with an increase in 

concentration, although the concentration does not significantly influence the unfolding 

transition.
168

 However, concentration-dependent hysteresis is obvious during the refolding 

process.
168,199

 

The enthalpy change H
0
 associated with the conversion from the coil state to triple 

helix for collagens is about –15 to –18 kJ/mol per tripeptide unit, and is independent of 

temperature. The value of H
0
 increases with an increase in the imino acid content of the 

peptide.
134

 The enthalpy change H
0
 per residue of the triple helix formation is significantly 

larger than that for globular proteins, but the factors that cause that big enthalpy change are 

still unknown.
168

  

It is notable that the calorimetric enthalpy and the van’t Hoff enthalpy are 

significantly different in the thermodynamic analysis of the triple coil to triple helix 

transition.
134

 The ratio of the van’t Hoff enthalpy and the calorimetric enthalpy can be used to 

determine the cooperative length of the collagen triple helix, in which a tripeptide unit has 

cooperative interactions with adjacent triplets.
200

 Davis and Bachinger studied the fibrillar 

collagen types I, II and III and determined that the cooperative length is 80-100 tripeptide 

units, which corresponds to about one-tenth of the total length of the triple helix.
200

 It is 

notable that the cooperative length is only an average parameter for the whole triple helix and 

does not consider the sequence variations at specific positions.
168

 

In the thermodynamic studies of fibrillar collagens, no equilibrium intermediates 

were observed during the unfolding transition for the triple helixes of type I, II and III 

collagens, although these types of collagens may have different chain compositions in a 
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single triple helix. In contrast, some stable intermediates were found in the unfolding process 

for type V and XI collagens.
201

 It is believed that sequence-dependent stability is responsible 

for the presence of stable intermediates.
201

 

Synthetic collagen-like peptides provide excellent models for revealing the details of 

the stability of the collagen triple helix. Of all the classical factors that affect protein stability, 

the electrostatic interactions are thought to play only a minor role in stabilizing the collagen 

triple helix.
168

 The hydrophobic effect may contribute to the stability of the triple helical 

structure, but its contribution is not as significant as it is to the stability of globular 

proteins.
168

  

 The stabilizing effects at the molecular level were discussed in Section 1.3. The 

stabilizing or destabilizing mechanisms are very complex and many factors simultaneously 

affect triple helix folding. There is no way to quantitatively measure the contribution of each 

factor to the overall stability of the triple helix. It is still very difficult to predict whether a 

single structural change will have positive or negative contribution to the overall stability of 

the triple helix. 

Kinetics of folding of the collagen triple helix 

The simplest model used in the study of the thermodynamics and kinetics of collagen 

triple helix folding is called the “all-or-none” model, and the mechanism can be described as 

follows,
122

 

3C
s
x

Hx Hi H3n-2
s ss s

  (1) 

where C is a coiled chain, Hi is a triple helix with i tripeptide units already in the triple 

helical structure,  is the cooperative parameter for the nucleation step, s
x
 is the equilibrium 

constant for the nucleation step to form the nucleus Hx, and s is the equilibrium constant for 
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adding a tripeptide unit in the propagation steps. Only 3n-2 tripeptide units can form inter-

chain hydrogen bonds due to the staggered arrangement of the triple helix and the complete 

triple helical structure is denoted H3n-2. The “all-or-none” model makes an assumption that 

the nucleation step is rate-limiting. The triple helix is completed in the propagation steps 

immediately after the nucleation step. This model also supposes that all the propagation steps 

are identical with the same equilibrium constant. Under these conditions, the concentration of 

Hi is negligible compared to the concentrations of C and H3n-2. Then the equilibrium constant 

K can be shown to be: 

K =
H3n 2[ ]

C[ ]
3 = s3n 2 =

F

3c0
2 1 F( )

3      (2) 

where c0 is the initial total concentration of coiled chains, F is the fraction of chains or 

tripeptide units in the triple helical state, which means F = 3[H]/ c0.
168

 

The length of the triple helix is the major factor to determine the complexity of the 

kinetics of the collagen peptide folding. The “all-or-none” mechanism used in kinetic studies 

is only good for short collagens and model peptides, and the kinetics of a system with up to 

45 tripeptide repeating units per molecules (15 units per chain) have been successfully 

treated using this approximation.
202,203

 This model cannot provide a good approximation for 

long triple helixes, in which the kinetics are more complex than those of short naturally 

occurring or designed systems.
168

 

Bachinger and co-workers studied the folding kinetics of the synthetic model peptides 

(Pro-Pro-Gly)10 and (Pro-Hyp-Gly)10.
204

 They found that the kinetics of the refolding process 

were extremely concentration dependent as expected. They also found that it was impossible 

to fit the experimental kinetic curve to theoretical integrated equations of even reaction 

orders.
204

 These data implied that the reaction order changed as the folding process 
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progressed. The initial reaction orders were close to 3 at very low concentrations but dropped 

with increasing concentration. Most of the time, the reaction orders were between 2 and 3, 

much closer to 2 than to 1 or 3.
168,204

 

The simplest collagen folding mechanism fails to explain the high reaction order and 

its concentration dependence, so a new folding mechanism was proposed.
204

 In this 

mechanism, the simultaneous collision of three chains in solution phase is extremely rare, 

and the direct formation of a triple helical nucleus H
*
 can be neglected. A very unstable 

dimeric nucleus D
*
 is proposed to be the intermediate which is in fast pre-equilibrium with 

two single chains. D
*
 forms in a bimolecular reaction and H

*
 is formed from it by 

combination with a third chain.
204

 

k1

k2

k3 k42C H* H

C
+
D*

    (3) 

In this mechanism, either nucleation or propagation can be the rate-limiting step. The 

formation of D
*
 is a fast reaction, and the formation of the triple helical nucleus H

*
 is 

relatively slow.
204

 Then the steady-state equilibrium is achieved as detailed in Eq. 4.
204

 

d D*[ ]
dt

= k1 C[ ]
2

k2 D
*[ ] k3 D

*[ ] C[ ] = 0      (4) 

The rate of dissociation of D
*
 is much faster than the formation of H

*
, which means k2 >> 

k3[C]. Then the rate of formation of H
*
 is 

D*[ ]
C[ ]

2 =
k1
k2

= K  

d H*[ ]
dt

= k3 D
*[ ] C[ ] = Kk3 C[ ]

3
= ka C[ ]

3
      (5) 
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 It is very clear that the rate constant ka is a third-order rate constant, and it is derived 

from the equilibrium constant K, and a second order rate constant k3. At very low 

concentrations, the formation of H
*
 is the rate-limiting step, and the rate of triple helix 

formation was estimated to be close to the rate of nucleus formation as shown in Eq. 5. The 

rate of helix propagation is much faster than the rate of nucleation. The initial rate is given in 

Eq. 6. 

dF

dt

 

 
 

 

 
 
t= 0

= 3ka C0[ ]
2
      (6) 

It is clear that the initial triple helix folding process is a second-order reaction. At sufficiently 

high concentrations, at which the nucleation is not a problem, the propagation then becomes 

the rate-limiting step and this process is a first-order reaction. 

dF

dt

 

 
 

 

 
 
t= 0

= k4 C0[ ]      (7) 

 Real collagen peptide folding is so complicated that it is difficult to decide which step 

is rate limiting. From the kinetic study of the synthetic model peptides, (Pro-Pro-Gly)10 and 

(Pro-Hyp-Gly)10, nucleation is the rate-limiting step for (Pro-Pro-Gly)10, whose reaction 

order is 2.8-3 at the low concentrations, and about 2.5 for the average of all data, while (Pro-

Hyp-Gly)10 has a average reaction order of 1.5 which means that the propagation step is more 

rate-limiting.
204

 The value of ka differs by a factor of 1000 between (Pro-Pro-Gly)10 and (Pro-

Hyp-Gly)10, while the propagation rate constant k4 only differs by a factor of 6.
204

 These 

results confirmed that 4(R)-Hyp stabilizes the triple helix by pre-organizing the chains in the 

unfolded state, and increases the reaction rate at the nucleation step. 

The kinetics of many other natural or synthetic collagen peptides have been 

studied.
161,205,206

 The results showed that small sequence differences can cause significant 
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changes in the folding process. The above folding mechanism provides a good approximation 

for collagen folding based on the kinetic and thermodynamic studies, which are also 

supported by computational studies.
207

 

Most of the natural collagens have a nucleation domain that is located at the N-

terminus or C-terminus of the triple helix. The presence of a cross-link between the three 

chains in a collagen molecule largely influences the kinetics.
175,200

 Usually, Cys-disulfide 

bonding at the C- or N-terminus helps the nucleation of the triple helix. The kinetic study of 

the fragment Col1-3, which contains an N-terminal propeptide, showed that cis-trans 

isomerization is the rate determining step, and the refolding process is a first order 

reaction.
174

 It was also found that the refolding process of the Col1-3 consists of two phases, 

and the fast phase was not resolved.
174

 The kinetics of folding of the cross-linked collagen 

triple helixes can be very complex and two more models were built to reveal the details of 

the folding process. Bachinger and Engel described detailed mechanisms, and provided an 

excellent explanation for the kinetics of various cross-linked triple helixes.
168

 

1.5 Summary 

 Collagen is one of the most abundant and important proteins in mammals. It 

comprises at least 28 families. Collagen acts as a scaffolding material for our bodies, controls 

cell shape and differentiation, and is responsible for the elasticity and strength of the body. 

Collagen is a super-helical structure. It consists of three left-handed PPII helixes 

coiled along a common axis to form a very compact right-handed super helix. The primary 

structure is shown to be (Gly-Xaa-Yaa)n repeats with 10 % of Xaa residue being Pro and 10-

12 % of Yaa residues being Hyp. For most of the fibrillar collagens, n is greater than 300, but 

the number varies for different collagen types. 
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 Inter-chain backbone hydrogen bonding is one major source of stabilization for the 

collagen triple helix. Various water-mediated hydrogen bonds also play an important role in 

stabilizing the triple helical structure. Hyp residue can form water-mediated hydrogen bonds. 

The hydroxyl group can also pre-organize the amide bond to the favorable trans-

conformation to stabilize the triple helix by its inductive effect. Cis-trans isomerization of the 

prolyl amide bonds also contributes to the stability of the collagen triple helixes in either a 

positive or negative manner. 

 Nucleation and cis-trans isomerization are the rate-limiting steps during collagen 

triple helix folding. The kinetics change during the process of triple helix folding. The initial 

reaction orders were close to 3 at very low concentrations, but dropped with increasing 

concentration. Most of the time, the reaction orders were between 2 and 3, much closer to 2 

than to 1 or 3. 
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Chapter 2 Design and synthesis of conformationally 

locked Gly-Pro and Pro-Pro alkene isosteres 

2.1 Design and Synthesis of the Gly- [(E)CH=C]-Pro-Hyp isostere 

2.1.1 Theoretical base for the design of the alkene isosteres 

 Collagen has low immunogenicity compared to other biomaterials and can be 

changed into different forms, such as sheets, tubes, sponges, powders, injectable solutions 

and dispersions, to fulfill different clinical requirements.
208-210

 It is widely used as a 

biomaterial in tissue engineering and drug delivery systems.
60

 But many problems regarding 

the inherent properties of natural collagens, such as poor mechanical strength, insufficient 

supply and ineffectiveness in the management of the infected sites limit the usage of the 

native collagens in practical applications.
60

 The most common source of clinical collagen is 

Bos Taurus, a domestic cow that can be found throughout the world. But bovine collagen has 

significant immunological and pathological side effects to humans.
211-213

 Moreover, natural 

collagen molecules also cause problems in collagen biological studies due to their poor 

solubility in most physiological buffers, and due to the difficulties in expression and 

purification of recombinant collagen and generation of shorter collagen fragments.
214

 

 Many collagen-like polypeptides of various lengths with repeating units Gly-Xaa-Yaa 

have been chemically synthesized and characterized since 1968.
215

 Synthetic collagen 

polypeptides are already regarded as biomaterial candidates to improve and replace natural 

collagens.
216-219

 But synthetic peptides have limited lengths, which are usually less than 

10 nm, much shorter than natural collagens. Koide and Raines found that synthetic short 
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peptides with cysteine-knots at the end could spontaneously self-assemble to collagen-like 

triple helical supermolecules.
220,221

 Kotch and Raines used this method to make stable 

collagen-like fibrils which were over 400 nm in length, longer than any known collagen.
220

 

These discoveries made synthetic collagen-like polypeptides a possible replacement for 

natural collagens in practical applications. 

Structural details about the collagen triple helix have been elucidated from X-ray 

diffraction patterns.
24,33,34

 High resolution X-ray diffraction from collagen single crystals 

enables the study of hydrogen bonding patterns, single-residue conformations and mutation 

effects.
6,57

 Real-time NMR and differential scanning calorimetry (DSC) illustrate the kinetics 

and thermodynamics of collagen triple helix folding.
141,222

 These techniques help us to 

understand the structure and stability of collagen-like peptides and improve our ability to 

design and synthesize more stable collagen-like biomaterials. 

The crystal structure of (Pro-Pro-Gly)10 showed that the Pro residues at the Xaa 

position adopt the C -endo pucker, while the Pro residues at the Yaa position prefer the C -

exo pucker.
55,56

 Raines used 4(R)-Flp to replace 4(R)-Hyp and found that the preference of 

4(R)-Hyp and 4(R)-Flp to adopt the C -exo pucker is responsible for the additional stabilizing 

effect of Hyp and Flp.
138

 Kobayashi and co-workers believed that the high degree of 

hydration of Hyp and water-mediated hydrogen bonds are the reason that Hyp can stabilize 

the collagen triple helix.
141,149,150

 4(R)-Flp and 4(S)-Flp increase the triple helix stability 

entropically, while 4(R)-Hyp increases the triple helix stability enthalpically (Section 

1.3.3).
141

 Pre-organization of the peptide chains in the unfolded state can lower the energy 

barriers from the coil state to the triple helix transition, and increase the stability of the 

resulting collagen triple helix.
117,196
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The peptide amide bond has partial double bond character and is planar. The amide 

bond preceding proline has a much greater cis-fraction than preceding other residues,
117,145

 

while all of the peptide amide bonds in the collagen triple helixes are in the trans-

conformation.
178

 In the transition from unfolded peptide chains to the collagen triple helix, all 

of the cis-amide bonds must be converted to the trans-conformation because of 

conformational restraints.
178

 Bachinger et al. showed that cis-trans isomerization of the 

prolyl amide bond is the rate-limiting step of collagen peptide folding.
174,195

 For a common 

length type I collagen (Xaa-Yaa-Gly)300, there will be a significant number of amide bonds in 

the cis-conformation in the unfolded state.
163

 So there will be a huge entropic barrier during 

the collagen folding process. The ratio of the cis to trans conformations in the unfolded state 

directly affects the stability of the triple helix.
117

 Locking amide bonds to the trans-

conformation can lower the entropic energy barrier during the collagen folding process, thus 

increase the stability of the collagen triple helix.
117,196

 

The direct backbone interchain hydrogen bonding between the C=O of the Xaa 

residue (usually Pro) and the N-H of Gly stabilizes the collagen triple helix.
54

 Even with the 

Gly Ala mutation, the direct interchain hydrogen bonding is still between the C=O of the 

Xaa residue and the N-H of Gly (or Ala).
6
 There is no report demonstrating that the C=O of 

Gly participates in any direct interchain hydrogen bonding, although it is a candidate for 

water mediated hydrogen bonding.
57

 Replacement of one Pro-Gly amide bond at the Yaa 

position in the middle of the sequence of (Pro-Pro-Gly)10 with an ester or alkene bond was 

found to destabilize the triple helical structure.
223

 

Based on previous studies,
224

 we designed a conformationally locked collagen Gly-

Pro-Hyp tripeptide isostere (Figure 2.1). Isostere 1 was the Gly-Pro-Hyp tripepitde building 
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block. In isostere 2, the amide bond between Gly and Pro was replaced with an (E)-alkene 

bond to stabilize the collagen triple helix. The alkene bond locked Gly-Pro in the trans-

conformation to prevent cis-trans isomerization, which should reduce the conformational 

entropy of collagen triple helix folding. Meanwhile, the C=O of Pro and N-H of Gly were 

left intact to maintain the interchain hydrogen bonding. We expected this substitution to lead 

to an overall stabilization of the collagen triple helix. 

FmocHN
N

O
N

OH

OH

O

FmocHN

O
N

OH

OH

O

1

O

2  

Figure 2.1 Design of collagen-like tripeptide isostere 2. 

 

2.1.2 Synthesis of Fmoc-Gly-Pro-Hyp-OH tripeptide mimic 

The tripeptide repeat Gly-Pro-Hyp is the most common repeating unit used in collagen 

studies, and the properties and structure of collagen-like polypeptides containing Gly-Pro-

Hyp have been studied thoroughly. In collagen host-guest peptide systems, the Gly-Pro-Hyp 

tripeptide monomer is the building block of the sequence. Moreover, collagen peptides are 

difficult to purify even by HPLC. Solid phase peptide synthesis with single amino acid will 

yield side-products with minus one or minus two residues sequences, which are very difficult 

to separate from the desired peptide. Coupling tripeptides can make the mass of side products 

more different from the target, and minimize the problems during peptide purification. To 

study the stability of the peptides containing the conformationally locked alkene isosteres, 

the Gly-Pro-Hyp tripeptide building block was synthesized first. 
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 9-Fluorenylmethoxycarbonyl (Fmoc) protected amino acids are widely used in solid 

phase peptide synthesis.
225,226

 Compared to Merrifield’s carbobenzoxy (Cbz) or tert-

butyloxycarbonyl (Boc) methods, Fmoc chemistry has milder deprotection conditions, is 

easier to handle, and does not require the use of highly toxic HF in the final cleavage 

step.
227,228

 So the Fmoc method was adopted and tripeptide Fmoc-Gly-Pro-Hyp-OH was 

synthesized to be used as the building block for solid phase peptide synthesis. 

Methyl protected Gly-Pro-Hyp tripeptide building block 

To synthesize the Gly-Pro-Hyp tripeptide building block, a methyl group was used as the 

protecting group at the C-terminal end of the tripeptide. Starting from commercially available 

4(R)-hydroxyproline, methyl ester 3 was synthesized by Fisher esterification and crystallized 

as a clear plate-like crystal from a MeOH-hexanes mixture, or precipitated as a white solid 

from diethyl ether (Scheme 2.1).
229

  

Scheme 2.1 Synthesis of dipeptide Boc-Pro-Hyp-OMe 4. 
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Hydroxyproline methyl ester 3 was coupled with Boc-proline to afford dipeptide 4. 

HBTU was used as the coupling reagent because the yield was usually higher than when 

EDC was used. The secondary amine group of Hyp should be more reactive than the 

secondary hydroxyl group, but when two equivalents of Boc-proline were used, only about 

10 %-15 % of the desired dipeptide 4 was obtained. The hydroxyl group was also coupled 

with Boc-proline and a double-coupled side product 5 was obtained in about 40 % yield 

(Figure 2.2). The ratio of 4-hydroxyproline methyl ester 3 to Boc-Pro-OH was then strictly 
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controlled to 1 to 1 and the yield increased to 57 %. When 4-hydroxyproline methyl ester 4 

was in excess, there was no significant improvement in the yield. Using a more expensive 

coupling reagent, benzotriazole-1-yl-oxy-tris-(dimethylamino)-phosphonium hexafluoro-

phosphate (BOP), gave only the desired dipeptide Boc-Pro-Hyp(OH)-OMe 4, but the yield 

was also not very high (68 %).
230

 

The poor selectivity between the hydroxyl group in Hyp and the secondary amine in 

Pro was observed when synthesizing tripeptide Fmoc-Gly-Pro-Hyp-OMe by direct EDC or 

HBTU coupling. The yield was less than 10 %, and Fmoc-Gly-OH was coupled at both the 

amine group of Pro and the hydroxyl group of Hyp, even when the ratio of the two reactants 

was controlled. A new strategy had to be used to improve the yield. The tert-

butyldimethylsilyl (TBS) group was used to protect the hydroxyl group before the coupling 

reaction was performed.  

N

OMe
O

O

O
N
Boc

5

O

BocN

 

Figure 2.2 Double-coupled side product Boc-Pro-Hyp(Boc-Pro)-OMe 5. 

 

Starting from dipeptide 4, TBS-Cl was used to provide TBS protected tripeptide 6 in 

the presence of imidazole (Scheme 2.2). Then the Boc-group was removed using TFA, and 

the free amine was coupled with Fmoc-Gly-OH with HBTU as the coupling reagent. After 

the reaction, both protected tripeptide 7 and unprotected tripeptide 8 were found. The ratio of 

these two products varied, but usually unprotected tripeptide 8 dominated. This indicated that 

the TBS group was also partially cleaved during the TFA deprotection of the Boc group. 
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Deprotecting the Boc group first, then attaching the TBS protecting group might solve this 

problem. But the resulting amine product has very poor visibility under UV, in ninhydrin or 

KMnO4, and it is very difficult to obtain a pure intermediate for the next coupling reaction. 

This method was not used. 

Scheme 2.2 Synthesis of tripeptide Fmoc-Gly-Pro-Hyp-OMe 8. 
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The most common deprotection method for the methyl group is hydrolysis under 

basic conditions, such as in aqueous LiOH solution.
231

 But these basic conditions can also 

simultaneously cleave the Fmoc group. A new method to deprotect methyl esters using the 

Lewis acid AlCl3 and N,N-dimethyl aniline (DMA), was recently reported.
232

 The activity of 

the catalyst was extremely important for this reaction. AlCl3 had be very dry and well 

dissolved in DMA, although AlCl3 dissolved very slowly in DMA. When it was ready for 

use, the solution should be clear dark blue or green. This method could remove the methyl 

group without affecting the Fmoc group (Scheme 2.3). Even if the reaction did not work, 

nearly 100 % of the starting material could be recovered. 

Unfortunately, the desired product tripeptide 1 had a very similar polarity to the catalyst 

complex, and it was very difficult to separate them by flash chromatography. Even after 

HPLC purification, there was still a small amount of the catalyst complex present which 
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made the solid product light blue. A significant amount of the product was lost during the 

HPLC purification. A new protecting group was used in place of the methyl protecting group 

to improve the overall yield. 

Scheme 2.3 Synthesis of the tripeptide building block Fmoc-Gly-Pro-Hyp-OH 1. 
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Benzyl protected Gly-Pro-Hyp tripeptide building block 

Hodges and Raines reported that H2 on Pd/C in a mixture of MeOH and AcOH could 

remove a benzyl group without affecting the Fmoc protection.
152

 A benzyl group was used to 

protect the C-terminal end of tripeptides, and the synthetic route was shown in Scheme 2.4. 

Starting from commercially available 4-hydroxyproline, 4-hydroxyproline benzyl ester 9 was 

synthesized by heating at reflux in a mixture of CCl4 and BnOH.
233

 Dipeptide Boc-Gly-Hyp-

OBn 10 was synthesized by HBTU peptide coupling. The Boc protecting group was then 

removed with 25 % TFA in CH2Cl2, and tripeptide 11 was synthesized with HBTU as the 

coupling reagent. The benzyl group was removed with H2 on 10 % Pd/C in 50 % AcOH in 

MeOH to produce the tripeptide building block 1. 

It is noticeable that very little double-coupled products were observed during the 

synthesis with the benzyl protecting group. Benzyl and methyl groups have similar, very 

weak inductive effects on the 4-hydroxyl group of Hyp, and the electronic effect should not 

be a major factor in explaining this result. I suspect that the size difference between the 

benzyl and methyl protecting groups is the reason why the benzyl protected Hyp resulted in 

fewer side products during peptide coupling reactions. The benzyl protecting group may have 
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long-range interactions with the hydroxyl side-chain, and may partially block the hydroxyl 

group during the reaction. Therefore, the hydroxyl group of Hyp is much less reactive, and 

the desired product is favored. 

Scheme 2.4 Alternative synthetic route for the tripeptide building block Fmoc-Gly-Pro-Hyp-

OH 1. 
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2.1.3 Synthesis of Fmoc-Gly- [(E)CH=C]-Pro-Hyp-OH isostere 

Wang et al. published a method for the synthesis of the alkene isostere Ser-

[(E)CH=C]-Pro,
234

 which was modified to synthesize the Gly- [(E)CH=C]-Pro alkene 

isostere. Starting from commercially available cyclopentanone, hydrazone 12 was 

synthesized in a high yield (Scheme 2.5). After work-up and vacuum drying, hydrazone 12 

was used to make 1-iodocyclopentene 13 without further purification. Iodocyclopentene 13 

was not very stable. It was stored under Ar in a freezer and usually used within one week. It 

could be stored much longer (up to two months) after careful removal of moisture and 

protected from light at –20 °C. Since iodocyclopentene 13 was highly volatile, no heat was 

allowed during the work-up, and it was usually used without column purification and vacuum 
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drying. If there was too much water in the system, it could be purified with Et2O by flash 

chromatography. 

Scheme 2.5 Synthesis of , -unsaturated ketone 15. 
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 The Boc-Gly Weinreb amide 14 was synthesized by DCC coupling with Boc-Gly-OH 

and N,O-dimethyl hydroxylamine (Scheme 2.5). The product was crystallized as colorless 

needle-like crystals from EtOAc-hexanes or ether binary solvent system. To synthesize the 

Boc-Ser Weinreb amide, 50 % DMF in CH2Cl2 was used as the solvent.
234

 When 

synthesizing the Boc-Gly Weinreb amide 14, the yield was much lower in a DMF-CH2Cl2 

binary solvent system was used than only in CH2Cl2. Iodocyclopentene 13 was reacted with 

s-BuLi to generate cyclopentenyl lithium, which was then reacted with the Boc-Gly Weinreb 

amide 14 to synthesize , -unsaturated ketone 15. The proton on the nitrogen atom of the 

Boc-Gly Weinreb amide is the most reactive site within the molecule, and cyclopentenyl 

lithium would react with this proton first. About one equivalent of i-PrMgCl was used to 

remove the proton on the N-H first to obtain a higher yield, and reduce the usage of s-BuLi 

and iodocyclopentene 13. 

 The synthesis of acid chloride 18 has been reported by Bischofberger et al.
235

 TBS-

protected butyl glycolate 16 was synthesized by mixing TBS-Cl and n-butyl glycolate in the 

absence of solvent (Scheme 2.6). The product was purified by vacuum distillation at 85-
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90 °C. One modification was made to improve the yield of acid 17. One equivalent of NaOH 

was used to remove the n-butyl group instead of KOH, and a much higher yield was obtained 

(99 % compared to 80 %). The increase of the yield might be because NaOH had a higher 

purity than KOH. The use of one equivalent of base was important. If an excess of base was 

used, acid 17 was very difficult to extract back into the organic layer after an acid wash, and 

this greatly decreases the yield. 

Scheme 2.6 Synthesis of ester 20. 
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Ketone 15 was reduced by NaBH4 CeCl3, and alcohol 19 was obtained (Scheme 2.6). 

Unlike the synthesis of the Ser- [(E)CH=C]-Pro isostere, the reduction has no 

stereoselectivity because Gly has no C -side-chain, and both enantiomers were obtained. 

Acid chloride 18 was synthesized by reflux with (COCl)2 in benzene. Because acid chloride 

18 was susceptible to moisture, it was used without work-up or purification. After removing 

the solvent benzene by distillation, acid chloride 18 was dissolved in THF and mixed with 

pyridine before addition to the alcohol 19-THF solution. The resulting ester 20 was purified 

by flash chromatography and dried in vacuo. 

Ester 20 could also be synthesized by coupling acid 17 with alcohol 19 using peptide 

coupling reagents such as EDC or HBTU. The HBTU coupling method gave a higher yield 
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of 81 %, but the starting materials could not be recovered and the coupling reagent was more 

expensive than (COCl)2. The acid chloride method was clean, and no side-product was 

formed during the reaction. Although the yield was lower, nearly all of the unreacted starting 

material alcohol 19 could be recovered. It was not necessary to use the HBTU coupling 

method for the Gly-Pro isostere. When synthesizing the Pro-Pro isostere, the HBTU coupling 

method was necessary due to the extremely low yield of the acid chloride method (Section 

2.2.3). 

Scheme 2.7 HBTU coupling method to synthesize ester 20. 
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 The Ireland-Claisen rearrangement is the key step in the synthesis procedure. 

Through a chair-form 6-membered ring transition state, the stereochemistry was controlled so 

the alkene in the product adopted the (E)-configuration (Figure 2.3),
234,236,237

 which was 

confirmed by NOE spectroscopy later. 
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Figure 2.3 Mechanism of the Ireland-Claisen rearrangement. 



 

 

 55 

 

Because ester 20 was a mixture of two enantiomers, the product after the 

rearrangement was still a racemic mixture. This reaction was extremely moisture sensitive, 

and all of the glassware was flame dried prior to use. The quality of the reagents used was 

also very important. The solvents had to be anhydrous and sealed from air at all times. 

Lithium diisopropylamide (LDA) was freshly prepared and contained no solid material. Poor 

quality LDA can cleave the TBS protecting group and stop the rearrangement from 

occurring. If the rearrangement did not happen and the starting material was recovered, then 

it was necessary to check the quality of TMS-Cl and pyridine. The rearrangement did not 

occur when a white precipitate appeared after mixing TMS-Cl and pyridine. So it was 

important to check TMS-Cl and pyridine before setting up the reaction.  

After the Ireland-Claisen rearrangement, the resulting intermediate was treated with 

tetrabutylammonium fluoride (TBAF) to cleave the TBS group, and -hydroxy acid 21 was 

obtained (Scheme 2.8). -Hydroxy acid 21 was decarboxylated with Pb(OAc)4 in EtOAc to 

give an aldehyde. The resulting aldehyde was not stable, and was oxidized to acid 22 with 

freshly prepared Jones reagent without further purification. 

Scheme 2.8 Synthesis of Fmoc-protected acid 23. 
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 The Boc protecting group was converted to the Fmoc protecting group to make the 

final product compatible with solid phase synthesis. The Boc group was cleaved with 25 % 

TFA in CH2Cl2 (Scheme 2.8). Then the isostere was protected with Fmoc-OSu in NaHCO3. 

Fmoc-Cl was used to add the Fmoc protecting group to the amine group first, but the yield 

was only 30-35 %. A similar yield was reported with the same substrate (Dr. Xiaodong J. 

Wang, unpublished results). When using Fmoc-OSu to add the Fmoc protecting group, the 

yield increased to 70-85 %. This result was opposite to the Ser-Pro isostere case. When 

changing the protecting group during the synthesis of Ser- [(E)CH=C]-Pro isostere, Fmoc-

OSu gave only 20-30 % yield, while Fmoc-Cl provided a yield of more than 80 % (Dr. Song 

Zhao, unpublished results). The reason for this difference was unknown. 

Scheme 2.9 Synthesis of tripeptide isostere 2. 
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 Tripeptide 24 was synthesized by HBTU peptide coupling of Fmoc-protected acid 23 

with hydroxyproline benzyl ester 9 (Scheme 2.9). The benzyl protecting group was removed 

by hydrogenation over a 10 % Pd/C catalyst in 50 % AcOH in MeOH. The 
1
H NMR 

spectrum showed that the alkene proton peak at 5.4 ppm was present in the product 

(Appendix). The tripeptide alkene isostere 2 was still a mixture of two diastereomers with 
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about 3:2 ratio, and separation by HPLC was planned. A model reaction of solid phase 

peptide synthesis of Ac-(Gly-Pro-Hyp)7-Gly-Gly-NH2 with the tripeptide building block 

Fmoc-Gly-Pro-Hyp-OH 1 showed that the hydroxyl group of Hyp had to be protected, and it 

was very difficult to add a protecting group to hydroxyl at this stage without affecting the 

Fmoc-protecting group. So the side-chain unprotected alkene isostere 2 was synthesized, but 

not purified by HPLC. 

2.1.4 Synthesis of Fmoc-Gly-Pro-Hyp(tBu)-OH tripeptide mimic 

 A model solid phase peptide synthesis with the tripeptide building block Fmoc-Gly-

Pro-Hyp-OH 1 was performed on Rink amide MBHA resin. Although the desired product 

could be found by LC-MS, the crude product from solid phase synthesis was very impure and 

difficult to purify by HPLC. The free hydroxyl group on the Hyp might have been the cause 

of this problem. The hydroxyl group is unlikely to couple with the tripeptide acid building 

block during solid phase synthesis due to the low reactivity of a secondary alcohol and the 

steric effect, but the final capping with Ac2 also reacts with the free hydroxyl group. This was 

proven by LC-MS; in addition to the desired MH2
2+

/2 fraction, a significant amount of the 

[M+45]
2+

/2 fraction was also found indicating one more acetyl group. Therefore, side-chain 

unprotected tripeptide building blocks could not yield the desired polypeptide with good 

purity and yield. 
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Figure 2.4 The tripeptide building block 25 and tripeptide isostere 26. 
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This result meant that the hydroxyl group of Hyp had to be protected. The tert-butyl 

group was chosen to protect the hydroxyl of Hyp because it could be removed 

simultaneously during the cleavage of peptides from the resin by TFA (Figure 2.4). The TBS 

group can also be removed by TFA, but the TBS protecting group is not as stable as the tert-

butyl protection. 

The side-chain protected tripeptide building block Fmoc-Gly-Pro-Hyp(
t
Bu)-OH 25 

was designed. There are two ways to synthesize a polypeptide: 1) from the C-terminus to the 

N-terminus (right to left); 2) from the N-terminus to the C-terminus (left to right). The first 

method is preferred because it has less of an epimerization problem. 

Scheme 2.10 Synthesis of building block Fmoc-Gly-Pro-Hyp(
t
Bu)-OH from right to left. 
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 The tert-butyl protected hydroxyproline benzyl ester could not be synthesized by 

Fisher esterification with BnOH and acid, because the tert-butyl protecting group would be 

cleaved during the reaction. Moreover, since the tert-butyl group would be cleaved by TFA, 

the Boc protecting group could not be used to protect the N-terminus in this situation. 

Starting from commercially available Fmoc-Hyp(
t
Bu)-OH, benzyl ester 27 was synthesized 

by EDC coupling (Scheme 2.10). The Fmoc-group was cleaved by piperidine and then 
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coupled with Fmoc-Pro-OH to make dipeptide 28. Then the Fmoc-group was cleaved again, 

and the dipeptide was coupled with Fmoc-Gly-OH to make tripeptide 29.  

 Some problems occurred during the deprotection and the following coupling steps. 

After adding piperidine to remove the Fmoc-group, excess piperidine could not be 

completely removed by chasing with CHCl3 and MeOH, or under high vacuum. A side 

product formed as shown in Figure 2.5.
238

 This side-product cleaved the Fmoc protecting 

group during the next coupling reaction and made the product very impure. Unprotected 

proline derivatives were invisible under UV or in I2, and had very poor visibility in ninhydrin 

and H2SO4 solution, and some impurities were not visible in many commonly used 

visualization reagents. It was very difficult to obtain a pure product of unprotected proline 

derivatives from flash chromatography. 
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Figure 2.5 Mechanism of Fmoc deprotection by piperidine.
238

 

 

 The yield of benzyl ester 27 was 99.7 %, and the yield from the synthesis of dipeptide 

28 was only about 55 %. But when an attempt was made to synthesize tripeptide 29 by 
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HBTU peptide coupling, no desired product was found after column purification. This 

method required column purification after each deprotection and coupling reaction, and it 

was not a good method to make the tripeptide building block in large scales. 

 Ottl et al. published a method to synthesize the tripeptide building block Fmoc-Gly-

Pro-Hyp(
t
Bu)-OH from the N-terminal end to the C-terminal end.

239
 Usually, the activated 

ester method causes epimerization, but in the specific Gly-Pro-Hyp sequence, it seems that 

epimerization is not a problem. Glycine has no chiral center, and protected proline and 

hydroxyproline are both secondary amines and are difficult to epimerize (Figure 2.6).
240

 For 

prolyl amino acids, during the azlactone epimerization process, one intermediate is not 

stable, and difficult to form due to the property of tertiary amides. So prolyl residues are 

difficult to epimerize. 
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Figure 2.6 Epimerization mechanism of active esters through the azlactone.
240

 

 

 Starting from Fmoc-Gly-OH, activated ester 30 was synthesized by DCC coupling in 

EtOAc, and purified by precipitating from EtOAc-hexanes.
241

 The reaction could also be 
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carried by EDC coupling in a mixture of dioxane, CH3CN and CHCl3.
242

 The yield was 

slightly higher (93.8 % compared to 86.0 %), but considering that EDC is much more 

expensive than DCC, the latter coupling reagent was adopted. 

 Activated ester 30 and H-Pro-OH were stirred with DIEA in DMF, and dipeptide acid 

31 was obtained in 96 % yield (Scheme 2.11). No column purification was needed and the 

acid was precipitated from EtOAc-hexanes.
239

 Dipeptide activated ester 32 was obtained by 

DCC coupling. The desired tripeptide building block 26 was obtained by stirring activated 

ester 32 and H-Hyp(
t
Bu)-OH under basic conditions. Although the literature stated that no 

column purification was needed, analytical HPLC showed that the product was not pure and 

the model SPPS generated a very impure crude polypeptide. The crude product was purified 

with CHCl3:MeOH:AcOH in a 100:2:0.5 ratio followed by precipitation from EtOAc-

hexanes. The side-chain protected tripeptide building block Fmoc-Gly-Pro-Hyp(
t
Bu)-OH 25 

was obtained as a white solid which was easy to handle during solid phase peptide synthesis. 

Scheme 2.11 Synthesis of building block Fmoc-Gly-Pro-Hyp(
t
Bu)-OH from left to right. 
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 All the reactions in this method were very fast, and it was easy to observe the 

completion of the reactions. No column purification was required in this method, which 

made it ideal for large-scale synthesis.  
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2.1.5 Synthesis of Fmoc-Gly- [(E)CH=C]-Pro-Hyp(tBu)-OH isostere 

 The alkene isosteres Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-OH 26 and Fmoc-Gly-

[(E)CH=C]-Pro-Hyp-OH 2 differ only in the last amino acid. The synthetic routes to Fmoc-

Gly- [(E)CH=C]-Pro-OH 23 in both syntheses were identical. 

Scheme 2.12 Formation of isomerized alkene isostere 34. 
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The OSu activated ester method was tried first. Starting from the Gly-Pro alkene 

isostere 23, activated ester 33 was synthesized by DCC coupling (Scheme 2.12). Then H-

Hyp(
t
Bu)-OH was added and stirred with 0.5 equivalent DIEA at rt for 4 h. Unfortunately, no 

desired product was obtained. After characterization, the resulting product was identified as 

the isomerized alkene isostere 34. The activated ester increased the acidity of the hydrogen 

atom at the -position. In the presence of base, the -proton was deprotonated, and the 

double bond shifted into the ring to form a more stable , -unsaturated structure (Figure 

2.7).
224

 

 This result showed that in the presence of both activated ester and base, the double 

bond of activated ester 33 isomerized into the 5-membered ring to form a more stable , -

unsaturated structure. Wang et al. reported a similar phenomenon during SPPS of Ser-

[(E)CH=C]-Pro isostere using HBTU-HOBt as the coupling reagent and DIEA as the 

base.
224

 Changing the coupling reagent to HATU-HOAt and base to collidine reduced the 
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possibility of double bond isomerization.
224

 Collidine was used to replace DIEA in the OSu 

activated ester method, but no reaction was observed and activated ester 33 was recovered. 
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Figure 2.7 Mechanism of double bond isomerization. 

 

 A new synthetic route was designed (Scheme 2.13). Starting from commercially 

available Fmoc-Hyp(
t
Bu)-OH, benzyl alcohol was coupled with EDC to protect the C-

terminus. Then the Fmoc protecting group was cleaved with piperidine. Column 

chromatography was used to remove the piperidine containing side product. The resulting 

amine 36 was coupled to Fmoc-Gly- [(E)CH=C]-Pro-OH 23 with HBTU. To prevent the 

double bond migration, no base or HOBt was used. The tripeptide alkene isostere 37 was 

synthesized as a clear oil, while 
1
H NMR and HSQC showed that the double bond had not 

shifted into the ring. HATU and HOAt were also used as coupling reagents to synthesize 

isostere 37, but no significant yield improvement was observed. Moreover, the resulting 

HOAt caused some purification problems. HATU is more expensive than HBTU, so HBTU 

in the absence of base was used as the standard method to synthesize the tripeptide alkene 

isostere 37. 
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Scheme 2.13 Synthesis of tripeptide isostere 37. 
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2.1.6 Introduction of the chiral center 

 Until then, all of the reactions involved no stereoselectivity, and diastereomers with 

both R- and S-configurations were synthesized. All the natural amino acids are in the L-

configuration, so only the tripeptide alkene isostere with the L-Pro mimetic structure was 

desired. Throughout the synthesis, a chiral center could be introduced at any one of four 

stages (Figure 2.8).  
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Figure 2.8 Four feasible stages to introduce a chiral center. 
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Asymmetric reduction 

The first feasible opportunity to introduce a chiral center is through asymmetric 

reduction of , -unsaturated ketone 15 to form a chiral alcohol. Glycine is the only natural 

amino acid without a chiral center, which means that substrate control strategies
243

 will not 

work, and only reagent control strategies need to be considered. Vabeno et al. showed that 

LiAlH(O
t
Bu)3-EtOH or NB-Enantride-THF systems at –78 °C provided very good 

selectivity, but this result was only obtained in diastereoselective reduction systems under 

Felkin-Ahn control.
244

 Corey et al. reported that the oxazaborolidines were effective catalysts 

in asymmetric reduction with relatively high yields.
245,246

 These catalysts are not 

commercially available, but they can be easily synthesized by addition of phenyl Grignard to 

an amino acid. They only produce good stereoselectivity when the carbonyl is attached to an 

aryl group.  

Scheme 2.14 Asymmetric reduction of , -unsaturated ketone 15. 
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 Noyori et al. reported that stoichiometric amount of (S)-(–)-binaphthol-modified 

LiAlH4 yielded only one major enantiomer.
247,248

 Previous studies in our group showed that 

the reduction worked with a 53 % yield, but stereoselectivity was not obtained.
249

 A modified 

Noyori asymmetric reduction method was performed at –100 °C in THF (Scheme 2.14).
250

 

The catalyst (S)-binaphthol has similar polarity to alcohol 19, which caused difficulty during 
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purification. Chiral staionary phase HPLC showed that both enantiomers were obtained, and 

the enantiomeric excess (e.e.) value was only 22 %. 

 Reetz and Li reported an asymmetric transfer hydrogenation reaction catalyzed by a 

Ru-catalyst in the presence of BINOL-derived diphosphonite ligands, which provided high 

ee % values for the asymmetric reduction of alkyl/alkyl ketones.
251

 The diphosphonite ligand 

39 was not commercially available, but it could be synthesized through a three-step synthesis 

(Scheme 2.15).
252,253

  

Scheme 2.15 Synthesis of the diphosphonite ligand 39. 
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Starting from commercially available 9,9-dimethylxanthene, 4,5-(bis[bis-diethyl-

amino]phosphonito)-9,9-dimethylxanthene 38 was obtained by a one-pot two-step synthesis 

as a yellow solid. Compound 38 was then heated at reflux with (S)-BINOL in toluene for 2 

days and ligand 39 was obtained.
252

 The (S,S)-ligand was synthesized from (S)-BINOL 

because it had been reported that the (S,S)-ligand 39 yielded alcohol products with the 

desired configuration.
251

 The ligand with the (R,R)-configuration could also be synthesized 

by the same method from (R)-BINOL.
252
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Asymmetric transfer hydrogenation was attempted (Scheme 2.16). The catalyst 

[RuCl2(p-cymene)]2 and the (S,S)-ligand 39 were dissolved in anhydrous i-PrOH and heated. 

KO
t
Bu base was added, followed by , -unsaturated ketone 15. Unfortunately, no reaction 

was observed after 7 days, and nearly all of the starting material was recovered. The reaction 

still did not work after changing the amount of catalyst and ligand, or after raising the 

reaction temperature to 60 °C. The transfer hydrogenation yielded poor results in two classes 

of ketones: 1) , -unsaturated ketones which are slowly converted, but with poor ee %, and 

2) saturated ketones containing a heteroatom at the - or -position (Prof. Manfred T. Reetz, 

personal communication). Ketone 15 has both a heteroatom at the -position and the , -

unsaturated structure, so it is understandable that the reaction did not work. To date, we have 

not found an asymmetric reduction method that works for , -unsaturated ketone 15. 

Scheme 2.16 Asymmetric transfer hydrogenation of , -unsaturated ketone 15. 
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Resolution strategies 

The second feasible stage for introducing a chiral center was the coupling of a chiral 

acid to alcohol 19. There are some requirements for a chiral acid to be a good candidate in 

this reaction: 1) it must have at least one chiral center; 2) it must be easy to couple, and easy 
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to cleave; 3) the resulting diastereomers must be separable by flash chromatography because 

the scale of the reaction would be very large at this step; 4) it must not be too expensive. 

OH

O

H3CO CF3

(R)-Mosher's acid

OH

O

H OH

(S)-Mandelic acid

NH
OH

(1R, 2R)-Pseudoephedrine

FmocHN

O

OH

L-Fmoc-Phenylalanine  

Figure 2.9 Reagents used to make diastereomers from enantiomers. 

 

 The best candidate was Mosher’s acid, but it is very expensive and not good for large-

scale reactions (Figure 2.9). Mosher’s acid was coupled first using EDC. No reaction was 

observed and nearly all of the starting material was recovered (Scheme 2.17). Mandelic acid 

is much cheaper, but it has a secondary hydroxyl group that can slow the coupling reaction 

with alcohol 19, which is also a secondary alcohol. The coupling of (S)-mandelic acid with 

alcohol 19 was performed with HBTU or EDC as the coupling reagent, but still no reaction 

was observed. An attempt to make (S)-Mandelic acid into an acid chloride to increase its 

reactivity also failed. The reaction between the secondary alcohol 19 and the bulky Mosher’s 

acid or mandelic acid was not favored due to steric hindrance. 

 Most of the natural amino acids have a chiral center at the C -position, so they are 

candidates for this reaction. Fmoc-Phe-OH was used as a chiral acid to couple with alcohol 

19 using HBTU (Scheme 2.17). The yield was low (about 33 %). Moreover, the resulting 

diastereomers showed only one spot on TLC and no separation at all on a column. 

Scheme 2.17 Attempts to make diastereomers from the racemic mixture. 
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 Two carboxylic acid intermediates were feasible candidates to make diastereomers 

from the enantiomers – Boc-protected acid 22 and Fmoc-protected acid 23. A chiral amine or 

a chiral alcohol could be introduced to make a pair of diastereomers and the diastereomers 

could then be separated by normal phase HPLC or chiral HPLC because the scale of the 

reaction is not very large at this stage. A model reaction with Boc-Pro-OH and (1R,2R)-

pseudoephedrine showed that it was very difficult to cleave the chiral base without affecting 

the Boc-protecting group. Moreover, 4(R)-Hyp had two chiral centers and tripeptide 37 was a 

pair of diastereomers, so column or HPLC separation of the diastereomers would be 

performed when tripeptide 37 was synthesized. 

 

 

Co-crystallization with a chiral base  
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It would have been feasible to separate the two enantiomers of Boc-protected acid 22 

or Fmoc-protected acid 23 by co-crystallization with a chiral base to form diastereomeric 

salts, which might be separable due to their different physical properties.
254

 There are many 

chiral bases that could be used to make the complex with the acid enantiomers, such as 

pseudoephedrine and brucine. Based on the availability in our lab, pseudoephedrine and 

brucine were used as chiral bases to make the chiral crystal complex. Boc-protected acid 22 

was used as the source of the acid enantiomers because the Fmoc-protected species often 

caused solubility issues in many solvents during the crystallization process, and precipitated 

instead of crystallizing. In most solvent systems, either an oil or a precipitate was obtained 

(Table 2.1). However, several small pieces of irregular-shaped colorless crystal-like solid 

were obtained when using MeOH and H2O as the solvent. Crystals also appeared at 4 °C 

when MeOH was less than 25 %, but the recovery was always very low (less than 5 %) in 

each solvent system. The crystals obtained were too thin for X-ray crystal structure 

determination, and larger crystals were not obtained. 

Table 2.1 Co-crystallization results of Boc-protected acid 22 and brucine. 

Solvent Temperature  Result 

MeOH rt No Precipitate 

Acetone rt Oil 

CHCl3 rt Oil 

MeOH-Ether rt Oil 

EtOAc-Hexanes rt Precipitate 

EtOAc-Hexanes 4 °C Precipitate 

10 % MeOH-H2O rt Precipitate 

10 % MeOH-H2O 4 °C Crystal 

25 % MeOH-H2O 4 °C Crystal 

40 % MeOH-H2O 4 °C No Precipitate 

 

The co-crystallization method worked, but there were still some problems affecting 

the application of this method to this project. 1) The percentage recovery was too low. Only a 
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couple of milligrams of crystals were obtained from 50 mg of the enantiomers. This method 

would require a large amount of Boc-protected acid 22. 2) The crystallization process was 

very slow, and modification of the conditions was even slower. It was very difficult to 

predict which solvent system would work. 3) There was no way to predict which enantiomer 

would crystallize. There was a 50 % chance that the crystal would not be the desired 

enantiomer. 4) Even after obtaining crystals, it would still be very difficult to determine the 

absolute stereochemistry because the X-ray structure only provided the relative 

stereochemistry, and the hydrogen atoms could not be seen by ordinary X-ray 

crystallography. So the co-crystallization method was abandoned. 

HPLC separation of the diastereomers 

The last feasible stage to introduce the chiral center was via tripeptide isostere benzyl 

ester 37 or tripeptide isostere 26. After coupling with hydroxyproline, the resulting tripeptide 

isostere was a pair of diastereomers instead of enantiomers. Although the resulting 

diastereomers still could not be separated by flash chromatography, they were separable by 

HPLC or chiral HPLC. I chose tripeptide isostere benzyl ester 37 for HPLC separation 

because 1) the normal phase column usually had a greater number of plates than the reverse 

phase column of the same length; 2) less polar diastereomers were usually easier to separate 

than more polar diastereomers. 

Tripeptide isostere benzyl ester 37 was purified by flash chromatography with 25 % 

EtOAc in hexanes to remove highly polar impurities first. An analytical method was 

developed on a 5 μm normal phase silica column. The two diastereomers were separable with 

an i-PrOH-hexanes solvent system. The isocratic condition with 4 % i-PrOH in hexanes 

provided the best resolution. Although 5 % i-PrOH in hexanes also provided good resolution, 
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the two peaks were too close, and this could have caused difficulty during preparative 

separations. The system with 3 % i-PrOH in hexanes caused some solubility and peak tailing 

problems. EtOAc was added to solve the solubility problem, but this caused reduced 

resolution. 
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Figure 2.10 HPLC separation of tripeptide isostere benzyl ester 37 by normal phase HPLC. 

Top: mixture of two diastereomers before separation; middle: the first diastereomer after 

separation; bottom: the second diastereomer. The analytical chromatograms were obtained on 

a Beckman P/ACE with a Varian MetaSil 5 μm Si column with 5 % i-PrOH in hexanes under 

isocratic conditions. 

 

The two diastereomers of tripeptide isostere benzyl ester 37 were separated on a 

10 μm normal phase preparative column. The resolution was not as good as on the analytical 

column. The particle size difference between the analytical column and the preparative 

column might have been the reason for the resolution difference, because small particle sizes 

usually gave better separation. 
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 After separation, the first fraction was very pure, while the second fraction still 

contained a little of the first diastereomer, even though the fraction was collected at the 

maximum of the peak (Figure 2.10). The solubility problem relating to tripeptide isostere 

benzyl ester 37 in the i-PrOH-hexanes system was responsible for the small amount of 

impurity. A new solvent system that could dissolve tripeptide isostere benzyl ester 37 better 

without affecting the separation might help to achieve better resolution. The ratio of the two 

diastereomers in the second fraction was about 1 to 22, as determined by HPLC and NMR. 

The peptide purity was considered pure enough for peptide synthesis. Although the absolute 

stereochemistry of the two diastereomers was still unknown, it could be determined after 

incorporation into the peptide sequence. Both diastereomers were incorporated in the next 

step of the synthesis. 

2.1.7 Deprotection of the benzyl group 

 The last synthetic step was the removal of the benzyl protecting group. The most 

common method to remove the benzyl protection was hydrogenation. But high-pressure 

hydrogenation conditions required would also cause the Fmoc protecting group to be 

removed. Raines and co-workers reported a hydrogenation reaction in 50:50 AcOH:MeOH at 

1 atm, and the Fmoc-group was not affected.
152

 This method worked when hydrogenating the 

tripeptide benzyl ester Fmoc-Gly-Pro-Hyp-OBn 11 to give the tripeptide acid Fmoc-Gly-Pro-

Hyp-OH 1. But when hydrogenating tripeptide isostere benzyl ester 37, the carbon-carbon 

double bond was also partially reduced, as confirmed by NMR and LC-MS. A new 

deprotection method was needed to remove the benzyl group without affecting either the 

double bond or the Fmoc-protection. 
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 In tripeptide isostere benzyl ester 37, there were four functional groups that could 

react during the deprotection reaction. The Fmoc-group was not stable in strong base; the 

tert-butyl group was not stable in strong acid; the double bond and benzyl groups were not 

stable during hydrogenation, but the double bond was less reactive than the benzyl protecting 

group. Considering the reactivity of all four functional groups, three methods might work for 

tripeptide isostere benzyl ester 37 – weak acid, weak base or less reactive hydrogenation 

conditions. 

Hydrolysis with weak acids or bases 

 It was reported that the weak Lewis acids, BCl3 and AlCl3, can be used to cleave the 

benzyl protecting groups.
255,256

 Because solid AlCl3 was moisture sensitive and hard to 

handle, 1.0 M BCl3 in CH2Cl2 was used in a model reaction first. The benzyl group was 

cleaved within 2.5 h, while the tert-butyl group was also cleaved (Scheme 2.18). This method 

could not be used to deprotect the benzyl group in tripeptide isostere benzyl ester 37. 

