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Abstract 

 

Ghadiri reported the first synthetic peptide nanotubue in 1993, which has triggered 

extensive studies on peptide-based nanotubes and their potential application in molecular 

wires, catalysts and novel drug delivery vehicles. Our concerns focus on chromophore-

modified cyclic peptides, which open a new way to design and synthesize novel 

nanoscale electronic or photonic devices, and are expected to provide the highly efficient 

electron and energy transfer that such devices require. 

This research concerned the design and synthesis of chiral α-amino acids with specific 

chromophores, including N-ethyl-3-carbazolylalanine and 9-anthrylalanine, and an 8-mer 

linear peptide (H-Aib-Car-Aib-Phe-Aib-Bpa-Aib-Phe-OH) and its corresponding cyclic 

peptide cyclo(Aib-Car-Aib-Phe-Aib-Bpa-Aib-Phe) that incorporate the N-ethyl-3-

carbazolylalanine. This thesis describes the relevant background, synthetic strategies, 

experiments and results in detail. 

The carbazole derivatives were found to be very labile to strong acid, which might 

have caused self-condensation. In order to avoid the formation of acid-derived side-

products, the Wittig-Horner reaction was used successfully in preparation of N-protected-

3-(N’-ethyl-3-carbazolyl)-DL-alanine methyl ester. Dual enzymatic hydrolyses were 

developed to produce the chiral amino acids with high enantiomeric excess. ChiroCLEC-

BL was used to selectively hydrolyze the N-acetyl-L-amino acid methyl ester, while 

amanoacylase was adopted to remove the acetyl group from the resulting N-acetyl-L-

amino acid. 
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Two model peptides were synthesized, a 4-mer peptide (H-Car-D-Ala-Bpa-D-Ala-

OH) via the Boc-strategy, and an 8-mer peptide (H-D-Ala-Npa-D-MeAla-Ala-D-Ala-

Bpa-D-Ala-Ala-OH) by the Fmoc-strategy. Eventually, the target linear peptide was 

synthesized via the Fmoc-strategy and then cyclized in solution. 
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Chapter 1   Introduction 

 

1. 1 Research goal 

One fundamental goal of our laboratory is to design and synthesize bichromophore-

containing cyclic peptides, and to explore their self-assembly into peptide-based 

nanotubes. If successful, it would open a new way to self-assemble novel nanoscale 

electronic or photonic devices. It is anticipated that such structures could be applied in a 

high-resolution display. The building units would transmit information via highly 

efficient intramolecular energy transfer between the chromophores. 

This research concerned the design and synthesis of chiral a-amino acids with specific 

chromophores, incorporating them into a bichromophoric linear 8-mer peptide, and 

cyclizing the linear peptide. The cyclic peptides will be used to investigate photoinduced 

intramolecular energy transfer between the chromophores in order to further develop 

novel molecular devices in the near future. 

 

1. 2 Peptide based nanotubes 

With the fast-increasing demand for high-speed electronic devices, e.g. molecular 

computers, molecular nanotechnology featuring the miniaturization of physical 

components of devices has made great progress in designing and controlling organic 

molecules and carbon nanotubes in the past decade.1 
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Chemists obtained great inspiration from the way that biological systems create life 

and self-assemble the supramolecular structures into the living units, and began to 

explore artificial approaches to intelligent functional supramolecular materials.2 The 

artificial peptide-based nanotube was a successful landmark.3 

 

 

Figure 1-1   A cyclic peptide, cyclo[-(D-Ala-Glu-D-Ala-Gln)2-] and the nanotubes formed by its self-

assembly.1 

 

In nature, many peptide and protein-based microtubules build their sub-cellular 

structure by self-assembly techniques. In 1993, the Ghadiri group reported the first 

synthetic peptide nanotube (Figure1-1). The cyclic peptide cyclo[-(D-Ala-Glu-D-Ala-

Gln)2-] with an even number of alternating D- or L-amino acids, which favors a low-
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energy flat conformation, was used as the molecular building block of the nanotubes. All 

the side chains of the amino acids are allowed to point outwards. The amide backbone 

forms hydrogen bonds in a direction perpendicular to the plane of the cyclic peptide. 