Scheme 2.18 Deprotection of the benzyl group with acids or bases. 
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 Huffman reported a mild hydrolysis condition using a K2CO3 solution to deprotect the 

benzyl group.
257

 K2CO3 solution (10 % aq.) had been used in our group to open a 7-
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membered lactone ring without cleaving the Fmoc-group (Song Zhao, unpublished results). 

Hydrolysis with weak bases was attempted in a model reaction. Results showed that no 

reaction was observed in 10 % K2CO3 aqueous solution, and starting material was recovered 

(Scheme 2.18). Using saturated K2CO3 solution, both the benzyl and the Fmoc-protecting 

group were cleaved. When using a 20 % K2CO3 solution, the product was complex. Both 

protected and unprotected compounds with or without the benzyl group or the Fmoc group 

were found in the crude product mixture. From the TLC, it seemed that the Fmoc-protecting 

group was cleaved at a slightly faster rate than the benzyl protecting group. 

Mild hydrogenation 

 Mild hydrogenation conditions can be achieved by two methods: a less reactive 

catalyst or a milder hydrogen source. During the synthesis of Ser- [(Z)CH=C]-Pro isostere, 

Na/NH3 was used to cleave the benzyl protecting group without affecting the alkene bond.
234

 

But the highly basic condition would cleave the Fmoc-protecting group. The less reactive 

catalyst Pd(OH)2/C was also tried to remove the benzyl group, but it also cleaved the Fmoc 

group (Dr. Bailing Xu, Personal communication). The hydrogenation reaction at atmosphere 

pressure with 10 % Pd/C did not affect the Fmoc-protection,
152

 but it partially reduced the 

alkene (Scheme 2.19). With 5 % Pd/C was used as the catalyst, the reaction was finished 

within 65 min but the alkene bond was still partially reduced. 

 Ammonium formate has been used as a mild hydrogen source to replace hydrogen in 

many hydrogenation reactions.
258-261

 A model reaction using ammonium formate as the 

hydrogen source on 10 % Pd/C was performed in MeOH (Scheme 2.19). No reaction was 

observed at rt, when the reaction mixture was heated at reflux, both the Fmoc and benzyl 
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protecting groups were removed. At high temperatures, ammonium formate would release 

ammonia, which cleaved the Fmoc group. 

Scheme 2.19 Mild hydrogenation reactions. 
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 1,4-Cyclohexadiene was another reagent used as a mild hydrogen source.
262

 The 

hydrogenation reaction was performed with 10 % Pd/C as the catalyst in anhydrous EtOH. 

1,3-Cyclohexadiene was tried first as the hydrogen source because it was available in our lab. 

Unfortunately, the reduction did not work at either rt or 50-60 °C (Scheme 2.19). 1,4-

Cyclohexadiene was then tried. There was still no reaction at rt, but after heating the reaction 

mixture to 90-95 °C, the reaction was completed within 45 min (Scheme 2.20). LC-MS, 
1
H 

NMR and HSQC showed that the desired tripeptide isostere 26 was obtained as the only 
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product in high yield (over 90 %). The hydrogenation conditions attempted are listed in 

Table 2.2. 

Scheme 2.20 Synthesis of tripeptide isostere 26. 
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Table 2.2 Methods to remove the benzyl protecting group of a carboxylic acid. 
a 

Method H-source Catalyst Temp. Fmoc Bn t-Bu C=C 

BCl3 n.a. n.a. rt – + + n.a. 

10 % K2CO3 n.a. n.a. rt – – – n.a. 

20 % K2CO3 n.a. n.a. rt + + – n.a. 

Satur. K2CO3 n.a. n.a. rt + + – n.a. 

NH3 HCOOH 10 % Pd/C rt – – – – 

NH3 HCOOH 10 % Pd/C 80 °C + + – n.d. 

H2 10 % Pd/C rt – + – + 

H2 5 % Pd/C rt – + – + 

1,3-cyclohexadiene 10 % Pd/C rt – – – – 

1,3-cyclohexadiene 10 % Pd/C 60 °C – – – – 

1,4-cyclohexadiene 10 % Pd/C rt – – – – 

Mild 

Hydrogenation 

1,4-cyclohexadiene 10 % Pd/C 90 °C – + – – 

a) In which “+” means reacted, “–” means no reaction, “n.a.” means the reagent is not used 

or the substrate does no contain the functional group, “n.d.” means not determined 

 

 Despite our difficulties, the benzyl group is a good protecting group for carboxylic 

acids. It can be removed in both acidic and basic conditions, and can also be removed by 

mild hydrogenation without affecting the C=C double bond and Cbz or Fmoc protection. 

Benzyl protection is very useful in peptide synthesis and organic synthesis. 
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2.2 Design and Synthesis of Pro- [(E)CH=C]-Pro isostere 

2.2.1 Design of Pro- [(E)CH=C]-Pro isostere 

 The direct backbone hydrogen bonding pattern of collagen is between the N-H of the 

Gly residues and the C=O of the Xaa residues of another chain.
6
 Each Gly N-H O=C Xaa 

hydrogen bond is estimated to contribute about –2.0 kcal/mol to the conformational stability 

of the triple helical structure.
223,263

 It is one of the major forces that stabilize the collagen 

triple helix.  

Jenkins et al. used an (E)-alkene bond and an ester bond to replace the amide bond 

between the Yaa and Gly residues in a host-guest system.
223

 They found that these 

replacements caused a significant decrease in the stability of the collagen triple helix. The 

peptide containing the (E)-alkene isostere had the lowest stability.
223

 Many factors might be 

responsible for the destabilizing effect of the (E)-alkene isostere. 1) The dihedral angles of 

the (E)-alkene isostere were different from the  angle of the Gly residue (–72°) and the  

angle of the Yaa residue (152° when Yaa is Pro) in the collagen triple helix.
57

 2) The alkene 

bond has a reduced dipole moment with respect to the amide bond, which is not favorable for 

the PPII helix formation.
223

 3) The carbonyl group at the Yaa position is an important 

hydrogen bond acceptor for water mediated hydrogen bonding, and replacing it with the 

alkene bond will affect the triple helix solvation.
105

 4) It is possible to form an alkene C-

H O=C hydrogen bond, but this hydrogen bonding pattern is much weaker than the N-

H O=C hydrogen bond.
104,223

 

The dipeptide isostere Fmoc-Pro- [(E)CH=C]-Pro-OH 43 was designed to study how 

much cis-trans isomerization contributes to the stability of the collagen triple helix (Figure 

2.11). In this isostere, an (E)-alkene bond replaced the amide bond between the Pro residue at 
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the Xaa position and the Pro residue at the Yaa position, which meant one interchain 

backbone hydrogen bond between Gly N-H and Xaa C=O was lost. The desired Pro-Pro 

isostere has the L-stereochemistry to represent the all-L natural amino acids. The Gly residue 

was coupled during solid phase synthesis to reduce the difficulty of organic synthesis. To 

minimize problems during solid phase peptide synthesis, the tripeptide building block Fmoc-

Gly-Pro-Pro-OH 42 consisting of only natural amino acids was synthesized. This Pro-Pro 

alkene isostere eliminated cis-trans isomerization by locking one Pro amide bond in the 

trans-conformation. By comparison with the Pro-Gly alkene isostere, which also lost one 

interchain backbone hydrogen bond, but did not affect prolyl cis-trans isomerization, we 

could estimate how much cis-trans isomerization contributes to the stability of the collagen 

triple helix. 
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N

O
N

OH

O

42

O

 

Figure 2.11 Designed dipeptide isostere Fmoc-Pro- [(E)CH=C]-Pro-OH 43. 

 

2.2.2 Synthesis of the tripeptide building block Fmoc-Gly-Pro-Pro-OH 

 Compared to the Hyp containing tripeptide building blocks, tripeptide Fmoc-Gly-Pro-

Pro-OH 42 had no hydroxyl side-chain, and it was much easier to synthesize. Either methyl 

or benzyl could be used to protect the C-terminus. Benzyl protection was chosen because in 

the final deprotection step, the hydrogenation with H2 on Pd/C was much easier to perform 

than the AlCl3/DMA deprotection of the methyl group, and the hydrogenation required less 

reaction time and provided a higher yield. 
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Scheme 2.21 Synthesis of the tripeptide building block Fmoc-Gly-Pro-Pro-OH 42. 
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Starting from L-proline, proline benzyl ester 44 was synthesized by Fisher 

esterification (Scheme 2.21). Unlike hydroxyproline benzyl ester 9, proline benzyl ester 44 

was an oil, and it was very difficult to precipitate from MeOH-Et2O or EtOAc-hexanes 

solutions. Excess BnOH was difficult to remove completely. Washing the resulting oil with a 

lot of Et2O helped to remove most of the BnOH, but there was still a small amount in the 

product. Proline benzyl ester 44 was carried to the next step without flash chromatography 

purification, and the yield from the peptide coupling reaction was lower than for the 

corresponding reaction with hydroxyproline benzyl ester 9. After column purification, NMR 

showed that both the desired dipeptide Boc-Pro-Pro-OBn 45, and the side product Boc-Pro-

OBn were obtained. Dipeptide Boc-Pro-Pro-OBn 45 was the major product. A more pure 

starting material would improve the yield of this step, and a new solvent system to crystallize 

proline benzyl ester 44 was necessary. The Boc-protecting group was removed with 25 % 

TFA in CH2Cl2, and tripeptide Fmoc-Gly-Pro-Pro-OBn 46 was obtained by peptide coupling 

with HBTU as the coupling reagent. The benzyl group was cleaved by hydrogenation with 

H2 on 10 % Pd/C, and the crude product was purified by flash chromatography. The 



 

 

 81 

tripeptide building block Fmoc-Gly-Pro-Pro-OH 42 was obtained as a white solid ready for 

solid phase peptide synthesis. 

2.2.3 Synthesis of the dipeptide isostere Fmoc-Pro- [(E)CH=C]-Pro-OH 

 The method for the synthesis of the Ser- [(E)CH=C]-Pro isostere has already been 

reported,
234

 and the synthesis of the alkene isostere Fmoc-Gly- [(E)CH=C]-Pro-OH 23 was 

described in Section 2.1.3. The dipeptide isostere Fmoc-Pro- [(E)CH=C]-Pro-OH 43 had a 

similar structure to these compounds, so the synthesis method was similar. The synthesis of 

the Pro-Pro alkene isostere has been reported in the literature.
264

 

Scheme 2.22 Synthesis of alcohols (R)-49 and (S)-49. 
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 Starting from commercially available Boc-Pro-OH, the Boc-Pro Weinreb amide 47 

was synthesized by DCC coupling with N,O-dimethylhydroxylamine (Scheme 2.22). Unlike 

the Boc-Gly Weinreb amide 14, the Boc-Pro Weinreb amide 47 did not form crystals in 

EtOAc-hexanes or MeOH-Et2O solvent systems. Flash chromatography was required to 

obtain a pure product. The Boc-Pro Weinreb amide 47 was reacted with 

cyclopentenyllithium, which was synthesized by mixing iodocyclopentene 13 and sec-butyl 

lithium at –40 °C, and , -unsaturated ketone 48 was synthesized. Because the Boc-proline 

derivative had no N-H proton, the Grignard reagent i-PrMgCl was not required in this 
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reaction. In fact the opposite was observed, and it significantly decreased the yield. The yield 

of each step was lower than the corresponding step of the Gly-Pro isostere synthesis, because 

Pro was less reactive than Gly due to steric hindrance. , -Unsaturated ketone 48 was 

reduced by NaBH4 CeCl3, and alcohol 49 was obtained. The proline derivative had a chiral 

-carbon, and this reaction was stereoselective. The two diastereomers could be separated by 

flash chromatography, and two stereochemically pure compounds were obtained.  

Scheme 2.23 Determination of the absolute stereochemistry of the alcohol (R)-49 and (S)-49. 

N
Boc OH

N
Boc OH

(S)-49

(R)-49

1) TFA/CH2Cl2

2) carbonyl diimidazole
    THF

1) TFA/CH2Cl2

2) carbonyl diimidazole
    THF

N

(R)-50

O
O

N

(S)-50

O
O

J = 4.1 Hz

J = 7.8 Hz

 

The absolute stereochemistry was determined by Mosher’s method reported by 

Williams et al.
265

 The Boc-protecting group in both diastereomers was cleaved with 25 % 

TFA in CH2Cl2 (Scheme 2.23). The resulting oil was dissolved in anhydrous THF and stirred 

with N,N-carbonyl diimidazole. Cyclic carbamates (R)-50 and (S)-50 were obtained, 

respectively. The coupling constant (J) between the C-H proton of the -carbon and C-H 

proton adjacent to the hydroxyl group was used to determine the absolute stereochemistry of 

the two diastereomers (R)-50 and (S)-50.
234,265,266

 The diastereomer with the syn-

configuration had a larger J value, and the one with the anti-structure had a smaller J value, 

because the dihedral angle of the two related protons in the anti-structure was closer to 90° 

than the dihedral angle in the syn-structure. For compounds (R)-50 and (S)-50, compound 
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(R)-50 had the syn-configuration with a J value of 7.8 Hz, while compound (S)-50 had the 

anti-configuration with a J value of 4.1 Hz. 

 The determination of the stereochemistry of the two diastereomers showed that 

alcohol (R)-49 with the desired stereochemistry was present in a 3:2 ratio with alcohol (S)-

49, which had the undesired stereochemistry. The stereoselectivity of the NaBH4 CeCl3 

reduction for the Pro-Pro isostere was not as good as that for the Ser-Pro isostere, which had 

85:15 selectivity with the desired stereoisomer being dominant.
249

 The NaBH4 CeCl3 

reduction was anti-Felkin-Ahn controlled and the cerium atom acted as a chelating reagent 

during the reaction.
267-270

 For the Ser-Pro isostere, the reaction proceeded through anti-

Felkin-Ahn control and the syn-product was the major product (Figure 2.12). For the Pro-Pro 

isostere, the rigid 5-memered-ring of Pro limited the rotation of the transition state and 

partially exposed the bulky side of the molecule, making it available for hydrogen attack. So 

the stereoselectivity was not as good as for the Ser-Pro isostere. 

OHN

RH

CeCl3

anti-Felkin-Ahn control

O
H attack
favored

Felkin-Ahn control

BocHN

OH

R1

BocHN

OH

R1

O N

Cl3Ce

H

H attack
favored

H attack
possible

anti-Felkin-Ahn control
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N
Boc OH

N
Boc OH

+

BocHN
R

H

O
O

O
O

 

Figure 2.12 Stereoselectivity of the NaBH4 CeCl3 reduction. 
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 Both diastereomers were carried to the next step and the synthetic routes were 

identical. Alcohol 49 was coupled with TBS-protected acid 17 with HBTU as the coupling 

reagent, and ester 51 was synthesized (Scheme 2.24). The reaction with acid chloride 18 was 

also attempted, but the yield was always around 25-30 %. The Pro-Pro isostere was more 

sterically hindered and less reactive, so it was difficult for the hydroxyl group in alcohol 49 

to approach the acid chloride group in acid chloride 18 to form a tetrahedral intermediate. -

Hydroxycarboxylic acid 52 was synthesized from ester 51 by the Ireland-Claisen 

rearrangement, followed by TBS-deprotection with TBAF. The stereochemistry was retained 

through the chair-form 6-membered ring transition state, and the alkene in the product 

adopted the (E)-configuration. -Hydroxycarboxylic acid 52 was decarboxylated with 

Pb(OAc)4 to give the aldehyde, and the resulting aldehyde was oxidized to acid 53 by freshly 

prepared Jones reagent. Then the Boc group was removed with TFA, and the Fmoc 

protecting group was added by stirring with Fmoc-OSu in a saturated NaHCO3 solution. The 

dipeptide isostere Fmoc-Pro- [(E)CH=C]-Pro-OH 43 was purified by flash chromatography. 

Scheme 2.24 Synthesis of the dipeptide isostere Fmoc-Pro- [(E)CH=C]-Pro-OH 43. 

N
Boc OH

HBTU, DMAP

DIEA, CH2Cl2, 59%
HO

O

OTBS
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2) TBAF, THF

          63%

N
Boc OH

HO

O

1) Pb(OAc)4, EtOAc

2) CrO3, H2SO4, H2O

    Acetone, 56%

52

N
Boc

COOH

53

(R)-49

N
Fmoc

COOH

43

1) TFA, CH2Cl2

2) Fmoc-OSu,

    NaHCO3

          93%

 

 Comparing the syntheses of the dipeptide isosteres, Fmoc-Gly- [(E)CH=C]-Pro-OH 

23, and Fmoc-Pro- [(E)CH=C]-Pro-OH 43, the Pro-Pro isostere had stereochemical control, 
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although the stereoselectivity was not very good. The two diastereomers could be separated 

easily by flash chromatography, which was even more convenient than for the Ser-Pro 

isostere. At nearly every step during the synthesis, the Pro-Pro isostere had a lower yield due 

to steric hindrance of the proline 5-membered ring. The reaction conditions could be 

optimized to achieve higher yields and better stereoselectivity. 

2.3 Synthesis of other tripeptide building blocks for 

polymerization 

 To synthesize a polypeptide by polymerization, both the N-terminal and C-terminal 

ends of the tripeptide should be free, or readily removed during the polymerization. In this 

case, Boc-protected amino acids are more convenient to use during the synthesis of tripeptide 

building blocks because 1) Boc-protection is more stable than Fmoc-protection during 

solution phase peptide coupling due to the presence of the base DIEA, and coupling usually 

have higher yields; 2) most of the activated esters are not stable in base, and the Fmoc 

protecting group is not compatible with the activated ester polymerization; 3) Fmoc-

protected amino acids are usually more expensive than the Boc-protected amino acids and 

the atom economy is not as good with Fmoc-protection. 

Tripeptides Gly-Pro-Pro and Gly-Pro-Hyp are the most common repeating units in 

collagen studies. The synthesis of Gly-Pro-Pro and Gly-Pro-Hyp containing polymeric 

peptides is important for mimicking the polymerization of the conformationally locked (E)-

alkene Gly-Pro or Pro-Pro isosteres, and provides useful controls for collagen property 

studies. 
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2.3.1 Synthesis of the tripeptide building block Boc-Gly-Pro-Pro-OH 

 Both methyl and benzyl groups could be used to protect the acid because the 

tripeptide repeat Gly-Pro-Pro had no hydroxyl side-chain. The methyl protecting group was 

chosen in this synthesis because the basic deprotection would not affect the Boc-protection, 

and the protection and deprotection of the methyl group was easier to perform than for the 

benzyl protecting group.  

Starting from commercially available H-Pro-OH, proline methyl ester 54 was 

synthesized by Fisher esterification (Scheme 2.25). The resulting proline methyl ester 54 was 

dried in vacuo and carried to the next step without further purification. The syntheses of 

dipeptide 55 and tripeptide 56 were traditional solution phase peptide synthesis. TFA was 

used to deprotect the Boc-group, and EDC was used as the coupling reagent. Then LiOH was 

used to remove the methyl group, followed by a work-up with 1 M HCl solution to remove 

LiOH. The tripeptide building block Boc-Gly-Pro-Pro-OH 57 was obtained as a yellow oil. 

Scheme 2.25 Synthesis of the tripeptide building block Boc-Gly-Pro-Pro-OH 57. 
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 It was very unusual that tripeptide methyl ester 56 could be dissolved in water. 

During the work-up, about half of the product was dissolved in 1 M HCl solution. More 
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EtOAc was used to extract the tripeptide back into the organic layer, and both aqueous and 

organic layers were monitored by TLC during the work-up process. 

2.3.2 Synthesis of the tripeptide building block Boc-Gly-Pro-Hyp-OH 

 As described in Section 2.1.2, side-chain unprotected Hyp formed double-coupled 

products at the hydroxyl group of Hyp during peptide coupling reactions. To minimize the 

side reactions during peptide synthesis, tripeptide Boc-Gly-Pro-Hyp-OH 61 was synthesized 

from the N-terminus to the C-terminus (left to right). 

 Boc-Gly-OH and H-Pro-OMe 54 were coupled with EDC (Scheme 2.26). Dipeptide 

Boc-Gly-Pro-OMe 58 was purified by flash chromatography. Then the methyl group was 

removed with 1 M LiOH solution in THF-H2O. The resulting dipeptide acid was coupled 

with hydroxyproline methyl ester 3 using HBTU without further purification, and tripeptide 

Boc-Gly-Pro-Hyp-OMe 59 was obtained. The yield of this reaction was very low. Double-

coupled product was observed, although the amount of the side product was much less than 

the synthesis of tripeptide Fmoc-Gly-Pro-Hyp-OMe 8. Tripeptide Boc-Gly-Pro-Hyp-OMe 59 

also has good solubility in H2O, and a significant amount of the product was lost during the 

work-up. Using TBS-protected hydroxyproline methyl ester could prevent the formation of 

double-coupled side product, and might improve the yield. The methyl group was removed 

with 1 M LiOH and the tripeptide building block Boc-Gly-Pro-Hyp-OH 61 was obtained as a 

clear oil in very low yield (about 10 %). TLC showed that the reaction was finished, but after 

work-up, very little product was obtained. The high solubility of the product in water might 

be the reason for the low yield. The same problem occurred when synthesizing another 

tripeptide Ac-Gly-Pro-Hyp-OH. It seemed that aqueous solvents could not be used in the 

final step, and the methyl protecting group was not good for the synthesis of the unprotected 
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Gly-Pro-Hyp building block. Benzyl protection yielded a better result, because the 

deprotection of benzyl groups did not require aqueous work-up, which could significantly 

minimize the loss of Boc-Gly-Pro-Hyp-OH 61 in water. 

Scheme 2.26 Synthesis of the tripeptide building block Boc-Gly-Pro-Hyp-OH 61. 
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The TBS temporary protection of the hydroxyl group could also be used to synthesize 

tripeptide Boc-Gly-Pro-Hyp-OH 61. The synthesis of the tripeptide Fmoc-Gly-Pro-Hyp-OMe 

8 was described in Section 2.1.2, and replacing Fmoc-Gly-OH with Boc-Gly-OH would yield 

the desired tripeptide building block. 

2.4 Summary 

 Tripeptides Gly-Pro-Pro and Gly-Pro-Hyp are the most common repeating units used 

in collagen studies. Fmoc-protected tripeptides Fmoc-Gly-Pro-Pro-OH and Fmoc-Gly-Pro-

Hyp-OH were synthesized for solid phase peptide synthesis, while Boc-protected tripeptides 

Boc-Gly-Pro-Pro-OH and Boc-Gly-Pro-Hyp-OH were synthesized for polymerization. The 
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Boc-protected tripeptides had good solubility in H2O, and caused significant loss of the 

products during aqueous work-up. Fmoc-protected tripeptides did not have this problem. 

 The conformationally locked alkene isosteres, Gly-trans-Pro and Pro-trans-Pro, were 

synthesized. The synthesis of the Gly-trans-Pro isostere had no stereochemistry control, and 

the two diastereomers of the tripeptide isostere Fmoc-Gly- [(E)CH=C]-Pro-Hyp(tBu)-OBn 

were separated by normal phase HPLC. Although the stereoselectivity of the asymmetric 

reduction was not good for the Pro-trans-Pro isostere, the resulting diastereomers could be 

separated by flash chromatography, and the absolute stereochemistry of the two 

diastereomers was determined by Mosher’s method. 

 During the synthesis, benzyl and methyl groups were used as the protecting groups at 

the acid end. The methyl group was easy to attach, but always led to problems during 

deprotection, or during purification. The benzyl group could be removed by Lewis acids, 

weak bases, or mild hydrogenation without affecting the Fmoc-protection and the C=C 

double bond. It was the ideal protecting group for peptide synthesis. 

Experimental 

General Information. Amino acid derivatives, resins, and reagents were purchased. Unless 

otherwise indicated, all reactions were carried out under N2 sealed from moisture. Anhydrous 

THF was obtained by reflux from Na-benzophenone. Anhydrous CH2Cl2 was dried by 

passage through a dry alumina column. Other anhydrous solvents were used directly from 

sealed bottles, which were stored under Ar. Brine (NaCl), NaHCO3, Na2S2O3, and NH4Cl 

refer to saturated aqueous solutions unless otherwise noted. Flash chromatography was 

performed on 32-63 μm or 230-400 mesh silica gel with reagent grade solvents. NMR 

spectra were obtained at ambient temperature in CDCl3 unless otherwise noted. 1H and 13C 
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NMR spectra were obtained at 400 and 100 MHz, respectively, unless otherwise noted. 

Minor rotamer chemical shifts are shown in parenthesis. Data are reported as follows: 

chemical shift, multiplicity: singlet (s), doublet (d), triplet (t), quadruplet (q), quintuplet (qt), 

sextuplet (st), multiplet (m), coupling constants J in Hz, and integration. Analytical HPLC 

was performed on a Beckman PAC/E 168 dual dual-solvent HPLC system equipped with a 

P/ACE 215 UV detector. The chromatogram was simultaneously monitored at 210 nm and 

260 nm. Analytical HPLC was performed on an isocratic condition with 5 % i-PrOH in 

hexanes a Varian MetaSil silica column (5 μm, 4.6  50 mm) unless otherwise noted. A 

gradient from 5 % to 95 % CH3CN in H2O in 10 min with a flow rate of 1.0 mL/min on an 

XBridge C18 reverse phase column (2.5 μm, 4.6  50 mm) was used for RP HPLC.  

H-Hyp-OMe•HCl, 3. SOCl2 (11.6 mL, 0.161 mol) and MeOH (70 mL) were pre-mixed, and 

stirred at 0 °C for 30 min. H-Hyp-OH (6.0 g, 0.046 mol) was added. The solution was 

warmed to rt, and stirred for 24 h. The solvent was removed in vacuo, and the resulting oil 

was dissolved in a minimal amount of MeOH; Et2O was added, and a white solid (8.3 g, 

99 %) was collected by filtration. 
1
H NMR (CD3OD):  4.60 (dd, J = 7.7, 3.0, 2H), 3.86 (s, 

3H), 3.44 (dd, J = 12.1, 3.8, 1H), 3.31 (m, 1H), 2.42 (ddt, J = 13.6, 7.5, 1.6, 1H), 2.20 (ddd, J 

= 13.8, 10.7, 4.2, 1H). 
13

C NMR (CD3OD):  170.7, 70.6, 59.4, 55.0, 54.0, 38.6. 

Boc-Pro-Hyp-OMe, 4. H-Hyp-OMe 3 (107 mg, 0.589 mmol) was dissolved in DMF 

(10 mL). EDC (114 mg, 0.595 mmol), HOBt (91 mg, 0.60 mmol), DMAP (7.3 mg, 

0.060 mmol) and DIEA (0.40 mL, 2.3 mmol) were added, and the solution was stirred at 

0 °C for 10 min. Boc-Pro-OH (128 mg, 0.595 mmol) was added, and the solution was stirred 

at rt for 6 h. EtOAc (100 mL) was added, and the organic layer was washed with 1 M HCl (2 

 50 mL), H2O (50 mL), NaHCO3 (2  50 mL) and brine (50 mL). After drying over Na2SO4, 
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the solution was concentrated in vacuo and purified by flash chromatography (1 % MeOH in 

CHCl3). A yellow oil was obtained (116 mg, 57 %). 
1
H NMR:  4.67 (t, J = 8.3, 1H), 4.44 

(dd, J = 7.7, 3.7, 2H), 4.03 (d, J = 11.2, 1H), 3.70 (s, 3H), 3.62 (dd, J = 11.0, 3.7, 1H), 3.52 

(m, 2H), 3.37 (dt, J = 10.4, 7.1, 1H), 2.33 (ddt, J = 13.2, 8.2, 2.0, 1H), 2.09 (m, 2H), 2.01 (m, 

1H), 1.93 (m, 1H), 1.83 (m, 1H), 1.41 (s, 9H). 
13

C NMR:  173.1 (172.8), 171.7 (171.9), 

154.9 (154.0), 80.3 (79.8), 70.5 (70.3), 57.5 (58.1), 57.4 (57.9), 55.0 (54.3), 52.3 (52.4), 47.1 

(46.7), 37.8 (37.2), 29.4 (30.0), 28.6 (28.5), 24.4 (23.6). Rotamers: 3:1. 

Boc-Pro-Hyp(OTBS)-OMe, 6. Boc-Pro-Hyp-OMe 4 (1.23 g, 3.60 mmol) was dissolved in 

DMF (15 mL), and imidazole (1.47 g, 21.6 mmol) was added. The solution was stirred at rt 

for 1.5 h. TBS-Cl (1.09 g, 7.25 mmol) was added, and the solution was stirred for another 

24 h. EtOAc (200 mL) was added and the organic layer was washed with 1 M HCl (2  

100 mL), H2O (100 mL), NaHCO3 (2  100 mL) and brine (50 mL). After drying over 

MgSO4, the solution was concentrated in vacuo and purified by flash chromatography (1 % 

MeOH in CHCl3). A clear, colorless oil was obtained (1.64 g, 99.6 %). 
1
H NMR:  4.63 (dd, 

J = 8.6, 5.0, 0.5H), 4.59 (d, J = 7.6, 0.5H), 4.54 (m, 1H), 4.45 (dd, J = 8.2, 3.2, 0.5H), 4.36 

(dd, J = 8.3, 3.8, 0.5H), 3.76 (dd, J = 6.1, 3.3, 0.5H), 3.71 (m, 0.5H), 3.71 (s, 1.5H), 2.70 (s, 

1.5H), 3.59 (m, 1H), 3.53 (m, 0.5H), 3.46 (m, 1H), 3.39 (m, 0.5H), 2.14 (m, 2H), 2.00 (m, 

3H), 1.83 (m, 1H), 1.43 (s, 4H), 1.39 (s, 5H), 0.87 (s, 5H), 0.86 (s, 4H), 0.07 (s, 3H), 0.06 (s, 

3H). 
13

C NMR:  172.9 (173.0), 171.61 (171.58), 154.0 (154.6), 79.7 (79.6), 71.2 (70.7), 

58.0 (58.2), 57.7, 55.0 (54.1), 53.4 (52.3), 46.7 (46.9), 38.0 (37.5), 30.0 (29.2), 28.57 (28.62), 

25.84 (25.86), 23.6 (24.2), 18.14 (18.07), –4.74 (–4.67). Rotamers: 5:4. 

Fmoc-Gly-Pro-Hyp(OTBS)-OMe, 7 and Fmoc-Gly-Pro-Hyp-OMe, 8. Boc-Pro-

Hyp(OTBS)-OMe 6 (1.55 g, 3.39 mmol) was dissolved in CH2Cl2 (50 mL). TFA (20 mL) 
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was added, and the solution was stirred at rt for 40 min. The solvent and excess TFA were 

removed in vacuo. The resulting dark yellow oil was dissolved in CH2Cl2 (50 mL). HBTU 

(1.42 g, 3.75 mmol), HOBt (580 mg, 3.78 mmol), DMAP (42 mg, 0.34 mmol) and DIEA 

(3.00 mL, 17.2 mmol) were added. The solution was stirred at 0 °C for 20 min, and Fmoc-

Gly-OH (1.12 g, 3.76 mmol) was added. The reaction was stirred at rt for 8 h. The solution 

was concentrated in vacuo and then diluted with EtOAc (250 mL). The organic layer was 

washed with 1 M HCl (2  100 mL), H2O (100 mL), NaHCO3 (2  100 mL) and brine 

(100 mL). The aqueous layers were extracted with CH2Cl2 (4  100 mL) and monitored by 

TLC. The organic layers were combined, dried over Na2SO4, concentrated in vacuo and 

purified by flash chromatography (1 % MeOH in CHCl3). Fmoc-Gly-Pro-Hyp(OTBS)-OMe 

7 (461.4 mg, 21.4 %) was obtained as a pale yellow oil, and Fmoc-Gly-Pro-Hyp-OMe 8 

(1.29 g, 73.1 %) was obtained as a white solid. Fmoc-Gly-Pro-Hyp(OTBS)-OMe 7: 
1
H 

NMR:  7.74 (d, J = 7.4, 2H), 7.59 (dd, J = 7.4, 2.0, 2H), 7.38 (t, J = 7.6, 2H), 7.30 (ddt, J = 

7.4, 1.8, 1.1, 2H), 5.75 (m, 1H), 4.64 (m, 2H), 4.54 (qt, J = 5.3, 1H), 3.43 (m, 2H), 4.21 (d, J 

= 7.4, 1H), 4.09 (dd, J = 17.2, 5.1, 1H), 3.96 (dd, J = 17.0, 3.2, 1H), 3.76 (dd, J = 9.8, 5.6, 

1H), 3.72 (s, 3H), 3.66 (dd, J = 9.6, 4.6, 1H), 3.60 (m, 1H), 3.50 (m, 1H), 2.18 (m, 3H), 2.04 

(m, 3H), 0.89 (s, 9H), 0.09 (s, 3H), 0.08 (s, 3H). 
13

C NMR:  172.8, 170.5, 166.8, 156.3, 

144.0, 141.3, 127.7, 127.2 (127.1), 125.3, 120.0, 70.7, 67.2, 58.1, 57.8, 54.4, 52.4, 47.2, 46.2, 

43.4, 37.7, 28.3, 25.8, 24.6, 18.0, –4.69 (–4.74). MS calcd. for C34H46N3O7Si (MH
+
) m/z = 

636.8, found m/z = 636.7. Fmoc-Gly-Pro-Hyp-OMe 8: 
1
H NMR:  7.73 (d, J = 7.5, 2H), 7.59 

(d, J = 7.4, 2H), 7.37 (t, J = 7.4, 2H), 7.28 (tt, J = 7.4, 1.2, 2H), 5.91 (t, J = 4.4, 1H), 4.65 (m, 

2H), 4.43 (m, 2H), 4.35 (d, J = 6.8, 2H), 4.20 (t, J = 7.0, 1H), 4.06 (dd, J = 17.0, 5.5, 1H), 

3.92 (m, 1H), 3.69 (s, 3H), 3.60 (m, 2H), 3.43 (dd, J = 15.9, 6.8, 1H), 2.63 (br s, 1H), 2.33 
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(m, 1H), 2.12 (m, 2H), 1.94 (m, 3H). 
13

C NMR:  172.8, 170.7, 167.5, 156.5, 144.0, 141.3, 

127.8, 127.1, 125.2, 120.0, 70.5, 67.1, 58.2, 57.8, 55.0, 52.3, 47.2, 46.5, 43.4, 37.6, 28.3, 

24.7. MS calcd. for C28H32N3O7 (MH
+
) m/z = 522.6, found m/z = 522.6. 

Fmoc-Gly-Pro-Hyp-OH, 1. Fmoc-Gly-Pro-Hyp-OMe 8 (62.9 mg, 0.120 mmol) was 

dissolved in CH2Cl2 (5 mL). Pre-mixed AlCl3 in N,N-dimethylaniline (5:8, 0.22 mL) was 

added. The resulting blue solution was heated at reflux for 24 h. The reaction was quenched 

with 1 M HCl (25 mL), and the aqueous layer was extracted with CH2Cl2 (4  50 mL). The 

organic layers were combined and dried with Na2SO4. The solvent was removed in vacuo, 

and the resulting dark blue oil was purified by preparative TLC (4 times with 5 % MeOH, 

1 % AcOH in CHCl3). A pale yellow solid (54.0 mg, 88.2 %) was obtained. 
1
H NMR (500 

MHz):  7.71 (d, J = 7.7, 2H), 7.58 (t, J = 7.6, 2H). 7.35 (t, J = 7.4, 2H), 7.26 (app. t, J = 7.2, 

2H), 6.17 (m, 1H), 4.60 (m, 1H), 4.40 (m, 2H), 4.34 (m, 1H), 4.29 (m, 1H), 4.17 (t, J = 7.0, 

1H), 4.03 (m, 1H), 3.86 (d, J = 15.4, 1H), 3.78 (d, J = 9.0, 1H), 3.53 (m, 2H), 3.37 (m, 1H), 

2.33 (m, 1H), 1.98 (m, 4H), 1.86 (m, 1H). 
13

C NMR:  175.8, 171.5, 168.4, 156.8, 143.9, 

141.3, 127.8, 127.2, 125.3, 120.0, 70.4, 67.2, 58.4, 55.2, 53.9, 47.2, 46.6, 43.4, 37.2, 28.2, 

24.8. MS calcd. for C27H30N3O7 (MH
+
) m/z = 508.5, found m/z = 508.3. 

H-Hyp-OBn•TsOH, 9. H-Hyp-OH (155 mg, 1.18 mmol) was dissolved in a mixture of CCl4 

(1.0 mL) and BnOH (1.0 mL). TsOH (270 mg, 1.42 mmol) was added. The solution was 

heated at reflux for 24 h, and then cooled to rt. The solvent was removed in vacuo. Et2O 

(20 mL) was added, and a white solid precipitated. The white solid (438.3 mg, 94.5 %) was 

collected by filtration. 
1
H NMR (CD3OD):  7.71 (d, J = 8.1, 2H), 7.39 (m, 5H), 7.23 (dt, J = 

8.0, 0.5, 2H), 5.32 (d, J =11.9, 1H), 5.26 (d, J = 12.1, 1H), 4.63 (dd, J = 10.6, 7.6, 1H), 4.56 

(t, J = 3.8, 1H), 3.42 (dd, J = 12.2, 3.8, 1H), 3.29 (m, 1H), 2.42 (dddd, J = 13.7 7.7, 1.7, 1.4, 
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1H), 2.37 (s, 3H), 2.16 (ddd, J = 13.7, 10.6, 4.0, 1H).
 13

C NMR (CD3OD):  170.1, 143.5, 

141.8, 136.3, 129.81, 129.79, 129.72, 129.67, 127.0, 70.6, 69.4, 59.5, 55.1, 38.6, 21.3. 

HRMS calcd. for C12H16NO3 (MH
+
) m/z = 222.1130, found m/z = 222.1130. 

Boc-Pro-Hyp-OBn, 10. Boc-Pro-OH (110 mg, 0.511 mmol) was dissolved in CH2Cl2 

(20 mL). HBTU (215 mg, 0.570 mmol), HOBt (93 mg, 0.61 mmol), DMAP (6.6 mg, 

0.054 mmol) and DIEA (0.45 mL, 2.6 mmol) were added, and the solution was stirred at 

0 °C for 10 min. H-Hyp-OBn 9 (205 mg, 0.520 mmol) was added, and the solution was 

stirred at rt for 8 h. The solvent was removed in vacuo, and EtOAc (50 mL) was added. The 

organic layer was washed with 1 M HCl (2  25 mL), H2O (25 mL), NaHCO3 (25 mL) and 

brine (25 mL). After drying with MgSO4, the solution was concentrated in vacuo, and 

purified by flash chromatography (2 % MeOH in CHCl3). A pale yellow oil was obtained 

(217 mg, 100 %). 
1
H NMR:  7.32 (m, 5H), 5.22 (d, J = 12.2, 1H), 5.06 (d, J = 12.4, 1H), 

4.74 (t, J = 8.4, 1H), 4.43 (dd, J = 7.8, 3.8, 2H), 4.04 (d, J = 11.2, 1H), 3.61 (dd, J = 11.1, 

3.9, 1H), 3.53 (m, 1H), 3.38 (m, 2H), 2.33 (ddt, J = 13.4, 8.4, 2.0, 1H), 2.07 (m, 2H), 1.93 

(m, 2H), 1.81 (m, 1H), 1.41 (s, 9H).
 13

C NMR:  172.3 (172.0), 171.7 (171.8), 154.9 (154.0), 

135.8. 128.6, 128.3, 128.2, 80.3 (79.8), 70.5 (70.3), 66.9 (67.1), 57.63 (58.00), 57.29 (57.58), 

55.0 (54.3), 47.1 (46.7), 37.7 (37.1), 29.4 (29.9), 28.6 (28.5), 24.4 (23.6). Rotamers: 4:1. 

Fmoc-Gly-Pro-Hyp-OBn, 11. Boc-Pro-Hyp-OBn 10 (217 mg, 0.520 mmol) was dissolved 

in CH2Cl2 (10 mL). TFA (4 mL) was added, and the solution was stirred at rt for 30 min. The 

solvent and excess TFA were removed in vacuo. The resulting dark yellow oil was dissolved 

in CH2Cl2 (20 mL). HBTU (222 mg, 0.585 mmol), HOBt (88 mg, 0.57 mmol), DMAP 

(5.3 mg, 0.043 mmol) and DIEA (0.45 mL, 2.6 mmol) were added. The solution was stirred 

at 0 °C for 20 min, and Fmoc-Gly-OH (154 mg, 0.521 mmol) was added. The reaction was 
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stirred at rt for 8 h. The solution was concentrated in vacuo, and diluted with EtOAc 

(100 mL). The organic layer was washed with 1 M HCl (2  50 mL), H2O (50 mL), NaHCO3 

(2  50 mL) and brine (50 mL). The aqueous layers were extracted with CH2Cl2 (4  50 mL) 

and monitored by TLC (5 % MeOH in CHCl3). The organic layers were combined, dried 

over MgSO4, concentrated in vacuo, and purified by flash chromatography (2 % MeOH in 

CHCl3). A white solid (257.1 mg, 83.0 %) was obtained. 
 1

H NMR:  7.75 (d, J = 7.5, 2H), 

7.59 (d, J = 7.5, 2H, 7.39 (t, J = 7.4, 2H), 7.32 (m, 9H), 5.76 (m, 1H), 5.22 (d, J = 12.3, 1H), 

5.07 (d, J = 12.5, 1H), 4.75 (t, J = 8.3, 1H), 4.63 (dd, J = 8.1, 3.8, 1H), 4.48 (br s, 1H), 4.35 

(dd, J = 6.6, 3.2, 2H), 4.21 (t, J = 7.1, 1H), 4.09 (dd, J = 17.3, 5.3, 1H), 4.03 (d, J = 11.2, 

1H), 3.94 (dd, J = 17.2, 3.6, 1H), 3.65 (dd, J = 10.9, 4.1, 1H), 3.59 (m, 1H), 3.47 (m, 2H), 

2.37 (m, 1H), 2.18 (m, 1H), 2.08 (m, 1H), 1.98 (m, 3H). 
13

C NMR:  172.1, 170.8, 167.3, 

156.4, 144.0, 141.4, 135.7, 128.7, 128.4, 128.2, 127.8, 127.2, 125.3, 120.1, 70.6, 67.2, 67.0, 

58.0, 57.7, 55.2, 47.2, 46.6, 43.5, 37.7, 28.6, 24.9. 

Fmoc-Gly-Pro-Hyp-OH, 1. Fmoc-Gly-Pro-Hyp-OBn 11 (3.05 g, 5.11 mmol) was dissolved 

in a mixture of MeOH (50 mL) and AcOH (50 mL), and 10 % Pd/C (383 mg) was added. H2 

was introduced with a balloon, and the suspension was stirred at rt for 2 h. The solution was 

filtered through Celite™, and concentrated in vacuo. The resulting oil was purified by flash 

chromatography (8 % MeOH, 1 % AcOH in CHCl3), and a white solid was obtained (2.14 g, 

82.4 %). 
1
H NMR (CD3OD):  7.79 (d, J = 7.2, 2H), 7.67 (dd, J = 7.0, 4.4, 2H). 7.38 (t, J 

=7.4, 2H), 7.30 (t, J = 7.6, 2H), 4.71 (dd, 8.8, 3.3, 1H), 4.49 (m, 2H), 4.34 (m, 2H), 4.22 (t, J 

= 7.0, 1H), 4.06 (d, J = 17.1, 1H), 3.88 (d, J = 17.4, 1H), 3.75 (m, 2H), 3.59 (m, 2H), 2.23 

(m, 2H), 2.02 (m, 3H), 1.89 (m, 1H). 
13

C NMR (CD3OD):  175.4, 172.8, 169.7, 159.0, 
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145.3, 142.6, 128.8, 128.2, 126.3, 120.9, 71.1, 68.1, 59.8, 59.4, 55.8, 47.6, 44.0, 38.3, 29.1, 

25.6. 

Cyclopentylidene hydrazone, 12. Cyclopentanone (20 mL, 0.23 mol) and hydrazine 

monohydrate (45 mL, 0.93 mol) were mixed at rt, and then heated at reflux for 16 h. The 

solution was cooled to rt, and H2O (250 mL) was added. The aqueous layer was extracted 

with CH2Cl2 (4  100 mL). The organic layers were combined, washed with brine (150 mL), 

dried over Na2SO4, and concentrated in vacuo. A clear, colorless liquid (25.1 g, 100 %) was 

obtained. 
1
H NMR:  4.81 (br s, 2H), 2.34 (tt, J = 7.2, 1.2, 2H), 2.16 (app. tt, J = 7.1, 1.1, 

2H), 1.84 (qt, J = 7.0, 2H), 1.72 (m, 2H). 
13

C NMR (125 MHz):  174.0, 33.1, 29.3, 25.8, 

24.8. 

1-Iodocyclopentene, 13. I2 (129 g, 0.508 mol) was dissolved in Et2O (700 mL). The solution 

was stirred at 0 °C for 20 min. 1,1,3,3-Tetramethylguanidine (350 mL, 2.79 mol) was 

dissolved in Et2O (500 mL), and added dropwise within 3.5 h. The resulting solution was 

stirred at 0 °C for another 3 h. Cyclopentylidene hydrazone 12 (22.7 g, 0.230 mol) in Et2O 

(200 mL) was added dropwise at 0 °C within 3.5 h. The solution was stirred at rt for another 

16 h, and then heated at reflux for 2 h. The precipitates were removed by filtration, and the 

solution was concentrated in vacuo. The resulting solution was heated at reflux at 90 °C for 

3 h, and then diluted with Et2O (700 mL). The organic layer was washed with 2 M HCl (3  

150 mL), Na2S2O3 (3  150 mL), NaHCO3 (150 mL) and brine (150 mL), dried over Na2SO4, 

and concentrated in vacuo. A dark purple liquid (28.7 g, 64 %) was obtained without further 

purification, and stored under Ar at –20 °C. 
1
H NMR:  6.09 (m, 1H), 2.59 (m, 2H), 2.31 (m, 

2H), 1.92 (app. q, J = 7.6, 2H). 
13

C NMR:  140.1, 92.8, 43.8, 34.1, 24.0. 
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Boc-Gly-N(OMe)Me, 14. Boc-Gly-OH (5.50 g, 31.3 mmol), N,O-dimethyl hydroxylamine 

hydrochloride (6.22 g, 63.7 mmol) and DCC (7.84 g, 38.0 mmol) were dissolved in CH2Cl2 

(500 mL), and cooled to 0 °C. DIEA (22.0 mL, 126 mmol) and DMAP (0.10 g, 0.84 mmol) 

were added and the reaction was stirred for 24 h. The mixture was filtered to remove 

dicyclohexyl urea and concentrated. The resulting slurry was diluted with EtOAc (500 mL), 

and washed with NH4Cl (2  100 mL), NaHCO3 (2  100 mL), and brine (100 mL).  The 

organic layer was dried over MgSO4 and concentrated. Crystallization with EtOAc-hexanes 

gave 6.51 g (95 %) colorless needle-like crystals. mp 101-102 °C, lit. mp 100-104 °C. 
1
H 

NMR:  5.26 (br s, 1H), 4.08 (d, J = 4.6, 2H), 3.71 (s, 3H), 3.20 (s, 3H), 1.45 (s, 9H).
 13

C 

NMR (125 MHz):  170.3, 156.0, 79.7, 61.5, 41.8, 32.5, 28.4. HRMS calcd. for C9H19N2O4 

(MH
+
) m/z = 219.1345, found m/z = 219.1346. 

, -Unsaturated ketone, 15. 1-Iodocyclopentene (3.90 g, 20.1 mmol) was dissolved in 

THF (80 mL) at –40 °C, and s-BuLi (1.4 M in cyclohexane, 28.2 mL, 39.5 mmol) was added.  

The reaction was stirred at –40 °C for 3 h to generate cyclopentenyl lithium.  In another 

flask, Boc-Gly-N(Me)OMe 2 (2.87 g, 13.2 mmol) was dissolved in THF (20 mL). The 

solution was cooled to –15 °C and i-PrMgCl (2.0 M in THF, 6.5 mL, 13 mmol) was added 

dropwise. After cooling to –78 °C, the cyclopentenyl lithium solution was added to the 

solution of deprotonated 2 via cannula. The mixture was stirred at –78 °C for 1 h, warmed up 

slowly to rt and stirred for another 10 h. The reaction was quenched with NH4Cl (10 mL). 

The resulting solution was diluted with EtOAc (100 mL), washed with NH4Cl (2  20 mL), 

NaHCO3 (20 mL), brine (20 mL), dried over MgSO4, and concentrated.  Chromatography 

with 10 % EtOAc in hexanes gave a pale yellow solid (1.77 g. 60 %). 
1
H NMR:  6.78 (s, 

1H), 5.36 (br s, 1H), 4.26 (d, J = 4.6, 2H), 2.53 (t, J = 7.6, 4H), 1.89 (tt, J = 7.6, 7.6, 2H), 



 

 

 98 

1.40 (s, 9H). 
13

C NMR:  192.9, 155.8, 144.7, 143.1, 79.7, 47.4, 34.2, 30.6, 28.4, 22.5. 

HRMS calcd. for C12H20NO3 (MH
+
) m/z = 226.1443, found m/z = 226.1445. 

TBS-O-CH2COO
n
Bu, 16. Imidazole (15.7 g, 0.231 mol) was dissolved in butyl glycolate 

(10 mL, 0.077 mol), and stirred at 0 °C for 20 min. TBS-Cl (13.3 g, 0.0882 mol) was added. 

The resulting slurry was stirred at 0 °C for 20 min, warmed to rt, and stirred for 14 h. After 

vacuum distillation at 85-90 °C, a clear, colorless liquid (18.3 g, 97 %) was obtained. 
1
H 

NMR:  4.23 (s, 2H), 4.14 (t, J = 6.7, 2H), 1.63 (m, 2H), 1.38 (app. sextet, J = 7.5, 2H), 0.92 

(m, 12H), 0.10 (s, 6H). 
13

C NMR:  172.0, 64.8, 62.0, 30.8, 25.9, 19.2, 18.6, 13.8, –5.3. 

TBS-O-CH2COOH, 17. TBS-O-CH2COO
n
Bu 16 (4.0 g, 0.016 mol) was dissolved in THF 

(25 mL) and stirred at 0 °C for 10 min. A NaOH (653 mg, 0.0163 mol) solution in a mixture 

of MeOH (2.0 mL) and H2O (4.0 mL) was added dropwise, and stirred at rt for 12 h. The 

resulting solution was diluted with H2O (50 mL), and washed with Et2O (40 mL). A HCl 

solution (3.7 M, 5.4 mL) was added, and the aqueous solution was extracted with ether (2  

40 mL). The ether layers were washed with H2O (20 mL) and brine (20 mL), dried over 

MgSO4, and concentrated in vacuo. A white solid (3.07 g, 99 %) was obtained. 
1
H NMR:  

4.22 (s, 2H), 0.94 (s, 9H), 0.15 (s, 6H). 
13

C NMR:  61.6, 25.8, 18.3, –5.4. 

TBS-O-CH2COCl, 18. TBS-O-CH2COOH 17 (214 mg, 1.12 mmol) was dissolved in 

benzene (5 mL). (COCl)2 (0.20 mL, 2.29 mmol) was added, and the solution was stirred at rt 

for 30 min. The solution was heated at reflux for another 1.5 h, and the solvent was removed 

by distillation. The resulting light yellow liquid was used without further purification or 

characterization. 

rac-Alcohol, 19.  Ketone 15 (66 mg, 0.29 mmol) was dissolved in THF:MeOH (2.5:1, 7 mL) 

and cooled to 0 °C. CeCl3·7H2O (131 mg, 0.352 mmol) was added, followed by NaBH4 
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(23 mg, 0.60 mmol). After stirring at 0 °C for 2.5 h, the reaction was quenched with NH4Cl 

(10 mL). The resulting solution was diluted with EtOAc (50 mL), washed with NH4Cl (2  

10 mL), and brine (10 mL), dried on MgSO4, and concentrated. Flash chromatography with 

20 % EtOAc in hexanes gave a pale yellow solid (62 mg, 93 %). 
1
H NMR (500 MHz):  5.66 

(s, 1H), 4.97 (br s, 1H), 4.30 (br s, 1H), 3.37 (m, 1H), 3.12 (ddd, J = 13.0, 6.9, 6.2, 1H), 2.68 

(br s, 1H), 2.31 (m, 4H), 1.87 (tt, J = 7.3, 7.3, 2H), 1.42 (s, 9H). 
13

C NMR:  156.7, 144.6, 

126.4, 79.5, 70.9, 45.3, 32.3, 31.9, 28.4, 23.4. HRMS calcd. for C12H22NO3 (MH
+
) m/z = 

228.1600, found m/z = 228.1605. 

Ester, 20.  Alcohol 19 (3.00 g, 13.2 mmol) was dissolved in CH2Cl2 (150 mL), and cooled to 

0 °C. HBTU (7.85 g, 19.8 mmol), DMAP (80 mg, 0.66 mmol) and 2-(tert-

butyldimethylsilyloxy)acetic acid 17 (4.01 g, 21.1 mmol) were added. The mixture was 

stirred at 0 °C for 10 min. DIEA (9.20 mL, 52.7 mmol) was added and the solution was 

stirred at rt for 10 h. The solvent was removed in vacuo and the resulting slurry was diluted 

with EtOAc (200 mL). The organic layer was washed with 0.5 M HCl (2  50 mL), NaHCO3 

(50 mL), brine (50 mL), dried over MgSO4, and concentrated. Flash chromatography with 

10 % EtOAc in hexanes gave a pale yellow solid (4.67 g, 81 %). 
1
H NMR:  5.66 (d, J = 1.2, 

1H), 5.48 (m, 1H), 4.65 (m, 1H), 4.24 (d, J = 1.4, 2H), 3.42 (m, 1H), 3.34 (m, 1H), 2.30 (m, 

4H), 1.86 (m, 2H), 1.41 (s, 9H), 0.91 (s, 9H), 0.09 (s, 6H). 
13

C NMR:  171.2, 155.9, 139.9, 

128.9, 79.7, 72.8, 61.9, 42.8, 32.5, 32.1, 28.5, 25.9, 23.2, 18.5, –5.3. 