When two cyclic peptides stack upon one another, a hydrogen-bonding network is 

formed, which looks like a contiguous, anti-parallel b sheet, commonly found in natural 

proteins. As this hydrogen-bonded lattice propagates in a direction perpendicular to the 

plane of the cyclic peptide, a highly ordered parallel array of nanotubular structure with 

fixable internal diameter and modifiable exterior surface is formed by self-assembly. 

Hundreds of these nanotubes are tightly packed to form crystalline fibers.1 

This nanotube used a pH triggered self-assembly mechanism. The protonation of two 

glutamic acid residues was designed as the switch. At high or neutral pH, the cyclic 

peptide has a negative charge and is water-soluble, and the repulsive charges on the 

cyclic peptides resist the amide backbone hydrogen bonding. When the pH is lowered, 

the glutamic acids are protonated and the solubility decreases. In the meantime, the 

repulsive charges are removed, which induces amide backbone hydrogen bonding and 

self-assembly into tubular microcrystals with a diameter of 7.5 ¯. When the number of 

amino acid residues making up of the cyclic peptide is increased from eight to twelve, 

another large-size microcrystalline nanotube (cyclo[-(D-Ala-Glu-D-Ala-Gln)3-]) is 

formed with a 13 ¯ diameter, which displays greater stability in a broad range of pHs and 

solvents.4 

Another group of nanotubes designed by the Ghadiri group adopted a highly 

hydrophobic outer surface and hydrophilic inner pore, such as cyclo[-(Phe-D-MeNAla-

Hag-D-MeNAla)2-] (Hag represents homoallylglycine)5 and cyclo[-(Trp-D-Leu)3-Gln-D-
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Leu].6 Such nanotubes are easily inserted into a lipid bilayer. Some ions were found to be 

able to pass through the open ends of the nanotubes, which would allow new applications 

as highly efficient ion channels. Nanotubes with slightly larger pores have been shown to 

transport small molecules, such as glucose.7 

The theoretical and applied studies on peptide-based nanotubes have attracted the 

attention of many research labs.8,9 Based on the experimental results, Lewis calculated 

the energetics, electronic structure and vibrational spectra of cyclo[-(D-Ala-Glu-D-Ala-

Gln)m=1-4].10 Such research could provide the theoretical guide for future work on 

computer-aided molecular design of peptide nanotube-based molecular devices. By 

adjusting the number and choice of the amino acid residues, the cyclic peptide nanotubes 

can be designed with desirable surface characteristics and pore sizes. They can be easily 

synthesized by combining self-assembly with standard solid phase peptide synthesis. 

The potential applications of peptide-based nanotubes cover nanowires, optical and 

electronic devices, catalytic media, therapeutic agents, transmembrane channels, and 

novel drug delivery systems.1 

 

1. 3 Why did we consider cyclic peptides as investigative candidates? 

Research on photoinduced intramolecular energy and charge transfer in 

polychromophoric helical peptides composed of various numbers of unnatural amino acid 

residues carrying the chromophores on the peptide backbone has been undertaken.11,12,13 

The research has been concerned mainly with varying the distance between 

chromophores, devising less complicated means of incorporating various chromophores 
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into the peptide, and forming the secondary helical structure to limit the change of 

conformation. 

Our latest task with chromophore-modified cyclic peptides is made easier by their 

tendency to self-assemble into peptide nanotubes. At the same time, photochemical 

research on the chromophore-modified cyclic peptide nanotube is an unexplored field as 

yet. There are a couple of factors that led us into this research. 

• The cyclic peptide adopts a stable conformation that facilitates unidirectional, 

highly efficient energy transfer in molecular devices. 

• Automatic solid-phase peptide synthesis can be utilized to simplify synthesis and 

purification. 

• Flexible adjustments of the distance between the chromophores can be made by 

changing their attachment positions and the internal diameter of the cycle peptide. 

• The property of the exterior surface can be controlled by changing the 

chromophores. 

• Favorable self-assembly creates nanoscale devices. The intermolecular hydrogen 

bonding and ring stacking interactions of peptide subunits in the b conformation 

would be energetically favored under appropriate conditions, and would thus 

produce open-ended, hollow, tubular ensembles. 
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1. 4 Photoinduced intramolecular energy transfer between 

chromophores14 

There are two important mechanisms that theoretically describe the photoinduced 

intramolecular energy transfers, the Förster mechanism and the Dexter mechanism 

(Figure 1-2). 

D* D*A*

LUMO

Forster MechanismDexter Mechanism

ET ET

DA A

HOMO

 

 

Figure 1-2   Photoinduced energy transfer pathways. D represents the donor; A represents the acceptor; the 

horizontal line means a molecular orbital; a dot stands for an electron, and * indicates an excited state. 

 

The Dexter mechanism is based on electron exchange. It occurs when one electron 

moves from the LUMO of the donor to a LUMO of the acceptor, while at the same time, 

another electron is exchanged from HOMO of the acceptor to one of the donor. As a 

result, the excited-state donor returns to the ground state while the acceptor is excited. A 

through-bond pathway is effective over a range of 10-15 �. A through-space path is also 

available if there is good overlap of the acceptor and donor orbitals. 

The Förster mechanism is based on an electrodynamic interaction between the donor 

and acceptor. The oscillating donor dipole in the excited state induces oscillation of the 

acceptor dipole. This through-space mechanism is effective over many tens of �. Singlet-
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singlet energy transfer (SSET) is viable via this mechanism, while triplet-triplet energy 

transfer (TTET) is forbidden here. 

There are three chromophores - anthracene, benzophenone and N-ethylcarbazole - that 

we considered for incorporation into cyclic peptides, based on preliminary photophysical 

investigations.15,16 The a-alanine skeleton would be used as a spacer, with the 

chromophore attached to C-3. An energy diagram illustrating the predicted pathways of 

intramolecular energy transfer is shown in Figure 1-3. Carbazole has the highest first 

excited singlet energy level (S1) and first triplet energy level (T1), while anthrance has the 

lowest S1 and T1. Carbazole will always act as a donor, while anthracene will always be 

an acceptor. Both singlet�singlet energy transfer (SSET) and triplet-triplet energy transfer 

(TTET) will be expected to occur. Benzophenone can act as the donor to anthrance or the 

acceptor from carbazole. Interestingly, benzophenone and carbazole have the same T1 

energy. Thus highly efficient reversible TTET would be expected. 

We planned to attach two of these chromophores to the 8-mer linear and cyclic peptide 

scaffolds, and then observe the energy transfer efficiency. In the first instance, two 

chromophores would be separated by three other amino acid residues. 

 

1. 5 Synthesis of optically active aa-amino acid 

The design and synthesis of novel, unnatural, optically active a-amino acids have 

generated interest due to their potential in improvement of pharmacological and chemical 

applications and their flexibility in incorporation into synthetic peptides.17,18 With the 

different chromophores attached to the b-carbon of the amino acids, these derivatives 
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would provide specific photophysical and photochemical properties. 

 

N

Et

N

Et

O

T1

T1 T1 T1

S1

S1
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73.6
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78.0

68.8
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83.0
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Carbazole

83.0 kcal

68.8

SSET

TTET

SSET

TTET

 

Figure 1-3   Energy diagram for intramolecular energy transfer among the proposed chromophores (broken 

dashed arrows show possible pathways of energy transfer). 

 

1. 5. 1 Building the aa-amino acid skeleton 

There are several methods that have been used to build the amino acid skeleton. 