-Hydroxy acid, 21. A solution of LDA (2.0 M in THF, 5.3 mL, 11 mmol) was diluted with 

THF (20 mL) and stirred at –100 °C.  A mixture of Me3SiCl (3.7 mL, 30 mmol) and pyridine 

(2.55 mL, 31.5 mmol) in THF (10 mL) cooled to –100 °C was added dropwise to the LDA 

solution. After 5 min, a solution of ester 20 (1.06 g, 2.64 mmol) in THF (10 mL) cooled to –
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100 °C was added dropwise and the reaction was stirred at –100 °C for 25 min, then warmed 

up slowly to rt over 2.5 h and stirred at rt for 10 h. The mixture was heated to 45 °C for 1.5 h. 

The reaction was quenched with 1 M HCl (25 mL), and the aqueous layer was extracted with 

Et2O (2  100 mL). The organic layer was dried over MgSO4, and concentrated to give 1.29 

g of a yellow oil. Without further purification, the product was dissolved in THF (10 mL).  

n-Bu4NF (2.50 g, 7.93 mmol) in THF (10 mL) was added and stirred for 5 min at 0 °C, then 

at rt for 3 h. The reaction was quenched with 0.5 M HCl (10 mL). The solution was extracted 

with EtOAc (50 mL), dried over MgSO4 and concentrated. The resulting oil was purified by 

flash chromatography with 5 % MeOH in CHCl3 and a yellow oil (0.73 g, 97 %) was 

obtained. 
1
H NMR (CD3OD):  5.37 (m, 1H), 4.08 (d, J = 5.1, 1H) 3.63 (m, 2H), 2.86 (m, 

1H), 2.38 (m, 1H), 2.24 (m, 1H), 1.85 (m, 2H), 1.71 (m, 1H), 1.57 (m, 1H), 1.43 (s, 9H). 
13

C 

NMR (CD3OD):  177.0, 158.4, 146.2, 120.5, 79.9, 74.7, 40.7, 30.72, 30.66, 28.8, 25.5. 

Boc-Gly- [(E)CH=C]-Pro-OH, 22. Pb(OAc)4 (118 mg, 0.266 mmol) in CHCl3 (0.6 mL) 

was added dropwise to a solution of -hydroxy acid 21 (73.5 mg, 0.258 mmol) in EtOAc 

(4.0 mL) at 0 °C. The reaction was stirred for 15 min at 0 °C, then quenched with ethylene 

glycol (1.5 mL). The solution was diluted with EtOAc (40 mL), washed with H2O (2  

10 mL) and brine (10 mL), dried over Na2SO4, and concentrated to give a yellow oil 

(55.2 mg). The crude product was dissolved in acetone (8 mL) and cooled to 0 °C. Freshly 

prepared Jones reagent (2.7 M CrO3, 2.7 M H2SO4, 0.16 mL, 0.43 mmol) was added 

dropwise. The reaction was stirred at 0 °C for 30 min, quenched with i-PrOH (1 mL), and 

stirred for another 10 min. The precipitate was removed by filtration, and the solvent was 

evaporated. The resulting residue was extracted with EtOAc (3  10 mL), and the organic 

layer was washed with H2O (5 mL) and brine (5 mL), dried over Na2SO4, and concentrated. 
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Flash chromatography with 40 % EtOAc and 0.1 % HOAc in hexanes gave a white solid 

(34 mg, 53 %). 
1
H NMR (500 MHz, DMSO-d6):  12.18 (br s, 1H), 6.94 (t, J = 5.4, 1H), 5.38 

(m, 1H), 3.5 (m, 2H), 3.16 (m, 1H), 2.29 (m, 1H), 2.21 (m, 1H), 1.80 (m, 3H), 1.54 (m, 1H), 

1.36 (s, 9H). 
13

C NMR (125 MHz, DMSO-d6):  174.8, 155.5, 142.4, 120.2, 77.5, 48.9, 29.6, 

28.7, 28.3, 24.5. HRMS calcd. for C13H22NO4 (MH
+
) m/z = 256.1549, found m/z = 256.1528. 

Fmoc-Gly- [(E)CH=C]-Pro-OH, 23. Boc-Gly- [(E)CH=C]-Pro-OH 22 (321 mg, 

1.26 mmol) was dissolved in CH2Cl2 (15 mL) and TFA (5 mL) was added. The solution was 

stirred at rt for 40 min. The solvent was evaporated and the excess TFA was removed by high 

vacuum. The resulting dark yellow oil was dissolved in NaHCO3 (36 mL) and stirred at 0 °C 

for 20 min. Fmoc-O-succinimide (637 mg, 1.89 mmol) was dissolved in 1,4-dioxane 

(8.0 mL) and added dropwise. The solution was stirred at rt for 14 h. The solution was 

acidified to pH 1 with 1 M HCl. The aqueous solution was extracted with CH2Cl2 (4  

100 mL). The organic layers were combined, washed with water (50 mL), and brine (50 mL). 

After drying with MgSO4, the organic layer was concentrated in vacuo. Flash 

chromatography with 5 % MeOH in CHCl3 gave a pale yellow solid (402 mg, 85 %). The 

(E)-configuration was confirmed by 1D NOE spectroscopy by irradiating the alkene C-H 

peak (Appendix). 
1
H NMR:  7.76 (d, J = 7.5, 2H), 7.59 (d, J = 7.4, 2H), 7.39 (t, J = 7.6, 

2H), 7.31 (dt, J = 7.4, 1.1, 2H), 5.56 (br s, 1H), 4.90 (m, 1H), 4.42 (d, J = 10.4, 1H), 4.38 (d, 

J = 10.4, 1H), 4.20 (t, J = 6.8, 1H), 3.79 (m, 2H), 3.34 (t, J = 6.8, 1H), 2.34 (m, 2H), 1.97 (m, 

3H), 1.66 (m, 1H). 
13

C NMR:  179.9, 156.5, 144.3, 144.0, 141.4, 127.8, 127.1, 125.1, 120.1 

(2 C, HSQC), 66.8, 49.4, 47.3, 40.5, 30.1, 29.3, 25.1. HRMS calcd. for C23H24NO4 (MH
+
) 

m/z = 378.1705, found m/z = 378.1734. 
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Fmoc-Gly- [(E)CH=C]-Pro-Hyp-OBn, 24. Fmoc-Gly- [(E)CH=C]-Pro-OH 23 (133 mg, 

0.352 mmol) was dissolved in CH2Cl2 (40 mL). HBTU (164 mg, 0.433 mmol), HOBt 

(66.4 mg, 0.434 mmol), DMAP (4.4 mg, 0.036 mmol) and DIEA (0.30 mL, 1.7 mmol) were 

added, and the solution was stirred at 0 °C for 10 min. H-Hyp-OBn 9 (167.2 mg, 0.42 mmol) 

was added, and the solution was stirred at rt for 8 h. The solution was concentrated in vacuo, 

and diluted with EtOAc (100 mL). The organic layer was washed with 1 M HCl (2  50 mL), 

NaHCO3 (50 mL), and brine (50 mL), dried over Na2SO4, and concentrated in vacuo. The 

resulting oil was purified by flash chromatography (2 % MeOH in CHCl3), and a clear, 

colorless oil was obtained (114.1 mg, 55.8 %). 
1
H NMR:  7.75 (d, J = 7.3, 2H), 7.60 (dd, J = 

17.9, 7.2, 2H), 7.38 (t, J = 7.4, 2H), 7.31 (m, 7H), 5.89 (app. t, J = 5.0, 0.5H), 5.35 (m, 0.5H), 

5.16 (m, 0.5H), 5.22 (d, J = 12.5, 0.5H), 5.21 (d, J = 12.3, 0.5H), 5.11 (d, J = 12.5, 0.5H), 

5.10 (d, J = 12.4, 0.5H), 4.76 (t, J = 8.1, 0.5H), (t, J = 8.2, 0.5H), 4.47 (m, 1H), 4.35 (m, 2H), 

4.18 (m, 1H), 3.79 (m, 1H), 3.68 (m, 1.5H), 3.56 (dd, J = 11.1, 3.8, 0.5H), 3.42 (d, J = 11.1, 

0.5H), 3.37 (t, J = 7.0, 0.5H), 3.25 (dd, J = 11.6, 6.4, 1H), 2.57 (m, 1H), 2.34 (m, 3H), 1.94 

(m, 3H), 1.60 (m, 1H). 
13

C NMR:  173.2 (173.5), 172.3 (172.2), 156.8 (156.5), 145.0 

(145.6), 144.1 (144.0), 141.4, 135.8 (135.7), 128.62 (128.64), 128.32 (128.35), 128.22 

(128.19), 127.8, 127.16 (127.14), 125.2, 120.1, 118.8 (118.6), 70.4 (70.3), 66.9 (66.7), 57.9 

(58.1), 55.6 (55.3), 49.2, 47.30 (47.34), 40.5 (40.4), 38.7, 37.6 (37.7), 30.0 (30.2), 29.1 

(29.2), 24.6 (24.8). MS calcd. for C35H37N2O6 (MH
+
) m/z = 581.27, found m/z = 581.28. 

Fmoc-Gly- [(E)CH=C]-Pro-Hyp-OH, 2. Fmoc-Gly- [(E)CH=C]-Pro-Hyp-OBn 24 

(114 mg, 0.196 mmol) was dissolved in a mixture of MeOH (3 mL) and AcOH (3 mL), and 

10 % Pd/C (15.8 mg) was added. H2 was introduced with a balloon, and the suspension was 

stirred at rt for 2 h. The solution was filter through Celite™, and concentrated in vacuo. The 
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crude 
1
H NMR and LC-MS showed that the C=C bond was partially reduced. 

1
H NMR (500 

MHz, DMSO-d6):  7.88 (d, J = 7.7, 2H), 7.69 (d, J = 7.1, 2H), 7.41 (t, J = 7.4, 2H), 7.33 (t, J 

= 7.3, 2H), 5.47 (m, 0.5H), 5.36 (m, 0.5H), 5.21 (m, 0.5H), 5.09 (m, 0.5H), 4.34 (app. t, J = 

3.3, 1H), 4.26 (m, 3H), 4.20 (app t, J = 7.0, 1H), 3.66 (dd, J = 10.7, 4.4, 0.5H), 3.57 (m, 

1.5H), 3.47 (m, 1H), 3.39 (m, 2H), 3.22 (m, 0.5H), 3.10 (m, 0.5H), 2.33 (m, 1H), 2.24 (m, 

1H), 2.10 (m, 2H), 1.93 (m, 1H), 1.79 (m, 2H), 1.53 (m, 1H). 
13

C NMR (125 MHz, DMSO-

d6):  173.4 (173.9), 172.1 (171.5), 156.0, 143.9 (144.0), 140.70 (140.72), 139.4 (137.4), 

127.6 (128.9), 127.1 (127.3), 125.2 (125.3), 120.1 (121.4), 120.0 (109.8), 68.8 (67.3), 65.4 

(67.2), 58.0 (59.7), 55.0 (53.7), 48.6, 48.1 (47.6), 46.7, 37.5, 29.9 (29.8), 28.7 (28.6), 24.0 

(24.2). MS calcd. for C35H37N2O6 (MH
+
) m/z = 491.22, found m/z = 491.31. 

Fmoc-Hyp(
t
Bu)-OBn, 27. Fmoc-Hyp(

t
Bu)-OH (1.77 g, 4.31 mmol) was dissolved in CH2Cl2 

(80 mL) at 0 °C. EDC (1.66 g, 8.64 mmol), HOBt (1.33 g, 8.69 mmol), DMAP (24 mg, 

0.19 mmol) and DIEA (3.0 mL, 17 mmol) were added. The mixture was stirred at 0 °C for 

10 min, and BnOH (0.90 mL, 8.7 mmol) was added. The mixture was stirred at rt for 8 h. 

The solution was concentrated in vacuo, and EtOAc (150 mL) was added to dilute the 

mixture. The organic layer was washed with 1 M HCl (2  50 mL), NaHCO3 (50 mL), and 

brine (50 mL), then dried over Na2SO4 and concentrated. Flash chromatography with 20 % 

EtOAc in hexanes gave a clear colorless oil (2.3 g, 100 %). 
1
H NMR:  7.77 (d, J = 7.5, 1H), 

7.75 (d, J = 7.5, 1H), 7.58 (m, 2H), 7.34 (m, 9H), 5.23 (d, J = 12.3, 0.5H), 5.17 (d, J = 12.3, 

0.5H), 5.13 (d, J = 12.3, 0.5H), 5.08 (d, J = 12.3, 0.5H), 4.54 (dd, J = 9.0, 4.6, 0.5 H), 4.48 

(dd, J = 9.0, 4.6, 0.5 H), 4.37 (m, 1H), 4.28 (m, 2.5H), 4.01 (app. t, J = 7.0, 0.5H), 3.81 (dd, J 

= 12.4, 6.2, 0.5H), 3.78 (dd, J = 13.3, 6.3, 0.5H), 3.36 (dd, J = 10.6, 5.3, 1H), 2.16 (m, 2H), 

1.18 (s, 4.5H), 1.16 (s, 4.5H). 
13

C NMR:  177.7 (172.6), 155.1, 144.4 (144.2), 144.1, 141.4, 
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128.7 (128.6), 128.4 (128.3), 127.8 (127.7), 127.2 (127.1), 125.3 (125.1), 120.12 (120.10), 

120.05 (120.03), 74.3, 69.3 (68.4), 67.8 (67.7), 67.1 (67.0), 58.1 (57.9), 53.9 (53.4), 47.3, 

38.8 (37.8), 28.4 (28.3). Rotamers: 1:1. 

Fmoc-Pro-Hyp(
t
Bu)-OBn, 28. Fmoc-Hyp(

t
Bu)-OBn 27 (1.30 g, 2.61 mmol) was dissolved 

in CH2Cl2 (20 mL), and piperidine (10 mL) was added. The solution was stirred at rt for 

40 min, and the solvent was removed in vacuo. The resulting slurry was dissolved in CH2Cl2 

(150 mL). HBTU (1.98 g, 5.22 mmol), HOBt (800 mg, 5.23 mmol), DMAP (26 mg, 

0.21 mmol) and DIEA (1.85 mL, 10.6 mmol) were added. The solution was stirred at 0 °C 

for 20 min, and Fmoc-Pro-OH (1.77 g, 5.23 mmol) was added. The reaction was stirred at rt 

for 8 h. The solution was concentrated in vacuo, diluted with EtOAc (200 mL), washed with 

1 M HCl (2  100 mL), H2O (100 mL), NaHCO3 (2  100 mL) and brine (100 mL), dried 

over Na2SO4, and concentrated in vacuo. The resulting yellow oil was purified by flash 

chromatography (EtOAc:Hexanes = 1:5), and a clear pale yellow oil (858 mg, 55.2 %) was 

obtained. 
1
H NMR:  7.76 (d, J = 7.4, 2H), 7.59 (m, 2H), 7.34 (m, 9H), 5.22 (d, J = 12.5, 

0.5H), 5.21 (d, J = 12.3, 0.5H), 5.09 (d, J = 12.3, 0.5H), 5.08 (d, J = 12.3, 0.5H), 4.73 (dd, J 

= 8.8, 3.8, 0.5H), 4.52 (m, 1H), 4.44 (m, 0.5H), 4.39 (dd, J = 10.8, 4.0, 0.5H), 4.27 (m, 3H), 

4.12 (dd, J = 14.4, 7.2, 0.5H), 3.76 (m, 1H), 3.64 (m, 1H), 3.53 (m, 1.5H), 3.19 (dd, J = 9.5, 

6.1, 0.5H), 2.11 (m, 4H), 1.94 (m, 2H), 1.15 (s, 5.5H), 1.08 (s, 3.5H). 
13

C NMR:  172.2 

(172.1), 171.0 (170.9), 155.0 (154.4), 144.4 (144.5), 144.1 (144.0), 141.3 (141.4), 128.66 

(128.70), 128.45 (128.40), 128.2 (128.3), 127.72 (127.66), 127.2 (127.1), 125.05 (125.01), 

119.99 (119.97), 74.16 (74.18), 69.6 (69.5), 67.51 (67.09), 66.98 (67.05), 58.2 (57.7), 57.61 

(57.57), 53.0 (52.8), 47.3 (47.4), 46.8 (46.7), 36.43 (36.39), 29.1 (28.4), 28.30 (38.26), 24.3 

(23.1). Rotamers: 3:2. 
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Fmoc-Gly-OSu, 30. Fmoc-Gly-OH (300 mg, 1.01 mmol) and HOSu (117 mg, 1.02 mmol) 

were dissolved in EtOAc (2.5 mL) and stirred at 0 °C for 10 min. DCC (209 mg, 1.01 mmol) 

was dissolved in EtOAc (1.5 mL), and added to the mixture of Fmoc-Gly-OH and HOSu 

dropwise. The solution was stirred at rt for 14 h. The resulting DCU was removed by 

filtration, and the filtrate was concentrated in vacuo. The resulting oil was dissolved in a 

minimal amount of EtOAc, and hexanes was added. A white solid was collected by filtration 

(343 mg, 86.0 %). 
1
H NMR:  7.76 (d, J = 7.6, 2H), 7.58 (d, J = 7.7, 2H), 7.40 (t, J = 7.5, 

2H), 7.31 (t, J = 7.2, 2H), 5.30 (m, 1H), 4.45 (d, J = 7.1, 2H), 4.37 (d, J = 5.7, 2H), 4.24 (t, J 

= 7.0, 1H), 2.85 (s, 4H). 
13

C NMR:  168.7, 166.1, 156.1, 143.8, 141.4, 127.9, 127.2, 125.2, 

120.1, 67.6, 47.1, 40.8, 25.7. HRMS calcd. for C21H19N2O6 (MH
+
) m/z = 395.1243, found 

m/z = 395.1248. 

Fmoc-Gly-Pro-OH, 31. Fmoc-Gly-OSu 30 (5.52 g, 14.0 mmol) was dissolved in DMF 

(60 mL). H-Pro-OH (1.61 g, 14.0 mmol) and DIEA (1.22 mL, 6.99 mmol) were added, and 

the solution was stirred at rt for 4 h. The solution was diluted with a mixture of EtOAc and 

5 % NaHCO3 (1:1 ratio, 50 mL), and the organic layer was removed.  The aqueous layer was 

acidified to pH 1 with 1 M HCl, and extracted with EtOAc (4  50 mL). The organic layers 

were combined, washed with H2O (2  50 mL), dried over Na2SO4, concentrated in vacuo, 

and dissolved in a minimal amount of EtOAc. Hexanes were added and the resulting 

precipitate was collected and dried in vacuo. A white solid was obtained (5.28 g, 95.6 %). 
1
H 

NMR (500MHz):  10.37 (br s, 1H), 7.73 (d, J = 7.3, 2H), 7.59 (app. dd, J = 7.2, 4.0, 2H), 

7.36 (t, J = 7.4, 2H), 7.27 (dt, J = 7.4, 0.9, 2H), 6.08 (t, J = 4.9, 1H), 4.55 (dd, J = 7.2, 4.8, 

1H), 4.32 (dd, J = 7.4, 3.3, 2H), 4.19 (t, J = 7.2, 1H), 4.09 (dd, J = 17.2, 5.4, 1H), 3.95 (dd, J 

= 17.2, 4.2, 1H), 3.55 (m, 1H), 3.44 (dd, J = 17.2, 7.4, 1H), 2.11 (m, 2H), 2.06 (m, 1H), 1.96 
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(m, 1H). 
13

C NMR (125 MHz):  174.5 (174.1), 168.4 (168.0), 156.6 (157.0), 143.90 

(143.93), 141.30 (141.28), 127.76 (127.77), 127.1, 125.30 (125.27), 120.0, 67.3 (67.6), 59.3 

(58.7), 47.1 (47.0), 46.3, 43.4 (43.3), 28.8 (31.3), 24.6 (22.3). Rotamers: 6:1. HRMS calcd. 

for C22H23N2O5 (MH
+
) m/z = 395.1607, found m/z = 395.1584. 

Fmoc-Gly-Pro-OSu, 32. Fmoc-Gly-Pro-OH 31 (1.01 g, 2.57 mmol) and HOSu (296 mg, 

2.57 mmol) were dissolved in EtOAc (16 mL) and stirred at 0 °C for 10 min. DCC (530 mg, 

2.57 mmol) was dissolved in EtOAc (8 mL), and the solution was added to the mixture of 

Fmoc-Gly-Pro-OH 31 and HOSu dropwise. The solution was stirred at rt for 14 h. The 

resulting DCU was removed by filtration, and the filtrate was concentrated in vacuo. The 

resulting oil was dissolved in a minimal amount of EtOAc, and hexanes was added. A white 

solid was collected by filtration (1.17 g, 93.1 %). 
1
H NMR:  7.76 (d, J = 7.6, 2H), 7.61 (d, J 

= 7.3, 2H), 7.39 (t, J = 7.4, 2H), 7.31 (t, J = 7.4, 2H), 5.87 (m, 1H), 4.83 (dd, J = 7.8, 5.0, 

1H), 4.36 (d, J = 7.7, 2H), 4.22 (t, J = 7.0, 1H), 4.11 (m, 1H), 4.00 (dd, J = 17.3, 3.5, 1H), 

3.62 (m, 1H), 3.52 (m, 1H), 2.82 (s, 4H), 2.33 (m, 2H), 2.14 (m, 2H). 
13

C NMR:  168.8, 

167.6, 167.4, 156.3, 144.0, 141.3, 127.8, 127.2, 125.3, 120.0, 67.3, 56.9, 47.2, 46.0, 43.4, 

29.4, 25.7, 24.8. HRMS calcd. for C26H26N3O7 (MH
+
) m/z = 492.1771, found m/z = 

492.1798. 

Fmoc-Gly-Pro-Hyp(
t
Bu)-OH, 25. Fmoc-Gly-Pro-OSu 32 (839 mg, 1.71 mmol) was 

dissolved in DMF (20 mL). H-Hyp(
t
Bu)-OH (320 mg, 1.71 mmol) and DIEA (0.15 mL, 

0.85 mmol) were added, and the solution was stirred at rt for 4 h. The solution was diluted 

with a mixture of EtOAc and 5 % NaHCO3 (1:1 ratio, 20 mL), and the organic layer was 

removed.  The aqueous layer was acidified to pH 1 with 1 M HCl, and extracted with EtOAc 

(4  50 mL). The organic layers were combined, washed with H2O (2  50 mL), dried over 
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Na2SO4, and concentrated in vacuo. The resulting pale yellow oil was purified by flash 

chromatography (2 % MeOH, 0.5 % AcOH in CHCl3), and a white solid was obtained 

(626 mg, 65.1 %). 
1
H NMR:  7.75 (d, J = 7.5, 2H), 7.61 (dd, J = 7.2, 4.4, 2H), 7.38 (t, J = 

7.4, 2H), 7.30 (tt, J = 7.4, 1.1, 2H), 5.99 (dd, J = 5.6, 3.6, 1H), 4.64 (m, 2H), 4.36 (m, 3H), 

4.22 (t, J = 7.3, 1H), 4.12 (dd, J = 17.5, 5.7, 1H), 3.94 (dd, J = 17.1, 3.8, 1H), 3.73 (dd, J = 

9.7, 7.0, 1H), 3.62 (m, 1H), 3.56 (dd, J =9.9, 6.4, 1H), 3.47 (m, 1H), 2.27 (m, 1H), 2.15 (m, 

3H), 1.99 (m, 2H), 1.18 (s, 9H). 
13

C NMR:  173.5, 172.1, 167.4, 156.5, 144.0, 141.4, 127.8, 

127.2, 125.3, 120.1, 74.5, 69.6, 67.3, 58.2, 58.1, 53.3, 47.2, 46.4, 43.3, 35.7, 28.35, 38.33, 

24.8. HRMS calcd. for C31H38N3O7 (MH
+
) m/z = 564.2710, found m/z = 564.2711. 

Fmoc-Gly- [(E)CH=C]-Pro-OSu, 33. Fmoc-Gly- [(E)CH=C]-Pro-OH 23 (289 mg, 

0.765 mmol) and HOSu (88.4 mg, 0.765 mmol) were dissolved in EtOAc (10 mL) and stirred 

at 0 °C for 10 min. DCC (158 mg, 0.765 mmol) was dissolved in EtOAc (5 mL), and the 

solution was added to the mixture of Fmoc-Gly- [(E)CH=C]-Pro-OH 23 and HOSu 

dropwise. The solution was stirred at rt for 14 h. The resulting DCU was removed by 

filtration, and the filtrate was concentrated in vacuo. The resulting oil was dissolved in a 

minimal amount of EtOAc, and hexanes was added. A white solid was obtained by filtration 

(308 mg, 84.6 %). 
1
H NMR:  7.76 (d, J = 7.7, 2H), 7.62 (d, J = 7.4, 2H), 7.40 (t, J = 7.2, 

2H), 7.30 (t, J = 7.2, 2H), 5.80 (m, 1H), 5.03 (m, 1H), 4.37 (d, J = 7.4, 2H), 4.23 (t, J = 7.1, 

1H), 3.93 (m, 1H), 3.79 (m, 1H), 3.64 (t, J = 6.9,1H), 2.83 (s, 4H), 2.44 (m, 2H), 2.12 (m, 

2H), 1.97 (m, 1H), 1.75 (m, 1H). 
13

C NMR:  169.4, 169.3, 156.4, 144.2, 142.9, 141.4, 

127.8, 127.1, 125.4, 121.8, 120.1, 66.9, 47.4, 46.7, 40.6, 30.2, 29.2, 25.8, 25.3. HRMS calcd. 

for C27H27N2O6 (MH
+
) m/z = 475.1869, found m/z = 475.1846. 
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Tripeptide isostere, 34. Fmoc-Gly- [(E)CH=C]-Pro-OSu 33 (298 mg, 0.626 mmol) was 

dissolved in DMF (10 mL). H-Hyp(
t
Bu)-OH (118 mg, 0.626 mmol) and DIEA (55 μL, 

0.32 mmol) were added, and the solution was stirred at rt for 4 h. The solution was diluted 

with a mixture of EtOAc and 5 % NaHCO3 (1:1 ratio, 20 mL), and the organic layer was 

removed.  The aqueous layer was acidified to pH 1 with 1 M HCl, and extracted with EtOAc 

(4  25 mL). The organic layers were combined, washed with H2O (2  25 mL), dried over 

Na2SO4, and concentrated in vacuo. The resulting yellow oil was purified by flash 

chromatography (5 % MeOH in CHCl3), and a pale yellow solid was obtained (137 mg, 

39.9 %). 
1
H NMR:  7.74 (d, J = 7.3, 2H), 7.63 (d, J = 7.7, 2H), 7.38 (t, J = 7.4, 2H), 7.30 (, 

t, J = 7.4, 2H), 6.17 (t, J = 4.8, 1H), 4.73 (dd, J = 8.8, 5.5, 0.5H), 4.65 (dd, J = 8.4, 5.2, 

0.5H), 4.35 (m, 1H), 4.25 (m, 2H), 3.84 (m, 0.5H), 3.74 (m, 0.5H), 3.55 (dd, J = 10.9, 5.5, 

1H), 3.42 (dt, J = 7.4, 2.6, 1H), 3.32 (m, 2H), 2.60 (m, 2H), 2.37 (m, 5H), 1.92 (m, 3H), 1.17 

(s, 3H), 1.14 (s, 6H). 
13

C NMR:  176.8, 171.3, 168.6, 156.9, 145.7, 144.6, 141.4, 127.7, 

127.2, 125.5, 120.0, 74.6, 69.2, 66.7, 54.9, 47.3, 38.8, 36.3, 35.5, 34.3, 29.3, 28.4, 23.2, 20.9. 

Rotamers: 2:1. MS calcd. for C32H39N2O6 (MH
+
) m/z = 547.3, found m/z = 547.3. 

Fmoc-Hyp(
t
Bu)-OBn, 35. Fmoc-Hyp(

t
Bu)-OH (1.77 g, 4.31 mmol) was dissolved in CH2Cl2 

(80 mL) at 0 °C. EDC (1.66 g, 8.64 mmol), HOBt (1.33 g, 8.69 mmol), DMAP (24 mg, 

0.19 mmol) and DIEA (3.0 mL, 17 mmol) were added. The mixture was stirred at 0 °C for 

10 min, and BnOH (0.90 mL, 8.7 mmol) was added. The mixture was stirred at rt for 8 h. 

The solution was concentrated in vacuo, and EtOAc (150 mL) was added to dilute the 

mixture. The organic layer was washed with 1 M HCl (2  50 mL), NaHCO3 (50 mL), and 

brine (50 mL), then dried over Na2SO4 and concentrated. Flash chromatography with 20 % 

EtOAc in hexanes gave a clear colorless oil (2.3 g, 100 %). 
1
H NMR:  7.77 (d, J = 7.5, 1H), 
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7.75 (d, J = 7.5, 1H), 7.58 (m, 2H), 7.34 (m, 9H), 5.23 (d, J = 12.3, 0.5H), 5.17 (d, J = 12.3, 

0.5H), 5.13 (d, J = 12.3, 0.5H), 5.08 (d, J = 12.3, 0.5H), 4.54 (dd, J = 9.0, 4.6, 0.5 H), 4.48 

(dd, J = 9.0, 4.6, 0.5 H), 4.37 (m, 1H), 4.28 (m, 2.5H), 4.01 (app. t, J = 7.0, 0.5H), 3.81 (dd, J 

= 12.4, 6.2, 0.5H), 3.78 (dd, J = 13.3, 6.3, 0.5H), 3.36 (dd, J = 10.6, 5.3, 1H), 2.16 (m, 2H), 

1.18 (s, 4.5H), 1.16 (s, 4.5H). 
13

C NMR:  177.7 (172.6), 155.1, 144.4 (144.2), 144.1, 141.4, 

128.7 (128.6), 128.4 (128.3), 127.8 (127.7), 127.2 (127.1), 125.3 (125.1), 120.12 (120.10), 

120.05 (120.03), 74.3, 69.3 (68.4), 67.8 (67.7), 67.1 (67.0), 58.1 (57.9), 53.9 (53.4), 47.3, 

38.8 (37.8), 28.4 (28.3). Rotamers: 1:1. 

H-Hyp(
t
Bu)-OBn, 36. Fmoc-Hyp(

t
Bu)-OBn 35 (1.14 g, 2.28 mmol) was dissolved in 

CH2Cl2 (20 mL), and piperidine (5.0 mL) was added. The solution was stirred at rt for 

40 min, and concentrated in vacuo. The crude product was purified by flash chromatography 

(1:2 EtOAc:hexanes, followed by 5 % MeOH in CHCl3), and a clear oil was obtained 

(501 mg, 79.3 %). 
1
H NMR:  7.34 (m, 5H), 5.14 (d, J = 13.3, 1H), 5.09 (d, J = 12.2, 1H), 

4.26 (tt, J = 6.6, 6.6, 1H), 3.54 (dd, J = 8.9, 5.9, 1H), 3.29 (dd, J = 9.4, 6.8, 1H), 2.51 (dd, J = 

9.2, 6.0, 1H), 2.07 (m, 2H), 1.13 (s, 9H). 
13

C NMR:  174.0 (175.0), 136.1 (135.9), 128.6 

(128.7), 128.29 (128.4), 128.26 (128.3), 73.7 (73.9), 69.8, 66.3 (66.8), 63.2, 59.8 (58.9), 38.3 

(39.1), 28.48 (28.49). Rotamers: 5:1. 

Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-OBn, (R)-37 and (S)-37. Fmoc-Gly- [(E)CH=C]-

Pro-OH 23 (424 mg, 1.12 mmol) and HBTU (686 mg, 1.81 mmol) were dissolved in CH2Cl2 

(40 mL) and stirred at 0 °C for 10 min, then H-Hyp(
t
Bu)-OBn 36 (501 mg, 1.81 mmol) was 

added and stirred at rt for 8 h. The solvent was removed in vacuo and the resulting slurry was 

dissolved in EtOAc (200 mL). The organic layer was washed with 0.5 M HCl (2  20 mL), 

NaHCO3 (25 mL), and brine (25 mL), dried over Na2SO4, and concentrated. Flash 
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chromatography with 2 % MeOH in CHCl3 gave a clear colorless oil (416 mg, 68 %). The 

mixture of Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-OBn diastereomers was dissolved in a 

minimum amount of 4 % i-PrOH in hexanes. Analytical HPLC was performed by injecting 

20 μL in 5 % i-PrOH/hexanes on a 5 μm silica column (100  4.6 mm) with isocratic 5 % i-

PrOH/hexanes at 1.0 mL/min. Preparative HPLC was performed by injecting 1 mL in 5 % i-

PrOH/hexanes on a 10 μm silica column (100  50 mm) with isocratic 4 % i-PrOH/hexanes 

at 40 mL/min. Two diastereomers were obtained as white solids. Diastereomer (R)-37, 

(133 mg, 32 % recovery). 
1
H NMR:  7.76 (d, J = 7.4, 2H), 7.60 (d, J = 7.4, 2H), 7.35 (m, 

9H), 5.35 (m, 1H), 5.22 (d, J = 12.4, 1H), 5.14 (d, J = 12.5, 1H), 4.85 (m, 1H), 4.67 (dd, J = 

8.4, 6.4, 1H), 4.36 (m, 2H), 4.30 (dd, J = 9.7, 5.0, 1H), 4.20 (app. t, J = 7.0, 1H), 3.88 (m, 

1H), 3.82 (dd, J = 10.4, 5.6, 1H), 3.75 (m, 1H), 3.49 (dd, J = 10, 3.6, 1H), 3.40 (m, 1H), 2.40 

(m, 2H), 2.18 (m, 1H), 2.00 (m, 4H), 1.62 (m, 1H), 1.14 (s, 9H). 
13

C NMR:  173.0, 172.3, 

156.3, 145.9, 144.0, 141.3, 135.8, 128.6, 128.3, 128.2, 127.7, 127.1, 125.2, 120.0, 118.3, 

74.3, 69.5, 66.9, 66.7, 57.8, 54.6, 48.9, 47.2, 40.4, 37.3, 30.3, 29.3, 28.2, 24.7. HRMS calcd. 

for C39H45N2O6 (MH
+
) m/z = 637.3278, found m/z = 637.3281. Anal. retention time 4.95 min. 

Diastereomer (S)-37 (90 mg, 22 % recovery).  
1
H NMR:  7.76 (d, J = 7.0, 2H), 7.60 (d, J = 

7.4, 2H), 7.39 (m, 4H), 7.31 (m, 5H), 5.43 (m, 1H), 5.19 (d, J = 7.6, 1H), 5.14 (d, J = 7.6, 

1H), 4.78 (m, 1H), 4.66 (dd, J = 8.5, 4.5, 1H), 4.35 (m, 3H), 4.21 (m, 1H), 3.89 (dd, J = 9.6, 

6.8, 2H), 3.68 (m, 1H), 3.38 (dd, J = 9.8, 6.0, 2H), 2.40 (m, 2H), 2.12 (m, 2H), 1.95 (m, 3H), 

1.63 (m, 1H), 1.15 (s, 9H). 
13

C NMR:  173.0, 172.2, 156.4, 145.7, 144.1, 141.4, 135.8, 

128.7, 128.4, 128.2, 127.7, 127.1, 125.2, 120.1, 118.3, 74.3, 69.4, 66.9, 66.7, 57.6, 54.1, 48.8, 

47.3, 40.5, 37.0, 30.2, 29.2, 28.3, 24.7. HRMS calcd. for C39H45N2O6 (MH
+
) m/z = 637.3278, 

found m/z = 637.3270. Anal. retention time 3.91 min. 



 

 

 111 

Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-OH, (R)-26 and (S)-26. Fmoc-Gly- [(E)CH=C]-

Pro-Hyp(
t
Bu)-OBn (S)-37 (29 mg, 0.046 mmol) was dissolved in anhydrous EtOH (2 mL) 

and 10 % Pd/C (7.0 mg) was added. 1,4-Cyclohexadiene (50 μL, 0.53 mmol) was added and 

the solution was heated at reflux at 90 °C for 45 min. After cooling to rt, the solution was 

filtered through Celite™, and the solvent was removed in vacuo. Flash chromatography with 

4 % MeOH and 0.5 % HOAc in CHCl3 gave a white solid (21 mg, 85 %). Isostere (S)-26: 
1
H 

NMR:  7.75 (d, J = 7.4, 2H), 7.60 (d, J = 7.1, 2H), 7.38 (t, J = 7.4, 2H), 7.29 (t, J =7.5, 2H), 

5.66 (br s, 1H), 5.47 (m, 1H), 4.65 (br s, 1H), 4.34 (m, 3H), 4.21 (m, 1H), 3.84 (m, 1H), 3.73 

(m, 1H), 3.60 (m, 1H), 3.39 (m, 2H), 2.33 (m, 4H), 1.95 (m, 3H), 1.62 (m, 1H), 1.16 (s, 9H). 

13
C NMR: 175.3, 173.8, 156.8, 145.0, 144.2, 141.4, 139.3, 130.1, 127.7, 127.2, 125.3, 

120.0, 119.3, 74.5, 69.4, 66.9, 54.6, 48.9, 47.3, 40.5, 36.2, 31.9, 30.6, 29.3, 28.7, 28.3, 24.8. 

HRMS calcd. for C32H39N2O6 (MH
+
) m/z = 547.2808, found m/z = 547.2825. (R)-26 was 

prepared by a similar method to give 15 mg of a white solid (75 %). Isostere (R)-26: 
1
H 

NMR:  7.76 (d, J = 7.6, 2H), 7.59 (d, J = 7.2, 2H), 7.40 (t, J = 7.6, 2H), 7.31 (dt, J = 7.6, 

1.2, 2H), 5.34 (br s, 1H), 5.04 (br s, 1H), 4.69 (m, 1H), 4.36 (m, 2H), 4.21 (m, 1H), 3.87 (m, 

1H), 3.75 (m, 1H), 3.50 (m, 1H), 3.42 (m, 1H), 2.64 (m, 1H), 2.40 (m, 3H), 2.14 (m, 1H), 

1.98 (m, 3H), 1.63 (m, 1H), 1.18 (s, 9H). 
13

C NMR:  175.5, 173.8, 156.5, 145.3, 144.1, 

141.4, 127.8, 127.1, 125.2, 120.1, 119.0, 74.6, 69.3, 66.8, 54.9, 48.9, 47.3, 40.4, 36.4, 30.6, 

29.4, 28.4, 28.3, 24.8. HRMS calcd. for C32H39N2O6 (MH
+
) m/z = 547.2808, found m/z = 

547.2834. 

4,5-(Bis[bis-diethylamino]phosphonito)-9,9-dimethylxanthene, 38. By the method of 

Goertz  et al.
252

 9,9-Dimethyl xanthene (292 mg, 1.39 mmol) and N,N,N’,N’-

tetramethylethylendiamine (0.52 mL, 3.5 mmol) were dissolved in Et2O (5.0 mL), and stirred 
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at –40 °C for 20 min. Then n-BuLi (1.39 mL, 3.48 mmol) was added dropwise, and the 

resulting red solution was stirred at rt for 16 h. Chloro(bis-diethylamino)phosphane 

(0.73 mL, 3.5 mmol) was dissolved in pentane (3.0 mL), and stirred at –78 °C for 10 min. 

The solution was transferred into the mixture via cannula dropwise at –78 °C. The yellow 

solution was stirred at rt for 16 h, and the resulting precipitates were removed by filtration. 

The filtrate was concentrated and dried in vacuo. A yellow solid was obtained (597.8 mg, 

76.9 %). 
1
H NMR:  7.27 (m, 3H), 6.96 (m, 3H), 3.00 (m, 16H), 1.52 (m, 6H), 1.01 (app. qt, 

J = 6.9, 18H), 0.93, (t, J = 7.0, 6H). 
13

C NMR:  150.41, 150.39, 130.0, 129.8, 127.3, 127.2, 

126.1, 125.7, 123.0, 122.9, 122.5, 122.0, 116.7, 116.3, 45.45, 45.34, 45.29, 45.18, 43.9, 43.7, 

43.2, 43.1, 43.0, 38.96, 38.93, 38.90, 38.87, 37.74, 37.67, 33.91, 33.90, 33.01, 32.98, 32.4, 

32.24, 32.21, 30.8, 15.15, 15.11, 14.79, 14.77, 14.49, 14.47, 14.46, 14.40, 14.37, 14.27, 

14.25. 

Diphosphonite ligand, 39. 4,5-(Bis[bis-diethylamino]phosphonito)-9,9-dimethyl-xanthene 

38 (597.8 mg, 1.07 mmol) and (S)-BINOL (612.9 mg, 2.14 mmol) were dissolved in toluene 

(20 mL), and a catalytic amount of tetrazole was added. The mixture was heated at reflux for 

16 h, and the solvent was removed in vacuo. The resulting slurry was dissolved in CH2Cl2 

(1.0 mL), and CH3CN (10 mL) was added. A pale yellow solid was collected by filtration, 

and dried in vacuo (889 mg, 99 %). 
1
H NMR:  7.71 (m, 9H, 7.18 (m, 21H), 1.51 (m, 6H). 

Ester, 40. Fmoc-Phe-OH (50.4 mg, 0.130 mmol) was dissolved in CH2Cl2 (15 mL). HBTU 

(49.5 mg, 0.131 mmol), HOBt (19.9 mg, 0.130 mmol), DMAP (0.7 mg, 0.006 mmol), and 

DIEA (57 μL, 0.33 mmol) were added, and the solution was stirred at 0 °C for 10 min. 

Alcohol 19 (21 mg, 0.092 mmol) was added, and the solution was stirred at rt for 14 h. The 

resulting solution was concentrated in vacuo, diluted with EtOAc (50 mL), washed with 1 M 
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HCl (2  25 mL), H2O (25 mL), NaHCO3 (2  25 mL), and brine (25 mL), dried over 

Na2SO4, and purified by flash chromatography (EtOAc:Hexanes = 1:5). A colorless oil was 

obtained (23.3 mg, 42.3 %). 
1
H NMR:  7.77 (d, J = 7.6, 2H), 7.56 (d, J = 6.6, 2H), 7.41 (t, J 

= 7.4, 2H), 7.31 (t, J = 7.5, 2H), 7.26 (m, 3H), 7.18 (d, J = 7.3, 1H), 7.13 (d, J = 6.7, 1H), 

5.61 (d, J = 10.9, 1H), 5.52 (m, 0.5H), 5.44 (m, 0.5H), 5.30 (dd, J = 12.0, 8.0, 1H), 4.85 (m, 

0.5H), 4.65 (dd, J = 15.6, 7.3, 1H), 4.54 (m, 0.5H), 4.44 (m, 1H), 4.33 (m, 1H), 4.21 (t, J = 

6.9, 1H), 3.48 (m, 0.5H), 3.38 (m, 0.5H), 3.14 (m, 3H), 2.29 (m, 4H), 1.86 (m, 2H), 1.41 (s, 

9H). 
13

C NMR:  171.1, 155.9, 143.9, 141.4, 139.4, 135.9, 135.8, 129.5, 129.4, 128.84, 

128.76, 127.9, 127.4, 127.2, 127.2, 125.3, 125.2, 120.1, 79.6, 74.1, 74.0, 67.2, 55.3, 55.1, 

47.2, 42.9, 42.7, 38.5, 38.2, 32.5, 32.1, 32.0, 28.5, 23.2. 

Amide, 41. Boc-Pro-OH (150 mg, 0.696 mmol) was dissolved in CH2Cl2 (25 mL).  HBTU 

(398 mg, 1.05 mmol), DMAP (5.5 mg, 0.045 mmol), and DIEA (0.49 mL, 2.8 mmol) were 

added, and the solution was stirred at 0 °C for 10 min. (1R,2R)-(–)-Pseudoephedrine 

(173 mg, 1.05 mmol) was added, and the solution was stirred at rt for 14 h. The resulting 

solution was concentrated in vacuo, diluted with EtOAc (50 mL), washed with 1 M HCl (2  

25 mL), H2O (25 mL), NaHCO3 (2  25 mL) and brine (25 mL), dried over Na2SO4, and 

purified by flash chromatography (3 % MeOH in CHCl3). A colorless oil was obtained 

(260 mg, 100 %). 
1
H NMR:  7.31 (m, 5H), 4.67 (t, J = 7.6, 0.5H), 4.54 (m, 2H), 4.40 (m, 

0.5H), 4.02 (m, 0.5H), 3.62 (m, 0.5H), 3.54 (dt, J = 10.4, 6.8, 0.5H), 3.40 (dt, J = 10.3, 6.8, 

1H), 2.97 (s, 2H), 2.78 (s, 1H), 2.10 (m, 1H), 2.00 (m, 1.5H), 1.79 (m, 1.5H), 1.42 (s, 6H), 

1.40 (s, 3H), 1.26 (d, J = 7.0, 1H), 1.01 (d, J = 5.8, 2H). 
13

C NMR:  174.5 (175.1), 154.9 

(153.8), 142.7 (141.8), 128.3 (127.6), 128.2 (127.4), 126.9 (125.8), 80.1 (79.7), 75.7 (76.1), 

57.4, 56.3, 47.0 (46.6), 29.3 (30.1), 28.5 (28.3), 24.8, 23.1, 14.38 (14.44). Rotamers: 7:4:1. 
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H-Pro-OBn•TsOH, 44.  H-Pro-OH (3.22 g, 28.0 mmol) was dissolved in a mixture of CCl4 

(25 mL) and BnOH (20 mL). TsOH (6.39 g, 33.6 mmol) was added. The solution was heated 

at reflux for 24 h, and cooled to rt. The solution was concentrated in vacuo, and the 

remaining BnOH was removed by Et2O wash. After drying under high vacuum, a colorless 

oil (9.4 g, 100 %) was obtained. 
1
H NMR:  7.74 (d, J = 8.0, 2H), 7.31 (m, 5H), 7.14 (d, J = 

7.9, 2H), 5.16 (d, J = 12.2, 1H), 5.08 (d, J = 12.2, 1H), 4.56 (m, 1H), 3.48 (m, 2H), 2.34 (s, 

3H), 1.97 (m, 4H). 
13

C NMR:  169.0, 141.3, 140.7, 134.7, 129.1, 128.7, 128.5, 126.1, 68.3, 

59.6, 46.5, 28.8, 23.6, 21.5. HRMS calcd. for C12H16NO2 (MH
+
) m/z = 206.1181, found m/z 

= 206.1192. 

Boc-Pro-Pro-OBn, 45. Boc-Pro-OH (6.62 g, 30.8 mmol) was dissolved in CH2Cl2 (200 mL). 

HBTU (11.66 g, 30.7 mmol), HOBt (4.29 g, 30.8 mmol), DMAP (171.2 mg, 1.4 mmol), and 

DIEA (19.5 mL, 0.11 mol) were added, and the solution was stirred at 0 °C for 10 min. H-

Pro-OBn 44 (9.4 g, 28 mmol) was added, and the solution was stirred at rt for 14 h. The 

resulting solution was concentrated in vacuo, diluted with EtOAc (250 mL), washed with 

1 M HCl (2  75 mL), H2O (75 mL), NaHCO3 (2  75 mL), and brine (75 mL), dried over 

Na2SO4, and purified by flash chromatography (33 % EtOAc in hexanes). A colorless oil was 

obtained (6.40 g, 56.8 %). 
1
H NMR:  7.33 (m, 5H), 5.22 (d, J = 12.2, 0.5H), 5.21 (d, J = 

12.4, 0.5H), 5.06 (d, J = 12.2, 0.5H), 5.04 (d, J = 12.3, 0.5H), 4.64 (m, 1H), 4.49 (dd, J = 8.4, 

2.9, 0.5H), 4.37 (dd, J = 8.4, 4.2, 0.5H), 3.76 (ddd, J = 9.2, 7.3, 7.3, 0.5H), 3.58 (m, 2.5H), 

3.42 (m, 1H), 2.01 (m, 7H), 1.80 (m, 1H), 1.45 (s, 5H), 1.38 (s, 4H). 
13

C NMR:  172.3 

(172.0), 171.2 (171.7), 154.7 (153.8), 135.75 (135.67), 128.61 (128.59), 128.30 (128.36), 

128.22 (128.26), 79.6 (79.5), 67.0 (66.8), 58.9, 57.8 (57.7), 46.9 (46.7), 46.5 (46.6), 29.1 

(30.0), 28.8 (28.9), 28.6 (28.4), 25.0 (25.1), 24.1 (23.6). Rotamers: 5:4. 
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Fmoc-Gly-Pro-Pro-OBn, 46. Boc-Pro-Pro-OBn 45 (6.40 g, 15.9 mmol) was dissolved in 

CH2Cl2 (100 mL), and TFA (30 mL) was added. The solution was stirred at rt for 30 min, 

and the solvent was removed in vacuo. The resulting slurry was dissolved in CH2Cl2 

(200 mL), and HBTU (7.35 g, 19.4 mmol), HOBt (2.92 g, 19.1 mmol), DMAP (97 mg, 

0.79 mmol) and DIEA (11.1 mL, 63.6 mmol) were added, and stirred at 0 °C for 20 min. 

Fmoc-Gly-OH (5.50 g, 18.5 mmol) was added, and the solution was stirred at rt for 14 h. The 

resulting solution was concentrated in vacuo, diluted with EtOAc (250 mL), washed with 

1 M HCl (2  100 mL), H2O (100 mL), NaHCO3 (2  100 mL), and brine (100 mL), dried 

over Na2SO4, and purified by flash chromatography (2 % MeOH in CHCl3). A white solid 

(8.67 g, 93.8 %) was obtained. 
1
H NMR:  7.75 (d, J = 7.4, 2H), 7.59 (dd, J = 7.4, 3.0, 2H), 

7.39 (t, J = 7.3, 2H), 7.33 (m, 7H), 5.75 (t, J = 4.0, 1H), 5.21 (d, J = 12.3, 1H), 5.06 (d, J = 

12.2, 1H), 4.66 (ddd, J = 15.4, 8.0, 3.6, 2H), 4.35 (m, 2H), 4.21 (t, J = 7.3, 1H), 4.10 (dd, J = 

17.3, 5.4, 1H), 3.97 (dd, J = 17.3, 3.6, 1H), 3.80 (m, 1H), 3.59 (m, 2H), 3.44 (m, 1H), 2.16 

(m, 3H), 1.98 (m, 5H). 
13

C NMR:  172.0, 170.2, 166.9, 156.3, 144.0, 141.4, 135.7, 128.6, 

128.4, 128.2, 127.8, 127.2, 125.3, 120.0, 67.2, 67.0, 59.0, 58.2, 47.2, 46.8, 46.3, 43.4, 28.9, 

28.2, 25.0, 24.6. 

Fmoc-Gly-Pro-Pro-OH, 42. Fmoc-Gly-Pro-Pro-OBn 46 (8.56 g, 14.7 mmol) was dissolved 

in a mixture of MeOH (75 mL) and AcOH (75 mL), and 10 % Pd/C (520 mg) was added. H2 

was introduced with a balloon, and the suspension was stirred at rt for 2 h. The solution was 

filter through Celite™, and concentrated in vacuo. The resulting oil was purified by flash 

chromatography (5 % MeOH in CHCl3), and a white solid was obtained (5.42 g, 75.0 %). 
1
H 

NMR:  7.74 (d, J = 7.4, 2H), 7.60 (t, J = 6.6, 2H), 7.37 (t, J = 7.4, 2H), 7.28 (app. t, J =7.4, 

2H), 5.95 (m, 1H), 4.62 (m, 1H), 4.56 (app. dd, J = 8.2, 3.2, 1H), 4.35 (d, J = 7.4, 2H), 4.20 
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(t, J = 7.1, 1H), 4.09 (dd, J = 17.1, 6.1, 1H), 3.90 (dd, J = 17.0, 3.0, 1H), 3.76 (dd, J =16.2, 

7.2, 1H), 3.57 (m, 2H), 3.42 (m, 1H), 2.15 (m, 2H), 2.01 (m, 5H), 1.90 (m, 1H). 
13

C NMR:  

174.0, 171.1, 167.4, 156.5, 143.9 (143.8), 141.2, 127.6, 127.0, 125.2 (125.1), 120.0, 67.0, 

59.1, 58.1, 47.0, 46.9, 46.3, 43.2, 38.6, 28.5, 28.1, 24.8 (24.6). HRMS calcd. for C27H30N3O6 

(MH
+
) m/z = 492.2135, found m/z = 492.2130. 

Boc-Pro-N(OMe)Me, 47. Boc-Pro-OH (6.41 g, 29.8 mmol), N,O-dimethyl hydroxylamine 

hydrochloride (5.82 g, 59.6 mmol), HOBt (5.47 g, 35.7 mmol), and DCC (7.41 g, 35.9 mmol) 

were dissolved in CH2Cl2 (300 mL) and cooled to 0 °C. DIEA (20.8 mL, 119 mmol) and 

DMAP (182 mg, 1.48 mmol) were added, and the reaction was stirred for 24 h. The mixture 

was filtered to remove dicyclohexyl urea and concentrated. The resulting slurry was diluted 

with EtOAc (300 mL), and washed with NH4Cl (2  100 mL), NaHCO3 (2  100 mL), and 

brine (100 mL).  The organic layer was dried over MgSO4, concentrated in vacuo, and 

purified by flash chromatography (20 % EtOAc in hexanes). A pale yellow solid was 

obtained (5.75 g, 74.8 %). mp 46-47 °C. 
1
H NMR:  4.64 (dd, J = 8.3, 2.9, 0.5H), 4.55 (dd. J 

= 8.3, 3.7, 0.5H), 3.72 (s, 1.5H), 3.66 (s, 1.5H), 3.51 (m, 1H), 3.35 (m, 1H), 3.14 (s, 3H), 

2.14 (m, 1H), 1.80 (m, 3H), 1.40 (s, 4.5H), 1.36 (s, 4.5H). 
13

C NMR:  173.9 (173.3), 153.9 

(154.5), 79.5 (79.4), 61.3 (61.4), 56.8 (56.5), 46.9 (46.6), 32.4 (32.3), 30.5 (29.6), 28.4 

(28.5), 23.4 (24.1). HRMS calcd. for C12H23N2O4 (MH
+
) m/z = 259.1658, found m/z = 

259.1655. Rotamers: 1:1. Anal. HPLC: retention time 8.95 min (> 97 % purity). 

, -Unsaturated ketone, 48. 1-Iodocyclopentene 13 (4.35 g, 22.4 mmol) was dissolved in 

THF (80 mL) at –40 °C, and s-BuLi (1.4 M in cyclohexane, 32.0 mL, 44.8 mmol) was added.  

The reaction was stirred at –40 °C for 3 h to generate cyclopentenyl lithium.  In another 

flask, Boc-Pro-N(Me)OMe 47 (3.84 g, 14.9 mmol) was dissolved in THF (30 mL). The 



 

 

 117 

solution was cooled to –78 °C, and the cyclopentenyl lithium solution was added via cannula. 

The mixture was stirred at –78 °C for 1 h, warmed up slowly to rt, and stirred for another 

10 h. The reaction was quenched with NH4Cl (10 mL). The resulting solution was diluted 

with EtOAc (100 mL), washed with NH4Cl (2  20 mL), NaHCO3 (20 mL), brine (20 mL), 

dried over MgSO4, and concentrated.  Chromatography with 10 % EtOAc in hexanes gave a 

pale yellow solid (1.91 g. 48.7 %). mp 45-49 °C. 
1
H NMR:  6.82 (m, 0.5H), 6.76 (m, 0.5H), 

4.95 (dd, J = 9.0, 3.6, 0.5H), 4.77 (dd, J = 8.8, 4.4, 0.5H), 3.53 (m, 1.5H), 3.41 (m, 0.5H), 

2.58 (m, 4H), 2.18 (m, 1H), 1.89 (m, 5H), 1.44 (s, 4H), 1.33 (s, 5H). 
13

C NMR:  197.6 

(197.1), 154.0 (154.6), 144.12 (143.52), 143.34 (143.47), 79.7 (79.6), 62.0 (61.5), 46.7 

(46.9), 34.32 (34.35), 31.3 (31.1), 30.3, 28.4 (28.6), 23.8 (24.3), 22.63 (22.55). HRMS calcd. 

for C15H24NO3 (MH
+
) m/z = 266.1756, found m/z = 266.1759. Anal. HPLC: retention time 

2.93 min (> 99 % purity). Rotamers: 5:4. 

Alcohol 49: Ketone 48 (1.20 g, 4.52 mmol) was dissolved in THF:MeOH (2.5:1, 65 mL) and 

cooled to 0 °C. CeCl3·7H2O (4.21 g, 11.3 mmol) was added, followed by NaBH4 (860 mg, 

22.7 mmol). After stirring at 0 °C for 2.5 h, the reaction was quenched with NH4Cl (50 mL). 

The resulting solution was diluted with EtOAc (150 mL), washed with NH4Cl (2  50 mL), 

and brine (50 mL), dried over MgSO4, concentrated in vacuo, and purified by flash 

chromatography (20 % EtOAc in hexanes). Both (R)-49 (596.1 mg, 49.4 %) and (S)-49 

(445.7 mg, 36.9 %) were obtained as pale yellow solids. Diastereomer (R)-49: [ ]D
25

 = –

46.3° (c 0.36, CHCl3). 
1
H NMR:  5.62 (m, 1H), 4.49 (m, 1H), 4.10 (m, 1H), 3.46 (m, 1H), 

3.20 (m, 1H), 2.31 (m, 4H), 1.86 (m, 6H), 1.48 (s, 9H). 
13

C NMR:  165.4, 144.4, 127.3, 

80.1, 73.9, 62.0, 48.1, 32.2, 32.1, 28.6, 27.5, 24.3, 24.0. HRMS calcd. for C15H26NO3 (MH
+
) 

m/z = 268.1913, found m/z = 268.1908. Anal. HPLC: retention time 2.03 min (> 98 % 
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purity). Diastereomer (S)-49: [ ]D
25

 = –62.6° (c 0.26, CHCl3). 
1
H NMR:  5.61 (m, 1H), 

5.21 (br s, 1H), 4.15 (m, 1H), 3.98 (m, 1H), 3.42 (m, 1H), 3.33 (m, 1H), 2.52 (m, 1H), 2.31 

(m, 2H), 2.21 (m, 1H), 1.83 (m, 5H), 1.61 (m, 1H), 1.48 (s, 9H). 
13

C NMR:  158.2, 145.0, 

128.6, 80.7, 76.1, 61.3, 47.5, 32.1, 30.1, 28.6, 28.5, 24.0, 23.4. HRMS calcd. for C15H26NO3 

(MH
+
) m/z = 268.1913, found m/z = 268.1927. Anal. HPLC: retention time 1.90 min (> 98 % 

purity). 

Cyclic carbamates, (R)-50 and (S)-50. Alcohol (S)-49 (27 mg, 0.099 mmol) was dissolved 

in CH2Cl2 (3.0 mL), and TFA (1.0) mL was added. The solution was stirred at rt for 30 min, 

and the solvent was removed in vacuo. The resulting oil was dissolved in THF (3.0 mL), and 

carbonyl diimidazole (0.33 mL, 0.099 mmol) was added. The solution was stirred at rt for 

24 h, concentrated in vacuo, diluted with EtOAc (50 mL), washed with 1 M HCl (2  

10 mL), NaHCO3 (2  10 mL), and brine (10 mL), dried over Na2SO4, and purified by flash 

chromatography (20 % EtOAc in hexanes). A colorless oil was obtained (17.8 mg, 92.6 %). 

Diastereomer (S)-50: [ ]D
25

 = –82.4° (c 0.64, CHCl3).
1
H NMR:  5.80 (m, 1H), 4.88 (d, J = 

4.1, 1H), 4.18 (dd, J = 9.2, 4.4, 1H), 4.15 (dd, J = 9.2, 4.6, 1H), 3.66 (m, 1H), 2.38 (m, 4H), 

2.06 (m, 2H), 1.94 (m, 3H), 1.53 (app. dt, J = 9.4, 3.5, 1H). 
13

C NMR:  161.3, 141.2, 129.5, 

79.6, 63.7, 45.9, 32.5, 30.9, 30.6, 25.9, 23.4. HRMS calcd. for C11H16NO2 (MH
+
) m/z = 

194.1181, found m/z = 194.1186. Anal. HPLC: retention time 5.47 min (> 98 % purity). (R)-

50 was prepared by a similar method. Diastereomer (R)-50: 
1
H NMR:  5.82 (dtt, J = 2.0, 

2.0, 2.0, 1H), 5.22 (d, J = 7.8, 1H), 3.91 (ddd, J = 10.3, 7.7, 5.8, 1H), 3.67 (dt, J = 11.5, 7.9, 

1H), 3.17 (ddd, J = 11.3, 9.5, 4.0, 1H), 2.37 (m, 2H), 2.27 (m, 2H), 1.94 (m, 3H), 1.70 (dddd, 

J = 12.6, 7.5, 5.5, 1.8, 1H), 1.55 (m, 1H), 1.42 (dddd, J = 12.4, 10.6, 10.6, 8.9, 1H). 
13

C 

NMR:  166.9, 138.1, 127.8, 75.7, 63.1, 46.1, 32.8, 32.3, 25.8, 25.2, 23.6. HRMS calcd. for 
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C11H16NO2 (MH
+
) m/z = 194.1181, found m/z = 194.1187. Anal. HPLC: retention time 

5.42 min (> 98 % purity). 

Ester, 51. Alcohol (R)-49 (263 mg, 0.984 mmol) was dissolved in CH2Cl2 (20 mL) and 

cooled to 0 °C. HBTU (559 mg, 1.47 mmol), DMAP (5.9 mg, 0.048 mmol), and 2-(tert-

butyldimethylsilyloxy)acetic acid 17 (385 mg, 2.02 mmol) were added. The mixture was 

stirred at 0 °C for 10 min. DIEA (0.70 mL, 4.0 mmol) was added, and the solution was 

stirred at rt for 10 h. The solvent was removed in vacuo, and the resulting slurry was diluted 

with EtOAc (50 mL). The organic layer was washed with 1 M HCl (2  25 mL), NaHCO3 

(25 mL), brine (25 mL), dried over MgSO4, and concentrated. Flash chromatography with 

10 % EtOAc in hexanes gave a pale yellow solid (254 mg, 58.8 %). Diastereomer (R)-51: 

[ ]D
25

 = –67.5° (c 0.55, CHCl3). 
1
H NMR:  5.93 (br s, 0.5H), 5.90 (br s, 0.5H), 5.51 (m, 

1H), 4.25 (d, J = 16.6, 1H), 4.19 (d, J = 16.8, 1H), 4.10 (m, 0.5H), 3.94 (m, 0.5H), 3.46 (m, 

0.5H), 3.32 (m, 0.5H), 3.24 (m, 1H), 2.29 (m, 4H), 1.87 (m, 6H), 1.48 (s, 5H), 1.43 (s, 4H), 

0.90 (s, 9H), 0.09 (s, 6H). 
13

C NMR:  170.8 (170.7), 154.3 (154.6), 140.8 (140.9), 126.3 

(126.8), 79.9 (79.4), 74.4 (73.9), 61.9 (62.0), 58.5 (58.3), 46.9 (47.0), 33.1 (32.9), 32.3, 28.6, 

26.2 (25.6), 25.9, 23.9 (24.5), 23.3 (23.4), 18.5, –5.3 (–5.4). HRMS calcd. for C23H42NO5Si 

(MH
+
) m/z = 440.2832, found m/z = 440.2805. Anal. HPLC: retention time 1.53 min (> 96 % 

purity). Rotamers: 5:4. Diastereomer (S)-51: 
1
H NMR:  5.71 (br s, 0.5H), 5.33 (m, 1H), 

5.53 (m, 0.5H), 4.20 (m, 2H), 4.11 (m, 0.5H), 3.99 (m, 0.5H), 3.43 (m, 0.5H), 3.33 (m, 0.5H), 

3.23 (m, 1H), 2.29 (m, 4H), 1.81 (m, 6H), 1.47 (s, 4.5H), 1.43 (s, 4.5H), 0.89 (s, 9H), 0.07 (s, 

6H). 
13

C NMR:  170.7, 154.7, 140.4 (140.2), 129.6 (128.6), 79.9 (79.3), 73.7 (72.9), 61.84 

(61.75), 58.6 (58.0), 46.6, 33.3 (32.2), 32.3, 28.6, 27.2, 25.9, 23.5 (24.8), 23.4 (23.2), 18.5, –

5.36. Rotamers: 1:1. 
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-Hydroxy acid, 52. A solution of LDA (2.0 M in THF, 1.2 mL, 2.3 mmol) was diluted with 

THF (8.0 mL) and stirred at –100 °C for 30 min.  A mixture of Me3SiCl (0.80 mL, 6.4 mmol) 

and pyridine (0.56 mL, 6.9 mmol) in THF (4.0 mL), cooled to –100 °C, was added dropwise 

to the LDA solution. After 5 min, a solution of ester 51 (254 g, 0.581 mmol) in THF 

(4.0 mL), cooled to –100 °C was added dropwise and the reaction was stirred at –100 °C for 

25 min, then warmed slowly over 2.5 h to rt, and stirred for 10 h. Then the mixture was 

heated to 45 °C for 1.5 h. The reaction was quenched with 1 M HCl (10 mL), and the 

aqueous layer was extracted with Et2O (2  100 mL). The organic layer was dried over 

MgSO4 and concentrated to give 271 mg of a yellow oil. Without further purification, the 

product was dissolved in THF (10 mL).  n-Bu4NF (547 mg, 1.73 mmol) in THF (4.0 mL) 

was added and stirred for 5 min at 0 °C, then at rt for 3 h. The reaction was quenched with 

0.5 M HCl (10 mL). The solution was extracted with EtOAc (50 mL), dried over MgSO4 and 

concentrated. The resulting oil was purified by flash chromatography with 5 % MeOH in 

CHCl3 and a yellow oil (118 mg, 62.9 %) was obtained. Diastereomer (R)-52: 
1
H NMR 

(CD3OD):  5.30 (d, J = 8.5, 1H), 4.33 (m, 1H), 4.07 (m, 1H), 3.34 (t, J = 6.9, 1H), 3.23 (m, 

0.5H), 3.12 (m, 0.5H), 2.86 (m, 1H), 2.54 (br s, 1H), 2.17 (m, 1H), 2.04 (m, 1H), 1.84 (m, 

4H), 1.69 (m, 3H), 1.56 (m, 1H), 1.41 (s, 9H). Diastereomer (S)-52: 
1
H NMR (DMSO-d6):  

5.35 (m, 1H), 5.02 (m, 1H), 4.21 (m, 1H), 3.73 (m, 1H), 3.26 (m, 3H), 2.24 (m, 1H), 2.00 (m, 

2H), 1.75 (m, 6H), 1.52 (m, 1H), 1.37 (s, 9H). 

Boc-Pro- [(E)CH=C]-Pro-OH, 53. Pb(OAc)4 (162 mg, 0.365 mmol) in CHCl3 (2.0 mL) 

was added dropwise to a solution of -hydroxy acid 52 (118 mg, 0.365 mmol) in EtOAc 

(5.0 mL) at 0 °C. The reaction was stirred for 15 min at 0 °C, then quenched with ethylene 

glycol (1.5 mL). The solution was diluted with EtOAc (40 mL), washed with H2O (2  



 

 

 121 

10 mL), brine (10 mL), dried over Na2SO4, and concentrated to give a yellow oil. The crude 

product was dissolved in acetone (10 mL) and cooled to 0 °C. Freshly prepared Jones reagent 

(2.7 M CrO3, 2.7 M H2SO4, 0.27 mL, 0.73 mmol) was added dropwise. The reaction was 

stirred at 0 °C for 30 min, quenched with i-PrOH (1 mL), and stirred for another 10 min. The 

precipitate was removed by filtration, and the solvent was evaporated. The resulting residue 

was extracted with EtOAc (3  10 mL), and the organic layer was washed with H2O (5 mL) 

and brine (5 mL), dried over Na2SO4, and concentrated. Flash chromatography with 5 % 

MeOH in CHCl3 gave a white solid (59.6 mg, 55.6 %). Diastereomer (R)-53: [ ]D
25

 = –

62.5° (c 0.20, CHCl3).  
1
H NMR:  5.44 (d, J = 7.5, 1H), 4.28 (m, 1H), 3.34 (m, 3H), 2.52 

(m, 1H), 2.24 (m, 1H), 1.90 (m, 6H), 1.61 (m, 2H), 1.40 (s, 9H). 
13

C NMR:  180.1, 154.8, 

139.7, 126.3, 79.2, 56.7, 49.4, 46.5, 33.0, 30.1, 28.9, 28.7, 25.3, 23.7. HRMS calcd. for 

C16H26NO4 (MH
+
) m/z = 296.1862, found m/z = 296.1857. Anal. HPLC: retention time 

5.95 min (RP HPLC, > 98 % purity). Diastereomer (S)-53: 
1
H NMR (CD3OD):  5.44 (ddt, 

J = 8.9, 2.4, 2.4, 1H), 4.33 (m, 1H), 3.37 (t, J = 6.8, 2H), 3.24 (app. t, J = 7.2, 1H), 2.51 (m, 

1H), 3.32 (m, 1H), 2.11 (m, 1H), 1.89 (m, 3H), 1.67 (m, 2H), 1.40 (s, 9H). 
13

C NMR 

(CD3OD):  177.6, 156.6, 142.2, 126.1, 80.8, 58.1, 50.5, 47.5, 33.9, 30.9, 29.8, 28.7, 26.0, 

24.6. MS calcd. for C16H26NO4 (MH
+
) m/z = 296.2, found m/z = 296.2. 

Fmoc-Pro- [(E)CH=C]-Pro-OH, 43. Boc-Pro- [(E)CH=C]-Pro-OH 53 (72.1 mg, 

0.245 mmol) was dissolved in CH2Cl2 (3.0 mL) and TFA (1.0 mL) was added. The solution 

was stirred at rt for 40 min. The solvent was evaporated and the excess TFA was removed 

under high vacuum. The resulting dark yellow oil was dissolved in NaHCO3 (8.0 mL) and 

stirred at 0 °C for 20 min. Fmoc-OSu (124 mg, 0.366 mmol) was dissolved in 1,4-dioxane 

(3.0 mL) and added dropwise. The solution was stirred at rt for 14 h. The solution was 
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acidified to pH 1 with 1 M HCl. The aqueous solution was extracted with CH2Cl2 (4  

50 mL). The organic layers were combined, washed with water (50 mL), and brine (50 mL). 

After drying with MgSO4, the organic layer was concentrated in vacuo. Flash 

chromatography with 5 % MeOH in CHCl3 gave a pale yellow solid (94.8 mg, 93.0 %). 

[ ]D
25

 = –40.1° (c 0.83, CHCl3). 
1
H NMR:  7.76 (d, J = 7.5, 2H), 7.61 (d, J = 7.2, 2H), 7.39 

(t, J = 7.4, 2H), 7.30 (t, J = 7.0, 2H), 5.53 (m, 1H), 4.39 (m, 3H), 4.23 (m, 1H), 3.48 (m, 2H), 

3.40 (m, 1H), 2.73 (m, 1H), 2.32 (m, 2H), 1.96 (m, 6H), 1.69 (m, 1H). 
13

C NMR:  179.8 

(180.1), 155.0, 144.3, 142.1 (140.8), 141.5, 127.8, 126.2 (124.9), 127.1, 125.3, 120.1, 67.1 

(67.2), 57.2 (56.8), 49.4, 47.5, 46.5 (47.0), 32.1 (33.3), 30.1, 29.1, 25.3, 24.4 (23.6). HRMS 

calcd. for C26H28NO4 (MH
+
) m/z = 418.2018, found m/z = 418.1987. Anal. HPLC: retention 

time 7.92 min (RP HPLC, > 95 % purity). 

H-Pro-OMe•HCl, 54. SOCl2 (4.0 mL, 55 mmol) and MeOH (50 mL) were mixed and stirred 

at 0 °C for 30 min. H-Pro-OH (2.0 g, 17 mmol) was added, and the mixture was stirred at rt 

for 48 h. The solvent was removed in vacuo. A light green solid (2.3 g, 99 %) was obtained. 

1
H NMR (CD3OD):  4.44 (t, J = 7.8, 1H), 3.86 (s, 3H), 3.39 (m, 2H), 2.43 (m, 1H), 2.11 (m, 

3H). 
13

C NMR (CD3OD):  170.5, 60.7, 54.0, 47.2, 29.3, 24.5. 

Boc-Pro-Pro-OMe, 55. H-Pro-OMe 54 (2.0 g, 17 mmol) was dissolved in DMF (100 mL). 

EDC (6.66 g, 34.7 mmol), HOBt (5.34 g, 39.5 mmol), DMAP (303 mg, 2.48 mmol) and 

DIEA (30.0 mL, 172 mmol) were added, and the solution was stirred at 0 °C for 10 min. 

Boc-Pro-OH (5.61 g, 26.1 mmol) was added, and the mixture was stirred at rt for 6 h. The 

resulting solution was diluted with EtOAc (250 mL), washed with 1 M HCl (2  100 mL), 

H2O (100 mL), NaHCO3 (2  100 mL), and brine (100 mL), dried over Na2SO4, concentrated 

in vacuo, and purified by flash chromatography (25 % EtOAc in hexanes) to give a yellow 
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oil (3.48 g, 67.7 %). 
1
H NMR (500 MHz):  4.59 (dd, J = 8.6, 4.2, 0.5H), 4.55 (dd, J = 8.5, 

4.2, 0.5H), 4.50 (dd, J = 8.5, 3.0, 0.5H), 4.39 (dd, J = 8.4, 4.0, 0.5H), 3.77 (dt, J = 9.3, 7.3, 

0.5H), 3.71 (s, 1.5H), 3.70 (s, 1.5H), 3.59 (m, 2.5H), 3.46 (dt, J = 10.2, 7.9, 0.5H), 3.39 (dt, J 

= 10.4, 7.4, 0.5H), 2.17 (m, 2H), 2.02 (m, 5H), 1.85 (m, 1H), 1.45 (s, 5H), 1.39 (s, 4H). 
13

C 

NMR (125 MHz):  172.9 (172.7), 171.2 (171.6), 154.6 (153.7), 79.42 (79.39), 58.7, 57.71 

(57.76), 52.1 (52.1), 46.9 (46.7), 46.5, 29.1 (30.0), 28.7 (28.8), 28.5 (28.4), 25.0 (25.1), 24.1 

(23.6). Rotamers: 3:2. 

Boc-Gly-Pro-Pro-OMe, 56. Boc-Pro-Pro-OMe 55 (3.48 g, 10.7 mmol) was dissolved in 

CH2Cl2 (50 mL), and TFA (10 mL) was added. The solution was stirred at rt for 40 min, and 

the solvent was removed in vacuo. The resulting dark yellow oil was dissolved in DMF 

(100 mL), and HOBt (3.38 g, 22.1 mmol), EDC (4.18 g, 21.8 mmol), DMAP (144 mg, 

1.18 mmol) and DIEA (18.7 mL, 107 mmol) were added. The solution was stirred at 0 °C for 

20 min, and Boc-Gly-OH (3.78 g, 22.0 mmol) was added. The mixture was stirred at 0 °C for 

8 h, then diluted with EtOAc (250 mL), washed with 1 M HCl (2  100 mL), H2O (100 mL), 

NaHCO3 (2  100 mL), and brine (100 mL). The aqueous layers were extracted with EtOAc 

(4  150 mL), and monitored by TLC (50 % EtOAc in hexanes). The organic layers were 

combined, dried over Na2SO4, concentrated in vacuo, and purified by flash chromatography 

(50 % EtOAc in hexanes). A white solid was obtained (2.9 g, 69 %). 
1
H NMR:  5.36 (m, 

1H), 4.69 (dd, J = 8.2, 3.7, 1H), 4.55 (dd, J = 8.7, 4.5, 1H), 4.03 (dd, J = 17.4, 5.6, 1H), 3.89 

(d, J = 3.8, 1H), 3.85 (m, 1H), 3.71 (s, 3H), 3.62 (m, 2H), 3.47 (dt, J = 9.8, 7.0, 1H), 2.20 (m, 

3H), 2.06 (m, 3H), 1.97 (m, 2H), 1.43 (s, 9H). 
13

C NMR:  172.8, 170.4, 167.4, 155.9, 79.6, 

58.8, 58.1, 52.3, 46.8, 46.3, 43.1, 28.9, 28.4, 28.3, 25.1, 24.7. Rotamers: 8:1. 
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Boc-Gly-Pro-Pro-OH, 57. Boc-Gly-Pro-Pro-OMe 56 (405 mg, 1.06 mmol) was dissolved in 

THF (20 mL), and LiOH solution (1.0 M, 11 mL) was added. The mixture was stirred at rt 

for 1 h, monitored by TLC, and quenched with 1 M HCl (50 mL). The aqueous solution was 

extracted with CH2Cl2 (4  100 mL). The organic layers were combined, dried over Na2SO4, 

and removed in vacuo. A pale yellow oil was obtained (298 mg, 81 %). 
1
H NMR:  5.40 (m, 

1H), 4.65 (dd, J = 8.2, 3.9, 1H), 4.59 (dd, J = 8.0, 3.6, 1H), 4.03 (m, 1H), 3.83 (m, 2H), 3.60 

(m, 2H), 3.28 (dd, J = 16.0, 6.4, 1H), 2.18 (m, 3H), 2.02 (m, 4H), 1.90 (m, 1H), 1.42 (s, 9H). 

13
C NMR:  174.8, 171.4, 168.1, 156.2, 79.8, 59.2, 58.1, 47.1, 46.4, 42.9, 28.5, 28.4, 28.2, 

24.9, 24.7. 

Boc-Gly-Pro-OMe, 58. H-Pro-OMe 54 (0.0558 mol) was dissolved in CH2Cl2 (350 mL). 

EDC (12.8 g, 0.0670 mol), HOBt (10.3 g, 0.0671 mol), DMAP (342 mg, 2.80 mmol) and 

DIEA (40.0 mL, 0.229 mol) were added, and the solution was stirred at 0 °C for 10 min. 

Boc-Gly-OH (9.83 g, 0.0561 mol) was added, and the mixture stirred at rt for 8 h. The 

solution was concentrated in vacuo, diluted with EtOAc (300 mL), washed with 1 M HCl (2 

 100 mL), H2O (100 mL), NaHCO3 (2  100 mL) and brine (100 mL), dried over Na2SO4, 

and purified by flash chromatography (25 % EtOAc in hexanes). A pale yellow solid was 

obtained (13.0 g, 81.4 %). 
1
H NMR:  5.45 (m, 1H), 4.52 (d, J = 6.6, 1H), 3.95 (m, 2H), 3.73 

(s, 3H), 3.59 (m, 1H), 3.48 (m, 1H), 2.20 (m, 2H), 2.04 (m, 2H), 1.44 (s, 9H). 
13

C NMR:  

172.4 (171.9), 167.4 (167.6), 155.8, 79.5, 58.8 (58.4), 52.3 (52.7), 45.8 (46.6), 42.9 (42.8), 

29.0 (31.3), 28.3, 24.6 (22.2). Rotamers: 5:1. 

Boc-Gly-Pro-Hyp-OMe, 59. Boc-Gly-Pro-OMe 58 (116 mg, 0.405 mmol) was dissolved in 

THF (6 mL), and 1 M LiOH (4.0 mL aq., 4.34 mmol) was added dropwise. The solution was 

stirred at rt for 2 h, acidified to pH 1 with 1 M HCl, and extracted with CH2Cl2 (6  25 mL). 
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The resulting organic layers were combined, dried with MgSO4, and concentrated in vacuo. 

A clear oil (86.8 mg, 78.5 %) was obtained. 
1
H NMR:  8.83 (br s, 1H), 5.61 (m, 1H), 4.50 

(m, 1H), 3.99 (d, J = 17.2, 1H), 3.86 (d, J = 17.2, 1H), 3.54 (m, 1H), 3.44 (m, 1H), 2.11 (m, 

2H), 1.98 (m, 1H), 1.86 (m, 1H), 1.38 (s, 9H). Boc-Gly-Pro-OH (138 mg, 0.506 mmol) was 

dissolved CH2Cl2 (20 mL). HBTU (231 mg, 0.610 mmol), HOBt (93.2 mg, 0.609 mmol), 

DMAP (5.9 mg, 0.048 mmol) and DIEA (0.35 mL, 2.0 mmol) were added, and the solution 

was stirred at 0 °C for 10 min. H-Hyp-OMe 3 (91.9 mg, 0.506 mmol) was added, and the 

mixture was stirred at rt for 8 h. The solution was concentrated in vacuo, diluted with EtOAc 

(50 mL), washed with 1 M HCl (2  25 mL), H2O (25 mL), NaHCO3 (25 mL) and brine 

(25 mL), dried over Na2SO4, concentrated in vacuo, and purified by flash chromatography 

(2 % MeOH in CHCl3). A yellow oil was obtained (68.6 mg, 33.9 %). 
1
H NMR:  5.59 (m, 

1H), 5.41 (m, 1H), 4.65 (app. t, J = 8.3, 1H), 4.56 (dd, J = 8.2, 4.2, 1H), 4.22 (d, J = 11.3, 

1H), 4.03 (m, 1H), 3.91 (app. d, J = 15.1, 1H), 3.82 (m, 1H), 3.74 (s, 3H), 3.59 (m, 1H), 3.49 

(m, 1H), 2.46 (m, 1H), 2.29 (m, 1H), 2.15 (m, 2H), 2.02 (m, 2H), 1.46 (s, 5H), 1.43 (s, 4H). 

13
C NMR:  172.2 (171.2), 170.3 (169.8), 167.7, 156.00 (155.96), 80.1 (79.8), 73.67 (73.73), 

60.6 (59.0), 57.7 (57.6), 57.55 (57.49), 52.5, 46.3 (47.1), 42.9 (42.8), 34.3 (34.4), 28.5 (28.6), 

28.37 (28.43), 25.0. MS calcd. for C18H30N3O7 (MH
+
) m/z = 400.5, found m/z = 400.6. 

Rotamers: 3:2. 

Boc-Gly-Pro-Hyp-OBn, 60. Boc-Pro-Hyp-OBn 10 (6.37 g, 15.2 mmol) was dissolved in 

CH2Cl2 (60 mL). TFA (20 mL) was added, and the solution was stirred at rt for 30 min. The 

solvent and excess TFA were removed in vacuo. The resulting dark yellow oil was dissolved 

in CH2Cl2 (200 mL). HBTU (9.08 g, 22.8 mmol), HOBt (3.50 g, 22.8 mmol), DMAP 

(93.6 mg, 0.766 mmol) and DIEA (13.3 mL, 76.2 mmol) were added. The solution was 
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stirred at 0 °C for 20 min, and Boc-Gly-OH (4.01 g, 22.9 mmol) was added. The reaction 

was stirred at rt for 8 h. The solution was concentrated in vacuo, and diluted with EtOAc 

(300 mL). The organic layer was washed with 1 M HCl (2  150 mL), H2O (150 mL), 

NaHCO3 (2  150 mL) and brine (100 mL). The aqueous layers were extracted with CH2Cl2 

(4  150 mL) and monitored by TLC (5 % MeOH in CHCl3). The organic layers were 

combined, dried over MgSO4, concentrated in vacuo, and purified by flash chromatography 

(2 % MeOH in CHCl3). A white solid (6.65 g, 91.9 %) was obtained. 
 1

H NMR (500 MHz):  

7.33 (m, 5H), 5.62 (m, 0.5H), 5.47 (dt, J = 4.8, 4.8, 1H), 5.38 (m, 0.5H), 5.24 (d, J = 12.1, 

0.5H), 5.21 (d, J = 12.1, 0.5H), 5.08 (d, J = 12.2, 0.5H), 5.06 (d, J = 12.1, 0.5H), 4.70 (dt, J = 

8.2, 3.8, 1H), 4.64 (dd, J = 8.4, 4.2, 0.5H), 4.55 (dd, J = 8.4, 3.8, 0.5H), 4.49 (m, 1H), 4.00 

(m, 1.5H), 3.86 (m, 2H), 3.65 (dd, J = 10.6, 4.2, 0.5H), 3.56 (m, 1H), 3.45 (m, 1H), 2.46 (m, 

1H), 2.35 (m, 1H), 2.10 (m, 2H), 1.95 (m, 2H), 1.45 (s, 4.5H), 1.43 (s, 4.5H). 
13

C NMR (125 

MHz):  172.0, 171.3 (170.8), 167.8 (166.0), 155.95 (156.02), 135.6 (135.4), 128.58 

(128.62), 128.32 (128.42), 128.15 (128.20), 79.7 (80.1), 70.4, 66.9 (67.1), 59.0 (60.6), 58.0 

(57.8), 57.7 (55.0), 46.4 (46.3), 42.9 (43.0), 38.7 (37.5), 34.2 (34.3), 28.39 (28.36), 24.7 

(24.9). Rotamers: 1:1. 

Boc-Gly-Pro-Hyp-OH, 61. Boc-Gly-Pro-Hyp-OBn 60 (417 mg, 0.878 mmol) was dissolved 

in MeOH (20 mL), and 10 % Pd/C (40 mg) was added. H2 was introduced with a balloon, 

and the suspension was stirred at rt for 3.5 h. The solution was filtered through Celite™, and 

concentrated in vacuo. A clear, colorless oil (278 mg, 82 %) was obtained. 
1
H NMR (500 

MHz, CD3OD):  5.41 (m, 1H), 4.72 (dd, J = 8.7, 3.8, 0.5H), 4.67 (dd, J = 8.3, 3.9, 0.5H), 

4.50 (m, 1H), 4.10 (d, J = 11.9, 0.5H), 3.98 (app. t, J = 16.2, 0.5H), 3.89 (m, 0.5H), 3.84 (m, 

0.5H), 3.81 (m, 1H), 3.77 (m, 2H), 3.59 (m, 2H), 2.69 (m, 0.5H), 2.61 (app. t, J = 5.6, 0.5H), 
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2.24 (m, 2H), 2.07 (m, 1H), 2.03 (m, 1H), 1.89 (m, 1H), 1.45 (s, 4H), 1.44 (s, 5H). 
1
H NMR 

(125 MHz, CD3OD):  175.2 (174.6), 173.1 (172.8), 169.90 (169.86), 158.3 (158.5), 80.5 

(80.6), 71.2 (71.1), 61.7 (60.1), 59.7 (59.5), 59.3 (59.2), 55.7 (53.5), 47.6 (47.5, 46.3), 43.6 

(43.3), 37.8 (35.4), 29.0 (29.2), 28.7, 25.5 (25.7). Rotamers: 3:1:1. 
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Chapter 3 Design, synthesis and characterization of 

collagen-inspired polypeptides 

3.1 Design of peptides containing the Gly-trans-Pro isostere 

Synthetic collagen-like polypeptides have been used widely to elucidate the three-

dimensional structure and the conformational stability of the collagen triple helix.
4
 Although 

natural collagen can be either homotrimeric or heterotrimeric, the homotrimeric, self-

associating peptides with the sequence of (Gly-Xaa-Yaa)n are often used as models of 

synthetic collagen polypeptides because they are easier to synthesize by various organic or 

peptide synthetic methods. Peptides with the sequence of (Gly-Pro-Pro)n and (Gly-Pro-Hyp)n 

are the most widely used synthetic polypeptides in collagen studies because they can self-

associate into triple helical structures.
116,215

 Studies on collagen peptides with homogeneous 

repeating units showed that except for the peptides with 4(R)-Flp at the Yaa position, the 

collagen-like polypeptide (Gly-Pro-Hyp)n has the highest Tm value.
10,45,138

 

It is useful to predict the stability of the triple helix before the actual synthesis of the 

polypeptides. The host-guest system was used to study the effect of a single amino acid 

residue on the overall structural stability. O’Neil and DeGrado,
123

 and Smith et al.
124

 applied 

this system to the study of the -helix and -sheet respectively. Bachinger and Davis first 

suggested the parameters that allowed the prediction of the triple helical propensity of each 

amino acid in collagen.
271

 Brodsky and co-workers applied the host-guest system to collagen 

stability studies.
44,120,125,129,205

 In their design, a guest tripeptide of interest is flanked by 

several host triplets, which are used to increase the thermal stability of the triple-helical 

structure into the ambient temperature region. Usually, three or four repeats of Gly-Pro-Hyp 
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are added to each end of the guest sequence. Studies showed that Pro at the Xaa, and Hyp at 

the Yaa positions yielded the most stable triple helical structure.
44

  

 Previous studies showed that the thermal stability of the collagen-like polypeptides 

with free acid or amine ends is pH-dependent, with a higher Tm value under acidic or basic 

conditions, and a lower Tm value under neutral conditions.
272

 These results show that a charge 

on the backbone will affect the stability of the collagen triple helix. The host-guest system 

that Brodsky designed has the sequence, Ac-(Gly-Pro-Hyp)3-Gly-Xaa-Yaa-(Gly-Pro-Hyp)4-

Gly-Gly-NH2, with no charge on the backbone. The thermal stability of the resulting triple 

helix is pH-independent if the side-chain of the guest triplet is not charged.
126

 

Ac-(Gly-Pro-Hyp)3-Gly-Pro-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2
62

Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-L-Pro-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2
63

Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-D-Pro-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2
64

FmocHN
N

O
N

O
t
Bu

OH

O

FmocHN

O
N

O
t
Bu

OH

O

26

O

25

 

Figure 3.1 Design of the collagen-like host-guest polypeptides. 

 

 Based on these previous studies and the model reactions we had performed, we 

designed our collagen-like polypeptides. Peptide 62 has Gly-Pro-Hyp as the guest triplet and 

acts as control peptide for our stability studies (Figure 3.1). Peptide 63 has the alkene isostere 

Gly- [(E)CH=C]-L-Pro-Hyp, which has the natural Pro-like stereochemistry, as the guest 

peptide. Peptide 64 has the alkene isostere Gly- [(E)CH=C]-D-Pro-Hyp, which has the 
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unnatural Pro-like stereochemistry, as the guest peptide. Although the two diastereomers of 

the tripeptide isostere 26 were separated, the absolute stereochemistry of the diastereomers 

was not determined. Both diastereomers were incorporated into the sequence; the peptide 

with the isostere Gly- [(E)CH=C]-D-Pro-Hyp would be unable to form a triple helical 

structure based on previous studies with D-amino acids.
43,273

 Moreover, we also put one Tyr 

residue at the amine end for the quantitative measurement of the peptide concentration with 

UV, which provides a more accurate assessment of the concentration than the measurement 

of the weights of the dry peptides.
274,275

 

3.2 Synthesis of peptides containing the Gly-trans-Pro isostere 

 Before putting the synthetic tripeptide isostere Gly- [(E)CH=C]-Pro-Hyp into the 

sequence, model reactions were performed with only the Gly-Pro-Hyp isostere to find the 

best tripeptide building block and reaction conditions. 

 Rink amide MBHA resin was used as the matrix for solid phase peptide synthesis 

because it provides an amide group at the C-terminus after cleavage from the resin. A model 

reaction with side-chain unprotected tripeptide Fmoc-Gly-Pro-Hyp-OH 1 was performed. 

The loading was measured after coupling the first amino acid residue. (Applied Biosystems. 

Determination of the Amino Acid Substitution Level via an Fmoc Assay; Technical Note 

123485 Rev 2, accessed Jun. 19th, 2008) The loading percentage was usually around 86 % to 

93 % for Rink amide MBHA resin, which was much higher than for the 2-chlorotrityl 

chloride resin (about 35 %-60 %). The peptide with the sequence Ac-(Gly-Pro-Hyp)7-Gly-

Gly-NH2 was synthesized by solid phase peptide synthesis and characterized by LC-MS. 

Because the LC-MS has a 1500 Da mass limit and the molecular weight of the synthesized 

peptide is greater than the detectable mass upper-limit, the molecular ion peak MH
+
 was not 
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available. The doubly charged peak MH2
2+

/2 or the triply charged peak MH3
3+

/3 was used to 

identify the polypeptide. From the LC-MS chromatogram, in addition to the desired MH2
2+

/2 

peak, a [M+45]
2+

/2 peak was also observed. This indicated that during the final acetylation 

step, the acetyl group was attached to both the amine end and the unprotected hydroxyl group 

of one of the Hyp residues. From the integration of the LC-MS chromatogram, the 

[M+45]
2+

/2 peak was even larger than the MH2
2+

/2 peak, and the crude product was a very 

complicated mixture, which was not worth purifying. The side-chain unprotected tripeptide 

Fmoc-Gly-Pro-Hyp-OH 1 was not a good tripeptide building block for solid phase peptide 

synthesis of the desired host-guest polypeptides 62 and 63. 

 The side-chain protected tripeptide building block 25 was synthesized. The model 

reaction with tripeptide 25 (Figure 3.1) was performed to synthesize the peptide Ac-(Gly-

Pro-Hyp)7-Gly-Gly-NH2, and the peptide synthesis was monitored by the Kaiser test.
276

 No 

[M+45]
2+

/2 peak was observed in the LC-MS chromatogram of the crude peptide mixture, 

which indicated that the acetylation of the free hydroxyl group was successfully avoided. But 

for most of the model reactions, the crude polypeptides were still very impure. Some factors 

significantly affected the quality of the synthesized polypeptides, and these are summarized 

as follows: 

1) The purity of the tripeptide building block. Ottl et al. synthesized the tripeptide 

building block 25 without column purification, and the final product was obtained by 

precipitation from a MeOH-Et2O solvent system.
239

 But we found that the quality of 

tripeptide 25 from precipitation was not good enough for solid phase peptide 

synthesis. Therefore, tripeptide 25 we prepared was purified by flash chromatography 

followed by precipitation from MeOH-Et2O. The resulting solid tripeptide 25 was 
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more pure, and provided a cleaner crude polypeptide from solid phase peptide 

synthesis. 

2) The quality of the reagents used in SPPS, especially DIEA. The quality of the 

reagents is very important for solid phase synthesis. Usually the coupling reagents, 

such as HBTU and HOBt, do not affect the quality of the product if they are properly 

stored, although the use of old HATU has caused failures of solid phase peptide 

synthesis in our group (Dr. Tao Liu, unpublished results). However, the base DIEA 

can be problematic in solid phase peptide synthesis. We found that fresh DIEA, 

which is usually very light yellow in color, can provide a very pure crude peptide 

from solid phase synthesis. Once the DIEA aged, which was yellow or even darker in 

color, the crude peptides became very impure, and sometimes even no desired peptide 

was obtained (Dr. Song Zhao and Ana Y. Mercedes-Camacho, unpublished results). 

It is important to test the purity of the base by NMR before solid phase synthesis. 

3) Reaction time and temperature. Solid phase peptide synthesis is a fast reaction and 

usually finishes within 30 min. The synthesis of a peptide with nine amino acid 

residues using 10 min coupling time for each residue gave a crude peptide that was 

very pure and did not need HLPC purification (Ana Y. Mercedes-Camacho, 

unpublished results). The longer the reaction time runs, the more chance that the 

peptide synthesis will include side reactions. Unfortunately, for the synthesis of the 

collagen-like peptides, except for the first three amino acid residues, the coupling 

reactions do not finish within 30 min. The coupling of tripeptide building block 

required at least 1-1.5 h monitored by HPLC. For the coupling of the last two or three 

tripeptide units, the Kaiser test showed that a small amount of resin still turned blue 
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even after 3-4 h, which meant that the reaction was not finished. For this reason, a 

capping reaction with 10 % Ac2O and 10 % DIEA in CH2Cl2 was performed after 

each coupling. This creates greater differences in peptide length to simplify HPLC 

purification. Increasing the reaction temperature can increase the coupling reaction 

rate, but it also increases the reaction rate of side reactions. Moreover, it caused some 

problems during the capping process, and the top of the reaction tube popped off due 

to the built-up pressure. Consequently, the reaction temperature could not be very 

high. 

4) Solvent. For solution phase peptide synthesis, CH2Cl2 is the most common solvent 

used because it is easy to remove. While for solid phase synthesis, CH2Cl2 causes 

solubility problems with HBTU and HATU, and it is not as good for fast peptide 

synthesis. DMF is widely used in solid phase peptide synthesis, but HBTU still 

dissolves slowly in DMF. NMP is another possible solvent for solid phase synthesis, 

and HBTU dissolves better in NMP than in DMF. It is still a matter of debate as to 

which solvent is better. For the synthesis of peptides containing Ser-Pro isosteres, 

NMP was a better solvent system than DMF; (Dr. Song Zhao, personal 

communication) for the synthesis of short peptides, DMF provided a cleaner product. 

(Ana Y. Mercedes-Camacho, personal communication) For collagen-like polypeptide 

synthesis, no significant difference between DMF and NMP as the solvent was 

observed, although it seems the coupling reaction was a little faster in DMF. 

Based on the model reactions, the best conditions for solid phase peptide synthesis are 

shown in Scheme 3.1. The whole solid phase peptide synthesis was performed at 30 °C. Rink 

amide MBHA resin and the solvent NMP were used. Standard Fmoc/HBTU conditions were 
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used, with 30 min coupling for single amino acids, and 2 h coupling for tripeptide building 

blocks. 

Scheme 3.1 Solid phase peptide synthesis of control peptide 62. 

FmocHN

1) 20% piperidine, NMP
2) Fmoc-Tyr(tBu)-OH
    HBTU, HOBt
    DIEA, NMP
3) Ac2O, DIEA, CH2Cl2

Fmoc-Tyr(tBu)-NH

1) 20% piperidine, NMP
2) Fmoc-Gly-OH
    HBTU, HOBt
    DIEA, NMP
3) Ac2O, DIEA, CH2Cl2

Fmoc-Gly-Gly-Tyr(tBu)-NH

1) 20% piperidine, NMP
2) Fmoc-Gly-Pro-Hyp(tBu)-OH
    HBTU, HOBt, DIEA, NMP
3) Ac2O, DIEA, CH2Cl2

Fmoc-(Gly-Pro-Hyp(tBu))8-Gly-Gly-Tyr(tBu)-NH

1) 20% piperidine, NMP
2) Ac2O, DIEA, CH2Cl2
3) TFA/H2O/TIPSH

Ac-(Gly-Pro-Hyp)3-Gly-Pro-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2
62

x2

x8

 

 The synthesis of peptides 63 and 64, which contain the conformationally locked Gly-

Pro isostere, is similar to that of control peptide 62. During the coupling of the tripeptide 

alkene isostere, Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-OH L- or D-26, HATU and HOAt 

were used as the coupling reagents, and collidine was used as the base to prevent the double-

bond migration during solid phase synthesis (Scheme 3.2).
224

 Because tripeptide isostere 26 

is difficult to synthesize and is very precious, exactly 1.0 equivalent of the tripeptide isostere 

26 was used and the coupling reaction was performed only once at 35 °C for 2.5-3 h. Both 

peptides 63 and 64 were obtained as white solids, and ready for purification. 
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Scheme 3.2 Solid phase peptide synthesis of the Gly-Pro isostere containing peptide 63 and 

64. 

FmocHN
1) 20% piperidine, NMP
2) Fmoc-Tyr(tBu)-OH
    HBTU, HOBt
    DIEA, NMP
3) Ac2O, DIEA, CH2Cl2

Fmoc-Tyr(tBu)-NH

1) 20% piperidine, NMP
2) Fmoc-Gly-OH
    HBTU, HOBt
    DIEA, NMP
3) Ac2O, DIEA, CH2Cl2

Fmoc-Gly-Gly-Tyr(tBu)-NH

1) 20% piperidine, NMP
2) Fmoc-Gly-Pro-Hyp(tBu)-OH
    HBTU, HOBt, DIEA, NMP
3) Ac2O, DIEA, CH2Cl2

Fmoc-(Gly-Pro-Hyp(tBu))4-Gly-Gly-Tyr(tBu)-NH

1) 20% piperidine, NMP
2) Ac2O, DIEA, CH2Cl2
3) TFA/H2O/TIPSH

Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-D-Pro-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2
64

x2

x4

Fmoc-Gly- [(E)CH=C]-Pro-Hyp(tBu)-(Gly-Pro-Hyp(tBu))4-Gly-Gly-Tyr(tBu)-NH

1) 20% piperidine, NMP
2) Fmoc-Gly- [(E)CH=C]-Pro-Hyp(tBu)-OH 26
    HATU, HOAt, Collidine, NMP
3) Ac2O, DIEA, CH2Cl2

1) 20% piperidine, NMP
2) Fmoc-Gly-Pro-Hyp(tBu)-OH
    HBTU, HOBt, DIEA, NMP
3) Ac2O, DIEA, CH2Cl2

x3

Fmoc(GlyProHyp(tBu))3Gly [(E)CH=C]ProHyp(tBu)(GlyProHyp(tBu))4GlyGlyTyr(tBu)-NH

Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-L-Pro-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2
63
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3.3 Purification of peptides containing the Gly-trans-Pro isostere 

 The crude peptides were purified by reverse phase HPLC. Usually, all the impurities 

should be visible at 210 nm, so the chromatogram at 210 nm was used to obtain better 

separation. Since TFA cannot be used in the solvents for LC-MS, and formic acid has a cut-

off wavelength of 250 nm, the chromatogram at 260 nm was obtained to compare with the 

LC-MS results to identify the peak of interest. 

 A slow gradient with two solvents was used to achieve a good resolution: solvent A 

was 0.1 % TFA in H2O, solvent B was 0.1 % TFA in CH3CN. Solvents without TFA were 

also tried, but significant tailing of the peaks was observed. Solvents with 1 % formic acid 

were used in the LC-MS analysis, and were also tried in the analytical HPLC system to 

identify the peak order in the chromatograms. 

 Two reverse phase columns were tried in the analytical HPLC separation: a Waters 

XBridge C18 reverse phase column (2.5 μm, 4.6  50 mm) and a VYDAC Protein C4 

214TP54 reverse phase column (5 μm, 4.6  250 mm). A relatively fast gradient from 10 % 

to 90 % solvent B over 20 min was tried to see which column gave the best separation. 

Although the separation on the VYDAC Protein C4 column was not very good at this 

gradient, the desired the peak could be identified. The desired peak was not found in the 

chromatogram obtained with the Waters XBridge C18 column. There are two possible 

reasons for this result: 1) the synthetic collagen-like peptide is a very polar 27-mer, and it 

elutes too fast; 2) the synthetic collagen-like peptide has a very strong interaction with the C-

18 stationary phase and it elutes very slowly. From my experience with helix-turn-helix 

peptides (29-mer), the latter reason is more probable. 
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 A Protein C4 reverse phase column was chosen to separate the crude peptides. The 

gradient from 10 % to 90 % CH3CN over 20 min was still too fast, and the desired peak 

eluted at about 8 min. Methods with a slower gradient were tried, and the one that gave the 

best separation is shown in Table 3.1.  

Table 3.1 Method for HPLC separation of the collagen-like peptides 62, 63 and 64. 

Time (min) 0 20 22 30 32 35 

% B
 a 

5 25 60 60 5 5 

a) Solvent A is 0.1 % TFA in H2O; solvent B is 0.1 % TFA in CH3CN. 

The solvent B gradient ran from 5 % to 25 % over 20 min, and the desired peak 

eluted at about 15 min. Although this condition still did not give very good peak resolution, it 

gave the best separation of all the gradients. Heating the sample may help the separation of 

the collagen-like peptides. (Mathew Shoulders, personal communication) The sample was 

heated to 60 °C followed by an immediately injection onto the column, but the peak 

resolution appeared unchanged. Heating the column to approximately 70 °C was also tried on 

the LC-MS system, but still no significant improvement to the separation was observed. 

Before preparative HPLC separation, LC-MS with the same VYDAC Protein C4 

column was performed to confirm the identity of the peaks. The preparative HPLC separation 

was performed with the same method at a flow rate of 15 mL/min. The chromatogram was 

monitored at 210 nm, and fractions were collected manually. The purity of the peptides was 

confirmed by analytical HPLC. 
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3.4 Characterization of peptides containing the Gly-trans-Pro 

isostere 

3.4.1 NMR 

 Two 
1
H NMR experiments were performed to identify the peptides. All three purified 

peptides were dissolved in 0.5 mL DMSO-d6 and the 
1
H NMR experiments were then 

performed. The spectra showed the presence of all proton peaks including the N-H proton. 

There are many peaks with a chemical shift above 5.0 ppm, and it was very difficult to 

determine which peak represents the alkene C-H proton. A proton exchange 
1
H NMR 

experiment was performed. A few drops of D2O were added to the NMR tube, and the 

solution was mixed well. The NMR tube was left at rt for about 2 h to allow complete 

deuterium exchange with the active N-H protons. The exchange 
1
H NMR spectra showed 

that only three peaks have chemical shifts above 5.0 ppm. A peak at 7.0 ppm and another 

peak at 6.65 ppm are associated with the benzene ring of the Tyr residue. For peptide 63, 

there is an additional peak at 5.09 ppm, while there is a peak at 5.26 ppm for peptide 64. 

These two peaks were tentatively assigned as the alkene C-H in the two peptides 

respectively. The 
1
H NMR results confirmed the presence of the alkene H-C=C bond, so this 

bond does not migrate into the 5-membered ring. The integration was not very good because 

the amount of peptides used in this study was very small (< 1 mg), and it was difficult to get 

a good baseline for accurate integration. 

3.4.2 LC-MS and MALDI-TOF 

 LC-MS experiments were performed to prove the identities of the purified peptides. 

The gradient was from 5 % to 95 % solvent B (1 % formic acid in CH3CN) over 35 min with 
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a flow rate of 0.2 mL/min. The peaks of interests were eluted at 13-15 min. LC-MS results 

are shown in Table 3.2. 

Table 3.2 Mass of the collagen-like peptides 62, 63 and 64 from LC-MS. 
a 

 MH
+ 

MH2
2+

/2 MH3
3+

/3 

 Calcd.
b 

Exp. Calcd.
a
 Exp. Calcd.

b
 Exp. 

62 2475.1 ND
c 

1238.1 1238.0 825.7 825.9 

63 2458.1 ND
c 

1229.6 1229.8 820.0 820.0 

64 2458.1 ND
c 

1229.6 1229.7 820.0 820.1 

a) LC-MS was performed with a RP C-18 column (100  2.1 mm), electrospray ionization 

(positive ion mode), and a triple-quadrupole mass separator; b) The calculated mass was the 

calculated highest peak, not the average MW, c) ND = not detectable. The MH
+
 peak was 

above the detectable upper-limit of the instrument. 

 

 The molecular mass peaks were not available because the mass detector has a 1500 

Da detection limit. The doubly charged (MH2
2+

/2) and triply charged (MH3
3+

/3) peaks were 

used to identify the desired product peaks. The doubly charged and triply charged ions 

appeared at the same retention time in the chromatogram. Theses two ions have mass values 

that are very close to the calculated values, which indicated that the purified peptides have 

the correct mass. 

 The peptides were submitted for MALDI-TOF analysis (VBI core lab, Virginia Tech) 

so that the molecular mass could be determined. The peptide was dissolved in water, and 50 

μL of each sample were taken. Ziptip C18 pipette tips were used to enrich the peptides. -

Cyano-4-hydroxycinnamic acid (CHCA) in 50 % CH3CN was used as the matrix. To obtain a 

more accurate mass, a standard peptide (ACTH 18-39, MW = 2464.1989) with some BSA 

digest was added to act as the internal standard. The results are shown in Table 3.3. 

Unfortunately, no molecular ion MH
+
 peak was observed in the MALDI-TOF spectra, the 

major peaks in the desired region have masses close to those calculated for the molecule plus 

sodium ion ([M+Na]
+
, MW = M+23) or potassium ion ([M+K]

+
, MW = M+39). 
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An ion-exchange experiment was performed with the peptides 63 and 64 to prove 

their identities. A few drops of the peptide solutions were added to 1 N LiCl solution and left 

at rt for about 30 min to exchange the Na
+
 and K

+
 ions with the Li

+
 ion. Then a MALDI-TOF 

experiment was performed with 2,5-dihydroxybenzoic acid (DHBA) as the matrix to study 

the ion-exchange result. The spectrum showed that, before the ion exchange, there was a 

peak at 2480 Da, which was thought to be the [M+Na]
+
 peak. After the ion-exchange 

experiment, the peak at 2480 Da became smaller, and a new peak at 2463 Da appeared and 

became the highest peak in the spectrum. This result confirmed that the peak at 2480 Da is 

the [M+Na]
+
 peak (M+23), and the peak at 2463 Da is the [M+Li]

+
 peak (M+6). Then, the 

molecular weight of the peptides 63 and 64 can be deduced to be 2457 Da, and the molecular 

weight of peptide 62 is 2474 Da, which matched the calculated values. 

From the 
1
H NMR, LC-MS and MALDI-TOF results, the identities of the peptides 

were confirmed. All three synthesized peptides had the right mass, and the Gly-Pro isostere 

containing peptides 63 and 64 had the alkene double bond in the sequence. The alkene bond 

was at the correct position, and did not shift into the ring during solid phase peptide 

synthesis. 

Table 3.3 Mass of the collagen-like peptides 62, 63 and 64 from MALDI-TOF. 

 Internal standard 
a 

[M+Na]
+
 [M+K]

+
 

 Calc. 
b 

Exp. Calc. 
b
 Exp. Calc. 

b
 Exp. 

62 2465.20 2465.86 2497.12 2497.76 2513.12 2513.78 

63 2465.20 2465.11
 

2480.13 2480.06 2496.13 2496.03 

64 2465.20 2464.90
 

2480.13 2479.85 2496.13 2495.82 

a) The standard peptide (ACTH 18-39, MW = 2464.1989) with some BSA digest was added 

as the internal standard. b) The calculated mass was the calculated highest peak, not the 

average molecular weight. 
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3.4.3 CD analysis 

Principle of circular dichroism 

 Natural light can be polarized electrically or magnetically to plane-polarized light. 

Plane-polarized light can be assigned to two components with equal magnitude: the counter-

clockwise rotating component (left-handed, L), and the clockwise rotating component (right-

handed, R). When plane-polarized light passes through the a sample, if the L and R 

components are not absorbed or are absorbed to equal extents, the recombination of L and R 

components will regenerate the radiation in the original plane. 
277-279

 However, if L and R 

components are absorbed differently, the resulting radiation will have elliptical polarization. 

Circular dichroism (CD) refers to the differential absorption of two circular-polarized 

components of the plane-polarized light.
277-279

  Elliptical polarization can be observed when a 

chromophore is optically active for one of the following reasons: 1) intrinsically chiral, or 

optically active due to the torsion angle of the C-S-S-C chain; 2) covalently linked to a chiral 

center; 3) in an 3-dimensional asymmetric environment.
277-279

 CD signals only appear when 

the differential absorption of radiation occurs, so the spectral bands are associated with the 

distinct structural features of a molecule.
277

 

Many structural features in proteins can cause CD signals. Peptide bonds (< 240 nm), 

aromatic side-chains (260-320 nm), disulphide bonds ( 260 nm, weak), even non-protein 

cofactors (in a wide wavelength range), and ligands, which may not be intrinsically chiral, 

but can acquire their chirality when bound in an asymmetric environment, are possible 

chromophores that can be observed in a CD spectrum.
277

 The CD spectra in the far-UV 

region (< 250 nm), which can be attributed to the amide bonds in proteins, are associated 

with various types of secondary structure. In particular, the CD spectrum between 240 nm 
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and 200 nm, which provides useful structural information, is widely used to estimate the 

protein conformation.
280

 

Circular dichroism is an important tool to characterize the structure of short peptides. 

Collagen-like polypeptides have a characteristic maximum at 225 nm and an intense 

minimum around 200 nm in the CD spectrum.
122

 The heat-induced unfolding process from 

the collagen triple helix to the unfolded state is highly cooperative and occurs within a very 

narrow temperature range. The temperature at the midpoint of this transition Tm is used to 

describe the stability of the collagen triple helix.
40

 

Concentration determination 

 All three peptides were dissolved in 10 mM PBS buffer (pH 7.0, 0.15 M NaCl, 

10 mM phosphate buffer). Concentrated guanidine hydrochloride solution (6 M) was used to 

denature the peptides to produce the completely unfolded state and achieve an accurate UV 

measurement. The concentration can be determined by Beer’s law: 

A = bc       (1) 

Where A is the absorbance at 280 nm;  is the molar extinction coefficient, which is 1490 M
–

1
cm

–1
 for Tyr at 280 nm;

281,282
 b is the concentration; c is the length of the cell, which is 1 

cm for this measurement. The calculated concentrations of the three peptides are shown in 

Table 3.4. 

Table 3.4 Concentration of the collagen-like peptides 62, 63 and 64 solutions. 

 Peptide 62 Peptide 63 Peptide 64 

Concentration (mg/mL) 0.22 0.40 0.60 

 

Two-state model for data processing 

A two-state model has been used in protein studies to describe the transition between 

the all-native and the all-denatured state.
283,284

 The folding process of the collagen-like 
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peptide has a triple helix state and an unfolded state,  and the folding process is highly 

cooperative. The values of Tm can be determined by fitting the data to the two-state model. 

The molar ellipticity of the triple helical conformation was found to be independent 

of temperature, while the ellipticities of the unfolded forms show a linear temperature 

dependence in all solvent systems.
122,285

 Using the “all-or-none” model, the equilibrium 

constant K can be shown as: 

K =
H3n 2[ ]

C[ ]
3 =

F

3c0
2 1 F( )

3       (2) 

Where F is the fraction of chains or tripeptide units in the triple helical state, which means F 

= 3[H]/[C0], in which [H] is the concentration of triple helical state, [C0] is the initial 

concentration of coil state, and c0 is the total concentration of the peptide.
168

 

The Gibbs free energy can be shown to be: 

G0
= H 0 T S0 = RT lnK      (3) 

Where G
0
 is the standard Gibbs free energy, H

0
 is the standard enthalpy, and S

0
 is the 

standard entropy. When F = 0.5, which means that half of the tripeptide units are in the triple 

helical structure, the temperature T is Tm. Then the equation becomes: 

Tm =
H 0

S0 + R ln(0.75c0
2)

      (4) 

It is clear that the melting point Tm is concentration dependent, and can be calculated from 

Eq. 4. By combining Eq. 3 and Eq. 4, the equilibrium can also be shown to be: 

K = exp
H 0

RT

T

Tm
1

 

 
 

 

 
 ln(0.75c0

2)
 

 
 

 

 
     (5) 
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The temperature dependence of H
0
 is very small and the specific heat of the coil to triple 

helix transition is close to 0.
134

 The relationship between the fraction conversion F and the 

measured molar ellipticity [ ] can be shown to be: 

F =
[ ] [ ]c
[ ]h [ ]c

          (6) 

K =
F

1 F
           (7) 

In which [ ]h and [ ]h are the ellipticities of the peptide in the complete triple helical 

conformation or in the unfolded conformation respectively. Eq. 7 is the simplified form of 

Eq. 2 during the denaturing process. The linear temperature dependencies of the observed 

ellipticities in the triple helix state [ ]h and the coil state [ ]c can be described as: 

[ ]h = [ ]h,Tm + a(T Tm )

[ ]c = [ ]c,Tm + b(T Tm )
         (8) 

In which the theoretical ellipticities of the triple helix and the unfolded state at the melting 

point [ ]h, Tm and [ ]c, Tm are reference values.
40,122,168

 The obtained ellipticities were fitted to 

the two state model with Sigma-Plot v10.0 by combining Eq. 2, 5, 6, 7 and 8, and fitting the 

fraction conversion F to the equilibrium constant K. The initial slopes a, b, and the Y-axis 

intercepts were calculated with Excel from the first 6, and the last 5 data points from the CD 

spectra respectively. 

Results and discussion 

Purified peptides were dissolved in PBS buffer solution (pH 7.0, 10 mm), and 

incubated at 4-5 °C for 72 h. The CD spectra were obtained in 3 °C increments with a 5 min 

equilibration time, and the ellipticity at 226 nm was monitored. The unfolding process of 

each peptide was measured twice, and the data obtained were processed separately and 
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averaged to obtain the Tm value. The cell was checked before each measurement because air 

bubbles in the cell significantly decreased the ellipticity. 

In the full-range spectra, all three peptides showed a maximum at around 225 nm, and 

a minimum around 210 nm (Figure 3.2). The results confirmed the formation of the PPII 

helixes for all three peptides. Since the lamp was very old, and it had a limited detection 

range, the spectrum below 210 nm exceeded the negative detection limit and was very noisy, 

and could not be used to reliably identify the structure of the peptides. The maximum at 

225 nm in the spectra of peptides 63 and 64 was less intense than for control peptide 62, 

while the minimum around 205 nm was also less intense, which indicated that the peptides 

with the alkene isosteres were less helical than the all-natural control peptide. The value of 

the molar ellipticity was not accurate because: 1) the calibration of the CD spectropolarimeter 

is not good, the CD spectropolarimeter was calibrated before use and the CD spectrum of the 

standard showed that the wavelength calibration was very accurate, but the ellipticity value was 

about 3.5 times greater than it should be, and we could not adjust it to acquire a more 

accurate value, and 2) the concentration of the peptides was not very accurate. Using UV to 

measure the concentration of the peptides was more accurate than using the weight to 

estimate the concentration, because the collagen-like peptides contained a lot of water in the 

molecule which was very difficult to remove. The accurate UV absorbance range is around 

0.1-0.7. But in our measurements, the UV absorbance was around 0.015-0.03, which was too 

small to be very accurate even with multiple measurements (> 5 times). To obtain the melting 

point Tm, we needed to measure the change in the ellipticity, but the absolute value of the 

ellipticity does not affect the value of Tm. The general slope of the curve confirmed that 

peptide 63 had more PPII helical character, while peptide 64 had less PPII helical character. 
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Figure 3.2 Full-range CD spectra of the peptides 63 (top, 0.40 mg/mL) and 64 (bottom, 

0.60 mg/mL) from 300 nm to 190 nm. 

 

 To measure the ellipticities of the peptides at different temperatures, the CD spectra 

were obtained by scanning from 250 nm to 215 nm in 0.5 nm increments and averaged over 

three consecutive scans. For each peptide, the ellipticity at 225 nm decreased with the 

increase of temperature (Figure 3.3). At high temperature (over 65 °C), the maximum at 

225 nm was very low (close to zero). With the increase of temperature, especially at high 

temperatures, the maximum moved to lower wavelengths. But the wavelength change was 

Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-L-Pro-

Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2 63 

Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-D-Pro-

Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2 64 
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very small and it was difficult to determine a trend due to a lack of data. The minimum also 

decreased with the increase of temperature, and the spectra below 220 nm became very noisy 

at high temperatures, which indicated the disassociation of the triple helix or PPII helical 

structure. 

 

Figure 3.3 CD spectra of peptides 62, 63 and 64. Upper-left: control peptide 62 

(0.22 mg/mL), upper-right: peptide 63 (0.40 mg/mL), bottom: peptide 64 (0.60 mg/mL), blue 

line: CD spectra at 3-4 °C, purple line: CD spectra at 67-68 °C. 

 

 The ellipticity at 226 nm was recorded and fitted to the two-state model. Control 

peptide 62 had a Tm value of 50.0 °C, which was close to the literature Tm value of 47.3 °C 

for Ac-(Gly-Pro-Hyp)8-Gly-Gly-NH2.
120

 Peptide 63 formed a stable triple helix, but it had a 

lower Tm value of 28.3 °C. Peptide 64 showed a linear decrease of the ellipticity with 

Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-L-Pro-

Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2 63 

 

Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-D-Pro-

Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2 64 

 

Ac-(Gly-Pro-Hyp)8-Gly-Gly-Tyr-NH2 62 
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increasing temperature, which meant it did not form a triple helix. We therefore assumed that 

peptide 63 contained the Gly-L-Pro isostere, and peptide 64 contains the Gly-D-Pro isostere, 

because the D-amino acid could not form a triple helix in the host-guest system.
43,273
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Figure 3.4 Relative ellipticity-temperature dependence of peptides 62, 63 and 64. The 

observed ellipticity at 4 °C was set to 100 % helical and zero observed ellipticity was set to 

0 % helical. Upper-left: control peptide 62; upper-right: peptide 63; bottom: peptide 64. 

 

 The ellipticity-temperature plot of control peptide 62 was divided into four regions, a 

near flat region below 10 °C, a linear regression region from 10 °C to 30 °C, a highly 

cooperative disassociation region from 35 °C to 55 °C, and another linear regression region 

above 60 °C (Figure 3.4). The ellipticity at 226 nm appeared not to change when the 

temperature was below 10 °C, which agreed with the fact that the ellipticity of the triple helix 

was temperature independent.
122,285

 From 10 °C to about 30 °C, the ellipticity at 226 nm 

Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-D-Pro-

Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2 64 

 

Ac-(Gly-Pro-Hyp)8-Gly-Gly-Tyr-NH2 62 
Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-L-Pro-

Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2 63 
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showed a linear decrease with increasing temperature, which indicated that a small number of 

the triple helixes unfolded, and the unfolded peptide spectrum showed a linear temperature 

dependence.
286

 The relatively low concentration was also responsible for the appearance of 

this region.
168

 After the triple helix completely melted, there was still a small maximum 

around 225 nm, which showed a linear decrease with increasing temperature. This means that 

after the triple helixes completely dissociated to the coil state, some single strand peptide 

chains were in a PPII helical structure, and the PPII helix has a linear temperature 

dependence.
287,288

 

Compared with the two linear temperature-dependent regions in the CD spectra of 

peptides 62 and 63, the slope was steeper at high temperature, which meant more PPII helix-

to-coil transitions occurred in the unfolded state. It seems that the triple helix did not unfold 

directly to the coiled state. With the increase of temperature, the three chains of the collagen 

triple helix unfolded and formed three separated single stands, but these still had the PPII 

helical structure. The PPII helixes unfolded to give complete coils upon further heating. 

 From Figure 3.4, the unfolding process of peptide 62 started with the triple helix 

beginning to unfold above 10 °C, a process that was slow. When the temperature was close 

to the melting point, the triple helix quickly unfolded to single strands within a relatively 

narrow temperature range. After the triple helix had completely unfolded, many single 

strands still had the PPII helix conformation, and their helicities decreased with increasing 

temperature. 

 Peptide 63, which is assumed to have the Gly-L-Pro isostere in the sequence, showed 

a similar ellipticity-temperature correlation to control peptide 62 (Figure 3.4). The plot of the 

unfolding process of peptide 63 also had four regions: a near flat region below 10 °C, a linear 
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regression region from 10 °C to about 23 °C, a cooperative disassociating region from 23 °C 

to 40 °C, and another linear regression region above 45 °C. The relative molar ellipticity of 

peptide 63 was much lower than that of control peptide 62 in both the triple helical state and 

the unfolded state, which meant that the helicity of peptide 63 was smaller than the helicity 

of control peptide 62, both in the triple helical and the single strand PPII helical state. At very 

high temperatures (over 60 °C), the molar ellipticities of the two peptides were very close, 

which meant that the two peptides were close to being completely random coils. Of the two 

linear temperature-dependent regions, the high temperature region had a steeper slope, which 

indicates a higher fraction of the peptides were in the single strand PPII helical state. 

 Peptide 64 showed a linear decrease in ellipticity at 226 nm with increasing 

temperature, which indicated that no triple helixes were formed due to the lack of a 

cooperative region. The maximum around 225 nm and the minimum at about 200 nm 

indicated the presence of the PPII helix, and the whole linear regression region represented 

the transition from the PPII helix to random coil. It was noteworthy that peptide 64 and the 

unfolded state of peptide 63 had similar slopes for the ellipticity with respect to temperature. 

This indicated that the two peptides had similar PPII helical structures in the unfolded state; 

therefore they showed similar temperature-dependent behavior. The difference in the molar 

ellipticity might be due to the inaccuracy of the measurements of the peptide concentrations. 

The fraction conversion F was calculated from the equilibrium constant K with Eq. 7, 

and the equilibrium constant K was calculated with the calculated values of H
0
 and Tm with 

Eq. 5. It is obvious that the triple helixes unfolded to coils within a narrow temperature range 

(Figure 3.5). 
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Figure 3.5 Fraction conversion-temperature dependence for the unfolding process of the 

peptides 62 and 63. Purple line: control peptide 62, blue line: peptide 63.  

 

3.4.4 Discussion 

 The stability of a host-guest peptide does not always match the stability of the 

homogeneous peptide containing exclusively the guest triplet. The Gly-Pro-Hyp guest 

tripeptide had the highest melting point of all the guest triplets in the host-guest system Ac-

(Gly-Pro-Hyp)3-Gly-Xaa-Yaa-(Gly-Pro-Hyp)4-Gly-Gly-NH2.
45

 Moreover, the Pro-Pro-Gly 

guest triplet in this system had a higher Tm value (45.5 °C) than the Gly-Pro-Flp triplet 

(43.7 °C). While the homogeneous peptide (Pro-Flp-Gly)10 formed a superstable collagen-

like triple helix with a Tm value of 87 °C,
118

 which was much higher than the Tm value of the 

homogeneous peptide (Pro-Pro-Gly)10 (32.6 °C).
45

 Persikov et al. believed that the Gly-Pro-

Hyp host environment had a more stabilizing effect on Gly-Pro-Hyp and Gly-Pro-Pro due to 

the hydration network that was established between the host system and the guest triplet.
45

 

The Flp at the Yaa position stabilized the triple helix by pre-organizing the prolyl amide 

bond to the trans-conformation in the unfolded state, and helped the formation of the PPII 

helix entropically.
15,118

 But no such preferential PPII helical structure was observed for Gly-
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Pro-Flp in the host-guest system, and all ellipticities and temperature-dependent slopes were 

similar.
45

 

Table 3.5 Calculated thermodynamic data of the collagen-like peptides 62 and 63. 

 Tm (°C) H
0
 (kcal/mol) S

0
 (cal/mol K) 

Peptide 62 50.0 34.5 69 

Peptide 63 28.3 59.1 162 

 

 The calculated enthalpy was obtained by fitting the fraction conversion F to the 

equilibrium constant K with the combination of Eq. 2, 5, 6, 7 and 8 (Table 3.5). Although the 

value was not accurate, and varied with different fitting models, it provided a rough 

description of the thermodynamics of the triple helix-to-coil transition. Control peptide 62 

had lower enthalpic and entropic barriers than the Gly-L-Pro isostere containing peptide 63 

for the transition from the triple helix to the unfolded state. 

 It is noticeable that even after the disassociation of the collagen triple helix, peptide 

62, 63, and 64 still showed a small maximum around 225 nm in the CD spectra, which 

indicated the presence of the PPII helix. These results indicated that the Gly-Pro-Hyp host 

peptides could form a single-strand PPII helix even if there was no collagen triple helix 

formation. 

3.4.5 Summary 

 The all-natural control peptide 62 and the Gly-Pro alkenyl peptides 63 and 64 were 

successfully synthesized and purified by HPLC. Although the molecular mass ions were not 

observed in the MALDI-TOF spectra, the ion exchange experiment and LC-MS results 

confirmed the identities of the synthetic peptides, and 
1
H NMR confirmed the presence of the 

intact alkene isostere.  
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The melting point studies with CD showed that control peptide 62 formed a stable 

triple helix with a Tm value of 50.0 °C, which was very close to the literature value of 

47.3 °C. The peptide 63 formed a stable triple helix with a Tm value of 28.3 °C, and it is 

assumed to contain the Gly-L-Pro isostere. The peptide 64 showed a linear decrease of the 

ellipticity with the increase of temperature, which indicates that no triple helix formed; it is 

therefore assumed that peptide 64 contains the Gly-D-Pro isostere. These results will be 

discussed all together at the end of this chapter. 

3.5 Design of the peptide containing the Pro-trans-Pro isostere 

The Gly-Pro alkenyl peptide 63 showed an unexpected decrease in the collagen triple 

helix stability. The replacement of one amide bond between Gly-Pro with an (E)-alkene bond 

in the middle of a host-guest system, in which the one amide bond preceding the Pro residue 

at the Xaa position was locked in the trans-conformation, and the interchain backbone 

hydrogen bonds remain intact, showed a –21.7 °C decrease in Tm of the resulting collagen 

triple helix, compared to its control peptide Ac-(Gly-Pro-Hyp)8-Gly-Gly-Tyr-NH2 62. While 

the replacement of one Pro-Gly amide bond with a trans alkene in a host–guest peptide, in 

which one interchain backbone N–H···O=C hydrogen bond was removed with no 

improvement of cis–trans isomerization, resulted in a –57.5 °C decrease in the melting 

temperature (Tm) compared to its control peptide (Pro-Pro-Gly)10.
223

 These results lead to a 

question: how much does cis-trans isomerization affect the stability of the collagen triple 

helix? 

A collagen-like polypeptide containing the conformationally locked Pro-trans-Pro 

alkene isostere was designed to study the influence of the amide bond preceding the Pro 

residue at the Xaa position, and to study how much cis-trans isomerization affects the 
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stability of the collagen triple helix (Figure 3.6). The host-guest peptide H-(Pro-Pro-Gly)4-

Pro- [(E)CH=C]-Pro-Gly-(Pro-Pro-Gly)5-OH 66 and the control peptide H-(Pro-Pro-Gly)10-

OH 65 were designed. This host-guest peptide has the same host system as the one that 

Jenkins et al. used to study the triple helix stability of the Pro-Gly alkenyl peptide and ester 

peptide,
223

 so it provided a better comparison. 

Ac-(Gly-Pro-Hyp)3-Gly-Pro-Pro-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2
65

Ac-(Gly-Pro-Hyp)3-Gly-Pro- [(E)CH=C]-L-Pro-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2
66

N
Fmoc

COOH

43FmocHN

N

O

N

OH

O

42

O

 

Figure 3.6 Design of the collagen-like host-guest polypeptides with the Pro-Pro isostere. 

 

3.6 Synthesis of the peptide containing the Pro-trans-Pro isostere 

 Control peptide 65 was synthesized by solid phase peptide synthesis on a 2-

chlorotrityl chloride resin (Scheme 3.3). After the first amino acid was coupled, the loading 

was measured to obtain an accurate yield. A model synthesis using HATU-HOAt as the 

coupling reagent showed that the crude peptides were more pure, and the yield was higher. 

So HATU and HOAt were used as coupling reagents, and DMF was used as the solvent to 

synthesize peptides 65 and 66.  
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Scheme 3.3 Solid phase peptide synthesis of control peptide 65. 

Cl

1) Fmoc-Gly-OH
    DIEA, CH2Cl2
2) MeOH

Fmoc-Gly-O

1) 30% piperidine, DMF
2) TFA/H2O/TIPSH

x9

1) 30% piperidine, DMF
2) Fmoc-Pro-OH
    HATU, HOAt, DIEA, DMF
3) Ac2O, DIEA, CH2Cl2

x2

Fmoc-(Pro-Pro-Gly)10-O

Fmoc-Gly-(Pro-Pro-Gly)9-O

1) 30% piperidine, DMF
2) Fmoc-Gly-Pro-Pro-OH
    HATU, HOAt, DIEA, DMF
3) Ac2O, DIEA, CH2Cl2

H-(Pro-Pro-Gly)4-Pro-Pro-Gly-(Pro-Pro-Gly)5-OH
65  

 

Peptide 66, which contains the Pro-trans-Pro alkene isostere, was synthesized by a 

similar method used in the synthesis of peptide 65. In a model reaction with collidine as the 

base for coupling alkene isostere 43, an LC-MS chromatogram showed two peaks with the 

desired mass, which indicated that there was still partial double bond migration into the ring, 

even with the weak base collidine. So the dipeptide alkene isostere 43 was coupled with 

HATU-HOAt as the coupling reagents with no base present (Scheme 3.4), and monitored by 

reverse phase HPLC on a C18 column. No double bond migration was observed. There was 

only one peak with the desired mass in the LC-MS chromatogram, and the alkene proton was 

confirmed by NMR. Crude peptide 66 was obtained as a white solid. 
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Scheme 3.4 Solid phase peptide synthesis of the Gly-Pro isostere containing peptide 66. 

Cl

1) Fmoc-Gly-OH
    DIEA, CH2Cl2
2) MeOH

Fmoc-Gly-O

1) 30% piperidine, DMF
2) Fmoc-Gly-Pro-Pro-OH
    HATU, HOAt, DIEA, DMF
3) Ac2O, DIEA, CH2Cl2

Fmoc-Gly-(Pro-Pro-Gly)5-O

1) 30% piperidine, DMF
2) Fmoc-Gly-OH
    HATU, HOAt, DIEA, DMF
3) Ac2O, DIEA, CH2Cl2

Fmoc-Pro- [(E)CH=C]-L-Pro-Gly-(Pro-Pro-Gly)5-O

1) 30% piperidine, DMF
2) TFA/H2O/TIPSH

x5

x3

Fmoc-Gly-Pro- [(E)CH=C]-L-Pro-Gly-(Pro-Pro-Gly)5-O

1) 30% piperidine, DMF
2) Fmoc-Pro- [(E)CH=C]-Pro-OH 43
    HATU, HOAt, DMF
3) Ac2O, DIEA, CH2Cl2

1) 30% piperidine, DMF
2) Fmoc-Pro-OH
    HATU, HOAt, DIEA, DMF
3) Ac2O, DIEA, CH2Cl2

x2

Fmoc-(Pro-Pro-Gly)4-Pro- [(E)CH=C]-L-Pro-Gly-(Pro-Pro-Gly)5-O

Fmoc-Gly-(Pro-Pro-Gly)3-Pro- [(E)CH=C]-L-Pro-Gly-(Pro-Pro-Gly)5-O

H-(Pro-Pro-Gly)4-Pro- [(E)CH=C]-L-Pro-Gly-(Pro-Pro-Gly)5-OH
66

1) 30% piperidine, DMF
2) Fmoc-Gly-Pro-Pro-OH
    HATU, HOAt, DIEA, DMF
3) Ac2O, DIEA, CH2Cl2

 

3.7 Purification of the peptide containing the Pro-trans-Pro 

isostere 

 The crude peptides were purified by reverse phase HPLC with the same procedure 

used for peptides 62, 63 and 64. The same slow gradient (Table 3.1) from 5 % to 25 % for 

solvent B over 20 min gave the best separation, and the desired peak eluted at about 15 min. 
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The identity of the product was confirmed by LC-MS with the same analytical VYDAC 

protein C4 column. The preparative HPLC separation was performed on a VYDAC protein 

C4 reverse phase column, and fractions were collected manually. The purity of the peptides 

was confirmed by analytical HPLC and LC-MS. The pure peptides were obtained as white 

solids, and stored at –20 °C under N2. 

3.8 Characterization of the peptide containing the Pro-trans-Pro 

isostere 

3.8.1 NMR 

 Rt and variable temperature 
1
H NMR experiments were performed to identify the 

peptides. Peptide 66 was dissolved in 0.5 mL DMSO-d6, and the 
1
H NMR experiment was 

performed at rt. The spectra showed the presence of all proton peaks including the N-H 

protons. A proton exchange 
1
H NMR experiment was performed. Two drops of D2O were 

added to the NMR tube, and the solution was mixed and left standing for 1.5 h at rt to allow 

the complete deuterium exchange with N-H protons. The exchange 
1
H NMR spectra showed 

two peaks with chemical shifts between 5.0 to 6.0 ppm. Both peaks at 5.3 and 5.5 ppm 

belong to the alkene proton. A variable temperature NMR experiment showed that these two 

peaks became closer with the increase of temperature, and nearly merged as one at 90 °C. 

These results indicated that the two alkene peaks were due to the conformation difference of 

the alkene proton in difference chains, possibly rotamers of the peptide. 
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3.8.2 LC-MS 

 LC-MS experiments were performed to prove the identities of the purified peptides. 

A gradient from 5 % to 95 % solvent B over 35 min was used, and peaks of interests were 

eluted around 15 min. The results are shown in Table 3.6. 

 The molecular mass peaks were not available because of the1500 Da cut-off of the 

detector. The doubly charged (MH2
2+

/2) and triply charged (MH3
3+

/3) peaks were used to 

identify the desired product peaks. The doubly charged and triply charged ions were from the 

same peak in the HPLC chromatogram. Theses two ions had mass values that were very 

close to the calculated values, which confirmed the identity of the purified peptides. 

Table 3.6 Mass of the collagen-like peptides 65 and 66 from LC-MS. 
a 

 MH
+ 

MH2
2+

/2 MH3
3+

/3 

 Calcd.
b 

Exp. Calcd.
a
 Exp. Calcd.

b
 Exp. 

65 2530.28 ND
c 

1266.14 1266.3 844.43 844.6 

66 2513.29 ND
c 

1257.64 1257.8 838.76 838.8 

a) LC-MS was performed with a RP C-18 column (100  2.1 mm), electrospray ionization 

(positive ion mode), and a triple-quadrupole mass separator; b) The calculated mass is the 

calculated highest peak, not the average MW, c) ND = not determined. The MW is above the 

detectable upper-limit of the instrument. 

3.8.3 CD analysis 

 The alkenyl peptide 66 removed an interchain backbone hydrogen bond that was 

present in the Pro-Pro-Gly host system, so we expected that peptide 66 would have a better 

or similar Tm value as the alkenyl peptide Raines and coworker studied. The melting point 

might not be measurable in ordinary PBS buffer. 

 To study the melting point of some very stable peptides and proteins, trimethylamino 

N-oxide (TMAO) was used.
128,223,289

 TMAO is a natural osmolyte, which can 

thermodynamically stabilize folded proteins against the denaturing process by reducing the 

degree of backbone solvation.
289-292

 Beck et al. used a high concentration of TMAO in 
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phosphate-buffered silane (PBS) to study the stability of some very unstable collagen 

peptides.
128

 They found that the Tm value was linearly dependent on the concentration of 

TMAO.
128

 Raines and coworkers used the same method to measure the melting temperature 

of ester and alkenyl collagen peptides by extrapolating the data to 0 M TMAO, and also 

observed the linear dependence of Tm with TMAO concentration.
130

 

 

Figure 3.7 Full range CD spectra of control peptide 65 (1.3 mg/mL) in PBS buffer (9.6 mM, 

pH 7.4) at 3 °C. Green: in 0 M TMAO; red: in 0.5 M TMAO; blue: in 1.0 M TMAO. 

 

 

Figure 3.8 Molar ellipticity-temperature dependence of control peptide 65 in different 

concentrations of TMAO. All solutions were in 9.6 mM (pH 7.4) PBS buffer. Peptide 

concentration was 1.3 mg/mL. Red: 1.0 M TMAO; blue: 0.5 M TMAO; green: 0 M TMAO.  
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To obtain a better comparison, we used exactly same conditions that Raines used. 

Both control peptide 65 and the Pro-Pro alkenyl peptide 66 were dissolved in 9.6 mM PBS 

buffer (pH 7.4) in the presence of different concentrations of TMAO. The concentrations of 

peptide solutions were determined by the weight of the peptides. Because the concentrations 

of the peptide solutions were very close, and could be normalized in different concentrations 

of TMAO, the relative ellipticity of each peptide could be compared on the same graph. For 

control peptide 65, the full range CD spectrum showed a maximum around 225 nm, and a 

minimum around 215 nm, which indicated the formation of the PPII helix. Peptide 65 

showed a cooperative denaturing process with increasing temperature, which indicated the 

formation of the collagen triple helix. When the concentration of TMAO was less than 1.0 M, 

the ellipticity of the peptide increased with increasing TMAO concentration (Figure 3.7). 

After fitting the data to a two-state model, the Tm value also increased with the increase of 

TMAO concentration (Figure 3.8). However, unlike the Tm value, the increase of absolute 

ellipticity was not linear over the increase of TMAO concentration. This result indicated that 

molar ellipticity did not directly correspond to the Tm value. 

 

Figure 3.9 Full range CD spectra of control peptide 65 (1.3 mg/mL) in PBS buffer (9.6 mM, 

pH 7.4) in 3.0 M TMAO at 3 °C. 
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Figure 3.10 Molar ellipticity-temperature dependence of control peptide 65 in 3.0 M TMAO 

solutions. 

 

 For control peptide 65 in 3.0 M TMAO, the result was very interesting. The absolute 

ellipticity was much lower than in 1.0 M TMAO (Figure 3.9). But after fitting the data to the 

two-state model, the Tm value was right on the line (Figure 3.10). The slope and intercept of 

the Tm–[TMAO] plot were very close with or without the data at 3.0 M TMAO. To obtain a 

more accurate intercept, the data at 3.0 M TMAO was included. 

 The Tm values at each TMAO concentration were determined by fitting the data to a 

two state model, and the results are shown in Table 3.7. The melting point of control peptide 

65 at 0 M TMAO was obtained by extrapolating the Tm value to 0 M TMAO. The Tm value 

was determined to be 31.6 °C at 0 M TMAO (Figure 3.11), which was very close to the 

measured Tm value of 31.5 °C in 9.6 mM PBS buffer with no TMAO present. Compared to 

the literature value, this result was close to the Tm value determined in the same 

concentration of PBS buffer (32.8 °C),
130

 and the value determined in 50 mM AcOH 
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(31.4 °C).
141

 The agreement of the extrapolation result and direct measurement indicated that 

this method worked in this host-guest peptide system. 

 

Figure 3.11 Tm–[TMAO] dependence of peptide 65. 

Table 3.7 Tm values of control peptide 65 at different concentrations of TMAO. 

[TMAO] (M) 0 0.5 1.0 3.0 

Tm (°C) 31.5 34.2 37.3 48.3 

 

 For the Pro-Pro alkenyl peptide 66, the full range CD spectrum showed a maximum 

around 225 nm, and a minimum around 215 nm when the TMAO concentration was higher 

than 2.5 M, which indicated the formation of the PPII helix. When [TMAO]  2.5 M, peptide 

66 showed a cooperative denaturing process with the increase of temperature, which 

indicated the formation of the collagen triple helix. For peptide 66, the molar ellipticity also 

increased with the increase of the TMAO concentration (Figure 3.12). After fitting the data to 

a two-state model, the Tm value also increased with the increase of TMAO concentration 

(Figure 3.13). The molar ellipticity – TMAO concentration dependence of peptide 66 was not 

linear either. 
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The Tm values at each TMAO concentration were also determined by fitting the data 

to a two state model, and the results are shown in Table 3.8. The melting point of the Pro-Pro 

alkenyl peptide 66 also showed linear dependence on the concentration of TMAO when 

[TMAO]  3.5 M. The Tm value in 4.0 M TMAO was also measured. The molar ellipticity 

was higher than at lower concentrations of TMAO, but the Tm value was close to the one in 

3.5 M TMAO. We believed that the Tm value of a peptide could not increase with the 

increase of TMAO concentration linearly at high concentrations. When the TMAO 

concentration reached a certain level, the melting point would be stable with [TMAO]. This 

might be the reason why the TMAO concentrations were never higher than 4.0 M in peptide 

stability studies.
128,223

 

 

Figure 3.12 Full range CD spectra of peptide 66 (0.99 mg/mL in 3.25 M TMAO, 1.3 mg/mL 

for the rest) in PBS buffer (9.6 mM, pH 7.4) at 3 °C. Blue: in 2.5 M TMAO; red: in 3.0 M 

TMAO; yellow: in 3.25 M TMAO; green: in 3.5 M TMAO; purple: in 4.0 M TMAO. 

 

After extrapolating the data to 0 M TMAO, the melting point of alkenyl peptide 66 

was determined to be –22.0 °C (Figure 3.14). This number was much lower than the Gly-Pro 

alkenyl peptide 64 (Tm = 28.3 °C), and a little higher than the Pro-Gly alkenyl peptide that 

Jenkins et al. synthesized (Tm = –24.7 °C).
223

 These results will be discussed later. 
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Figure 3.13 Molar ellipticity-temperature dependence of peptide 66 in different 

concentrations of TMAO. All solutions were in 9.6 mM (pH 7.4) PBS buffer. Peptide 

concentration was showed in parenthesis. Yellow: 3.5 M TMAO (1.3 mg/mL); blue: 3.25 M 

TMAO (0.99 mg/mL); red: 3.0 M TMAO (1.3 mg/mL); green: 2.5 M TMAO (1.3 mg/mL).  

Table 3.8 Tm values of alkenyl peptide 66 in different concentration of TMAO. 

[TMAO] (M) 2.5 3.0 3.2 3.5 4.0 

Tm (°C) 14.4 22.1 24.6 29.3 28.7 

 

 

Figure 3.14 Tm–[TMAO] dependence of peptide 66. 
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3.8.4 Discussion 

The control peptide H-(Pro-Pro-Gly)10-OH 65 and the Pro-Pro alkenyl peptide 

H-(Pro-Pro-Gly)4-Pro- [(E)CH=C]-Pro-Gly-(Pro-Pro-Gly)5-OH 66 showed similar CD 

spectra with or without TMAO. They both had maxima around 225 nm, which indicated the 

formation of the PPII helix, and minima around 215 nm. The minimum was not reliable 

because it exceeded the detection limit of the old lamp. With the increase of the TMAO 

concentration, the molar ellipticity usually increased. However, in 3.0 M TMAO, the molar 

ellipticity of control peptide 65 showed an unexpected decrease, while the Tm value still 

showed a linear increase with the increase of TMAO concentration. I think this can be 

explained by hydration of collagen-like peptides. The collagen triple helix has a very high 

degree of hydration, while the osmolyte reagent, TMAO, stabilizes proteins and peptides by 

reducing the degree of backbone solvation.
289-292

 For some very stable collagen-like peptides, 

they already had strong hydration networks to stabilize the triple helix. High concentrations 

of TMAO would affect the hydration network, and caused the decrease of molar ellipticity. 

But during the denaturing process, the osmolyte effect still worked, and the Tm value was 

linear over the TMAO concentration in a certain range. 

 Unlike the Gly-Pro-Hyp based host-guest peptide system, the Pro-Pro-Gly based 

host-guest system was not as stable. The molar ellipticity was lower for the Pro-Pro-Gly 

host-guest peptide of the same length. During the denaturing process, when the triple helix 

dissociated, the maximum around 225 nm also disappeared, which indicated that there were 

no single-strand PPII helixes formed. These results indicated that monomeric Pro-Pro-Gly 

sequences were not stable in a PPII helix conformation, while monomeric Pro-Hyp-Gly 

peptides probably did form the PPII helixes. 
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 For control peptide 65, the Tm value showed linear dependence over the TMAO 

concentration until 3.0 M, which was the highest measured TMAO concentration (Figure 

3.10). For the Pro-Pro alkenyl peptide 66, the Tm value showed linear dependence over the 

TMAO concentration until 3.5 M. At 4.0 M TMAO, the Tm value was close to that at 3.5 M 

TMAO. As stated before, we believed this is due to the saturation of TMAO. Usually, 

osmolyte effect studies used 0 to 1 M TMAO. In our system, 4.0 M TMAO obviously 

already exceeded the linear range, so it was not included in the plot. 

The denaturing process of control peptide 65 in 2.0 M TMAO was also measured. 

The melting region (sharp decrease region) was about 50-70 °C, when the molar ellipticity at 

225 nm was negative in that temperature range, which indicated that no PPII helix was 

formed. It is very unlikely that the collagen triple helix forms without forming the PPII 

helixes, so the result was not reliable. One possible explanation is the competition between 

the hydration network and the osmolyte effect. The osmolyte effect can decrease the peptide 

backbone hydration degree, and may cause a decrease of molar ellipticity. At certain TMAO 

concentrations, the osmolyte effect and hydration both have a large influence on the peptide 

molar ellipticity. At lower temperature, the osmolyte effect is more important, and causes 

low molar ellipticity numbers. At higher temperature, the hydration network is more 

important, and causes a sharper decreasing curve in the molar ellipticity, and affects the 

determination of the melting point. We already had enough data points to determine the Tm 

value without TMAO, so the experiment in 2.0 M TMAO was not repeated. 

3.8.5 Summary 

 The all-natural control peptide 65 and the Pro-Pro alkenyl peptides 66 were 

successfully synthesized and purified by HPLC. LC-MS results confirmed the identities of 
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the synthesized peptides. 
1
H NMR and variable temperature 

1
H NMR confirmed the presence 

of the intact alkene isostere.  

The melting point studies in PBS buffer in the presence of different concentrations of 

TMAO were performed. After extrapolation to 0 M TMAO, control peptide 65 showed a Tm 

value of 31.6 °C, which was very close to the Tm value of 31.5 °C measured in 0 M TMAO. 

The melting point of the Pro-Pro alkenyl peptide 66 was measured by the same method, and 

the Tm value was determined to be –22.0 °C after extrapolating to 0 M TMAO. 

3.9 Discussion and conclusion 

H2N
N

O
N

OH

OH

O

H2N

O
N

OH

OH

O

O

Control:               Ac-(Gly-Pro-Hyp)3-Gly-Pro-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2 62
Gly-Pro Isostere: Ac-(Gly-Pro-Hyp)3-Gly- [(E)CH=C]-L-Pro-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2 63

N

NH
O

OH

OO
N
H

N

OH

OO
N
H

Control:              H-(Pro-Pro-Gly)4-Pro-Pro-Gly-(Pro-Pro-Gly)5-OH 65
Pro-Pro Isostere: H-(Pro-Pro-Gly)4-Pro- [(E)CH=CH]-Pro-Gly-(Pro-Pro-Gly)5-OH 66
Pro-Gly Isostere: H-(Pro-Pro-Gly)4-Pro-Pro- [(E)CH=CH]-Gly-(Pro-Pro-Gly)5-OH 67

NH
O

OH

O
N
H

 

Figure 3.15 Structure of alkene isosteres, control and alkenyl peptides. 

 

 All of the alkene isosteres that have been studied are shown in Figure 3.15. The 

alkenyl peptides containing Gly-Pro and Pro-Pro alkene isosteres have been reported in this 

chapter. The Pro-Gly alkene isostere was studied by Raines and coworkers.
223

 Both Gly-Pro 

and Pro-Pro alkene isosteres eliminated cis-trans isomerization by locking one prolyl amide 

bond in the trans-conformation with an (E)-alkene bond (Table 3.9). The Pro-Pro alkene 
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isostere also removed the C=O of the Xaa residue, and one triple helix interchain backbone 

hydrogen bond was broken. The Pro-Gly alkene isostere removed the N-H of Gly, so the 

interchain backbone hydrogen bond was also broken. The Pro-Gly alkene isostere also has an 

(E)-alkene bond, but the secondary amide bond preceding the Gly residue is already 99.9 % 

in the trans-conformation.
159

 So there was no improvement of cis-trans isomerization for 

Pro-Gly alkene isostere.  

From the structural analysis, we expected that the Gly-Pro alkenyl peptide would 

have the highest stability, then the Pro-Pro alkenyl peptide, and the Pro-Gly alkenyl peptide 

would have the lowest stability. Experimental results showed that the order of melting point 

differential from its control ( Tm) was just as expected (Table 3.9). The Gly-Pro alkenyl 

peptide showed a Tm of –21.2 °C, the Pro-Pro alkenyl peptide showed a Tm of –53.6 °C, 

and the Pro-Gly alkenyl peptide showed a Tm of –57.5 °C compared to each of their control 

peptides, respectively. 

 Combining the experimental results and structural analysis, the stabilizing effects of 

each factor can be estimated. The Pro-Pro and Pro-Gly alkenyl peptides both broke an 

interchain backbone hydrogen bond, while the Pro-Pro alkene isostere locked one prolyl 

amide bond to the trans-conformation, and showed a 3.9 °C improvement of the Tm value 

( Tm). This number is close to the Tm (3.5 °C) of replacing a Pro residue with a Hyp in the 

middle of the host-guest peptide, (Pro-Pro-Gly)9,
293

 in which cis-trans isomerization was 

improved by the exo-puckering of Hyp. We believe this 3.9 °C improvement of Tm can be 

attributed to the elimination of cis-trans isomerization by locking the prolyl amide bond at 

the Xaa position to the trans-conformation. This result indicated that the elimination of cis-
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trans isomerization had a small contribution to the overall collagen triple helix stability, but 

it was not as significant as expected. 

Table 3.9 Melting point comparisons and structural analysis of alkenyl peptides. 

Gly-Pro-Hyp HG 

System 
a Tm (°C) Tm (°C) 

Interchain H-

Bond 
c 

cis-trans 

isomerization 
c
 

Control Peptide 62 50.0 – No No 

Gly-Pro isostere 63 28.3 –21.7 No Yes 

Pro-Pro-Gly HG System 
b Tm (°C) Tm (°C) 

Interchain H-

Bond 

cis-trans 

isomerization 

Control peptide 65 31.6, 32.8
223

 – No No 

Pro-Pro isostere 66 –22.0 –53.6 Yes Yes 

Pro-Gly isostere 67 –24.7 –57.5 Yes No 

(a) In 10 mM PBS buffer (pH 7.0); (b) in 9.6 mM PBS buffer (pH 7.4) with various 

concentration of TMAO, Tm value was obtained by extrapolation to 0 M TMAO; c) “yes” 

means change to its control; “no” means no change to its control. 

 

The Gly-Pro and Pro-Pro alkenyl peptides both locked a prolyl amide bond in the 

trans-conformation, while the Gly-Pro alkene isostere did not break any interchain backbone 

hydrogen bond to disrupt the triple helix. The –31.9 °C Tm between the Pro-Pro and the 

Gly-Pro alkenyl peptides could be attributed to the missing interchain backbone hydrogen 

bond. The special stabilizing effect of Hyp surely has a stabilizing effect on the resulting 

collagen triple helix, so this estimation is not accurate. 

The Gly-Pro alkene isostere did not break any interchain backbone hydrogen bond, 

and eliminated cis-trans isomerization. The resulting peptide showed a Tm of –21.7 °C 

compared to its control peptide. This indicates that some intrinsic properties of the amide 

bond have a huge influence on the stability of the collagen triple helix. Some factors that may 

be responsible for this stability decrease are discussed below. 

1. Dipole moment. The dipole moment μ for the N-methyl acetamide is about 3.5-3.6 D, and 

the dipole moment μ for the methyl amide bond is 1.7 D; but for the alkene C=C bond, the 

dipole moment is much smaller (close to 0).
294

 Favorable dipole-dipole interactions are very 
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important for the formation of the -helix.
295,296

 They may also be important for the 

formation of the PPII helix, too. The three chains of the collagen triple helix are parallel.
6,297

 

From the X-ray crystal structures, the direct interchain backbone hydrogen bonds point in the 

same direction along the axis of the collagen triple helix.
105

 The dipole moment may also 

play an important role in directing the propagation of folding triple helixes. 

2. Water-mediated hydrogen bonds and hydration network. The carbonyl groups of the 

Gly and Yaa residues are solvent exposed, and they do not participate in any direct peptide 

hydrogen bonds within the triple helix,
57

 but they are possible hydrogen bond acceptors for 

water-mediated hydrogen bonds. The carbonyl group at the Yaa position is more hydrated 

than the carbonyl group of Gly residues. The crystal structures show that the carbonyl groups 

of the Gly residues are single-hydrated, and the carbonyl groups of the Yaa residues are 

double-hydrated.
53,105,298

 The replacement of any amide bond with an alkene bond will break 

these water-mediated hydrogen bonds, and cause a decrease of the triple helix stability. The 

collagen triple helix has a high degree of hydration, and the hydration network is also 

important to the stability of the collagen triple helix. The replacement of the amide bond with 

a trans-alkene bond will also affect the hydration network, and decrease the stability of the 

collagen triple helix.
45

 It is possible to form a C-H O=C hydrogen bond,
223,299

 but the bond 

strength is very weak, and it has a limited contribution to the stability of the collagen triple 

helix. 

3. Unfavorable torsion angles. In the crystal structure of the collagen-like peptide (Pro-

Hyp-Gly)10, the average dihedral angle  of the Pro residues is –69.8°, and the average 

dihedral angle  of the Gly residues is 174.9° (Figure 3.16).
298

 The amide bond has partial 

double bond character,
154

 but it is less rigid than a C=C double bond. The alkene bond in the 
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isosteres may make it more difficult for the resulting peptides to adopt favorable ,  torsion 

angles.
223

 

4. n * interactions. The non-bonding orbital of the oxygen atom of one amide bond and 

the * orbital of the adjacent carbonyl group may have n * interactions, and stabilize the 

collagen triple helix.
300

 We hypothesize that the n * interaction may be as important as the 

interchain backbone hydrogen bonding in stabilizing the collagen triple helix. During the 

collagen folding process, it helps directing the chains to the desired position, lowers the 

energy barrier of cis-trans isomerization, and preferentially stabilizes the amide bond 

preceding prolyl residues to the trans-conformation.
300

 Replacing one amide bond with an 

alkene will cause the loss of six pairs of n * interactions in the collagen triple helix, and 

causes significant destabilization. 

Gly  = 174.9°

Pro  = –69.8°

n-to- * interaction

 

Figure 3.16 Torsion angles and possible n * interactions in the collagen-like peptide (Pro-

Hyp-Gly)10. (Generated from PDB file 1V7H
301

 with MacPyMol 1.0) 
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 Jenkins et al. also studied the peptide with an ester bond replacing one Pro-Gly 

amide bond.
223

 This ester isostere also removed one interchain backbone hydrogen bond due 

to the removal of a Gly N-H. The ester group is not planar, which may alter the conformation 

of the resulting triple helix. The Tm value of the ester peptide was determined to be 10.7 °C 

by extrapolation to 0 M TMAO, which was –22.1 °C lower than the control peptide (Pro-Pro-

Gly)10.
223

 This result confirmed that the backbone interchain hydrogen bond is a major factor 

for the stability of the collagen triple helix. Compared to the –57.5 °C Tm value of the Pro-

Gly alkenyl peptide, the importance of the carbonyl group was also proven. 

In summary, replacing any amide with an (E)-alkene bond caused a significant 

stability decrease in the resulting collagen triple helix. We confirmed that the backbone 

interchain hydrogen bond between the Gly N-H and the Xaa C=O the adjacent chain is one of 

the major forces in stabilizing the collagen triple helix. Cis-trans isomerization has a limited 

contribution to the triple helix stability. The intrinsic properties of the amide bond also have a 

huge influence on the stability of the collagen triple helix. 

3.10  Synthesis of collagen-like polypeptide by polymerization 

Polymerization from tripeptide monomers is another method to synthesize collagen-

like polypeptides. Compared to solid phase peptide synthesis, polymerization is easier to 

handle and yields much longer polypeptides. Although the polymers obtained by 

polymerization methods had high polydispersity, this method yielded polymers with long 

strands (10-20 nm) which still adopted triple helical structures.
302

 Kishimoto et al. used the 

tripeptide Pro-Hyp-Gly as the monomer and synthesized a polypeptide with a molecular 

weight of over 10,000 Da.
303
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Two methods are widely used to synthesize polypeptides from tripeptide monomers. 

One method is the direct polymerization of the tripeptide monomer with both free amine and 

acid termini.
302-304

 This method needs a weak base, usually tertiary amines, and a coupling 

reagent such as DCC, EDC or HBTU. Another method is via the activated ester method. In 

this method, an activated ester monomer is synthesized first, and the activated ester monomer 

is then polymerized with one equivalent of tertiary amine in DMF, DMSO, or NMP.
305

 The 

most common activated esters are p-nitrophenyl ester (-ONP)
306,307

 and pentachlorophenyl 

ester (-OPCP).
308

 These methods are faster and cleaner than the direct polymerization 

method, but it takes more effort to synthesize the activated ester monomer. When these two 

methods are compared, direct polymerization of a tripeptide monomer with both free amine 

and acid terminals appears to be easier, and the required reagents are more readily available. 

Therefore, the free amino acid coupling method was used first. 

3.10.1 Free amino acid coupling 

Tripeptide Gly-Pro-Pro was used as the model monomer for polymerization to avoid 

any problems that may be caused by the unprotected hydroxyl group of Hyp. The Boc-

protected tripeptide Boc-Gly-Pro-Pro-OH 57 had already been synthesized. The Boc-

protecting group was removed by 25 % TFA in CH2Cl2 and the excess TFA was removed 

under high vacuum. The free tripeptide monomer H-Gly-Pro-Pro-OH was obtained as dark 

yellow oil, and used without further purification (Scheme 3.5). 

Several combinations of coupling reagents and solvents were tried in the synthesis the 

poly-(Gly-Pro-Pro) polymer (Table 3.10). First, HBTU was used as the coupling reagent and 

DIEA as the base. HOBt was added to minimize the racemization of the amino acid residue 

with a chiral -carbon. The reaction was carried out in DMF at 60 °C for three days. White 
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solids precipitated as the reaction proceeded. The resulting white solid could not be dissolved 

in DMF, H2O, acetone, CH2Cl2 or chloroform, while it could be dissolved in NMP or TFA. 

By Gel Permeation Chromatography (GPC) analysis, the molecular weight of this solid was 

less than 900 Da, which indicated that it was not the desired polypeptide. The 
1
H NMR 

spectrum showed that it was possibly HBTU derivatives, as the spectrum was very similar to 

the standard spectrum of pure HBTU. The result indicated that the HBTU and HOBt might 

also undergo some polymerization-like reactions under these conditions. 

Scheme 3.5 Polymerization with free amino acid coupling. 
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 The polymerization was then performed in NMP, with HBTU-HOBt as the coupling 

reagents and DIEA as the base at 60 °C for three days. This time no precipitate was found, 

and only a brown clear liquid was observed. The GPC analysis showed a clear polymer peak, 

but the mass range of the synthesized polymer could not be obtained. To obtain an accurate 

molecular weight range for a polymer, the signals from all three detectors are required. The 

synthesized polymer only showed a peak in two of the detectors, which was inadequate for 

the calculation of the mass range. A 
1
H NMR spectrum was also obtained, and it indicated 

that the desired (Gly-Pro-Pro)n polypeptide had been synthesized. From the MALDI-TOF 

analysis, the molecular weight was not as high as expected (about 2000-3000 Da). This might 

be because the polymerization process needed a very high concentration of the monomer, 

after several initial couplings, the concentration became much lower, thus preventing the 

formation of high molecular weight polymers. Moreover, it was very difficult to completely 
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remove the HOBt. Dialysis with a membrane could remove most of the HOBt, but it also 

caused a great loss of the product when the molecular weight was not high. 

Table 3.10 Combinations of coupling reagents and solvents. 

 1 2 3 4 5 

Solvent DMF NMP THF HMPA THF 

Reagent HBTU HBTU EDC DCC DCC 

 

The polymerization was also performed in HMPA with DCC, HOBt and Et3N at rt for 

10 days,
304

 in THF with EDC, HOBt and DIEA at rt for 7 days, and in THF with DCC, HOBt 

and DIEA. (Dr. Yinnian Lin, Personal communication) The same purification problem 

remained. By using DCC, DCU was removed by filtration, and Et3N or DIEA by rotary 

evaporation. Most of the HOBt could be removed by acidic work-up followed by filtration to 

remove the precipitates, but still some of the HOBt remained mixed with the desired 

polymer. Additionally, the molecular weight range was not high enough (less than 2000 Da). 

The free amino acid coupling method yielded the desired polypeptide, but again the 

molecular weight was not high enough. The concentration of the monomer was very 

important for the formation of polymers with high molecular weight. Purification was also a 

problem because traditional flash chromatography could not be used to purify the polar 

polypeptides. Once polypeptides with high molecular weights were synthesized, a dialysis 

membrane with a higher cut-off MW could be used, which might help with the removal of 

low MW impurities. It has also been reported that the polymerization of the Pro-Hyp-Gly 

monomer in aqueous solutions yielded a polymer with a high molecular weight.
303

 More 

model reactions are needed to optimize the polymerization conditions. 
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3.10.2 Activated ester 

The activated ester method to synthesize the model polypeptide (Gly-Pro-Pro)n was 

also tried. Due to the availability of the reagents, p-nitrophenyl ester (-ONP) was used as the 

activated ester. Starting from the Boc-protected tripeptide Boc-Gly-Pro-Pro-OH 57, p-

nitrophenol was coupled with EDC (Scheme 3.6). No base was used because the activated 

ester was not stable in base. The Boc-group was removed, and the resulting TFA salt was 

polymerized without purification with equivalent Et3N in DMSO. A brown glue-like slurry 

was obtained, and the polymer was precipitated in Et2O. 

Scheme 3.6 Polymerization with activated ester. 
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Two types of polymers were obtained. A colorless film-like polymer was obtained 

when Et2O was added, but it disappeared during the membrane dialysis (cut-off MW = 3000 

Da) in water and became a protein-like white solid. A brown, sand-like solid was also 

obtained when Et2O was added, but it did not disappear during the dialysis process. The 

sand-like polymer did not dissolve in water, MeOH, EtOH or DMF, and it had limited 

solubility in the presence of TFA. From MALDI-TOF, the highest observed molecular 

weight was 4872 Da, with a repeating unit of 251 Da, which meant that the resulting 

polypeptide had at least 19 repeating units.  

 Both methods gave polymer-like polypeptides, but the molecular weights of the 

synthesized polypeptides were not high enough. More model reactions are needed to 
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optimize the polymerization conditions before polymerizing the tripeptide with alkene 

isosteres. 

3.11  Summary 

 The Gly-Pro alkenyl peptides 63, 64 and their control peptide Ac-(Gly-Pro-Hyp)8-

Gly-Gly-Tyr-NH2 62 were synthesized and purified. All three peptides showed a maximum 

around 225 nm and a minimum close to 200 nm, which indicated the formation of the PPII 

helixes. Control peptide 62 with Gly-Pro-Hyp as the guest triplet formed a triple helix with a 

Tm value of 50.0 °C. Peptide 63 with Gly- [(E)CH=C]-L-Pro-Hyp as the guest triplet also 

formed a stable triple helix, but the Tm value was 28.3 °C, 21.7 °C lower than the control. 

Peptide 64 with Gly- [(E)CH=C]-D-Pro-Hyp as the guest triplet showed a linear decrease in 

the ellipticity at 226 nm with the increase of temperature, which indicated that no triple helix 

was formed. 

 The Pro-Pro alkenyl peptide 66 and its control peptide H-(Pro-Pro-Gly)10-OH 65 

were also synthesized and purified. The Tm value of control peptide 65 was determined to be 

31.6 °C by extrapolation to 0 M TMAO in PBS buffer, which was very close to the value of 

31.5 °C measured in 0 M TMAO. The Pro-Pro alkenyl peptide 66 began to show a maximum 

around 225 nm when the concentration of TMAO was higher than 2.5 M. After extrapolation 

to 0 M TMAO, the Tm value of the Pro-Pro alkenyl peptide 66 was determined to be –

22.0 °C. These results indicated that replacing any amide with an (E)-alkene bond caused a 

significant stability decrease in the resulting collagen triple helix. The backbone interchain 

hydrogen bond between the Gly N-H and the Xaa C=O the adjacent chain is one of the major 

forces in stabilizing the collagen triple helix. Cis-trans isomerization has a limited 
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contribution to the triple helix stability. The intrinsic properties of the amide bond also have a 

huge influence on the stability of the collagen triple helix. 

 The model polypeptide (Gly-Pro-Pro)n was synthesized by two methods. The free 

amino acid coupling method yielded a polymer with a molecular weight around 2000-3000 

Da, but the impurities were very difficult to remove when the MW of the polymer was not 

high. The activated ester method was faster and cleaner, and yielded a polypeptide with a 

molecular weight around 5000 Da. More model reactions are needed to optimize the 

polymerization conditions. 

Experimental 

General Information. Amino acid derivatives, resins, and reagents were purchased. Unless 

otherwise indicated, all reactions were carried out under N2 sealed from moisture. Anhydrous 

THF was obtained by refluxing from Na-benzophenone. Anhydrous CH2Cl2 was dried by 

passing through a dry alumina column. Other anhydrous solvents were used directly from 

sealed bottles, which were stored under Ar. Brine (NaCl), NaHCO3, Na2S2O3, and NH4Cl 

refer to saturated aqueous solutions unless otherwise noted. Flash chromatography was 

performed on 32-63 μm or 230-400 mesh silica gel with reagent grade solvents. NMR 

spectra were obtained at ambient temperature in CDCl3 unless otherwise noted. 1H and 13C 

NMR spectra were obtained at 400 and 100 MHz, respectively, unless otherwise noted. 

Minor rotamer chemical shifts are shown in parenthesis.  

HPLC purification: Analytical HPLC was performed on a VYDAC Protein C4 reverse 

phase column (5 μm, 4.6  250 mm) on a Beckman P/ACE 168 dual-solvent HPLC system 

equipped with a P/ACE 215 UV detector. A binary solvent system (A: 0.1 % TFA in H2O, B: 

0.1 % TFA in CH3CN) with a flow rate of 1.0 mL/min was used. The chromatogram was 
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simultaneously monitored at 210 nm and 260 nm. Preparative HPLC was performed on 

VYDAC Protein C4 reverse phase column (10 μm, 22  250 mm) with a Varian PrepStar 

218 dual-solvent HPLC system with a ProStar 320 UV detector. A binary solvent system (A: 

0.1 % TFA in H2O, B: 0.1 % TFA in CH3CN) with a flow rate of 15 mL/min was used. LC-

MS experiments were performed on an Agilent 1100 HPLC system with a Thermo Finnigan 

TSQ triple quad mass detector on a reverse phase C18 column (2.1  100 mm). A binary 

solvent system (A: 1 % formic acid in H2O, B: 1 % formic acid in CH3CN) with a flow rate 

of 0.2 mL/min was used. 

UV measurement: The concentration of the peptide solutions was determined by UV 

absorbance at 280 nm with a Shimadzu UV 1601 spectrometer. The peptide solutions (100 

μL) were measured with a volumetric automatic pipette and diluted to 1 mL in the volumetric 

flask with 6 M guanidine hydrochloride solution. 

Solid phase peptide synthesis: Ac-(Gly-Pro-Hyp)8-Gly-Gly-Tyr-NH2 62, Ac-(Gly-Pro-

Hyp)3-Gly- [(E)CH=C]-L-Pro-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2 63, Ac-(Gly-Pro-

Hyp)3-Gly- [(E)CH=C]-D-Pro-Hyp-(Gly-Pro-Hyp)4-Gly-Gly-Tyr-NH2 64. Rink amide 

MBHA resin (30 mg, 0.66 mmol/g) was placed in a 5 mL polypropylene tube and swelled in 

CH2Cl2 (2 mL) for 1 h, then 20 % piperidine in NMP (2 mL) was added, and the mixture was 

shaken for 40 min to remove the Fmoc group. To couple single amino acids (Gly and Tyr), 

HBTU (22 mg, 0.059 mmol), HOBt (9.1 mg, 0.059 mmol), Fmoc-amino acid (0.059 mmol) 

and DIEA (0.021 mL, 0.12 mmol) were dissolved in NMP (2 mL), added to the resin, and 

shaken at 30 °C for 30 min, and the coupling was repeated. Fmoc-Gly-Pro-Hyp(
t
Bu)-OH 25 

(34 mg, 0.059 mmol), HBTU (22 mg, 0.059 mmol), HOBt (9.1 mg, 0.059 mmol), and DIEA 

(0.021 mL, 0.12 mmol) were dissolved in NMP (2 mL) and the mixture was shaken at 30 °C 
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for 1 h, and the coupling was repeated. Alkene isostere 26 (11 mg, 0.021 mmol), HATU 

(23 mg, 0.059 mmol), HOAt (8.1 mg, 0.059 mmol), and 2,4,6-collidine (0.016 mL, 

0.12 mmol), were dissolved in NMP (2 mL), and the mixture was shaken at 30 °C for 2 h. 

After each coupling, the peptide was capped with 10 % Ac2O and 10 % DIEA in CH2Cl2 

(2 mL) for 20 min. The Fmoc group was removed with 20 % piperidine in NMP for 10 min 

and 20 min, respectively. The final Fmoc group was removed with 20 % piperidine in NMP, 

and the peptide was capped with 10 % Ac2O and 10 % DIEA in CH2Cl2 (2 mL) for 20 min. 

The peptide was cleaved from the resin by treatment with 2 % H2O, 3 % triisopropyl silane in 

TFA (5 mL) for 3.5 h. After removing the resin by filtration and concentrating the solution in 

vacuo, Et2O (10 mL) was added, and the white solid that precipitated was collected. Reverse 

phase analytical HPLC was performed by injecting 20 μL in MeOH on a 5 μm protein C4 

column (250  4.6 mm), and semi-preparative HPLC by injecting 1.0 mL in MeOH on a 

10 μm protein C4 column (250  22 mm), using solvents A: 0.1 % TFA in H2O, and B: 

0.1 % TFA in CH3CN, with UV detection at 210 nm. 

CD analysis. The concentrations of peptides in PBS (10 mM NaxPO4, 150 mM NaCl, pH 

7.0) were determined by the UV absorption of the Tyr residue at 280 nm. The concentration 

of peptide 62 was 0.087 mM, 63 was 0.16 mM, and 64 was 0.24 mM. The peptide solutions 

were incubated at 4-5 °C for  72 h. The CD spectra were obtained with a spectropolarimeter 

in 0.5 nm increments, 1 nm bandwidth, and 0.2 cm pathlength at a scan speed of 100 nm/min. 

The spectra were averaged over three consecutive scans, and blank buffer scans were 

subtracted from the baseline. Full scan spectra from 190 to 300 nm were obtained at 4 °C. 

The solutions were heated from 3 °C to 70 °C in 3 °C increments with a 5 min equilibration 

time at each temperature before measurement. The temperature was measured in the cell with 
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a temperature probe. The ellipticity at 226 nm was monitored at each temperature and 

averaged over three consecutive measurements. The unfolding process of each peptide was 

measured twice, and the data obtained were processed separately and averaged to obtain the 

Tm value. The data were fit to the following equations using SigmaPlot v.10.0. 

K = exp
H 0

RT

T

Tm
1

 

 
 

 

 
 ln(0.75c0

2)
 

 
 

 

 
  

F =
[ ] [ ]c
[ ]h [ ]c

 

K =
F

1 F
 

[ ]h = [ ]h,Tm + a(T Tm )

[ ]c = [ ]c,Tm + b(T Tm )
 

Solid phase peptide synthesis: H-(Pro-Pro-Gly)10-OH 65, H-(Pro-Pro-Gly)4-Pro-

[(E)CH=C]-L-Pro-Gly-(Pro-Pro-Gly)5-OH 66 were synthesized by solid phase peptide 

synthesis. 2-Chlorotrityl chloride resin (400 mg, 1.2 mmol/g) was placed in a 5 mL 

polypropylene tube, swelled in CH2Cl2 (2 mL) for 1.5 hr, capped with MeOH (2 mL), and 

was dried in vacuo for 14 h. The resin (10 mg) was dried in vacuo for 16 h, stirred in and 

stirred in 30 % piperidine in DMF (0.5 mL) for 30 min, then diluted to 20.0 mL with EtOH. 

UV analysis at 300 nm ( 300 = 6566 M
-1

 cm
-1

) showed that the actual loading was 

0.67 mmol/g (56 %). 2-Chlorotrityl chloride resin was separated into two polypropylene 

tubes (110 mg, 0.67 mmol/g). To couple single amino acids (Gly and Pro), HATU (85 mg, 

0.22 mmol), HOAt (30 mg, 0.22 mmol), Fmoc-amino acid (0.22 mmol) and DIEA 

(0.075 mL, 0.43 mmol) were dissolved in DMF (2 mL), added to the resin, and shaken at 

30 °C for 30 min, and the coupling was repeated. Fmoc-Gly-Pro-Pro-OH (74 mg, 

0.15 mmol), HATU (57 mg, 0.15 mmol), HOAt (20 mg, 0.15 mmol), and DIEA (0.050 mL, 

0.29 mmol) were dissolved in DMF (2 mL) and the mixture was shaken at 30 °C for 2 h. 
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Fmoc-Pro- [(E)CH=C]-L-Pro-OH (33 mg, 0.079 mmol), HATU (57 mg, 0.15 mmol), and 

HOAt (20 mg, 0.15 mmol) were dissolved in DMF (2 mL), and the mixture was shaken at 

30 °C for 2.5 h, monitoring with reverse phase HPLC. After each coupling, the peptide was 

capped with 10 % Ac2O and 10 % DIEA in CH2Cl2 (2.5 mL) for 15 min. The Fmoc group 

was removed with 30 % piperidine in DMF for 20 min and 15 min, respectively. The peptide 

was cleaved from the resin by treatment with 2 % H2O, 3 % triisopropyl silane in TFA 

(5 mL) for 3.5 h. After removing the resin by filtration and concentrating the solution in 

vacuo, Et2O (10 mL) was added, and the white solid that precipitated was collected. Reverse 

phase analytical HPLC was performed on a 5 μm protein C4 column (250  4.6 mm), semi-

preparative HPLC on a 10 μm protein C4 column (250  22 mm), using solvents (A) 0.1 % 

TFA in H2O, and (B) 0.1 % TFA in CH3CN, with UV detection at 210 nm. 

CD analysis. The concentrations of peptides in PBS (20.4 mg KCl, 800 mg NaCl, 19.9 mg 

KH2PO4, 116 mg Na2HPO4, in 100 mL H2O, pH 7.4) were determined by the weight of the 

peptides. The concentration of control peptide 65 was 1.26 mg/mL, and the concentration of 

peptide 66 was 1.32 mg/mL. The peptide solutions were incubated at 5 °C for  48 h. The 

CD spectra were obtained with a spectropolarimeter in 0.5 nm increments, 1 nm bandwidth, 

and 0.2 cm pathlength at a scan speed of 100 nm/min. The spectra were averaged over four 

consecutive scans. The solutions were heated from 2 °C to 70 °C in 3 °C increments with a 

10 min equilibration time at each temperature before measurement. The temperature was 

measured in the cell with a temperature probe. The ellipticity at 227 nm was monitored at 

each temperature and averaged over four consecutive measurements. The unfolding process 

of each peptide was measured twice, and the data obtained were processed separately and 
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averaged to obtain the Tm value. The data were fit to the following equations using SigmaPlot 

v.10.0.
309,310

 

=

(an + bnT) + (ad + bdT)exp(
GU
0 (T)

RT
)

1+ exp(
GU
0 (T)
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)

 

GU
0 (T) = H 0(Tm )(1

T
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0[(Tm T) + T ln(
T

Tm
)] 

Cp
0

= 0  

Boc-Gly-Pro-Pro-ONP, 69. Boc-Gly-Pro-Pro-OH 56 (1.73 g, 6.43 mmol) was dissolved in 

CH2Cl2 (100 mL). EDC (1.88 g, 9.83 mmol), DMAP (62.2 mg, 0.509 mmol) were added. 

The solution was stirred at 0 °C for 20 min and p-nitrophenol (1.36 g, 9.74 mmol) was added. 

The mixture was stirred at rt for 12 h, and the solvent was removed in vacuo. The resulting 

oil was dissolved in EtOAc (150 mL), washed with 1 M HCl (2  100 mL), dried over 

MgSO4, concentrated in vacuo, and purified by flash chromatography (1 % MeOH in 

CHCl3). A brown oil (2.19 g, 98.3 %) was obtained.
 1

H NMR:  8.24 (d, J = 9.2, 2H), 7.27 

(d, J = 9.2, 2H), 5.34 (m, 1H), 4.72 (dd, J = 8.2, 4.4, 2H), 4.06 (dd, J = 17.2, 5.6, 1H), 3.89 

(m, 2H), 3.68 (m, 2H), 3.50 (dt, J = 9.6, 6.7, 1H), 2.38 (m, 1H), 2.17 (m, 5H), 2.01 (m, 2H), 

1.43 (s, 9H). 
13

C NMR:  171.3, 169.8, 168.1, 156.2, 155.2, 145.6, 125.3, 122.3, 80.3, 59.4, 

58.4, 47.1, 46.5, 43.0, 28.9, 28.35, 28.30, 25.2, 24.8. Impurity (p-nitrophenol): 
1
H NMR:  

8.09 (d, J = 9.0, 2H), 6.89 (d, J = 9.4, 2H). 
13

C NMR:  163.2, 140.8, 126.2, 115.7. 

Poly-(Gly-Pro-Pro)n, 68. Boc-Gly-Pro-Pro-ONP 69 (124 mg, 0.252 mmol) was dissolved in 

CH2Cl2 (10 mL), and TFA (3 mL) was added. The solution was stirred at rt for 40 min, and 

the solvent was removed in vacuo. The resulting dark brown oil was dissolved in DMSO 

(0.2 mL), and Et3N (36 μL, 0.26 mmol) was added. The solution was stirred at rt for 2 days 

to yield a dark brown glue-like liquid. Solvent and resulting p-nitrophenol were removed by 
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washing with Et2O. The resulting brown solid was dissolved in water and dialyzed against 

water 6 times for 24 h. A light brown solid (19.5 mg) was obtained. MALDI-TOF analysis: 

highest observed MW: 4872 Da, repeating unit: 251 Da. 
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Chapter 4 Structure and stability of the -helix 

4.1 Structure of the -Helix 

The -helix is one of the most important and abundant secondary structures in proteins 

and about 30 % of amino acid residues are in the -helical structures.
311

 It is believed that the 

-helix is essential for the initiation of protein folding.
284

 Unlike the -sheet, the -helix is 

mainly stabilized by internal hydrogen bonding and hydrophobic interactions along the main-

chain,
312

 and they can function as autonomous folding units in proteins.
313

 The -helix can 

occur as left-handed and right-handed. For L-amino acids, the right-handed structure is more 

stable by about 2.0 kcal/residue than the left-handed one due to the steric effects.
314,315

 For 

the same reason, the left-handed structure is more stable for D-amino acids. 

Three conformational and geometric parameters and two Ramachandran angles are used 

to characterize the -helix: p - pitch of the helix (Å), n - the number of residues per turn, r - 

the radius of the helix (Å) and conformational angles  and . The ideal -helix has 3.6 

residues per turn and a rise of 1.5 Å per residue (5.4 Å per turn) with a radius of 2.3 Å 

(Figure 4.1).
312,316

 Therefore, side-chains spaced (i, i + 3), (i, i + 4) and (i, i + 7) are close in 

space, which are the possible side-chain-side-chain interaction pairs. Side-chains spaced (i, 

i + 2), (i, i + 5) and (i, i + 6) are on opposite sides of the helix, and no side-chain-side-chain 

interaction will occur.
317

 There is only one backbone hydrogen bond for each residue from 

the C=O of the i residue to the N-H of the i + 4 residue toward the C-terminus.
154

 The 

dihedral angles  and  of different residues do not have the same values, but a range with 
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mean values of –62° and –41° respectively. It is believed that the peptide sequence and 

hydrogen bonding to water are responsible for the variation.
311

 

3.6 Residues 1.5 Å

2.3 Å

 

Figure 4.1 Idealized diagram of the main chain in an -helix. Model was built with 

MacPyMOL 1.0. 

 

All the side-chains point outside of the -helix and are exposed to the solvent.
154

 The 

surface of the -helix can be either hydrophilic or hydrophobic, depending on the property of 

the side-chains.
318

 In globular proteins, an -helix can exhibit two "faces" – an -helix 

containing predominantly hydrophobic amino acids orients toward the interior of the protein 

in the hydrophobic core, and an -helix containing predominantly polar amino acids orients 

toward the hydrophilic surface of the protein. Amphiphilicity, the property of hydrophobic 

interactions, is also responsible for the helix bending.
312,319

 

The length of the -helix varies in different proteins. Most of the -helixes are short, 

with 5-14 residues. 
320

 In all-  proteins (proteins exclusively composed of -sheets), no 
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helixes are longer than 11 residues and 75 % of the helixes are shorter than 2 turns; while in 

all-  proteins (proteins composed of the -helixes), only 12 % of the helixes have 2 turns or 

less and 20 % of the helixes are longer than 17 residues.
311

 

4.2 Amino acid propensity 

 It was noticed a long time ago that different amino acids showed different 

propensities for natural -helixes.
321,322

 Alanine and leucine have very high propensities, 

while glycine has a low propensity to be in the middle of an -helix.
320

 Proline does not have 

a free N-H for hydrogen bonding, and a Pro residue in the middle of a sequence will break 

the backbone hydrogen bonding pattern of an -helix. So it is highly disfavored in the middle 

of the -helix. Statistical studies showed that proline residues are often observed at the end 

of helixes and regarded as helix breakers.
323-325

 The Pro residue can be in the middle of an -

helix in some proteins, and still allow continuation of the helix.
311

 But a “kinked” structure 

with a curvature from 40 to 100 Å is observed.
311

 

A host-guest system was used to determine the stabilizing energy of a single amino acid 

residue for the overall -helical structure.
326,327

 O’Neil and Degrado used a host-guest system 

in -helical two-stranded coiled-coils to study the helix-forming tendencies of natural amino 

acids.
123

 They determined that the helical preferences of the natural amino acids are:
123

 

A > R > K > L > M > W > F > S > Q > E > C > I > Y > D > V > T > N > H > G > P 

 Part of the order was confirmed by NMR and CD studies of the helix formed by the 

host-guest -helical peptides with the sequence of YSE4X3E4K4.
328

 Myers et al. reported that 

the helix propensities are similar in short peptides as in proteins, with the exception of some 
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polar amino acids.
329,330

 Pace and Scholtz averaged and normalized the propensities from 

different proteins and peptides.
331

  

4.3 Models for the -helix 

Many models have been built to describe the structure of the -helix. Two mathematical 

models are used most often: Lifson-Roig and Zimm-Bragg theory. 

4.3.1 Lifson-Roig Theory 

The Lifson-Roig theory was proposed in 1961.
332

 In this theory, only the residues with -

carbons on both sides of a peptide unit (CONH group) can be counted. For example, if a 

peptide has the structure of NH3
+
-ABCDE-COO

–
, the number of residues of this peptide is 

three, and only B, C and D are regarded as residues. Thus, Lifson-Riog theory predicts the 

modification of the first amino acid will have no effect on the whole helix properties, which 

has been experimentally disproven.
333

 

In Lifson-Roig theory, all residues in a polypeptide chain only have two states: helix or 

coil. Residues with -helical conformational dihedral angles  and  are defined as the helix 

state (h-state) and all the others are defined as the coil state (c-state). Each residue has a 

statistical weighting determined by both its own state and the states of the adjacent residues 

on both sides (a triplet). The weightings are defined as: u = coil state, v = helix state adjacent 

to one or two coil states, w = helix state with two helix states on both sides. If setting u-

weightings to 1, the Lifson-Roig definition is shown in a matrix (m), and the partition 

function (Z) for a polypeptide with N residues can be generated from this matrix. 
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Since capping effects are not included in the Lifson-Roig theory, some modifications 

were made to incorporate the new findings.
334

 In the modified Lifson-Roig theory, the 

number of residues of peptide NH3
+
-ABCDE-COO

–
 were counted as five. The N-capping 

residue is in the coil state with a weighting of n and the adjacent residue is in the helix state, 

while the C-capping residue is also in the coil state with a weighting of c. The modified 

definition is shown in a new matrix (Figure 4.2).
334

 

m =

hh hc ch cc

hh w v 0 0

hc 0 0 1 1

ch v v 0 0

cc 0 0 1 1

      l =

hh hc ch cc

hh w v 0 0

hc 0 0 nc c

ch v v 0 0

cc 0 0 n 1

 

Figure 4.2 Matrix for Lifson-Roig definition (Left) and modified Lifson-Roig definition 

(Right).
334

 

 

Stapley et al. introduced p (i, i + 4 interaction parameter) and q (i, i + 3 interaction 

parameter) into the modified Lifson-Roig theory to include the side-chain-side-chain 

interactions.
335

 These modifications included some proven stabilizing factors for the -helix, 

and made the Lifson-Roig model more close to the real -helical peptides. Of course, these 

modifications also made mathematical calculations more complex. 

4.3.2 Zimm-Bragg Theory 

The Zimm-Bragg theory was proposed by Zimm and Bragg in 1959.
336

 Unlike the 

Lifson-Roig theory, the units in the Zimm-Bragg theory are peptide groups (CONH), and 
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they are classified by whether the N-H groups are in hydrogen bonds. If the N-H group 

participates in hydrogen bonding, the unit is given a code of 1; if not in a hydrogen bond, the 

code is 0. The difference between the Zimm-Bragg theory and the Lifson-Roig theory is 

shown in Figure 4.3. 
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Figure 4.3 Codes, numberings and statistical weights for the Zimm-Bragg, Lifson-Roig and 

modified Lifson-Roig models in a partially helical peptide.
334

 (Reprinted with permission 

from Doig, A. J. et al.; Biochemistry 1994, Copyright 1994, American Chemical Society.) 

 

Since the Zimm-Bragg theory cannot treat the effect of a single residue substitution, it is 

not convenient when dealing with heteropolypeptides, such as host-guest studies. 

4.4  Stability of the -helix 

 Backbone intra-chain hydrogen bonding between the C=O of the i residue and the N-H 

of the i + 4 residue was initially believed to be the major force stabilizing the -helical 

structure.
154

 The stabilizing energy of each backbone hydrogen bond is still under debate. 

Pauling et al. estimated that each N-H O=C hydrogen bond contributed about 8 kcal/mol to 

the stability of the -helix.
154

 Schellman estimated that an intrapeptide hydrogen bond was 

about 1.5 kcal/mol favored over a peptide-H2O hydrogen bond enthalpically.
337 Calorimetry 

studies showed that the enthalpy of helix formation was favored by about 1 kcal/mol per 

hydrogen bond for polyalanine
338-340

 and some helixes with other amino acid residues.
341

 

Myers and Pace reported that the estimated stabilization energy became 2.2 kcal/mol per 
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hydrogen bond if corrected for differences in side-chain hydrophobicity and conformational 

entropy.
342

 But a hydrogen bond in the interior of a protein contributed more than 1-2 

kcal/mol to the stability of the proteins. Both theoretical and experimental studies showed 

that the enthalpy cost of breaking an internal hydrogen bond was at least 5-6 kcal/mol.
343-347

 

The enthalpy of an intrapeptide hydrogen bond buried in the hydrophobic protein interior 

could be up to 12 kcal/mol per hydrogen bond.
348

 

Backbone hydrogen bonding is not the only factor affecting the stability of the -helix. 

Other backbone interactions, such as hydrophobic packing, dipole-dipole interaction, and N- 

and C-terminal capping effects are also significant. In addition, side-chain-side-chain 

interactions, such as steric forces through the conformation of side-chains, electrostatic, 

inductive and dispersive forces, hydrophobic interactions, salt bridges, hydrogen bonding 

between side-chains of residues, and interactions of charged residues with the macrodipole of 

the helix are responsible for the stability of the -helix.
312,320

 

4.4.1  The Helix Dipole and Capping Effects 

The -helix dipole plays an important role in modulating the properties of proteins. 

Many folding patterns in proteins can be explained by the helix dipole.
349

 The -helix dipole 

originates from the dipole moment of each peptide unit due to the partial double bond 

character of the amide bond. 

The direction of this single unit dipole moment is parallel to the C=O and N-H bonds 

with a value of 3.5 D.
294

 The dipole of a helix of n residues is approximately n  3.5 D. The 

N-terminus of a helix is the positive end, and the C-terminus is the negative end.
349

 The helix 

dipole can be quite well estimated by placing a half positively charged unit near the N-

terminus and a half negatively charged unit near the C-terminus. Because of the repeating 
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structure of helixes, all dipole charges are cancelled except for the N-terminal and C-terminal 

charges. Negatively charged residues have a tendency to appear near N-termini, while 

positively charged residues tend to appear near C-termini in order to counteract the helix 

dipole.
349

 This phenomenon is called the helix capping effect. 

The conventional nomenclature for helixes and their flanking residues are given as 

follows:
350

 

···– N'' – N' – Ncap – N1 – N2 – N3 – ··· – C3 – C2 – C1 – Ccap – C' – C'' –··· 

The Ncap (or Ccap) is defined as the interface residue “half-in and half-out” of the 

helix.
351

 C1, C2 and C3 are helical residues based on Pauling’s model, and the -helix has 

i  i + 4 hydrogen bonds between every N-H and C=O group along the main chain. Thus, 

the first four N-H groups and the last four C=O groups lack this hydrogen bonding because 

of the absence of partners. New alternative hydrogen bond patterns are found in the initial 

and final turns of the helix and are called helix caps.
352

 The amino acid residue at the N-cap 

or C-cap position is the first (or last) residue that does not have the characteristic dihedral 

angles of the -helix. For the sp
3
 hybridized atoms, the preference for the dihedral angles are 

+60° (gauche
–
), –60° (gauche

+
) and 180° (trans).

353-355
 When Thr and Ser residues are at the 

N-cap position, the side-chains adopt the gauche
–
 conformation to form a hydrogen bond 

with the N3 N-H with dihedral angle  = 164 ± 8°. When Asp or Asn is the N-cap, the side-

chain adopts the gauche
–
 conformation to form a hydrogen bond with the N3 N-H with  = 

172 ± 10°, or the side-chain adopts the trans conformation to form a hydrogen bond with 

both the N2 and N3 N-H with dihedral angle  = 107 ± 19°. For the other residues at the N-

cap position, the side-chain favors the gauche
+
 conformation, and dihedral angle  is 

unrestricted.
356
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Figure 4.4 Two views of the -helix. A: Backbone of the -helix; B: The first four N-H 

groups and the last four C=O groups cannot make intrahelical hydrogen bonds.
350

 (Reprinted 

from Aurora et al., Protein Sci. 1998, Copyright 1998, with permission from Prof. George D. 

Rose, Courtesy of Protein Science.) 

 

For traditional intrahelical interactions, capping interactions can be put into three 

categories: short-range, mid-range, and long-range.
350

 If the partners of the hydrogen bonds 

and/or hydrophobic interactions are within three or four amino acid residues from the N-

cap/C-cap, it is called a short-range interaction. If the partners of the hydrogen bonds and/or 

hydrophobic interactions are more than seven residues from the N-cap/C-cap, it is a long-

range interaction. All the others 3 to 7 residues apart are mid-range interactions. Most of the 

capping interactions are short-range and mid-range interactions.
350

 

The helix capping theory was first proposed by Presta and Rose in 1988. They believed 

that the C-cap and N-cap have different capping patterns, although hydrogen bonds are still 
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the major force for capping effects.
352

 Later studies showed that both hydrogen bonds and 

hydrophobic interactions are involved in helix capping. 

Hydrogen bonds are the major force in helix capping, and polar side-chains are usually 

involved in hydrogen bonding. Negatively charged residues, such as Asp and Glu are favored 

at the N-terminus; while positively charged residues, such as Lys and His are favored at the 

C-terminus because of the helix dipole.
357

 The C=O groups at the C-terminus are mainly 

satisfied by the backbone N-H groups from the turn following the helix while the N-H groups 

at the N-terminus are mainly satisfied by hydrogen bonding acceptors in side-chains.
352

 The 

residues with longer side-chains, such as Glu, Gln, Arg, Lys and His, form hydrogen bonds 

with residues distal (> ± 4) in the sequence while residues with shorter side-chains, such as 

Asp, Asn, Ser, and Thr, form hydrogen bonds with residues close (< ± 4) in the sequence.
358

 

There are two possibilities for intra-helical helix capping: side-chain to backbone 

capping, and backbone to backbone capping. Backbone to backbone capping is preferred 

more at the C-terminus and side-chain to backbone capping is preferred more at the N-

terminus. About 66 % of the helixes have at least one short- or mid-range backbone to 

backbone capping interaction at the C-terminus, while 31 % of the helixes contain at least 

one short- or mid-range side-chain to backbone capping interaction at the N-terminus. The 

residue chirality is believed to be the major factor in this preference. For natural L-amino 

acids, the C   C  vector is oriented toward the N-terminus in the helix, and the helix 

C  O vector points to the C-terminus. To make a backbone to backbone hydrogen bond at 

the N-terminus, a “U-turn” is required which would greatly increase the energy and is 

unlikely to happen. Since side-chain donors rarely follow the helix immediately, side-chain 

to backbone capping is rare at the C-terminus.
350
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Although the hydrophobic interaction was recognized later than hydrogen bonds,
359

 it is 

very common in the -helixes that at least one residue at either the N- or the C-terminus 

participates in hydrophobic interactions. Hydrophobic capping is caused by two sequentially 

close hydrophobic residues. Usually, one residue is at the first or last turn and the other is just 

outside of the helix. Hydrophobic capping does not show special preference between the N- 

and C-termini. About 81 % of the helixes contain at least one short- or mid-range 

hydrophobic interaction at the N-terminus and the percentage is 87 % at the C-terminus.
350

 

But specific positional preferences were found as follows: 

N-terminus: N3 ~ N4 > N2 > Ncap ~ N1 

C-terminus: C3 > C2 > Ccap > C1 > C4 

Capping effects are more complicated than described above, and classical intrahelical 

hydrogen bonds are not always effective, especially when the initial or final four amino acid 

residues are polar. The solvent will shield the polar groups and inhibit intermolecular 

interactions. Thus, special conformational arrangements at the termini are required to provide 

the intrahelical hydrogen bond partners in this case. Richardson and Richardson found that 

some amino acid residues are especially preferred at the ends of the helixes. Gly represents 

about 34 % at the C-cap position and Asn is preferred at the N-cap position.
351

 Further 

studies show that Met has a high occurrence as the first residue at the N-terminus of helixes 

while Lys is very common as the last residue at the C-terminus.
360

 

Ser, Lys and Leu have a higher preference at the C-terminus (C1-C3),
361

 while Asn, Asp, 

Ser, Thr and Cys are more preferred at the N-cap.
362

 Forood et al. found a trend in capping 

abilities:
363

 

At the N-terminus: Asn > Asp > Ser > Glu > Gln > Ala 
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At the C-terminus: Arg > Lys > Ala 

The energy difference between Asn and Gln at the N-terminus is about 2 kcal/mol.
334

  

4.4.2 Side-Chain-Side-Chain Interactions 

Side-chain-side-chain interactions were first reported by Marqusee and Baldwin in 1987 

by studying the effects of Gln/Lys ion pairs on the helical stability of a 17-residue 

monomeric peptide containing 11 Ala residues.
364

 After that, more and more side-chain-side-

chain interaction patterns have been found, and the effect of side-chains on helical stability 

was studied thoroughly in the past 20 years. In 1995, Stapley et al. made modifications of the 

Lifson-Roig theory and made it applicable for side-chain- side-chain effects.
335

 

Side-chain-side-chain interactions refer to non-covalent interactions. There are two 

categories: classical and non-classical side-chain-side-chain interactions. Classical side-

chain-side-chain interactions include ion pairs (salt bridges), hydrogen bonds, and 

hydrophobic interactions. Non-classical side-chain-side-chain interactions include non-

classical cation-  interactions and C-H···O hydrogen bonds.
365,366

 

Side-chain-side-chain interactions are very complicated, and it is very difficult to 

confirm what parameters really affect the helix stability. For example, the interactions 

between Arg or Lys and aromatic residues were usually attributed to cation-  interactions. 

But Andrew et al. showed that sometimes the helix-stabilizing effects were caused by 

hydrophobic interactions between the CH2 groups of Lys or Arg and the aromatic rings, and 

these will give nearly the same stabilizing energy (–0.10 to –0.18 kcal/mol) when the spacing 

is (i, i + 4) despite the difference in polarity between Lys or Arg and the aromatic residues.
367

 

Side-chain-side-chain interactions also participate in helix capping, but the strengths are 

not identical at the termini as in the middle of the helix. For example, side-chain ion-pairs 
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were observed in helix capping. In some positions, Lys and Arg functioned as hydrophobic 

residues due to their long, flexible side-chains, to avoid the charged terminal groups.
350

 

4.4.3 Ion Pairs 

An ion pair is a pair of oppositely charged residues, such as Asp or Glu with Arg, Lys or 

His. If the centroids of the side-chain charged-groups are close (within 4.0 Å), it is also 

called a salt bridge.
357

 Hydrogen-bonded ion pairs between side-chains are very common in 

proteins, and electrostatic ion pairs have an important influence on the stability of the 

proteins both inter- and intra-molecularly. For example, the Asp70-His31 ion pair contributes 

3-5 kcal/mol to the folding of T4 lysozyme.
368

 In the -helixes, charged residues at the C- 

and N-termini are important in helix capping effects. In the middle of the -helixes, side-

chain ion pairs tend to appear at adjacent positions (i, i ± 1) or on the same face (i, i ± 3 or 

i ± 4). Studies show that this type of ion pair also stabilizes helical structures.
368-370

 

Several factors affect the strength of the ion pairs: environment, the nature of the 

residues, spacing and orientation. Most ion-pairs are pH dependent. Because of the pKa of the 

functional groups of the side-chains, different ion pairs have different pH ranges. For 

example, the charged ion pair of Gln-Asp is stronger at pH 7 than the ion dipole interaction at 

pH 2,
371

 while the Glu-His ion pair prefers pH 5.5.
372

  

Lyu et al. studied the side-chain contributions to the stability of the -helix and found 

that the side-chain effects are not identical when the residues are different.
327

 It is plausible 

that the strengths of ion pairs are different when the ion pair patterns are different. The 

strengths of some ion pairs have been determined. For example, the strength of the (i, i + 4) 

Glu-Lys ion pair was –0.5 kcal/mol.
373

 The general trend in helicity is given as follows:
372

 

Glu-Lys > Asp-Lys > Glu-His 
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The ion pairs may occur at (i, i + 1, 2, 3 or 4), but only (i, i + 3) and (i, i + 4) ion pairs 

are reported to have helix-stabilizing ability.
357

 That is because the -helix has 3.6 residues 

per turns. The ion pairs are spatially close when the side-chains are spaced (i, i + 3) or (i, 

i + 4). Ion pairs (i, i + 5) are also reported but no helix-stabilizing effect was observed.
372

 

Usually this type of ion pair was used as a reference in the peptide study. Ion pairs (i, i + 7) 

and (i, i + 8) are also possible at some specific positions, such as a Glu 2
–
···Arg 10

+
 ion 

pair.
374

 It was reported that a majority of long-range ion pairs will destabilize the helical 

structures.
375

 

Table 4.1 Stabilizing energy of the side-chain ion pairs.
372,376-382

 

i, i + 3 i, i + 4 

Ion pair G (kcal/mol) Ion pair G (kcal/mol) 

Asp-Lys –0.12 Asp-Lys –0.24 

Lys-Asp –0.4 Lys-Asp –0.58 

Asp-His –0.63 Asp-His –0.63 

His-Asp –0.53 His-Asp –2.38 

Asp-Arg –0.8 Asp-Arg n. a. 

Glu-His –0.23 Glu-His –0.10 

His-Glu –0.45 His-Glu –0.54 

Glu-Lys –0.38 Glu-Lys –0.44 

Lys-Glu –0.38 Lys-Glu –0.46 

  pSer-Asp –0.45 

  pSer-Lys –1.6 

 

The orientations of the ion pairs are also responsible for the stability of the helix (Table 

4.1). That is, if the acidic (A) and basic (B) residues in the sequence are not identical, the 

effects of the ion pairs are not identical either; even when the spacing is the same. By 

studying the stabilization effects of the ion pairs Asp-Arg, Glu-Arg, Glu-Lys and Asp-Lys, 

the order of the ion-pair strength:
383

 

(i, i + 4) AB > (i, i + 4) BA ~ (i, i + 3) AB > (i, i + 3) BA 
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It is believed that intrinsic features of the sequence are responsible for this pattern, and 

this pattern is independent of the chemical types of the residues. 

 Some amino acid derivatives were also used in the sequence to increase the stability 

of the -helix. Phosphoserine (pSer) has two negative charges, which can form ion-pairs with 

positively charged side-chains.
381

 Errington and Doig reported that the pSer-Lys ion pair 

contributed about 1.6 kcal/mol to the stability of the -helix when the spacing was (i, i + 4), 

which was believed to be the strongest side-chain-side-chain interaction that had been 

measured.
381

 

The cooperative salt bridge triplet was reported to have a stabilizing effect in barnase 

with spatially close residues: Asp8-Arg110-Asp12.
384

 The introduction of the Arg-Glu-Arg 

cooperative salt bridge to the helix surface of the GCN4 leucine zipper resulted a stabilizing 

energy of 1.7 kcal/mol.
385

 Later, studies showed that the bridged triplet can stabilize the -

helical structure in the synthetic peptide when the spacing is (i, i + 3) or (i, i + 4).
366

 The 

stabilizing energy of the Arg-Glu-Arg and Glu-Lys-Glu salt bridge triplets are given in Table 

4.2. 

Table 4.2 Stabilizing energy of the cooperative salt bridge triplet.
366,386

 

G (kcal/mol) (i, i+3), (i, i+3) (i, i+3), (i, i+4) (i, i+4), (i, i+3) (i, i+4), (i, i+4) 

Arg-Glu-Arg –1.0 –0.3 –0.1 –1.5 

Glu-Lys-Glu    –1.02 

 

4.4.4 Hydrogen Bonds 

Side-chain-related hydrogen bonds (H-bonds) include side-chain-main-chain H-bonds,
387

 

side-chain-side-chain H-bonds, and side-chain-solvent (usually water) H-bonds.
388

 Here, 

hydrogen bond refers to the classical non-covalent side-chain hydrogen bond. That is, N-H or 
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O-H groups will act as hydrogen donors, while O or N atoms will be the acceptors. Like the 

backbone hydrogen bonds, side-chain hydrogen bonds greatly stabilize the helical structures. 

Hydrogen bond pairs may be neutral or charged. Since most proton donors and acceptors 

can be acidic or basic in different surroundings, the strength of a specific hydrogen bond is 

pH-dependent. The (i, i + 3) or (i, i + 4) His-Asp side-chain interaction shows different 

properties at different pH values. At pH 2, a strong side-chain-side-chain hydrogen bond is 

formed between neutral Asp and positively charged His. The hydrogen bonding pattern can 

be observed as His
+
-Asp with both (i, i + 3) and (i, i + 4) spacing. At pH 5.5, His and Asp are 

both charged and a salt bridge forms. At pH 8.5, His is neutral and Asp is negatively charged. 

The charged hydrogen bond can be seen as His-Asp
–
 only at (i, i + 3) spacing.

378
 Studies 

show that ion-pairs and charged-dipole hydrogen bonds cannot be completely separated 

because of the nearly identical composition.
383

 

The spacing of the hydrogen bond pairs is usually (i, i + 3) and (i, i + 4), and the energy 

difference between these two positions is very small.
372

 No significant hydrogen-bonding 

interaction was found for (i, i + 1) or (i, i + 2) spacing.
379

 The (i, i + 5) spacing is usually 

used in reference peptides, and it is believed to have no hydrogen bond interaction. The order 

of helix stabilization ability for spacing is:
379

 

(i, i + 4) > (i, i + 3) >> (i, i + 2) ~ (i, i + 1) 

The bridged hydrogen bond is also reported to have helix-stabilizing ability. The Asp8-

Ser77-Arg17 triplet in the  repressor forms a salt bridge and a hydrogen bond, which 

stabilize the structure by 1.5 and 0.8 kcal/mol, respectively.
380

 The Glu
0
-Lys-Glu

0
 bridged 

hydrogen bond contributes 0.47 kcal/mol to the stability of the synthetic -helix.
386
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The orientations of the hydrogen bonds show different effects in different pairs. The (i, 

i + 4) Gln/Asn pair forms a hydrogen bond with a free energy of –0.4 to –0.7 kcal/mol when 

the orientation is Gln-Asn, while the interaction energy is nearly zero for the reverse 

orientation.
389

 The Asp/His pair only shows an interaction when the orientation is His-Asp.
378

 

But the helix-stabilizing ability for the Glu/Lys pair is independent of the side-chain 

orientation.
379

 Water molecules function as hydrogen bonding bridges when the residue pairs 

are spaced (i, i + 3, 4 or 5) and stabilize helical strutures.
390
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Figure 4.5 (i, i + 3 or i + 4, i + 7) hydrogen bond in the -helix. Model was built with 

MacPyMOL 1.0. 

4.4.5 Hydrophobic Interactions 

Hydrophobic interactions are thought to be the major force for protein folding when non-

polar surfaces are in contact.
391

 Since forming a helix-stabilizing hydrophobic interaction will 
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lead to the loss of side-chain conformational entropy when two non-polar side-chains are 

fixed in specific conformations, the contribution of the hydrophobic interactions to the 

stability in an isolated helix was not found until 1994. Padmanabhan and Baldwin found 

hydrophobic interactions between Tyr and Leu or Val when the spacing was (i, i + 4).
392

 

The mechanism of hydrophobic interactions is still under debate. It is believed that 

electrostatic fluctuations, changes in water structure, bridging microscopic bubbles, and a 

drying transition induced by hydrophobic surfaces can cause hydrophobic interactions.
393

 It is 

also reported that removing water from some backbone hydrogen bonds may cause 

hydrophobic packing and greatly improve the stability of the protein.
394

 

Hydrophobic interactions have more restraints than ion pairs because of the requirements 

of conformation. All possible hydrophobic interaction pairs are from a small group of amino 

acid residues, including Ala, Cys, His, Ile, Leu, Met, Phe, Trp, Tyr, and Val.
395

 One study 

showed that any hydrophobic helix-stabilizing interaction between non-polar residues spaced 

(i, i + 4) strongly depends on the limited flexibility of at least one residue. If the side-chain 

conformations are very flexible and cannot be fixed to a single conformation, there would be 

a great loss of conformational entropy. Then this pair will have very little or no helix-

stabilizing effect. This may explain why straight side-chain pairs are less important in helix-

stabilization than a pair containing a straight side-chain and a -branched side-chain or an 

aromatic side-chain, such as Tyr-Leu.
396

 

Unlike ion pairs, hydrophobic interactions do not show significant differences when the 

hydrophobicities of the side-chains are different (Table 4.3). For example, the (i, i + 4) 

hydrophobic interactions between Leu and Val or Ile are similar even though the 

hydrophobicity of Ile is greater than Val (Ile-Leu: –0.35 kcal/mol; Val-Leu: –0.31kcal/mol 
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when the spacing is i, i + 4).
395,396

 But if the side-chains contain aromatic rings, such as Phe, 

Tyr, Trp and His, the interactions are much greater
395

 (Leu-Trp: –1.0 kcal/mol when the 

spacing is i, i + 4).
397

 

Hydrophobic interactions are more position specific than other classical side-chain 

interactions. Hydrophobic pairs have great helix-stabilizing or destabilizing ability when the 

spacing is (i, i + 4). When the spacing is (i, i + 3), the interactions are much weaker (about 

2.7 kJ/mol difference in Leu-Leu pair).
392,398

 No hydrophobic effect is observed when the 

spacing is (i, i + 2) because of the structure of the -helix.
395

 

Table 4.3 Stabilizing energy of the side-chain hydrophobic interactions. 

i, i + 3 i, i + 4 

Amino acid pair G (kcal/mol) Amino acid pair G (kcal/mol) 

Ile-Leu 
a 

–0.26 Ile-Leu –0.39 

Leu-Ile 
a
 –0.43 Leu-Ile –0.47 

Leu-Leu 
a
 –0.35 Leu-Leu –0.40 

Leu-Tyr 
b
 –0.44 Leu-Tyr –0.65 

Tyr-Leu 
b
 –0.02 Tyr-Leu –0.44 

Leu-Val 
a
 –0.21 Leu-Val –0.19 

Val-Leu 
a
 –0.49 Val-Leu –0.54 

Phe-Leu 
a
 –0.15 Phe-Leu –0.10 

Tyr-Val 
b
 –0.13 Tyr-Val –0.31 

Val-Val 
a
 –0.17 Val-Val –0.28 

a) Free energy derived from a protein dataset;
395

 b) experimental data.
399

 

 

Some side chain aromatic-aromatic interactions are also regarded as hydrophobic 

interactions when the side chains are uncharged, such as the (i, i + 4) Phe-His interaction. 

Charged His
+
 is usually orthogonal to the Phe aromatic ring (edge-to-face).

400
 When His is 

uncharged, it acts more as a -system, and forms a -  interaction in a parallel manner.
401,402

 

This aromatic-aromatic interaction has a weak stabilizing effect to the -helix.
400

 

Like other side-chain-side-chain interactions, aromatic-aromatic interactions are also 

sequence-dependent. For example, the Phe-Phe interaction contributes –0.27 kcal/mol to the 
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stability of a 18-residue -helix in the middle of the sequence (Phe7-Phe11), while the 

interaction is much greater (–0.8 kcal/mol) at the C-terminus (Phe13-Phe17).
365

 

4.4.6 Cation-  Interactions 

Non-classical side-chain-side-chain interactions mainly include cation-  interactions, 

non-covalent C-H···O hydrogen bonds, and other unconventional hydrogen bonds such as C-

H··· , and O-H···  hydrogen bonds.
366

 Although the free energies of these interactions are 

relatively weak, they still have cumulative effects on the stability of helical structures and 

protein folding. 

The cation-  interaction is the interaction between a charged or partially charged group 

perpendicular to the plane of an aromatic system. The cation-  interaction was first reported 

in the gas phase by Deakyne and Meot-Ner.
403,404

 They showed the possibility of X-H
+
···  

interactions in specific peptide conformations.
335

 Perutz et al. studied the interactions of 

ammonium groups with aromatic rings in human hemoglobin with drugs.
405

 Burley and 

Petsko found that positively charged or 
+
 amino groups of Lys, Arg, Asp, Glu and His 

showed great preference to locate within 6 Å of the ring centroids of Phe, Tyr and Trp side-

chains in proteins.
406

 

Most of the cation-  interactions in the -helixes are amino-aromatic interactions. 

Studies show that the cation-  interactions are not as weak as expected. The cation-  

interactions can be as strong as ion pairs,
407

 and some cation-  interactions may be even 

stronger than salt bridges.
408

 Even the simplest cation-  interaction between an ammonium 

cation and a phenyl group could contributes 0.4 kcal/mol, nearly as much as that of salt 

bridges, to the helix stability.
409
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Cation-  interactions can occur between an aromatic residue, such as Phe, Tyr or Trp, 

and a cationic amino acid, such as Lys, Arg or His.
409

 The contributions to the stability of the 

-helixes are different if the pairs are different. Of the aromatic residues, the order of 

stabilization is: Trp > Tyr > Phe.
410

 The reason for this trend can be explained by the electron 

density of the six-membered ring. Trp has greater electron density in the benzene ring than 

Tyr and Phe, so the cation-  interaction will be greater.
411

 Arg is preferred as the cationic 

amino acid when forming cation-  interactions.
412

 This can be explained by the difference in 

the geometries of the interactions. Arg prefers to interact with an aromatic ring in a stacked 

geometry, in which van der Waals force may also contribute to the stability of the helical 

structure and reduce the desolvation energy for interacting with an aromatic ring. Lys has no 

van der Waals force to counteract the desolvation energy, so Lys is less preferred in cation-  

interactions.
401
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Figure 4.6 Cation-  interaction arrangements. Left: planar stacking (4PTI),
413

 middle: 

oblique stacking (1YCS),
414

 right: orthogonal stacking (1REK).
415

 All models were generated 

from Protein Data Bank with MacPymol 1.0. 
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Three categories of interaction arrangements were assigned based on the interplanar 

angle ( ): planar (0° <  < 30°), oblique (30° <  < 60°), and orthogonal (60° <  < 90°) 

(Figure 4.6).
416

 Arg prefers planar stacking, in which the guanidinium group is directly over 

the center of the aromatic ring, and the two planes are nearly parallel. The Arg-  interaction 

contributes more to the stability of helical structures, because this arrangement does not 

affect the side-chains ability to form hydrogen bonds elsewhere.
417

 Charged His
+
 prefers 

orthogonal stacking, although this interaction is also categorized into edge-to-face hydrogen 

bonding.
400

 

The sequence order of the cation-  interactions is also very important to the stability of 

helical structures. The solvent-exposed Trp Arg (i, i + 4) interaction contributes –

0.4 kcal/mol to the helix stability, while the reverse order Arg Trp (i, i + 4) interaction has 

little contribution to the helix stability.
418

 

4.4.7 C-H···O Hydrogen Bonds and Other Non-Classical Hydrogen 

Bonds 

C-H···O hydrogen bond and other non-classical hydrogen bonds were proposed a long 

time ago.
419

 But since they are so weak, their effects were always neglected. In 1982, Taylor 

and Kennard provided strong crystallographic evidence for the existence of a C-H···O 

hydrogen bond.
420

 In 1995, this type of hydrogen bond was found to stabilize the secondary 

structure of proteins (helixes and parallel or anti-parallel -strands).
421

 

Unlike classical hydrogen bonds, in which N-H or O-H groups act as proton donors, the 

C-H group is the donor in C-H···O hydrogen bond (Figure 4.7). Since the C-H group is not a 

good donor, the strength of the C-H···O hydrogen bond is considered to be much weaker than 

that of the ordinary hydrogen bonds. The free energy of O-H···O hydrogen bonds is greater 
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than 10 kcal/mol,
422

 but only 0.6-1.5 kcal/mol for C-H···O hydrogen bonds.
423

 But due to the 

abundance of C-H groups in proteins, the occurrence of this type of hydrogen bond is very 

high and the total contributions to the stability of proteins are still considerable.
422

 Side-chain 

-system acceptors also interact with C-H donors to form hydrogen bonds,
424

 but the strength 

is even weaker. The free energy of a C-H···  hydrogen bond is 0.5-1.0 kcal/mol, the weakest 

hydrogen bond of all.
422

 

Ser64

Tyr61

Trp238

Phe64

Lys153

Val149

N-H

C-H

C-H O

a) b)

c) d)  

Figure 4.7 Structure of some classical and non-classical hydrogen bonds: (a) classical N-

H···O hydrogen bond in the -helixes (main-chain atoms of the helix 193–204); (b) non-

classical C -H···O hydrogen bond between Lys153 and Val149; (c) non-classical N-H···  

hydrogen bond between Ser64 backbone N-H and aromatic ring of Tyr61; (d) non-classical 

C
1
-H···  hydrogen bond between Trp238 and aromatic ring of Phe64.

422
 (Reprinted from 

Weiss et al., Trends Biochem. Sci. 2001, Copyright 2001, with permission from Elsevier.)
425

 

 

When hard/soft-acid/base (HSAB) theory was applied to non-classical hydrogen bonds, 

N-H and O-H groups are regarded as hard acids while C-H groups are soft acids. Hard-acids 
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have greater affinity to hard-bases – N or O acceptors; while soft-acids prefer soft-bases. The 

 system is regarded as soft here. This may explain why  hydrogen bond acceptors have a 

greater preference to interact with C-H groups than O-H, N-H or S-H groups.
422

 

Non-classical hydrogen bonds also stabilize the -helical structure. Proline tends to form 

C-H···O hydrogen bonds to stabilize the helical structure because of the lack of N-H groups 

(Figure 4.8).
426

 The Pro C  protons are usually involved to form two C -H···O hydrogen 

bonds with the C=O groups in the preceding turn (i-3 and i-4 positions). It is also possible 

that the C  hydrogen atoms form just one C -H···O with one C=O group (type 3 or 4) or H2O 

molecules, Alternatively one C -H donor can combine with two acceptors simultaneously to 

form a three-centered bond (type 5) and leave the second hydrogen atom free.
426

 

The orientation of a C-H···O hydrogen bond is also responsible for the strength of the 

interaction. The C-H···O hydrogen bond between Glu and Phe contributed about –0.5 

kcal/mol to the stability of a helix when the orientation is Glu Phe (N C) with the spacing 

(i, i + 4), while no stabilizing effect was observed when the orientation was Phe Glu with 

the same spacing.
427

 

Pro 316

Thr 313

Gly 312

 

Figure 4.8 Structure of proline C-H···O hydrogen bond – type 4/3.
426

 (Reprinted from 

Chakrabarti et al., J. Mol. Biol. 1998, Copyright 1998, with permission from Elsevier.) 
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If the O-acceptors are in different functional groups, the strengths of C-H···O hydrogen 

bonds will be different. The binding energy of C -H to a water molecule is in the range of –

1.9 to –2.5 kcal/mol depending on the polarity of the amino acid,
428

 while C-H···O=C 

hydrogen bonds only contribute –0.5 kcal/mol to the stability of the helical structure in the 

Glu Phe pair.
427

 In the -helixes, C-H···O=P hydrogen bonds also stabilize helical 

structures in the absence of strong hydrogen bonding patterns.
429

 

4.5 De Novo design of the -helix 

Proteins are the basis of life, and it is believed that the structure of a protein determines 

the function of this protein. How proteins fold and function has always been mysterious to 

scientists due to the involvement of various interactions. To study the subtle interactions in 

proteins, de novo design was adopted to evaluate protein folding and determine the desired 

interactions and functions.
430

 Alanine-based peptides are used in most studies because of two 

factors: 1) the side-chain interactions are minimal thus the structural and thermodynamic 

changes are mainly caused by the peptide backbones;
431,432

 2) alanine can stabilize the helical 

structure intrinsically.
433,434

 Studies show that four types of interactions are responsible for 

protein structure, stability, and folding: hydrophobic forces, ionic interactions, van der Waals 

forces, and hydrogen bonds.
366

 

Proteins are mainly composed of 20 natural L- -amino acid residues and these amino 

acid residues form stable secondary structures, such as -helix, -sheet and -turn. The 

structure of the -helix was first proposed by Pauling et al. in 1951,
154

 which is regarded as a 

landmark in the study of proteins. As one of the most abundant and important secondary 

structures in nature, the -helix has been important for biologists and chemists in the past 
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fifty years. After 1980, new techniques, such as NMR and CD, were introduced into the 

study of proteins that made it possible to reveal the roles of “weak interactions” in the 

stability and folding of the -helixes. It is known that backbone hydrogen bonds are the 

major forces to stabilize the helical structure.
154

 In addition to backbone hydrogen bonds, 

several factors are also responsible for the stability of the -helix. These include helix 

nucleation, propagation constants, helix capping effects and side-chain-side-chain 

interactions.
366,435

 These interactions have different contributions to the stability of the -

helix. It was reported that in an alanine based peptide with 15-20 residues, the free energy 

barrier for nucleation is about 4 kcal/mol, while the free energy for helix propagation is only 

0.4 kcal/mol.
436

 The details of peptide folding are revealed with mimic peptides by de novo 

design. 

4.6 Summary 

 The -helix is one of the most important and abundant secondary structures in 

proteins. The peptide chain consisting of only natural L- -amino acids forms a right-handed 

-helix with 3.6 residues per turn and a pitch of 1.5 Å per residue. All the side-chains point 

outside of the -helix and are exposed to the solvent. 

 The backbone intra-helical hydrogen bonds between i and i + 4 residues, and various 

side-chain-side-chain interactions are responsible for the stability of the -helix. These 

enable our ability to modify the sequence of a peptide to design a more stable -helix. Some 

strong interactions, such as N- and C-terminal capping effects, salt bridges, and hydrogen 

bonding between side-chains of spatially close residues, are widely used in de novo design to 

evaluate protein folding and determine the desired interactions and functions. 
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Chapter 5 Design of the helix-turn-helix peptides 

5.1 Introduction to the helix-turn-helix motif 

A tri-helical DNA-binding domain was reported in phage  transcription regulators, 

Cro and the cI repressor, and lacI, the lactose operon repressor in 1982.
437-441

 The second and 

the third helixes of this tri-helical domain form a -helix-turn- -helix motif, which is critical 

for the interaction with DNA.
442

 This domain was called a helix-turn-helix (HTH) domain, 

and the -helix-turn- -helix structure was called a helix-turn-helix motif. 

 The HTH motif is a tertiary structure, which can be found in many DNA-binding 

proteins from prokaryotes to eukaryotes, especially in the cro repressor protein (cro), 

catabolite gene activator protein (CAP), and  repressor.
443

 The HTH motif has at least 20 

residues, including an -helix, a turn of three or four amino acids, and a second -helix. The 

two helixes pack together at an angle of 90° and form a “criss-cross” shape,
444

 and the amino 

acid residues of the turn form a “pocket”. The “core” of this turn is hydrophobic, and the 

hydrophobic interactions are the major force between these two helixes.
445

 

The HTH-turn is quite different from the common -turn and -turn. The -turn has 

exactly 4 amino acid residues and there is a hydrogen bond between the C=O group of the 

first residue and the N-H group of the fourth residue.
444

 The -turn has three amino acid 

residues and hydrogen-bonding between the C=O group of the first residue and the N-H 

group of the third residue to form a seven-membered ring.
446,447

 The turn in the HTH motif is 

tighter, and has three or four amino acid residues and lacks the hydrogen bond.
445

 The 

Ramachandran conformational angles  and  are also different.
448
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Table 5.1 Dihedral angles  and  of the amino acid residues in the -turn, -turn and HTH-

turn.
446,447,449-453

 

 i i i+1 i+1 i+2 i+2 

HTH-turn Cro 
a 

–87 +14 +60 +27 –105 –172 

HTH-turn Oct-1 
b 

–109 +22 +52 –3 –98 +164 

-Turn, Type I
 

  –60 –30 –90 0 

-Turn, Type II   –60 +120 +80 0 

-Turn, Type III   –60 –30 –60 –120 

-Turn, Type VIa   –60 120 –90 0 

-Turn, Type VIb   –120 120 –60 0 

-Turn, inverse   –70 to –85 60 to 70   

-Turn, classic   70 to 85 –60 to –70   

a) From the X-ray crystal structure of phage 434 Cro/OR1 complex;
454

 b) from the X-ray 

crystal structure of an Oct-1 POU domain-octamer DNA complex;
455

 

 

The HTH motif is not an independently stable domain.
456

 It needs other secondary 

elements to form a stable, globular structure. In the tri-helical engrailed homeodomain, the 

first helix immediately preceding the HTH motif covers the hydrophobic face of the HTH 

motif to stabilize the HTH motif.
457

 In the tetra-helical DNA-binding domains, such as  and 

434 repressors,
458,459

 434 Cro
460

 and the POU-specific domain,
455

 the first and fourth helixes 

immediately preceding and following the HTH motifs also have a stabilizing effect on the 

HTH motif. 

The two -helixes in the HTH motif are responsible for recognition and binding to 

DNA, but the two helixes are not functionally identical. Usually, the helix at the C-terminus 

is oriented in a position that is close to the major groove of DNA, and contributes more to the 

DNA recognition process.
461,462

 This helix is called a recognition helix and it carries the main 

amino acid residues that bind to DNA and recognize a specific sequence of nucleotides 

through a series of hydrogen bonds and various Van der Waals interactions with the exposed 

bases. The other -helix stabilizes the structure and assists the interactions between protein 

and DNA, but does not significantly contribute to the recognition.
439,443

 In many different 
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HTH proteins the recognition helix has various orientations in the major grooves of DNA. 

The orientation of the helix in eukaryotes is much less variable.
312

 

5.2 De Novo Design of HTH Peptides 

 

Figure 5.1 Antp-DNA binding complex. The crystal structure was obtained from the Protein 

Data Bank (9ANT),
463

 and processed with MacPyMOL v1.0. 

 

Antennapedia (Antp) is a protein that controls the development of Drosophila.
464,465

 

The Antennapedia homeodomain consists of 60 amino acid residues, and has a very high -

helical content.
466

 The structure of the Antennapedia homeodomain was determined by NMR 

in aqueous solution
467,468

 and by X-ray crystallography (Figure 5.1).
463

 The NMR studies 

showed that the Antennapedia homeodomain consists of three well-defined -helixes, which 

are residues 10-21, 28-38 and 42-52, and a relatively flexible short helix residues 53-59. 

Helixes II and III are connected by a tripeptide that forms a turn, and together they constitute 

a helix-turn-helix motif (residues 30-50).
468

 The X-ray crystal structure mostly agreed with 

the NMR results, but only three -helixes were observed: helix I from residue 10 to 22, helix 

II from residue 28 to 38, helix III from residue 42 to 58.
463

 The recognition helix penetrates 

into the DNA major groove, and forms direct, or water-mediated, intermolecular hydrogen 
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bonds for specific protein-DNA contacts. Helix III, and perhaps helix IV as well, act as the 

recognition helixes for the Antennapedia homeodomain, and makes contact with the surface 

of the major groove of the DNA.
463,467,469

 

The native Antp HTH peptide contains two -helixes (helix II from T27 to H36; helix 

III from T41 to K55) and one short hydrophobic turn (A37-L38-S39-L40). Stepwise 

modifications of the Antennapedia HTH peptide was designed to improve the helicity (F. A. 

Etzkorn, unpublished results), and new HTH peptides were synthesized (University of 

Virginia, Biomolecular Research Facility). The DNA-binding residues, identified in the co-

crystal structure of Antp/DNA, and the hydrophobic core residues were retained as much as 

possible (F. A. Etzkorn, unpublished results). The sequences of the native and modified 

peptides are shown in Figure 5.2. 

Peptide 69: T-R-R-R-R-I-E-I-A-H-A-L-S-L-T-E-R-Q-I-K-I-W-F-Q-N-R-R-M-K

Peptide 70: D-R-R-R-R-E-E-I-A-K-A-L-G-L-T-E-R-Q-I-K-I-W-E-Q-N-R-R-M-R

Peptide 71: D-A-A-A-A-E-A-I-A-K-A-L-G-L-T-A-A-A-I-K-I-W-E-Q-N-A-R-A-R

27  29  31  33  35  37  39  41  43  45  47  49  51  53  55

28  30  32  34  36  38  40  42  44  46  48  50  52  54

X: the amino acid residues binding to DNA
X: change of the amino acid residues
X: HTH turn
X: hydrophobic core
 : salt bridges  

Figure 5.2 Stepwise changes to Antennapedia HTH peptide (27–55). (F. A. Etzkorn, 

unpublished results)  

 

Compared to the native Antennapedia peptide (27–55), the Cys residue at residue 39 

was replaced with a Ser residue in peptide 69 to prevent oxidative dimerization.
470

 Peptides 

70 and 71 have a negatively charged Asp (D) residue at the partially positively charged N-

terminus, and a positively charged Arg (R) residue at the partially negatively charged C-

terminus to cap the helix dipole. Additionally, in peptide 70, more ion pairs are introduced to 
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stabilize the helix. In addition to the original Arg29-Glu33 and Glu42-Lys46 ion pairs, 

peptide 70 contains three more ion pairs spaced (i, i + 4) to stabilize the two helixes: Asp27-

Arg31, Glu32-Lys36, and Glu49-Arg53. The two helixes in peptide 70 are expected to have 

greater stability with these oppositely charged (i, i + 4) ion pairs, even though this meant 

removing a few DNA-binding (E42, R43, Q44) and hydrophobic core residues (I32, F49), 

but these are thought to be less important for the DNA recognition process. 

Different amino acid residues have different contributions to the helicity of peptides. 

Circular dichroism studies indicated that the extent of the helicity of short peptides has the 

order:
327

 

Ala > Leu > Met > Gln > Ile > Val > Ser > Thr > Asn > Gly 

Short alanine-based peptides tend to be very helical.
434

 In peptide 71, more Ala residues were 

included to increase the helicity. 

5.3 Purification of HTH Peptides 

Peptides can be purified efficiently on a reverse phase column with a binary solvent 

system of H2O and CH3CN in the presence of 0.1 % TFA. Two solvent systems were tried to 

purify the HTH peptides. The first solvent system was a pH 7.0 ammonium acetate buffer. 

Ammonium acetate does not dissolve well in CH3CN, so water was added to increase the 

solubility. This HPLC solvent system consisted of two solvents: solvent A was 20 % CH3CN 

in H2O with 10 mM ammonium acetate buffer (pH 7.21); solvent B was 20 % H2O in 

CH3CN with 10 mM ammonium acetate buffer (pH 6.88). A fast gradient from 10 % to 95 % 

solvent B over 25 min was tried on a VYDAC protein C4 reverse phase column, but the 

separation was poor. Another solvent system, in which solvent A was 0.1 % TFA in H2O, 

and solvent B was 0.1 % TFA in CH3CN, was tried with the same gradient. The separation 
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was much better, so the binary solvent system of H2O and CH3CN with 0.1 % TFA was used 

as the mobile phase to purify the peptides.  

Three reverse phase columns were tried to obtain a better separation: Varian Polaris 

C18 reverse phase column, VYDAC protein C8 reverse phase column, and VYDAC protein 

C4 reverse phase column. On the Varian Polaris C18 reverse phase column, the desired peak 

did not elute during the gradient, and an additional 5 min at 95 % solvent B was required to 

elute the desired peak. VYDAC protein C8 and protein C4 reverse phase columns both gave 

good resolution. The resolution was a little better on the C8 column with a longer retention 

time. Since the C8 column has no corresponding preparative column, the VYDAC protein C4 

reverse phase semi-preparative column was used to purify the HTH peptides. 

Due to the difference in polarity and impurity in different peptides, no one method 

was good for all peptides. Different gradients were used to achieve the best resolution, and 

the methods are given in the Experimental section. 

5.4 CD analysis of HTH peptides 

Circular dichroism (CD) can be used to measure the helicity of synthesized peptides. 

In folded proteins, different secondary structures have different characteristic CD spectra. 

The random coil has a maximum at 212 nm corresponding to a * transition and a 

minimum at 195 nm assigned to an n * transition. The -sheet has a minimum at 

218 nm related to a * transition and a maximum at 196 nm corresponding to an 

n * transition. The -helix exciton coupling of the * transitions leads to 

( *)perpendicular maximum at 192 nm and ( *)parallel minimum at 209 nm, it has 
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another minimum at 222 nm, which is red shifted, related to an n * transition.
471,472

 

The molar ellipticities are shown in Table 5.7. 

Table 5.2 CD peaks of different secondary structures in the folded proteins.
471,472

 

Structure Maximum Transition Peak (nm) 
Molar ellipticity 

(deg·cm
2
·dmol

-1) 
-Helix Positive * 190-195 60,000 to 80,000 

-Helix Negative * 208 –36,000 ± 3,000 

-Helix Negative n * 222 –36,000 ± 3,000 

-Sheet Positive * 195-200 30,000 to 50,000 

-Sheet Negative n * 215-220 –10,000 to –20,000 

Random Coil Negative * ca. 200 –20,000 

Random Coil Positive n * 220 Small 
 

The helical content of a peptide is proportional to its mean residue ellipticity 

measured at a wavelength of 222 nm. The fraction of helix (fH) is defined as the ratio of the 

average number of backbone hydrogen bonds divided by the total number of backbone 

hydrogen bonds available in a peptide with n residues.
473

 The measured value of fH can be 

calculated by equation 1:
372

  

f H =
[ ]obs [ ]C
[ ]H [ ]C

     (1) 

Where [ ]obs is the observed mean residue ellipticity with units of deg·cm
2
·dmol

-1
; [ ]C is the 

mean residue ellipticity for the random coil state, and [ ]H is the mean residue ellipticity for a 

completely helical state. The values of [ ]C and [ ]H at 0 ºC can be described as:
372

 

[ ]C = +640 deg·cm
2
·dmol

-1
 

[ ]H = –42500(1 – 3/n) deg·cm
2
·dmol

-1
 

Where n is the number of residues; 3 means three C=O groups that are not H-bonded in the 

peptide. The molar ellipticity [ ] is temperature dependent, and therefore all experiments 

must be performed at the same temperature, usually 0 ºC to maximize helicity.
473
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H = ( H (0) + ( H / T)T)(1 x /n)    (2) 

Two methods can be used to investigate the effect of salt bridges without the 

synthesis of new control peptides: varying pH and ionic strength. For example, Glu and Lys 

are both charged at pH 7.0 and the ion pair can be shown as Glu
–
-Lys

+
, while at pH 2.5, Glu 

is in the uncharged form and the pair will be Glu
0
-Lys

+
.
372

 The contribution to the helicity of 

the Glu-Lys pair is expected to be much smaller at pH 2.5 than at pH 7.0. If the residues of 

an ion pair are both in their charged forms, the strength of the salt bridges diminish with 

increasing salt concentration.
372

 The ellipticities of synthesized peptides at different NaCl 

concentrations were measured to show the effect of salt bridges. 

5.4.1 CD results 

The molar ellipticity is temperature-dependent.
473

 Usually, the molar ellipticity at rt is 

lower than the molar ellipticity at 1.5 ºC. Because the circulating water bath was not very 

efficient, the internal temperature in the cell could not reach 0 ºC. From the literature, the 

acceptable temperature range was 0-4 ºC,
372,383,418

 so CD data was obtained at 1.5 ºC. The 

absolute molar ellipticity and percentage helicity were not available due to lamp and 

calibration problems. 

The peptides were dissolved in 10 mM phosphate buffer, and the stock concentration 

of peptides 69, 70 and 71 was determined by single Trp UV absorbance in 6 M guanidine 

hydrochloride at 280 nm ( 280 = 5690 M
-1

 cm
-1

).
474

 The solutions for CD analysis were 

diluted from the stock solution with 10 mM phosphate buffer (pH 7.0).  
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Figure 5.3 Full range CD spectrum of peptides 69, 70, and 71. The peptide concentrations 

were around 20 μM in 10 mM phosphate buffer. Blue line: the Antp native peptide 69, red 

line: peptide 70, green line: peptide 71. 

 

The full range CD spectra of peptides 69, 70 and 71 were obtained at a similar 

concentration for better comparison (Figure 5.3). All three peptides showed a minimum 

around 222 nm, and another minimum around 209 nm, indicating the presence of the -

helixes. The molar ellipticity of the native Antp peptide 69 was –93129 deg·cm
2
·dmol

-1
 at 

222 nm. The molar ellipticity of the modified Antp peptide 70, which had three more salt 

bridges and N- and C-capping effects, was –398924 deg·cm
2
·dmol

-1
 at 222 nm, 4.28 times 

greater than the native Antp peptide 69. The molar ellipticity of peptide 71, which had ten 

more Ala residues and N- and C-capping effects, was –863374 deg·cm
2
·dmol

-1
 at 222 nm, 

9.27 times greater than the native peptide. 

The peptide concentration dependence experiments were performed (Figure 5.4). The 

full range CD spectra of peptides 69, 70 and 71 were obtained at different peptide 

concentrations, and the molar ellipticities at 222 nm were recorded. The molar ellipticity of 

all three peptides increased with increasing peptide concentrations. The concentration 

dependence of the native Antp peptide 69 was significant, while the concentration 
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dependence of the modified Antp peptides 70 and 71 was not as significant. The 

concentration dependence was more significant when the molar ellipticity was low. 

 

Figure 5.4 Molar ellipticity-concentration dependence of peptides 69, 70 and 71. Top: the 

native Antp peptide 69. Blue line: 10 μM; red line: 20 μM; green line: 30 μM. Middle: 

peptide 70. Blue line: 3.8 μM; red line: 9.8 μM; yellow line: 19.6 μM; green line: 29.5 μM. 

Bottom: peptide 71. Blue line: 2.8 μM; red line: 7 μM; yellow line: 9.8 μM; green line: 

14 μM; purple line: 21 μM. 
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Figure 5.5 Salt effect of peptides 69, 70 and 71. Top: the native Antp peptide 69 (10 μM). 

Blue line: 10 mM NaCl; red line: 0.5 M NaCl; yellow line: 1 M NaCl; green line: 2.5 M 

NaCl. Middle: peptide 70 (9.8 μM). Blue line: 10 mM NaCl; red line: 1 M NaCl; green line: 

2.5 M NaCl. Bottom: peptide 71 (7.0 μM). Blue line: 10 mM NaCl; red line: 1 M NaCl; 

green line: 2.5 M NaCl. 

 

The experiments of salt effects were also performed. The full range CD spectra of 

peptides 69, 70 and 71 in 10 mM, 0.5 mM, 1 M, and 2.5 M NaCl solution were obtained, 



 

 

 222 

respectively (Figure 5.5). High concentrations of salt can interact with charged side-chains, 

and break the side-chain-side-chain ion pairs. We expected that the molar ellipticity would 

decrease with the increase of salt concentration. The results showed that only the molar 

ellipticity of peptide 71 decreased with increasing salt concentration. Peptide 69 and 70 

showed an increase of the molar ellipticity when salt concentration increased, which opposed 

to our hypothesis. These results will be discussed in Section 5.4.2. 

5.4.2 Discussion 

The native Antp peptide 69 has two ion pair, Arg29-Glu33 and Glu42-Lys46, and no 

N- or C-capping effects. It has only two Ala residues in the sequence, which is not enough 

for Ala intrinsic stabilizing effect. Peptides 70 and 71 have a negatively charged Asp residue 

at the partially positively charged N-terminus, and a positively charged Arg residue at the 

partially negatively charged C-terminus to cap the helix dipole. In peptide 70, three more ion 

pairs spaced (i, i + 4), Asp27-Arg31, Glu32-Lys36, and Glu49-Arg53, were introduced to 

stabilize the helix. In peptide 71, 10 more Ala residues were introduced, and the high content 

of Ala residues should stabilize the -helixes intrinsically. 

From these results, the molar ellipticities of modified peptides 70 and 71 were higher 

than the native Antp peptide 69. The molar ellipticity of peptide 70 was 4.3 times greater 

than the native Antp peptide 69, which meant the additional three salt bridges and the N- and 

C-terminal capping effects made a significant contribution to the stability of the -helix. The 

molar ellipticity of the alanine-based peptide 71 was 9.3 times greater than the native Antp 

peptide 69, which agreed with the hypothesis that Ala could intrinsically stabilize the -

helix.
434
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The molar ellipticity of all three peptides increased with the increase of peptide 

concentration. For the native Antp peptide 69, this concentration dependence was significant. 

For peptides 70 and 71, this concentration dependence was also observed, but not as 

significant. The peptide concentration had more influence on the molar ellipticity when the 

concentration was low. 

The salt effect of the -helical content was very complicated. High concentrations of salt 

could screen the side-chain ion-pairs, and break the salt bridges. But the stability of the 

resulting helix did not always decrease as expected.
364,434

 Even in similar peptides, the salt 

effect is still very difficult to predict and explain. For example, the (i, i + 4) and (i, i + 3) Glu
–

Lys
+
 ion pairs in a short Ala-based peptide showed a decrease in the molar ellipticity with 

an increase in the NaCl concentration, while the (i, i + 4) and (i, i + 3) Lys
+

Glu
–
 ion pairs in 

the same peptide showed a slight increase with an increase in the NaCl concentration.
364

  

The molar ellipticities of the alanine-based peptide 71 decreased with an increase in the 

salt (NaCl) concentration, which agrees with the hypothesis. This means that both the helical 

propensity of Ala, which was believed to be the major stabilizing force, and the two salt 

bridges in the sequence, contribute stabilizing effects to the stability of the helical structure 

of the alanine-based peptide 71. When the salt concentration in the peptide solution 

increased, the salt bridges broke and the helicity of the peptide decreased. But in the native 

peptide 69 and the modified peptide 70, the molar ellipticities increased with an increase in 

the salt concentration, which opposes the hypothesis. The salt bridges are responsible for the 

stability of the helical structures in the native peptide 69 and the modified peptide 70, but 

they may not be the major force in stabilizing the helixes. Some other interactions, such as 

hydrophobic interactions and dipole-dipole interactions, increase the stability of the -helix 
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with the increase in the salt concentration, and are more important to the stability of the -

helical structure in peptides 69 and 70.
434

 The helix capping effects are also responsible for 

the stability of the helixes in the modified peptide 70, but their contribution to the stability is 

difficult to determine. 

5.5 Other HTH peptides 

Two control peptides for HTH-turn mimics were also purified and characterized. Peptide 

72 (Sequence T-R-R-R-R-I-E-I-A-H-A-F-G-A-T-E-R-Q-I-K-I-W-F-Q-N-R-R-M-K), which 

replaced the Ser residue in the turn with a Gly residue, was nearly not helical. The full range 

CD spectrum showed a very small minimum around 222 nm, and a small minimum around 

205 nm (Figure 5.6). The molar ellipticity at 222 nm was only –3269 deg·cm
2
·dmol

-1
 at 

24 μM peptide concentration, which indicated that the peptide helicity decreased 

significantly after the Ser  Gly mutation. The helicity of peptide 72 increased with 

increasing peptide concentrations, but the molar ellipticity values were always very small. 

 

Figure 5.6 Molar ellipticity-concentration dependence of peptide 72. Blue line: 8.0 μM; red 

line: 16 μM; green line: 24 μM. 

 

Peptide 73 (Sequence T-R-R-R-R-I-E-I-A-H-A-chA-G-A-T-E-R-Q-I-K-I-W-F-Q-N-R-

R-M-K) has a cyclohexylalanine (chA) residue at the position of Ser in the turn. The full 
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range CD spectrum showed a minimum at 222 nm and another minimum around 209 nm, 

indicating the presence of the -helix (Figure 5.7). The molar ellipticity at 222 nm was –

152684 deg·cm2·dmol-1 at 21 μM peptide concentration, which was a litter higher than the 

native Antp peptide 69, much higher than another control peptide 72. The concentration 

dependence experiment showed that the helicity of peptide 73 was independent on the 

peptide concentrations. The salt effect experiment showed that the helicity increased 

significantly with the increase of salt concentration, which also opposed to the hypothesis. 

 

Figure 5.7 Molar ellipticity-concentration dependence and salt effect of control peptide 73. 
Up: concentration dependence. Blue line: 8.4 μM; red line: 21 μM; yellow line: 30 μM; 
green line: 42 μM; purple line: 63 μM. Bottom: salt effect. Blue line: 10 mM NaCl; red line: 
0.5 M NaCl; green line: 2.5 M NaCl. 
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5.6 Summary 

The helix-turn-helix motif is an important tertiary structure in DNA-binding proteins. 

It has at least 20 residues, including an -helix, a turn of three or four amino acids, and a 

second -helix. The two -helixes in the HTH motif are responsible for the recognition and 

binding to DNA. In many different HTH proteins the recognition helix has various 

orientations in the major grooves of DNA. 

Stepwise modifications of the Antennapedia HTH peptide (27-55) were performed to 

improve the helicity and stability. Designed HTH peptides were synthesized at Biomolecular 

Research Facility, University of Virginia. The peptides were purified with HLPC on a protein 

C4 column, and CD analysis was performed. The peptide 70 with more side-chain ion-pairs 

was over 4 times more helical than the native Antp peptide 69, while the Ala-based peptide 

71 was over 9 times more helical than the native peptide. Due to the problem with the old 

lamp, the absolute molar ellipticity was not available. 

The molar ellipticity of all three peptides increased with the increase of peptide 

concentration. For the native Antp peptide 69, this concentration dependence was significant. 

For peptides 70 and 71, this concentration dependence was observed, but not very significant.  

The salt effect on the HTH peptides was also studied. The molar ellipticity of the Ala-

based peptide 71 decreased with the increase of NaCl concentration. The native Antp peptide 

69 and the more ion-pair containing peptide 70 showed unusual increases in the molar 

ellipticity with the increase of salt concentration, which indicated that ion-pairs may not be 

the major factor in stabilizing these HTH peptides. 
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Experimental 

HPLC purification: Both the analytical and preparative HPLC were performed on a Varian 

PrepStar 218 dual-solvent HPLC system with a ProStar 320 UV detector. The 

chromatograms were monitored at 254 nm in analytical HPLC, and at 210 nm in preparative 

HPLC. Analytical HPLC was performed on a VYDAC Protein C4 reverse phase analytical 

column (5 μm, 4.6  250 mm). A binary solvent system (A: 0.1 % TFA in H2O, B: 0.1 % 

TFA in CH3CN) with a flow rate of 2.0 mL/min was used. Preparative HPLC was performed 

on VYDAC Protein C4 reverse phase semi-preparative column (10 μm, 22  250 mm). A 

binary solvent system (A: 0.1 % TFA in H2O, B: 0.1 % TFA in CH3CN) with a flow rate of 

20 mL/min was used. The native Antp peptide 69 was purified with a gradient from 10 % to 

70 % solvent B in 40 min, and the retention time was 38.12 min. The modified Antp peptide 

70 was purified with a gradient from 20 % to 60 % solvent B in 40 min, and the retention 

time was 22.79 min. The modified Antp peptide 71 was purified with a gradient from 10 % 

to 55 % solvent B in 30 min, and the retention time was 31.06 min. Peptide 72 was purified 

with a gradient from 10 % to 45 % solvent B in 35 min, and the retention time was 

22.83 min. Peptide 73 was purified with a gradient from 10 % to 95 % solvent B in 40 min, 

and the retention time was 21.45 min. 

UV measurement: The concentration of the peptide solutions was determined by UV 

absorbance at 280 nm with a Shimadzu UV 1601 spectrometer. The peptide solutions (100 

μL) were measured with a volumetric automatic pipette and diluted to 1 mL in the volumetric 

flask with 6 M guanidine hydrochloride solution. The concentrations of peptides in 

phosphate buffer (10 mM NaxPO4, pH 7.0) were determined by the UV absorption of the Trp 

residue at 280 nm ( 280 = 5690 M
-1

 cm
-1

).
474

 The stock concentration of the native Antp HTH 
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peptide 69 was determined to be 400.7 μM. The stock concentration of the modified Antp 

peptides 70 and 71 was 393.7 μM and 282.2 μM, respectively. The stock concentration of 

peptides 72 and 73 was determined to be 323.4 μM and 843.6 μM, respectively. 

CD analysis. The peptide solutions were incubated at 4 °C for  72 h. The CD spectra were 

obtained with a spectropolarimeter in 0.2 nm increments, 1 nm bandwidth, and 1.0 cm 

pathlength at a scan speed of 50 nm/min. The spectra were averaged over four consecutive 

scans, and blank buffer scans were subtracted from the baseline. Full scan spectra from 200 

to 260 nm were obtained at 1.5 °C after 30 min equilibrium time. The temperature was 

measured in the cell with a temperature probe. Salt solutions for salt effect studies were 

10 mM or 5 M NaCl, diluted to the desired concentrations. The molar ellipticity at 222 nm 

was recorded for data analysis. 
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Chapter 6 Design and synthesis of the 

conformationally locked HTH-turn mimic 

6.1 Design of the HTH-Turn Mimic 

Short peptides are not conformationally stable when separated from the entire protein 

due to the lack of constraints from other residues.
434,475

 Various covalent bonds, such as 

disulfide bonds, amide bonds and carbon-carbon bonds, can be used to constrain the 

conformation. Conformationally locked 12-membered-ring HTH-turn mimics were designed 

to stabilize the tertiary structure of the HTH motif.
448

 Introduction of additional hydrophobic 

contacts are also favored in the core of the HTH motif.
476

 

Two principles were followed when designing mimics for the HTH-turn: a) the 

designed turns should not affect the property of the DNA binding sites; b) the HTH motif 

with the designed turn should retain the tertiary structure.
477

 The designed mimic does not 

contain a hydrophobic side-chain, but it has a carbon-carbon covalent bond to stabilize the 

tertiary structure, and to satisfy the steric constraints in the core of the turn. Meanwhile, the 

12-membered ring is somewhat flexible to allow the mimic to work even if it cannot exactly 

match the natural motif.
448

 

 In the HTH-turn mimic 74, the side-chains of the first amino acid residue and the 

third residue were linked by a covalent bond to form a 12-membered ring. A phenyl group 

was introduced into the turn to increase the hydrophobic interactions between helix 2 and 

helix 3 of the Antp HTH motif.
448

 The Boc-protected HTH-turn mimic was synthesized 

earlier, but solid phase peptide syntheses with Boc-protected amino acids were not 

successful, and no desired Antp peptide with the HTH-turn mimic was obtained.
477

 So the 
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Fmoc protecting group was used to protect the N-terminus instead of Boc, this was supposed 

to make HTH-turn mimic suitable for solid phase peptide synthesis. The Fmoc-protected 

HTH-turn mimic 74 was successfully synthesized by a method similar to the Boc-protected 

HTH-turn mimic.
476

  

The HTH-turn mimic 75 is the control mimic for the HTH-turn mimic 74. Like the 

HTH-turn mimic 74, the HTH-turn mimic 75 is also linked by a covalent bond to form a 12-

membered ring, and was Fmoc-protected at the amine end, but it had an alkene bond in the 

place of the phenyl group. The HTH-turn mimic 75 was designed to be less hydrophobic than 

the HTH-turn mimic 74, which might result in a less stable HTH peptide when the mimic 

was incorporated into the peptide sequence. The double bond of 75 retained two of the three 

sp
2
 centers in the 12-membered ring of compound 74, while the position of the double bond 

did not affect the property of the mimic. The HTH-turn mimic 75 was my target compound. 

HN

HNFmocHN COOH
O

O
HN

HNFmocHN COOH
O

O

74 75

Antp27-55:T-R-R-R-R-I-E-I-A-H-A-L-C-L-T-E-R-Q-I-K-I-W-F-Q-N-R-R-M-K
HTH mimic:T-R-R-R-R-I-E-I-A-H-A---X---T-E-R-Q-I-K-I-W-F-Q-N-R-R-M-K
Control72:T-R-R-R-R-I-E-I-A-H-A-L-G-L-T-E-R-Q-I-K-I-W-F-Q-N-R-R-M-K

Control73:T-R-R-R-R-I-E-I-A-H-A-L-chA-L-T-E-R-Q-I-K-I-W-F-Q-N-R-R-M-K

HN
HNHelix 2 Helix 3

O

O

Native HTH-turn

SH
2 Helix 3 Helix

HTH-turn

 

Figure 6.1 Designed conformationally locked HTH-turn mimics. 
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6.2 Synthesis of the HTH-turn mimic 

6.2.1 Asymmetric synthesis of L-allylglycine and L-homoallylglycine 

 The synthesis of the Boc-protected HTH-turn mimic with a similar structure to the 

target molecule has been described by Travins.
477

 The Fmoc-protected HTH-turn mimic 75 

was designed to be compatible with solid phase peptide synthesis methods. The synthesis of 

L-allylglycine has already been reported by Myers and Gleason.
478

 Starting from the 

commercially available glycine methyl ester hydrochloride, NH3 gas was bubbled through a 

solution containing this reagent for 3 h to free the amine group (Scheme 6.1). Glycine methyl 

ester 76 was then reacted with (R,R)-(–)-pseudoephedrine in the presence of the base LiOMe 

to make (R,R)-(–)-pseudoephedrine glycinamide 77. The pure compound 77 was obtained by 

crystallization from toluene.  

Scheme 6.1 Synthesis of (R,R)-(–)-pseudoephedrine glycinamide 77. 

OMe

O
H3NCl

OMe

O
H2N

NH3/Et2O

100%

OH
NH

LiOMe, LiCl
THF, 89% OH

N

O
NH2

76 77  
 

Allylbromide and 4-bromo-1-butene was used to replaced one C-H hydrogen atom of 

Gly asymmetrically in the presence of LDA (Scheme 6.2). (R,R)-(–)-Pseudoephedrine acted 

as a chiral auxiliary to direct the chirality of product resulting from the replacement of the 

allyl and homoallyl groups. Pseudoephedrine allylglycinamide 78 and pseudoephedrine 

homoallylglycinamide 79 were synthesized with a similar method. Allyl bromide was very 

reactive, and the reaction only needed 2-3 h at –78 °C. 4-Bromo-1-butene was much less 

reactive, and it required a much longer reaction time. When the reaction time was 3 h, less 
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than 10 % of the desired product was obtained; the yield increased to about 20-30 % when 

the reaction time was increased to 16-24 h. When the reaction was carefully controlled at –15 

to –25 °C for 3 days, the yield increased to 80 %. A longer reaction time (14 h) was also tried 

for the synthesis of pseudoephedrine allylglycinamide 78, but the yield decreased from 60 % 

to about 30-40 %. 

Scheme 6.2 Synthesis of L-allylglycine 80 and L-homoallylglycine 81. 
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H2N
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 The chiral auxiliary (R,R)-(–)-pseudoephedrine was removed by heating 

pseudoephedrine allylglycinamide 78 and pseudoephedrine homoallylglycinamide 79 at 

reflux in water for 12-16 h. The resulting L-allylglycine 80 and L-homoallylglycine 81 were 

obtained as light yellow solids. The products were usually very pure and no flash 

chromatography or HPLC was needed. Glycine was observed as a minor impurity 

sometimes, but it could be removed by flash chromatography after the amine or acid end 

were protected. The stereoselectivity of L-allylglycine 80 was measured by optical rotation. 

The synthesized L-allylglycine 80 had an [ ]D value of –35.6° at 20 °C in H2O, which was 

close to the literature [ ]D value of –37.2° at 23 °C.
478

 The stereo-purity of L-

homoallylglycine 81 was not confirmed due the lack of a literature value for comparison. 
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6.2.2 Protecting group manipulation 

The protecting groups at the amine and acid ends needed to be chosen to protect L-

allylglycine 80 and L-homoallylglycine 81, respectively. The desired 12-membered ring 

mimic 75 was Fmoc-protected, so the amine end of L-allylglycine 80 or L-homoallylglycine 

81 had be protected with the Fmoc-group. Since Fmoc-protected amino acids were not as 

stable as Boc-protected amino acids, it was difficult to choose a protecting group for the acid 

end.
477

 In the original synthetic route, a benzyl group was used to protect the carboxyl end. 

However, if the Fmoc-group was used to protect the amine, the benzyl group would be very 

difficult to remove because the catalytic hydrogenation procedure would also cleave the 

Fmoc-group. So new synthetic routes were designed to achieve the desired product. 

tert-Butyl protection 

The tert-butyl group was used to protect the acid first because it required fewer 

synthetic steps. Two different conditions were used to couple the tert-butyl group to the 

carboxyl end. The traditional isobutene-H2SO4 method
479,480

 was tried twice with 

homoallylglycine 81, but no desired product was obtained. The alkene bond might not be 

very stable in highly acidic conditions over a long reaction time (> 7 days), and this 

generated many side products. A new method was performed with tert-butyl acetate and 

perchloric acid (HClO4).
481

 A model reaction with L-leucine was performed first, but still no 

desired product was obtained. The oxidative nature of the perchloric acid was believed to be 

responsible for the failure of the reaction. Then concentrated hydrochloric acid with tert-

butyl acetate was tried, but still no reaction was observed. I believe that this reaction might 

only work for some specific substrates, such as cysteine. Moreover, perchloric acid could act 

as an oxidation reagent and oxidize the carbon-carbon double bond in the allyl or homoallyl 
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glycine. Although the tert-butyl group was a perfect protecting group, which was orthogonal 

to the Fmoc protecting group and the alkene, coupling the tert-butyl group to the acid was 

difficult. 

Trimethylsilylethyl (TMSE) protection 

The trimethylsilylethyl (TMSE) group was used to protect the carboxylic end. 

Starting from the L-allylglycine 80, Boc-allylglycine 82 was synthesized with Boc2O in a 

saturated NaHCO3 solution (Scheme 6.3). Then TMSE-OH was coupled to the carboxylic 

end, with EDC as the coupling reagent, to synthesize TMSE-protected allylglycine 83. If 

glycine was mixed with allylglycine, the best time to separate the product species was at this 

point. Protected-glycine and allylglycine (or homoallylglycine) were significantly different in 

polarity, which made it easy to separate them with flash chromatography. Homoallylglycine 

81 was protected with an Fmoc-group by stirring with Fmoc-OSu in a saturated NaHCO3 

solution, and Fmoc-homoallylglycine 84 was obtained as a light yellow solid in the same 

way. 

Scheme 6.3 Synthesis of protected allylglycine 83 and homoallylglycine 84. 
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The Boc-group was cleaved with 25 % TFA in CH2Cl2, and the resulting TMSE-

protected allylglycine was coupled to Boc-Gly-OH with EDC-HOBt to give the dipeptide 

mimic 85 (Scheme 6.4). This coupling reaction was very clean, and no side products were 

observed. Then the Boc-protecting group of dipeptide 85 was removed by 25 % TFA in 

CH2Cl2. Fmoc-homoallylglycine 84 was coupled with EDC-HOBt, and tripeptide mimic 86 

was obtained, but the yield for this step was only 35 %, which was much lower than 

expected. A model reaction with Fmoc-Phe-OTMSE showed that TFA could completely 

cleave the TMSE protecting group within 2 h. 

Scheme 6.4 Synthesis of tripeptide 86. 
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It was noticeable that the TMSE group was not removed when stirring Boc-

allylglycine TMSE ester 83 in 25 % TFA in CH2Cl2. We hypothesized that the Boc-group 

and the TMSE-group were both cleaved by TFA, and the deprotection of the Boc protecting 

group had a faster reaction rate. When the reaction was performed over a long period of time, 

more of the TMSE protecting group was cleaved by TFA. Dipeptide 85 was synthesized 

again, and this time the TMSE-protected Boc-allylglycine 83 was stirred in 25 % TFA in 

CH2Cl2 for 40 min. The yield decreased to 76.4 %, but it was still much higher than for the 
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coupling reaction of tripeptide 86. This result indicated that the cleavage of the TMSE-group 

was also substrate-dependent. 

These results provided a new method to deprotect the TMSE protecting group. A 

model reaction with Fmoc-Phe-OH was designed, and three methods were used to deprotect 

the TMSE-group (Scheme 6.5). Experiments showed that TBAF in DMF
482

 could cleave 

both the Fmoc and the TMSE-groups, and the Fmoc protecting group was completely 

removed within 15 min. KF with AcOH
483

 did not cleave either protecting group, and the 

starting material Fmoc-Phe-OTMSE was recovered. TFA in CH2Cl2 (20 %) could cleave the 

TMSE-group in 2 h without affecting Fmoc-group in good yield (84 %). 

Scheme 6.5 Deprotection of the TMSE-group. 
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 Starting from tripeptide 86, the cyclic tripeptide mimic 88 was synthesized by ring 

closing metathesis (Scheme 6.6).
477,484

 Grubbs catalyst generation I was used, and the 

reaction was heated at reflux in CH2Cl2 for 48 h, with fresh catalyst added every 12 h. 

Theoretically, both (E) and (Z)-alkenes should have been synthesized,
484

 but no separation of 

the two isomers was observed by TLC and preparative TLC. Then, the TMSE protecting 

group was cleaved by 20 % TFA in CH2Cl2 within 3 h, and the HTH-turn mimic 89 was 

obtained as a yellow solid. The position of the alkene bond was one carbon different from the 
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designed HTH-turn mimic 75. Either mimic could be used as the control for the HTH-turn 

mimic 74. 

The solubility of the HTH-turn mimic 89 was very poor. It did not dissolve in 

acetone, MeOH, EtOH, EtOAc, THF, CH2Cl2, H2O or DMSO. It could be dissolved in 

CHCl3 or DMSO in the presence of 2-5 % TFA or AcOH, but the solubility was still not 

good. Purification of the HTH-turn mimic 89 was a big problem due to its poor solubility. 

Scheme 6.6 Synthesis of the HTH-turn mimic 89. 
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Methyl protection 

Scheme 6.7 Synthesis of dipeptide 91. 
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A methyl group was also used to protect the carboxylic end. The homoallylglycine 

methyl ester 90 was synthesized from L-homoallylglycine 81 by Fisher esterification with 

SOCl2 in MeOH (Scheme 6.7). The resulting yellow oil was carried to next step without 
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further purification, and coupled to Boc-Gly-OH with EDC-HOBt to synthesize dipeptide 91. 

The yield of these two stes was low (46 %) due to the poor quality of SOCl2. 

The Boc-protecting group of dipeptide 91 was cleaved with 25 % TFA in CH2Cl2 

(Scheme 6.8), and the resulting amine was coupled to Fmoc-allylglycine 93, which was 

synthesized from L-allylglycine 80 by stirring with Fmoc-OSu in a saturated NaHCO3 

solution. Tripeptide 93 was synthesized with EDC-HOBt as the coupling reagent. The purity 

of Fmoc-allylglycine 92 greatly affected the yield for this reaction, and slow precipitation of 

the Fmoc-allylglycine 92 in MeOH-Et2O improved the yield significantly. If precipitation 

was inadequate to obtain pure product, flash chromatography with 5 % MeOH in chloroform 

was used to purify Fmoc-allylglycine 92. 

Scheme 6.8 Synthesis of tripeptide 93. 
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Tripeptide mimic with the reverse sequence was also synthesized with the same 

method. Starting from L-allylglycine 80, allylglycine methyl ester 94 was synthesized by 

Fisher esterification (Scheme 6.9). Allylglycine methyl ester 94 was coupled with Boc-Gly-

OH, and dipeptide 95 was obtained as a colorless oil. After removing the Boc-protecting 

group with 25 % TFA, Fmoc-homoallylglycine 84 was coupled and tripeptide 96 was 

obtained as a colorless oil. 
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Scheme 6.9 Synthesis of tripeptide 96 with a reverse sequence. 
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Compared with the syntheses of tripeptides 93 and 96, there was no significant 

difference in the overall yield for these two routes. Since allylglycine 80 was easier to 

synthesize than homoallylglycine 81, tripeptide 96 was a better target in terms of required 

effort. 

The cyclic peptide mimic 97 was synthesized by heating tripeptide 93 at reflux in 

CH2Cl2 for 36-48 h in the presence of the Grubbs catalyst generation I (Scheme 6.10).
484,485

 

The yield was usually 30-40 %. Cyclic peptide 97 had very poor solubility. It did not dissolve 

in acetone, MeOH, EtOH, EtOAc and CH2Cl2, and had very low solubility in DMSO and 

THF. Preparative TLC was used to purify cyclic peptide 97 with 2:1 ratio of EtOAc-hexanes, 

although it had a very low solubility in this mixture. There was great product loss during the 

separation. 

We planned to remove the methyl protecting group with 0.2 M LiOH solution in 

THF.
231,486

 In a model reaction with Fmoc-Phe-OMe 98, the methyl group was removed 

without affecting the Fmoc protecting group (Scheme 6.11). But for the cyclic peptide mimic 

97, the methyl protecting group and the Fmoc-group were cleaved simultaneously (Scheme 

6.10).  
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Scheme 6.10 Ring-closing metathesis. 
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A new method to remove the methyl group by using the Lewis acid AlCl3 and N, N-

dimethyl aniline (DMA) was recently reported.
232

 A model reaction with Fmoc-Ile-OMe 99 

was performed (Scheme 6.11). Fmoc-Ile-OMe 99 was heated at reflux in CH2Cl2 in the 

presence of the AlCl3/DMA complex, and the methyl group was successfully cleaved without 

affecting the Fmoc-protection.  

Scheme 6.11 Model reactions to deprotect the methyl protecting group. 
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The activity and concentration of the catalyst complex were essential for this methyl 

deprotection method. AlCl3 was extremely moisture sensitive and white smoke was observed 

when it was exposed to air. It had to be stored, and weighed, in a dry-box. AlCl3 and DMA 

had to be pre-mixed, or the reaction would not work. The AlCl3/DMA complex was a clear 
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dark blue or dark green liquid, and did not contain precipitates. This method could remove 

the methyl protecting group without affecting the Fmoc protecting group. Even when the 

reaction did not work, all of the starting material was recovered. 

Scheme 6.12 Synthesis of the cyclic tripeptide mimic 100. 
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The methyl protecting group of cyclic tripeptide 97 was removed under the same 

conditions, and the desired cyclic tripeptide 100 was obtained as a yellow solid (Scheme 

6.12). Like cyclic peptide 89, cyclic tripeptide 100 had a very poor solubility. It did not 

dissolve in EtOAc, acetone, CHCl3, DMSO, THF and MeOH, and had a limited solubility in 

CHCl3 in the presence of 2 % AcOH or TFA.  

Benzyl protection 

The tripeptide mimic with a benzyl protecting group was also synthesized by a 

similar method to the TMSE and methyl protected tripeptide mimics. Starting from Fmoc-

homoallylglycine 84, BnOH was coupled in the presence of HCl in anhydrous dioxane, or by 

EDC peptide coupling (Scheme 6.13). Then Fmoc-homoallylglycine benzyl ester 101 was 

treated with 20 % piperidine in CH2Cl2 to remove the Fmoc protecting group. Boc-Gly-OH 

was coupled to it with EDC, and dipeptide 102 was synthesized as a colorless oil. Then, the 

Boc protecting group was removed with 25 % TFA in CH2Cl2, and Fmoc-allylglycine 92 was 

coupled to 102 with EDC to synthesize tripeptide 103 in 70 % yield. 

 The benzyl protecting group could not be removed by hydrogenation in a H2-Pd/C 

system due to the presence of the C=C double bond and Fmoc group, while it might be 
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removable with a Lewis acid such as BCl3 or AlCl3,
255,256

 or under mild hydrogenation 

condition, such as using 1,4-cyclohexadiene as the hydrogen source.
262

 The benzyl protecting 

group was more stable than the TMSE group, and was easier to remove than the methyl 

protecting group. It should be a good protecting group for this synthesis, but this step was not 

completed. 

Scheme 6.13 Synthesis of tripeptide benzyl ester 103. 
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6.3 Summary 

 A 12-membered ring, Fmoc-protected HTH-turn mimic was designed. Various 

protecting groups were tried, and both the methyl protection and TMSE protection gave the 

desired product. The benzyl protecting group was promising, but the synthesis was not 

finished yet. 

 The Fmoc-protected cyclic tripeptide was synthesized and was ready for solid phase 

peptide synthesis. The solubility of the cyclic peptide was very poor, and the purification of 

the final product was very difficult. The solubility problem might also affect solid phase 

peptide synthesis in the future. An alternative route, cyclizing peptides on resin will be 

explored in the future. 
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Experimental 

General Information. Amino acid derivatives, resins, and reagents were purchased. Unless 

otherwise indicated, all reactions were carried out under N2 sealed from moisture. Anhydrous 

THF was obtained by reflux from Na-benzophenone. Anhydrous CH2Cl2 was dried by 

passage through a dry alumina column. Other anhydrous solvents were used directly from 

sealed bottles, which were stored under Ar. Brine (NaCl), NaHCO3, and NH4Cl refer to 

saturated aqueous solutions unless otherwise noted. Flash chromatography was performed on 

32-63 μm or 230-400 mesh silica gel with reagent grade solvents. NMR spectra were 

obtained at ambient temperature in CDCl3 unless otherwise noted. 1H and 13C NMR spectra 

were obtained at 500 and 125 MHz, respectively, unless otherwise noted. Minor rotamer 

chemical shifts are shown in parenthesis. 

H-Gly-OMe, 76. By the method of Myers, A. G. et al.478 H-Gly-OMe•HCl (12.4 g, 

99.2 mmol) was suspended in Et2O (120 mL), and stirred at rt. NH3 was bubbled in via a 

needle for 3 h. The resulting suspension was filtered, and the filtrate was concentrated in 

vacuo. A clear colorless oil (8.81 g, 99.8 %) was obtained. 1H NMR:  3.68 (s, 3H), 3.38 (s, 

2H), 1.52 (br s, 2H). 13C NMR:  170.6, 44.7, 40.9. 

(R,R)-(–)-Pseudoephedrine glycinamide, 77. (1R,2R)-(–)-Pseudoephedrine (11.0 g, 

66.5 mmol) and LiCl (5.66 g, 133 mmol) was suspended in THF (50 mL), and stirred at 0 °C 

for 10 min. LiOMe (1.28 g, 33.6 mmol) was added and stirred for another 20 min. H-Gly-

OMe 76 (6.54 g, 73.4 mmol) was added dropwise, and the solution was stirred at 0 ºC for 

14 h. The reaction was quenched with H2O (50 mL). The resulting solution was concentrated 

in vacuo, and extracted with CH2Cl2 (6  50 mL). The organic layers were combined, dried 

with K2CO3, and concentrated in vacuo. The resulting light yellow oil was dissolved in a 
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minimal amount of hot THF, and H2O (1 mL) was added. The mixture was cooled to rt until 

the appearance of a white solid. The solution was cooled to –20 ºC for 24 h, and the white 

solid was collected by filtration. The resulting solid was suspended in CH2Cl2 (120 mL), and 

K2CO3 (11.7 g, 84.7 mmol) was added, and the mixture was stirred at rt for 60 min. The 

resulting solution was filtered through Celite™, and concentrated in vacuo. The resulting 

clear oil was dissolved in a minimal amount of hot toluene, cooled to rt until the appearance 

of a white plate-like crystal. The solution recrystallization was completed by cooling to –20 

ºC for 24 h. The resulting crystal was washed with Et2O (25 mL), and dried in vacuo. A 

white solid (12.1 g, 89.1 %) was obtained. mp 78-82 ºC, lit. mp 78-80 °C.
478

 
1
H NMR:  7.35 

(m, 5H), 4.60 (d, J = 8.3, 0.5H), 4.54 (d, J = 9.0, 0.5H), 3.87 (app. dq, J = 8.9, 7.1, 0.5H), 

3.79 (d, J = 25.5, 0.5H), 3.53 (d, J = 8.4, 0.5H), 3.50 (d, J = 6.8, 0.5H), 3.41 (d, J = 16.7, 

1H), 2.96 (s, 1H), 2.79 (s, 2H), 2.46 (br s, 2H), 1.06 (d, J = 6.4, 2H), 0.98 (d, J = 7.0, 1H). 

13
C NMR:  174.4 (173.5), 142.0 (142.3), 128.6 (128.8), 128.0 (128.4), 126.7 (127.0), 76.2 

(75.2), 57.7, 43.9 (43.6), 27.1 (30.6), 15.5 (15.4). Rotamers: 3:2. 

Pseudoephedrine L-allylglycinamide, 78. i-Pr2NH (9.75 mL, 69.0 mmol) was dissolved in 

THF (50 mL), and stirred at 0 °C for 20 min. n-BuLi (2.5 M, 26 mL, 65 mmol) was added 

dropwise and stirred at 0 °C for 30 min to generate LDA. Pseudoephedrine glycinamide 77 

(7.29 g, 32.8 mmol) and LiCl (6.97 g, 164 mmol) were suspended in THF (150 mL) and 

stirred at 0 °C for 30 min, and the LDA solution was added via a cannula dropwise over 

50 min. After stirring at 0 °C for another 45 min, allylbromide (3.1 mL, 36 mmol) was added 

dropwise. The solution was stirred at 0 °C for 3 h, and quenched with H2O (50 mL). The 

solution was concentrated in vacuo, and diluted with a mixture of 3 M HCl (30 mL) and 

EtOAc (100 mL). The organic layer was extracted with 1 M HCl (2  50 mL). The aqueous 



 

 

 245 

layers were combined, basified to pH 14 with 50 % NaOH at 0 °C, and extracted with 

CH2Cl2 (4  150 mL). The resulting organic layers were combined, concentrated in vacuo, 

dried over K2CO3, and purified by flash chromatography (3 % MeOH, 2 % Et3N in CH2Cl2). 

A pale yellow oil (7.59 g, 88.2 %) was obtained. 
1
H NMR:  7.33 (m, 5H), 5.70 (ddt, J = 

17.2, 9.8, 7.2, 1H), 5.10 (m, 2H), 4.59 (m, 2H), 3.65 (dd, J = 7.6, 5.0, 1H), 2.86 (s, 3H), 2.23 

(m, 1H), 2.11 (m, 1H), 1.06 (d, J = 6.9, 3H). 
13

C NMR:  176.3 (175,4), 142.3 (141.7), 133.8 

(134.9), 128.5 (128.9), 127.9, 126.7 (127.0), 118.5 (118.2), 75.9 (75.4), 57.9, 51.5, 40.1, 

39.7, 14.6. HRMS calcd. for C15H23N2O2 (MH
+
) m/z = 263.1760, found m/z = 263.1764. 

Rotamers: 3:1. 

Pseudoephedrine L-homoallylglycinamide, 79. i-Pr2NH (7.0 mL, 50 mmol) was dissolved 

in THF (20 mL), and stirred at 0 °C for 20 min. n-BuLi (2.5 M, 19 mL, 47 mmol) was added 

dropwise and stirred at 0 °C for 30 min to generate LDA. Pseudoephedrine glycinamide 77 

(5.28 g, 23.8 mmol) and LiCl (5.33 g, 126 mmol) were suspended in THF (50 mL) and 

stirred at –78 °C for 30 min, and the LDA solution was added via a cannula dropwise over 

50 min. After stirring at –78 °C for another 45 min, 4-bromo-1-butene (2.65 mL, 26.1 mmol) 

was added dropwise. The solution was stirred at –15 °C for 72 h, and quenched with H2O 

(50 mL). The solution was concentrated in vacuo, and diluted with a mixture of 3 M HCl 

(30 mL) and EtOAc (100 mL). The organic layer was extracted with 1 M HCl (4  30 mL). 

The aqueous layers were combined, basified to pH 14 with 50 % NaOH at 0 °C, and 

extracted with CH2Cl2 (6  100 mL). The resulting organic layers were combined, 

concentrated in vacuo, dried over K2CO3, and purified by flash chromatography (3 % MeOH, 

2 % Et3N in CH2Cl2). A pale yellow oil (5.4 g, 82 %) was obtained. 
1
H NMR:  7.34 (5H, 

m), 5.75 (ddt, J = 17.0, 10.3, 6.7, 1H), 4.99 (m, 2H), 4.63 (d, J = 7.8, 1H), 4.42 (m, 1H), 3.56 
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(dd, J = 8.2, 4.4, 1H), 2.83 (s, 3H), 2.11 (m, 2H), 1.50 (m, 1H), 1.42 (m, 1H), 1.12 (d, J = 

7.2, 3H). 
13

C NMR:  177.4, 142.4, 137.8 (138.3), 128.4 (128.7), 127.8 (128.2), 126.5 

(127.1), 115.3 (115.5), 75.9, 57.8, 51.2, 34.3, 30.3, 30.0, 14.5. HRMS calcd. for C16H25N2O2 

(MH
+
) m/z = 277.1916, found m/z = 277.1916. Rotamers: 3:1. 

H-L-allylGly-OH, 80. Pseudoephedrine L-allylglycinamide 78 (2.79 g, 10.6 mmol) was 

heated at reflux in H2O (50 mL) for 14 h. The solution was cooled to rt, and NH3•H2O 

(5 mL) was added. The resulting colorless needle-like crystals were removed by filtration, 

and the filtrate was washed with EtOAc (3  20 mL). The organic layers were combined and 

washed with NH3 H2O solution (20 % NH3 H2O in H2O, 25 mL). The aqueous layers were 

combined, and H2O was removed with lyophilizer. The resulting yellow solid was washed 

with EtOH (3  5 mL), and dried in vacuo. A pale yellow solid (0.94 g, 77 %) was obtained. 

[ ]D
20

 = –35.6° (H2O), lit. [ ]D
23

 = –37.2° (c 4, H2O).
478

 
1
H NMR (D2O):  5.77 (ddt, J = 

17.2, 10.0, 7.2, 1H), 5.28 (ddd, J = 17.2, 3.0, 1.5, 1H), 5.26 (ddd, J = 10.2, 2.6, 1.0, 1H), 3.80 

(dd, J = 7.2, 4.8, 1H), 2.63 (m, 2H). 
13

C NMR (D2O):  174.3, 131.5, 120.7, 54.1, 35.0. 

H-L-homoallylGly-OH, 81. Pseudoephedrine L-homoallylglycinamide 79 (3.35 g, 

12.1 mmol) was heated at reflux in H2O (50 mL) for 14 h. The solution was cooled to rt, and 

NH3•H2O (5 mL) was added. The resulting colorless needle-like crystals were removed by 

filtration, and the filtrate was washed with EtOAc (3  20 mL). The organic layers were 

combined and washed with NH3 H2O solution (20 % NH3 H2O in H2O, 25 mL). The aqueous 

layers were combined, and H2O was removed with lyophilizer. The resulting yellow solid 

was washed with EtOH (3  5 mL), and dried in vacuo. A pale yellow solid (1.32 g, 84 %) 

was obtained. 
1
H NMR (D2O):  5.89 (ddt, J = 17.1, 10.4, 6.6, 1H), 5.15 (ddd, J = 17.3, 3.4, 
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1.7, 1H), 5.08 (ddd, J = 10.3, 3.1, 1.2, 1H), 3.75 (dd, J = 7.2, 5.2, 1H), 2.18 (m, 2H), 1.97 (m, 

2H). 
13

C NMR (D2O):  174.9, 137.2, 116.1, 54.5, 29.9, 28.8. 

Boc-allylGly-OH, 82. H-allylGly-OH (53 mg, 0.46 mmol) and NaHCO3 (78 mg, 0.93 mmol) 

were dissolved in H2O (2.0 mL), and stirred at 0 °C. Boc2O (113 mg, 0.516 mmol) in 1,4-

dioxane (1.0 mL) was added dropwise, and the resulting solution was stirred at 0 °C for 3 h. 

The solvent was removed in vacuo, and the resulting white solid was dissolved in NaHCO3 

(25 mL). The resulting solution was washed with EtOAc (2  20 mL), and acidified to pH 1 

with 1 M HCl and 1 M NaHSO4, and extracted with EtOAc (3  50 mL) The organic layers 

were combined, dried over Na2SO4, concentrated in vacuo, and purified by flash 

chromatography (2 % MeOH, 0.5 % AcOH in CHCl3). A pale light yellow oil (95.0 mg, 

96.5 %) was obtained. 
1
H NMR:  9.80 (br s, 1H), 6.23 (m, 1H), 5.67 (dt, J = 17.0, 7.0, 1H), 

5.08 (m, 2H), 4.34 (q, J = 6.4, 1H), 2.53 (m, 1H), 2.46 (m, 1H), 1.38 (s, 9H). 
13

C NMR:  

176.7, 155.7, 132.3, 119.5, 80.4, 52.9, 36.5, 28.4. 

Boc-allylGly-OTMSE, 83. Boc-allylGly-OH 82 (1.53 g, 7.12 mmol) was dissolved in THF 

(50 mL). EDC (1.65 g, 8.59 mmol) and DMAP (90 mg, 0.74 mmol) were added, and the 

solution was stirred at 0 °C for 5 min. TMSE-OH (7.0 mL, 0.049 mol) was added, and the 

mixture was stirred at 0 °C for 6 h. The solution was diluted with EtOAc (150 mL), washed 

with 1 M HCl (2  50 mL), H2O (50 mL), NaHCO3 (2  50 mL), and brine (50 mL), dried 

over Na2SO4, concentrated in vacuo, and purified by flash chromatography (10 % EtOAc in 

hexanes). A colorless oil (1.96 g, 87 %) was obtained. 
1
H NMR:  5.64 (ddt, J = 16.8, 10.3, 

7.2, 1H), 5.07 (m, 3H), 4.28 (dd, J = 13.6, 6.2, 1H), 4.16 (m, 2H), 2.49 (m, 1H), 2.41 (m, 

1H), 1.38 (s, 9H), 0.95 (m, 2H), –0.01 (s, 9H). 
13

C NMR:  172.2, 155.2, 132.5, 118.9, 79.7, 

63.7, 53.0, 36.8, 28.3, 17.4, –1.5. 
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Fmoc-homoallylGly-OH, 84. H-homoallylGly-OH 81 (206 mg, 1.59 mmol) was dissolved 

in saturated NaHCO3 solution (8 mL), and stirred at 0 °C for 10 min. Fmoc-OSu (634 mg, 

1.88 mmol) in 1,4-dioxane (3 mL) was added. The mixture was stirred at 0 °C for 14 h, then 

acidified to pH 1 with 2 M HCl, and extracted with EtOAc (4  25 mL). The resulting 

organic layers were combined, washed with H2O (2  25 mL) and brine (25 mL), dried over 

Na2SO4, and concentrated in vacuo. The resulting pale yellow oil was dissolved in a minimal 

amount of CH2Cl2, and petrolium ether was added. A white solid (515 mg, 92.2 %) was 

obtained by filtration. 
1
H NMR:  10.22 (br s, 1H), 7.77 (d, J = 7.4, 2H), 7.61 (t, J = 6.1, 2H), 

7.40 (t, J = 7.2, 2H), 7.32 (t, J = 7.3, 2H), 6.43 (d, J = 7.4, 1H), 5.80 (m, 1H), 5.38 (d, J = 

8.4, 1H), 5.05 (m, 2H), 4.44 (d, J = 6.9, 2H), 4.23 (t, J = 6.9, 1H), 2.16 (dd, J = 14.2, 7.0, 

2H), 2.02 (m, 1H), 1.82 (dt, J = 14.3, 7.4, 1H). 
13

C NMR:  177.5, 156.2, 143.8 (143.9), 

141.4, 136.8, 127.8, 127.2, 125.2, 120.1, 116.2, 67.2, 53.4, 47.3, 31.6, 29.5. MS calcd. for 

C21H22NO4 (MH
+
) m/z = 352, found m/z = 352. 

Boc-Gly-allylGly-OTMSE, 85. Boc-allylGly-OTMSE 83 (28 mg, 0.090 mmol) was 

dissolved in CH2Cl2 (3 mL), and TFA (0.5 mL) was added. The solution was stirred at rt for 

20 min, and concentrated in vacuo. The resulting yellow oil was dissolved in DMF (3 mL). 

EDC (31 mg, 0.16 mmol), HOBt (23 mg, 0.15 mmol), DMAP (2.1 mg, 0.017 mmol) and 

DIEA (50 μL, 0.29 mmol) were added, and the resulting mixture was stirred at 0 °C for 

10 min. Boc-Gly-OH (27 mg, 0.16 mmol) was added, and the solution was stirred at 0 °C for 

6 h. The solution was diluted with EtOAc (35 mL), washed with 1 M HCl (2  25 mL), H2O 

(25 mL), NaHCO3 (2  25 mL) and brine (25 mL), dried over Na2SO4, concentrated in 

vacuo, and purified by flash chromatography (25 % EtOAc in hexanes). A yellow oil was 

obtained (31.3 mg, 93 %). 
1
H NMR:  6.70 (d, J =6.6, 1H), 5.66 (m, 1H), 5.24 (t, J = 5.7, 
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1H), 5.11 (m, 1H), 5.08 (m, 1H), 4.61 (m, 1H), 4.20 (ddd, J = 10.6, 5.8, 2.6, 2H), 3.79 (dt, J 

= 16.8, 5.6, 2H), 2.56 (m, 1H), 2.50 (m, 1H), 1.43 (s, 9H), 0.99 (m, 2H), 0.02 (s, 9H). 
13

C 

NMR:  171.6, 169.2, 156.1, 132.1, 119.4, 80.3, 64.1, 51.7, 44.4, 36.5, 28.4, 17.5, –1.4. MS 

calcd. for C17H33N2O5Si (MH
+
) m/z = 373.2, found m/z = 373.4. 

Fmoc-homoallylGly-Gly-allylGly-OTMSE, 86. Boc-Gly-allylGly-OTMSE 85 (138 mg, 

0.372 mmol) was dissolved in CH2Cl2 (10 mL), and TFA (2 mL) was added. The solution 

was stirred at rt for 40 min, and concentrated in vacuo. The resulting dark yellow oil was 

dissolved in DMF (10 mL). HOBt (127 mg, 0.831 mmol), EDC (145 mg, 0.755 mmol), 

DMAP (9.2 mg, 0.075 mmol) and DIEA (0.20 mL, 1.1 mmol) were added. The solution was 

stirred at 0 °C for 20 min, and Fmoc-homoallylGly-OH (320 mg, 0.911 mmol) was added. 

The solution was stirred at rt for 8 h, diluted with EtOAc (100 mL), washed with 1 M HCl (2 

 50 mL), H2O (50 mL), NaHCO3 (50 mL) and brine (50 mL), dried over Na2SO4, 

concentrated in vacuo, and purified by flash chromatography (33 % EtOAc in hexanes). A 

white solid was obtained (78.6 mg, 35 %). 
1
H NMR:  7.75 (d, J = 7.4, 2H), 7.57 (d, J = 7.5, 

2H), 7.39 (t, J = 7.5, 2H), 7.29 (dt, J = 7.4, 1.0, 2H), 6.91 (m, 1H), 6.80 (m, 1H), 5.78 (m, 

1H), 5.65 (m, 1H), 5.55 (d, J = 7.4, 1H), 5.09 (m, 2H), 5.01 (m, 2H), 4.61 (dt, J = 6.4, 6.4, 

1H), 4.41 (m, 2H), 4.20 (m, 4H), 4.04 (m, 1H), 3.94 (m, 1H), 2.56 (m, 1H), 2.49 (m, 1H), 

2.11 (m, 2H), 1.95 (m, 1H), 1.75 (m, 1H), 0.99 (m, 2H), 0.02 (s, 9H). 
13

C NMR:  172.3, 

171.6, 168.3, 156.4, 143.9, 141.4, 137.1, 132.2, 127.9, 127.2, 125.2, 120.1, 119.4, 116.1, 

67.2, 64.2, 54.7, 52.0, 47.3, 43.1, 36.4, 31.7, 29.7, 17.5, –1.4.  

Fmoc-Phe-OTMSE, 87. Fmoc-Phe-OH (513 mg, 1.32 mmol) was dissolved in THF 

(50 mL). EDC (501 mg, 2.61 mmol) and DMAP (16 mg, 0.13 mmol) were added. The 

solution was stirred at 0 °C for 30 min, and TMSE-OH (0.90 mL, 6.3 mmol) was added. The 
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resulting solution was stirred at rt for 6 h, diluted with EtOAc (50 mL), washed with 1 M 

HCl (2  25 mL), H2O (25 mL), NaHCO3 (2  25 mL) and brine (30 mL), dried over 

Na2SO4, concentrated in vacuo, and purified by flash chromatography (10 % EtOAc in 

hexanes). A colorless oil (453 mg, 71 %) was obtained. 
1
H NMR:  7.76 (d, J = 7.6, 2H), 

7.56 (t, J = 7.8, 2H), 7.40 (dt, J = 7.5, 0.5, 2H), 7.30 (m, 5H), 7.11 (d, J = 6.9, 2H), 5.27 (d, J 

= 8.3, 1H), 4.64 (dt, J = 8.2, 6.0, 1H), 4.43 (dd, J = 10.6, 7.2, 1H), 4.33 (dd, J = 10.8, 7.1, 

1H), 4.20 (m, 3H), 3.15 (dd, J = 13.6, 5.8, 1H), 3.09 (dd, J = 13.6, 6.1, 1H), 0.97 (dd, J = 

13.2, 6.6, 1H), 0.97 (t, J = 7.3, 1H), 0.04 (s, 9H). 
13

C NMR:  171.7, 155.7, 143.9 (140.0), 

141.5, 136.0, 129.5, 128.7, 127.8, 127.22, 127.18, 125.3 (125.2), 120.10 (120.12), 67.1, 64.1, 

55.0, 47.3, 38.4, 17.5, –1.4. 

Cyclic tripeptide TMSE ester, 88. Fmoc-homoallylGly-Gly-allylGly-OTMSE 86 (19 mg, 

0.031 mmol) was dissolved in CH2Cl2 (60 mL). Grubbs Catalyst Generation I, 

PhCH2=RuCl2(PCy3)2, (4.0 mg, 0.0049 mmol) was added. The solution was heated at reflux 

for 36 h, and fresh catalyst was added every 12 h. The reaction was quenched with H2O 

(1 mL), and the solvent was removed in vacuo. The resulting dark solid was purified by 

preparative TLC (50 % EtOAc in hexanes), and a white solid (6.2 mg, 38 %) was obtained. 

1
H NMR:  7.79 (d, J = 7.5, 2H), 7.58 (d, J = 6.9, 2H), 7.43 (t, J = 7.8, 2H), 7.33 (m, 2H), 

6.84 (m, 1H), 6.69 (m, 1H), 5.42 (m, 1H), 5.30 (m, 0.5H), 5.21 (m, 1.5H), 4.52 (m, 1H), 4.45 

(m, 2H), 4.23 (m, 3H), 4.01 (m, 1H), 3.66 (m, 2H), 2.54 (m, 1H), 2.40 (m, 1H), 2.09 (m, 2H), 

1.97 (m, 1H), 1.87 (m, 1H), 1.01 (m, 2H), 0.05 (s, 9H). HRMS calcd. for C31H40N3O6Si 

(MH
+
) m/z = 578.2686, found m/z = 578.2662. 

Cyclic tripeptide mimic, 89. Cyclic tripeptide TMSE ester 88 (6.2 mg, 0.010 mmol) was 

dissolved in CH2Cl2 (5.0 mL), and TFA (1.0 mL) was added. The solution was stirred at rt 
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for 3 h, concentrated in vacuo, washed with CHCl3, and dried in vacuo. The resulting brown 

oil was purified by preparative TLC (2 % MeOH, 0.5 % AcOH in CHCl3), and a yellow solid 

(4.2 mg, 86 %) was obtained. 
1
H NMR (DMSO-d6, 400 MHz):  8.56 (m, 1H), 8.58 (t, J = 

6.2, 0.5H), 7.89 (d, J = 7.4, 2H), 7.75 (t, J = 6.9, 2H), 7.65 (d, J =8.1, 1H), 7.42 (t, J = 7.4, 

2H), 7.31 (t, J = 7.3, 2H), 7.06 (d, J = 7.1, 1H), 5.31 (m, 1H), 5.14 (m, 1H), 4.25 (m, 3H), 

4.10 (m, 2H), 3.61 (m, 2H), 3.12 (dd, J = 15.0, 7.2, 1H), 2.32 (m, 2H), 1.98 (m, 2H), 1.83 (m, 

2H). 
13

C NMR (DMSO-d6, 100 MHz):  172.0, 169.1, 168.9, 155.7, 143.9 (143.8), 140.7, 

136.2, 127.7, 127.1, 125.4, 124.0, 120.1, 65.8, 53.7, 53.4, 46.7, 43.7, 34.3, 31.8, 29.0, 27.4. 

MS calcd. for C26H28N3O6 (MH
+
) m/z = 478.5, found m/z = 478.6. 

H-homoallylGly-OMe•HCl, 90. H-homoallylGly-OH 81 (101 mg, 0.800 mmol) was 

dissolved in MeOH (5 mL), and stirred at 0 °C for 10 min. SOCl2 (65 L, 0.89 mmol) was 

added dropwise. The solution was stirred at rt for 8 h, and concentrated in vacuo. A light 

yellow oil (112 mg, 98.0 %) was obtained.
 1

H NMR (CD3OD):  5.84 (m, 1H), 5.13 (d, J = 

17.3, 1H), 5.07 (d, J = 10.2, 1H), 4.05 (t, J = 5.7, 1H), 3.84 (s, 3H), 2.23 (m, 2H), 2.00 (m, 

2H). 
13

C NMR (CD3OD):  171.7 (170.8), 137.2 (137.4), 116.8 (116.9), 53.7 (53.5), 53.4 

(53.3), 30.77 (30.83), 30.0 (20.9). 

Boc-Gly-homoallylGly-OMe, 91. H-homoallylGly-OMe 90 (112 mg, 0.784 mmol) was 

dissolved in DMF (5 mL). EDC (312 mg, 1.63 mmol), HOBt (245 mg, 1.60 mmol), DMAP 

(17 mg, 0.14 mmol) and DIEA (1.00 mL, 5.72 mmol) were added, and the solution was 

stirred at 0 °C for 10 min. Boc-Gly-OH (283 mg, 1.62 mmol) was added. The resulting 

solution was stirred at 0 °C for 6 h, then diluted with EtOAc (30 mL), washed with 1 M HCl 

(2  20 mL), H2O (20 mL), NaHCO3 (20 mL), and brine (25 mL), dried over Na2SO4, 

concentrated in vacuo, and purified by flash chromatography (25 % EtOAc in hexanes). A 
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colorless oil was obtained (109 mg, 46 %). 
1
H NMR:  6.89 (app. d, J = 5.7, 1H), 5.72 (ddt, J 

= 17.0, 10.3, 6.6, 1H), 5.41 (t, J = 5.6, 1H), 5.00 (dq, J = 17.3, 1.6, 1H), 4.96 (dd, J = 10.1, 

1.3, 1H), 4.58 (dd, J = 13.0, 7.6, 1H), 3.79 (m, 2H), 3.70 (s, 3H), 2.04 (m, 2H), 1.92 (m, 1H), 

1.75 (m, 1H), 1.41 (s, 9H). 
13

C NMR:  172.7, 169.6, 156.2, 136.8, 115.9, 80.2, 52.4, 51.7, 

44.3, 31.5, 29.4, 28.3. 

Fmoc-allylGly-OH, 92. H-allylGly-OH 80 (296 mg, 2.57 mmol) was dissolved in NaHCO3 

(10 mL), and stirred at 0 °C for 10 min. Fmoc-OSu (1.08 g, 3.19 mmol) in 1,4-dioxane 

(8 mL) was added dropwise. The solution was stirred at rt for 10 h, then acidified to pH 1 

with 3 M HCl. The aqueous solution was extracted with EtOAc (4  30 mL). The resulting 

organic layers were combined, washed with H2O (2  20 mL) and brine (15 mL), dried over 

Na2SO4, and concentrated in vacuo. The resulting yellow oil was dissolved in a minimal 

amount of CH2Cl2, and petrolium ether was added. A white solid (843 mg, 97 %) was 

collected by filtration. 
1
H NMR:  7.76 (d, J =, 7.6, 2H), 7.58 (m, 2H), 7.40 (t, J = 7.5, 2H), 

7.31 (t, J = 7.4, 2H), 5.74 (m, 1H), 5.30 (d, J = 7.3, 1H), 5.19 (d, J = 13.2, 2H), 4.49 (app. dd, 

J = 11.7, 6.1, 1H), 4.41 (d, J = 6.9, 2H), 4.23 (t, J = 7.0, 1H), 2.65 (m, 1H), 2.57 (m, 1H). 
13

C 

NMR:  168.7, 156.6, 143.9, 141.5 (141.4), 133.5, 127.8, 127.6, 127.2, 125.4, 120.1, 67.2, 

47.2, 46.6, 25.6. 

Fmoc-allylGly-Gly-homoallylGly-OMe, 93. Boc-Gly-homoallylGly-OMe 91 (392 mg, 

1.30 mmol) was dissolved in CH2Cl2 (10 mL), and TFA (5 mL) was added. The solution was 

stirred at rt for 1 h, and the solvent and excess TFA was removed in vacuo. The resulting 

dark yellow oil was dissolved in DMF (15 mL). HOBt (305 mg, 1.99 mmol), EDC (383 mg, 

2.00 mmol), DMAP (21 mg, 0.17 mmol) and DIEA (0.90 mL, 5.2 mmol) were added, and 

the solution was stirred at 0 °C for 20 min. Fmoc-allylGly-OH 92 (550 mg, 1.65 mmol) was 
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added. The resulting solution was stirred at rt for 8 h, then diluted with EtOAc (75 mL), 

washed with 1 M HCl (2  50 mL), H2O (50 mL), NaHCO3 (50 mL) and brine (50 mL), 

dried over Na2SO4, concentrated in vacuo, and purified by flash chromatography (50 % 

EtOAc in hexanes). A white solid was obtained (515 mg, 76 %). 
1
H NMR:  7.76 (dt, J = 7.6, 

0.9, 2H), 7.56 (d, J = 7.6, 2H), 7.40 (t, J = 7.5, 2H), 7.30 (dtt, J = 7.4, 2.2, 1.1, 2H), 6.87 (m, 

2H), 5.73 (dtt, J = 17.0, 10.2, 6.6, 2H), 5.40 (m, 1H), 5.18 (m, 1H), 5.15(m, 1H), 5.00 (m, 

2H), 4.58 (ddt, J = 8.0, 5.0, 3.0, 1H), 4.43 (m, 2H), 4.20 (dd, J = 11.8, 6.6, 2H), 4.07 (m, 1H), 

3.90 (dd, J = 16.7, 5.5, 1H), 3.70 (s, 1H), 3.69 (s, 2H), 2.58 (m, 1H), 2.50 (m, 1H), 2.08 (m, 

2H), 1.93 (m, 1H), 1.77 (m, 1H). 
13

C NMR:  172.8, 172.05 (172.00), 168.9 (168.8), 156.5 

(156.4), 143.7 (143.8), 141.3, 136.72 (136.71), 132.8, 127.7, 127.1, 125.1, 120.0, 119.23 

(119.15), 115.90 (115.86), 67.2, 54.6 (54.5), 52.37 (52.39), 51.87 (51.88), 47.10 (47.08), 

43.06 (43.11), 36.9 (36.8), 31.25 (31.21), 29.50 (29.48). 

H-allylGly-OMe, 94. H-allylGly-OH 80 (206 mg, 1.79 mmol) was dissolved in MeOH 

(5 mL), and stirred at 0 °C for 10 min. SOCl2 (0.20 mL, 2.7 mmol) was added dropwise. The 

solution was stirred at rt for 8 h, then concentrated and dried in vacuo. A pale yellow oil 

(281 mg, 94.9 %) was obtained. 
1
H NMR:  8.66 (br s, 2H), 5.85 (dd, J = 14.5, 7.8, 1H), 5.32 

(d, J = 16.6, 1H), 5.24 (d, J = 9.9, 1H), 4.26 (m, 1H), 3.80 (s, 3H), 2.84 (m, 2H). 
13

C NMR:  

169.5, 130.3, 121.6, 53.4, 53.1, 34.6. 

Boc-Gly-allylGly-OMe, 95. H-allylGly-OMe 94 (280 mg, 1.69 mmol) was dissolved in 

DMF (10 mL), and EDC (980 mg, 5.11 mmol), HOBt (785 mg, 5.13 mmol), DMAP (26 mg, 

0.21 mmol) and DIEA (3.00 mL, 17.2 mmol) were added. The solution was stirred at 0 °C 

for 10 min, and Boc-Gly-OH (893 mg, 5.10 mmol) was added. The resulting solution was 

stirred at rt for 6 h, then diluted with EtOAc (50 mL), washed with 1 M HCl (2  25 mL), 
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H2O (25 mL), NaHCO3 (25 mL) and brine (25 mL), dried over Na2SO4, concentrated in 

vacuo, and purified by flash chromatography (33 % EtOAc in hexanes). A clear oil was 

obtained (300 mg, 62.1 %). 
1
H NMR:  6.77 (m, 1H), 5.64 (m, 1H), 5.32 (m, 1H), 5.09 (app. 

d, J = 13.2, 2H), 4.64 (dd, J = 12.5, 6.0, 1H), 3.79 (m, 2H), 3.71 (s, 3H), 2.55 (m, 1H), 2.48 

(m, 1H), 1.42 (s, 9H). 
13

C NMR:  172.0, 169.4, 156.1, 132.1, 119.4, 80.3, 52.5, 51.7, 44.3, 

36.4, 28.4. 

Fmoc-homoallylGly-Gly-allylGly-OMe, 96. Boc-Gly-allylGly-OMe 95 (300 mg, 

1.05 mmol) was dissolved in CH2Cl2 (10 mL), and TFA (5 mL) was added. The solution was 

stirred at rt for 1 h. The solvent and excess TFA was removed in vacuo. The resulting dark 

yellow oil was dissolved in DMF (15 mL). HOBt (231 mg, 1.51 mmol), EDC (308 mg, 

1.61 mmol), DMAP (24 mg, 0.19 mmol) and DIEA (0.75 mL, 4.3 mmol) were added. The 

solution was stirred at 0 °C for 20 min, and Fmoc-homoallylGly-OH 84 (480 mg, 

1.36 mmol) was added. The resulting solution was stirred at rt for 8 h, then diluted with 

EtOAc (75 mL), washed with 1 M HCl (2  50 mL), H2O (50 mL), NaHCO3 (50 mL) and 

brine (50 mL), dried over Na2SO4, concentrated in vacuo, and purified by flash 

chromatography (50 % EtOAc in hexanes). A white solid was obtained (285 mg, 55 %). 
1
H 

NMR: 7.74 (d, J = 7.6, 2H), 7.57 (dd, J = 11.8, 7.2, 2H), 7.38 (t, J = 7.4, 2H), 7.28 (dt, J = 

7.5, 0.8, 2H), 7.12 (m, 1H), 7.03 (dd, J = 17.7, 7.8, 1H), 5.73 (m, 2H), 5.64 (m, 1H), 5.05 (m, 

3H), 4.99 (d, J = 9.9, 1H), 4.64 (dd, J = 14.9, 6.8, 1H), 4.38 (m, 2H), 4.20 (m, 2H), 4.06 (dt, J 

= 17.0, 5.2, 1H), 3.95 (m, 1H), 3.68 (s, 2H), 3.67 (s, 1H), 2.55 (m, 1H), 2.46 (m, 1H), 2.10 

(m, 2H), 1.93 (m, 1H), 1.74 (m, 1H). 
13

C NMR:  172.5 (172.4), 172.02 (172.05), 168.6, 

156.4 (156.5), 143.8 (143.9), 141.4, 137.07 (137.05), 132.1 (132.2), 127.9, 127.2, 125.1, 



 

 

 255 

120.1, 119.3 (119.4), 116.01 (116.03), 67.2, 54.7 (54.8), 52.50 (52.49), 51.97 (52.03), 47.3, 

43.2 (43.1), 36.36 (36.40), 31.7 (31.8), 29.7. 

Cyclic tripeptide methyl ester, 97. Grubbs Catalyst Generation I, PhCH2=RuCl2(PCy3)2, 

(26 mg, 0.031 mmol) was dissolved in CH2Cl2 (250 mL). Fmoc-allylGly-Gly-homoallylGly-

OMe 93 (103 mg, 0.198 mmol) was dissolved in CH2Cl2 (10 mL), and added dropwise 

within 40 min. The resulting solution was heated at reflux for 36 h, and fresh catalyst was 

added every 12 h. The reaction was quenched with H2O (1 mL), and the solvent was removed 

in vacuo. The resulting dark brown solid was purified by preparative TLC (67 % EtOAc in 

hexanes), and a white solid (12 mg, 40 %) was obtained. 
1
H NMR (DMSO-d6):  8.61 (t, J = 

5.8,1H) 7.89 (d, J = 7.5, 2H), 7.74 (m, 2.5H), 7.42 (t, J = 7.4, 2H), 7.34 (m, 2H), 7.18 (d, J = 

6.8, 0.5H), 5.58 (m, 1H), 5.47 (m, 1H), 4.29 (m, 2H), 4.22 (m, 2H), 4.10 (m, 1H), 3.94 (m, 

1H), 3.64 (s, 3H), 3.42 (m, 1H), 2.29 (m, 2H), 2.12 (m, 1H), 1.98 (m, 1H), 1.80 (m, 2H). 
13

C 

NMR (DMSO-d6):  171.8 (172.8, 172.3), 171.7 (171.92, 171.86), 169.9 (168.7, 168.2), 

155.9 (155.6, 155.5), 143.75 (143.85, 143.88), 140.7 (143.82, 143.94), 136.8, 136.0, 127.7, 

127.1, 125.3 (125.4, 125.5), 120.1, 65.72 (65.67), 54.3 (54.0), 53.4 (52.5), 52.0 (52.2, 51.9), 

46.68 (46.64, 46.62), 42.8 (43.7, 42.2), 35.8 (36.1), 28.9 (28.5), 28.7 (28.0, 27.2). Mixture of 

three isomers: 11:5:4. 

Fmoc-Phe-OMe, 98. H-Phe-OMe•HCl (140 mg, 0.648 mmol) was dissolved in CH2Cl2 

(10 mL). Et3N (1.50 mL, 1.08 mmol) and Fmoc-Cl (192 mg, 0.743 mmol) were added. The 

solution was stirred at rt for 4 h, then diluted with CH2Cl2 (75 mL), washed with H2O 

(40 mL), 1 M HCl (2  40 mL) and brine (50 mL), dried over Na2SO4, concentrated in vacuo, 

and purified by flash chromatography (25 % EtOAc in hexanes). A light yellow oil (237 mg, 

91 %) was obtained. 
1
H NMR (400 MHz):  7.75 (d, J = 7.8, 2H), 7.55 (t, J =6.9, 2H), 7.38 
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(t, J = 7.4, 2H), 7.29 (m, 5H), 7.08 (d, J = 7.6, 2H), 5.32 (d, J = 8.2, 1H), 4.67 (dd, J = 13.9, 

6.0, 1H), 4.43 (ddd, J = 10.8, 7.2, 1.4, 1H), 4.32 (m, 1H), 4.19 (t, J = 7.0, 1H), 3.70 (s, 3H), 

3.14 (dd, J = 13.8, 5.8, 1H), 3.07 (dd, J = 13.9, 6.2, 1H). 
13

C NMR (100 MHz):  172.0, 

155.6, 143.8 (143.9), 141.4, 135.8, 129.4, 128.7, 127.8, 127.2, 127.1, 125.2 (125.1), 120.1, 

67.0, 54.9, 52.4, 47.2, 38.3. 

Fmoc-Ile-OMe, 99. Fmoc-Ile-OH (310 mg, 0.876 mmol) was dissolved in THF (15 mL). 

EDC (334 mg, 1.74 mmol) and DMAP (16 mg, 0.14 mmol) were added, and the solution was 

stirred at 0 °C for 30 min. Excess MeOH (6 mL) was added. The solution was stirred at rt for 

6 h, then diluted with EtOAc (100 mL), washed with 1 M HCl (2  50 mL), H2O (50 mL), 

NaHCO3 (2  50 mL) and brine (50 mL), dried over Na2SO4, concentrated in vacuo, and 

purified by flash chromatography (10 % EtOAc in hexanes). A clear oil (236 mg, 73 %) was 

obtained. 
1
H NMR:  7.75 (d, J = 7.3, 2H), 7.60 (dd, J = 7.2, 3.6, 2H), 7.39 (t, J =7.4, 2H), 

7.31 (dt, J = 7.4, 1.2, 2H), 5.34 (d, J = 8.7, 1H), 4.33-4.40 (d, J = 7.1, 2H), 4.35 (dd, J = 9.2, 

5.0, 1H), 4.22 (t, J = 7.2, 1H), 3.74 (s, 3H), 1.89 (m, 1H), 1.43 (m, 2H), 0.91 (m, 6H). 
13

C 

NMR:  172.7, 156.2, 143.9 (144.1), 141.4, 127.8, 127.2, 125.2, 120.08 (120.10), 67.1, 58.4, 

52.2, 47.3, 38.2, 25.2, 15.6, 11.7. 

Cyclic tripeptide mimic, 100. Cyclic tripeptide methyl ester 97 (18 mg, 0.038 mmol) was 

dissolved in CH2Cl2 (6 mL), and pre-mixed AlCl3/DMA solution (5:8, 70 μL) was added. 

The resulting blue solution was heated at reflux for 24 h, and the reaction was quenched with 

1 M HCl (30 mL). The aqueous layer was extracted with CH2Cl2 (3  25 mL). The organic 

layers were combined, washed with brine (30 mL), dried over Na2SO4, concentrated in 

vacuo, and purified by flash chromatography (2 % MeOH, 0.5 % AcOH in CHCl3). A pale 

yellow solid (10.1 mg, 57 %) was obtained. 
1
H NMR (DMSO-d6):  12.80 (br s, 1H), 8.30 
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(dd, J = 7.4, 5.0, 0.5H), 8.58 (t, J = 6.2, 0.5H), 7.89 (dd, J = 7.4, 3.8, 2H), 7.76 (m, 3H), 7.42 

(dt, J = 7.5, 3.6, 2H), 7.33 (m, 2H), 7.23 (d, J = 8.5, 0.5H), 7.11 (d, J = 7.6, 0.5H), 5.58 (m, 

0.5H), 5.52 (dd, J = 9.8, 4.0, 0.5H), 5.46 (m, 1H), 4.42 (app. dt, J = 5.0, 3.6, 1H), 4.23 (m, 

3H), 4.09 (m, 1H), 3.98 (m, 0.5H), 3.84 (dd, J = 15.6, 6.8, 0.5H), 3.46 (dd, J = 15.6, 5.5, 

0.5H), 3.36 (dd, J = 16.8, 5.0, 0.5H), 2.31 (m, 2H), 2.11 (m, 1H), 1.98 (m, 1H), 1.83 (m, 

1.5H), 1.73 (m, 0.5H). 
13

C NMR (DMSO-d6):  172.8 (172.9), 171.9 (171.6), 167.9 (168.4), 

155.5 (155.8), 143.8 (143.7), 140.7, 137.0, 136.3, 127.7, 127.1, 125.3 (125.4), 120.2 (120.0), 

65.8 (65.7), 54.4, 53.2 (52.3), 46.6, 42.8, 36.2 (35.8), 30.8 (30.6), 28.5 (28.8). MS calcd. for 

C26H28N3O6 (MH
+
) m/z = 478.5, found m/z = 478.7. Mixture of three isomers: 5:5:2. 

Fmoc-homoallylGly-OBn, 101. Fmoc-homoallylGly-OH 84 (71 mg, 0.20 mmol) and BnOH 

(21 μL, 0.20 mmol) was dissolved in 1,4-dioxane (1.5 mL) and HCl in ether (2.0 M, 0.2 mL, 

0.40 mmol) was added. The solution was heated at reflux for 14 h, then concentrated in 

vacuo, diluted with EtOAc (15 mL), washed with 1 M HCl (2  15 mL), NaHCO3 

(2 15 mL), and brine (15 mL), dried over Na2SO4, and purified by flash chromatography 

(20 % EtOAc in hexanes). A white solid (77 mg, 86 %) was obtained.
 1

H NMR:  7.77 (d, J 

= 7.6, 2H), 7.60 (d, J = 7.5, 2H), 7.37 (m, 9H), 5.76 (ddt, J = 16.9, 10.3, 6.6, 1H), 5.33 (d, J = 

8.3, 1H), 5.22 (d, J = 12.4, 1H), 5.17 (d, J = 12.3, 1H), 5.00 (m, 2H), 4.45 (m, 1H), 4.41 (d, J 

= 7.1, 2H), 4.23 (t, J = 7.0, 1H), 2.07 (m, 2H), 1.98 (m, 1H), 1.78 (m, 1H). 
13

C NMR:  

172.4, 156.0, 144.1 (143.9), 141.5, 137.0, 135.4, 133.2, 129.9, 128.8, 128.7, 128.5, 127.9, 

127.2, 125.2, 120.1, 116.0, 67.4, 67.1, 53.7, 47.3, 32.0, 29.4. 

Boc-Gly-homoallylGly-OBn, 102. Fmoc-homoallylGly-OBn 101 (71 mg, 0.20 mmol) was 

dissolved in THF (3 mL), and piperidine (0.5 mL) was added. The solution was stirred at rt 

for 30 min, then concentrated in vacuo. The resulting pale yellow solid was dissolved in 
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CH2Cl2 (3.0 mL) and stirred at 0 °C for 10 min. Boc-Gly-OH (142 mg, 0.810 mmol), HOBt 

(124 mg, 0.810 mmol), EDC (155 mg, 0.809 mmol) and DIEA (0.30 mL, 1.7 mmol) were 

added. The resulting solution was stirred at rt 8 h, then concentrated in vacuo, diluted with 

EtOAc (20 mL), washed with 1 M HCl (2  15 mL), NaHCO3 (3  15 mL), H2O (2  

10 mL), and brine (15 mL), concentrated in vacuo, and purified by flash chromatography 

(25 % EtOAc in hexanes). A pale yellow oil (48 mg, 73 %) was obtained. 
1
H NMR:  7.34 

(m, 5H), 6.60 (d, J = 7.7, 1H), 5.72 (ddt, J = 17.0, 10.4, 6.5, 1H), 5.57 (m, 1H), 5.19 (d, J = 

12.1, 1H), 5.14 (d, J = 12.0, 1H), 4.98 (dd, J = 17.1, 1.6, 1H), 4.96 (d, J = 10.1, 1H), 4.67 (dt, 

J = 7.6, 4.7, 1H), 3.84 (dd, J = 16.9, 5.3, 1H), 3.78 (dd, J = 16.6, 5.8, 1H), 2.01 (m, 3H), 1.77 

(m, 1H), 1.45 (s, 9H). 
13

C NMR:  172.1, 169.3, 156.1, 136.9, 135.4, 128.8, 128.7, 128.4, 

116.0, 79.6, 67.3, 51.9, 45.5, 31.7, 28.4, 24.5. MS calcd. for C20H29N2O5 (MH
+
) m/z = 377, 

found m/z = 377. 

Fmoc-allylGly-Gly-homoallylGly-OBn, 103. Boc-Gly-homoallylGly-OBn 102 (110 mg, 

0.249 mmol) was dissolved in CH2Cl2 (10 mL), and TFA (5 mL) was added. The solution 

was stirred at rt for 40 min. The solvent and excess was removed in vacuo. The resulting dark 

yellow oil was dissolved in DMF (8 mL), and stirred at 0 °C for 20 min. Fmoc-allylGly-OH 

92 (120 mg, 0.355 mmol), HOBt (57 mg, 0.37 mmol), HBTU (145 mg, 0.382 mmol) and 

DIEA (0.25 mL, 1.4 mmol) were added. The solution was stirred at 0 °C for 2 h, diluted with 

EtOAc (30 mL), washed with 1 M HCl (2  20 mL), NaHCO3 (3  15 mL), H2O (2  20 mL) 

and brine (25 mL), concentrated in vacuo, and purified by flash chromatography (25 %, then 

50 % EtOAc in hexanes). A white solid (70 mg, 44 %) was obtained. 
1
H NMR:  7.75 (d, J = 

7.9, 2H), 7.57 (m, 2H), 7.39 (t, J = 7.4, 2H), 7.31 (m, 7H), 7.20 (br s, 1H), 6.95 (app. t, J = 

7.3, 1H), 5.70 (m, 2H), 5.52 (d, J = 7.5, 0.5H), 5.47 (dd, J = 16.9, 6.3, 0.5H), 5.14 (m, 2H), 
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5.09 (dd, J = 12.5, 4.4, 1H), 4.93 (m, 1H), 4.62 (m, 1H), 4.39 (m, 2H), 4.20 (dt, J = 13.8, 6.8, 

2H), 4.07 (m, 2H), 3.89 (app. dt, J = 16.6, 5.3, 1H), 2.58 (m, 1H), 2.49 (m, 1H), 2.02 (m, 

1H), 1.94 (m, 1H), 1.75 (m, 1H), 1.64 (m, 1H). 
13

C NMR:  172.2, 171.8, 168.7, 156.4, 

143.8, 141.4, 136.8, 132.8, 128.7, 128.6, 128.4, 127.9, 127.8, 127.2, 125.3 (125.2), 120.14, 

120.09, 116.0, 68.1, 52.1, 47.2, 45.6, 43.2 (43.1), 41.3, 37.4, 31.4, 29.5. 



 

 

 260 

Chapter 7 Conclusion and future work 

7.1 Collagen-like polypeptides 

7.1.1 Conclusion 

The conformationally locked alkene isostere Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-

OH was synthesized. In this alkene isostere, one amide bond was locked in the trans-

conformation with an (E)-alkene bond to prevent cis-trans isomerization, and the C=O of Pro 

and N-H of Gly were left intact to maintain the interchain hydrogen bonding. The synthesis 

of the Gly-trans-Pro alkene isostere had no stereochemical control, and the two 

diastereomers of the tripeptide isostere Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-OBn were 

separated by normal phase HPLC. 

The tripeptide alkene isostere Fmoc-Gly- [(E)CH=C]-Pro-Hyp(
t
Bu)-OH was 

incorporated into a host-guest system: Ac-(Gly-Pro-Hyp)3-Gly-Xaa-Yaa-(Gly-Pro-Hyp)4-

Gly-Gly-Tyr-NH2. The Gly-trans-Pro alkene isostere locked one amide bond to the trans-

conformation, and eliminated cis-trans isomerization, which could lower the entropic energy 

barrier during the collagen folding process. We expected this substitution to lead to an 

overall stabilization of the collagen triple helix. CD analysis showed that the peptide with 

Gly- [(E)CH=C]-L-Pro-Hyp as the guest triplet formed a stable triple helix, but the Tm value 

was 28.3 °C, which was 21.7 °C lower than its control peptide (Tm = 50.0 °C).
487

 

To study to what degree cis-trans isomerization affects the stability of the collagen 

triple helix, another conformationally locked alkene isostere Fmoc-Pro- [(E)CH=C]-Pro-OH 

was synthesized. This Pro-trans-Pro alkene isostere locked one amide bond in the trans-
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conformation, but also eliminated one interchain hydrogen bond by removing the C=O of Pro 

at the Xaa position. Although the stereoselectivity of the asymmetric reduction was not good 

for the Pro-trans-Pro alkene isostere, the resulting diastereomers could be separated by flash 

chromatography, and the absolute stereochemistry of the two diastereomers was determined 

by Mosher’s method. 

 The Pro-trans-Pro alkene isostere was incorporated into another host-guest peptide 

H-(Pro-Pro-Gly)4-Xaa-Yaa-Gly-(Pro-Pro-Gly)5-OH. The Tm value of the Pro-Pro alkenyl 

peptide was determined to be –22.0 °C, a 54.6 °C decrease compared to its control peptide. 

By comparing this result with the Gly-trans-Pro and the published Pro-trans-Gly
223

 alkene 

isosteres, we found that replacing any amide with an (E)-alkene bond caused a significant 

stability decrease in the resulting collagen triple helix. Cis-trans isomerization has a limited 

contribution to the triple helix stability. The backbone interchain hydrogen bond between the 

Gly N-H and the Xaa C=O the adjacent chain is one of the major forces in stabilizing the 

collagen triple helix. The intrinsic properties of the amide bond also have a significant 

influence on the stability of the collagen triple helix. 

7.1.2 Future work 

 Previous studies showed that cis-trans isomerization was the rate-limiting step during 

the collagen propagation step; while our studies showed that cis-trans isomerization only had 

a limited contribution to the triple helix stability. We hypothesize that the amide bond, 

especially the carbonyl group of the amide bond has a significant contribution to the triple 

helix stability. New alkene isosteres will be designed to maintain the dipole moment and 

n-to- * interactions of the amide bonds, which are two factors that might be responsible for 

the destabilizing effect when the amide bond was replaced with an (E)-alkene bond. A ketone 
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isostere will also be designed to study how much a carbonyl group can contribute to the 

stability of the collagen triple helix, although the geometry of this isostere is not expected to 

conform to the triple helix geometry. 

 When an alkenyl peptide with a similar (or higher) Tm value to the control peptide is 

obtained, a homogenous peptide with only alkene isosteres will be synthesized. This 

homogenous peptide can provide a better model to study the stability and interactions of 

alkene isosteres. More structural details about hydrogen bonding patterns, hydration 

networks, and other stabilizing effects of the homogenous alkenyl peptide can be obtained if 

the single crystal structure is obtained. This can greatly help us to understand the stabilizing 

factors of the collagen triple helix, and improve our ability to design more stable collagen-

like polypeptides. 

 Our ultimate goal is to design and synthesize a synthetic collagen-like biomaterial, 

which has better stability than natural collagens, and does not have the drawbacks of natural 

collagens that are used currently in the clinic. To achieve this goal, a better polymerization 

method will be necessary. The polymerization conditions depend on the properties and 

stability of the tripeptide alkene isosteres, as well as the length and properties of the final 

collagen-like polymers. This requires a knowledge of polymer chemistry, material science 

and engineering, even biological and medicinal science. 

7.2 Helix-turn-helix peptides and turn mimetics 

7.2.1 Conclusion 

Stepwise modifications of the Antennapedia HTH peptide (27-55) were performed to 

improve the helicity. The peptide with more side-chain ion-pairs was 4.28 times more helical 



 

 

 263 

than the native Antp peptide, while the Ala-based peptide was over 9.27 times more helical 

than the native peptide. 

The Fmoc-protected cyclic tripeptide HTH-turn mimic was synthesized in a form 

ready for solid phase peptide synthesis. The solubility of the cyclic tripeptide was very poor, 

and purification of the final product was very difficult. The solubility problem might also 

affect solid phase peptide synthesis in future. 

7.2.2 Future work 

 DNA binding affinity tests will be performed for the Antp HTH peptides. CE or gel-

electrophoresis will be used to obtain the equilibrium dissociation constant (Kd), which is 

used to evaluate the binding affinity of a peptide to DNA. If the Antp HTH peptides are still 

available in sufficient quantity, CD analysis will be performed again, so that the percentage 

helicity can be calculated to evaluate the helicity of these peptides quantitatively. 

 Due to the poor solubility of the cyclic tripeptide HTH-turn mimic, the synthesis of 

the HTH peptide with a cyclic turn mimic was not successful (Dr. Tao Liu, unpublished). 

On-resin click cyclization
488,489

 and ring-closing metathesis
490-492

 will be used in the synthesis 

of peptides with HTH-turn mimics. New tripeptide HTH-turn mimics will be designed. The 

new tripeptide mimics have linear structures, which will have better solubility in many 

common solvents, and make it much easier for solid phase peptide synthesis. The ring-

closing metathesis or click chemistry will be performed on-resin after the whole sequence is 

synthesized. 

 The control peptides for HTH-turn mimics were already purified and characterized by 

CD. CD analysis for the peptides with cyclic HTH-turn isosteres will be performed. DNA-

binding affinity tests will be performed for the peptides with cyclic HTH-turn isosteres and 
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their control peptides. We hope by covalently linking the side-chains of the residues in the 

HTH-turn, the resulting HTH peptides can be pre-organized to increase their binding 

affinities to DNA. 
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