 

• Sorensen method19 

The Sorensen method starts with alkylation of N-acetylaminomalonic ester by an alkyl 

halide, using a strong base as deprotonating reagent. The diester product is hydrolyzed 

and decarboxylated to give the N-protected a-amino acid (Figure 1-4). Sisido made 3-(9-

anthryl)-DL-alanine via this way, 20 while Morrison prepared 3-(2-fluorenyl)-DL-alanine 
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following the same procedure.21 

 

OEt

OEt
NH

O

OO

Me
H RCH2

OEt
OEt
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O
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Me
RCH2Cl

HO

H

NH

O

O

Me

CH2RNa, EtOH 1. NaOH (4eq), EtOH

2. HCl

 

Figure 1-4   General pathway for the Sorensen method to make the a-amino acid derivatives. 

 

• Erlenmeyer�s azlactone method19,22 

Erlenmeyer’s azlactone synthesis is based on the Perkin reaction. First, an acylglycine 

is converted into an azlactone by the dehydration of its enol tautomer with Ac2O. The 

azlactone, whose methylene group is activated, undergoes Perkin condensation with the 

aldehyde. This product is then reduced and hydrolyzed to give an a-amino acid (Figure 

1-5). Taku reported the preparation of 3-(N-ethyl-3-carbazolyl)-DL-alanine by this 

method.23 

 

RCHO
H
N C

OH

O

O

Ph RCH
O

N Ph

O

NH

C

C

CH2R

HO O

Ph

O

H
+ 1. NaOH, EtOH

2. H2, Pd-C

Ac2O, NaOAc

reflux

 

Figure 1-5   General pathway for Erlenmeyer’s azlactone synthesis of the a-amino acid derivatives. 

 

• Wittig-Horner synthesis24 

The Wittig-Horner reaction occurs via condensation between phosphonate anions and 

aldehydes, and has been extensively used to synthesize dehydroamino acids, with a 
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preference for forming the Z-isomer (Figure 1-6). The reaction is carried out under mild 

conditions, especially suitable for sensitive chromophores, such as our substrates, the 

carbazolyl derivatives. Their syntheses will be discussed later. 

ArCHO
P

O

OMe

OMeNH
O

MeO H

Me

O

O

CHAr

HN
C

C
OMe

O

Me NHAC

C
OMe

O
H

Ar
+

tetramethylguanidine, THF H2 , Pd-C

-70 °C to rt

 

Figure 1-6   General pathway for Wittig-Horner reaction used to build the a-amino acid derivatives (Z may 

be Me, O-t-Bu or Cbz groups). 

 

• Strecker synthesis25 

The Strecker synthesis, a traditional approach to making unprotected racemic amino 

R
CN

H R
COOH

H
RCHO  +  NH3  +   HCN

H3O+

(a)

NH2 NH2

 

Ph H

N

PO Ph
Ph

PO
Ph

Ph

O

O
AlCl

H

Ph

CN
N

H

Ph

NH2H

COOH

, TMSCN, PhOH
1.

2. 2M HCl

       
         66-97%, 70-96% ee

1. HCl (g), HCOOH
2. DDQ

3. 1M HCl
4. Amberlyst A-21, MeOH

        91%, 98% ee (R=Ph) (b) 

 

Figure 1-7   (a) General pathway for the traditional Strecker synthesis of  a-amino acid derivatives; 

                     (b) asymmetric Strecker-type synthesis of D-phenylalanine. 
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acids, involves treatment of aldehydes with hydrogen cyanide and ammonia. The 

intermediate a-aminonitrile is hydrolyzed with H3O+ to provide an a-amino acid (Figure 

1-7a). Recently, attention has turned to the catalytic asymmetric Strecker-type synthesis, 

which provides a direct method for asymmetric synthesis of a-amino acid derivatives 

(Figure 1-7b). 

 

• Alkylation of glycinate imines under phase transfer conditions26 

In 1989, O’ Donnell reported the catalytic enantioselective alkylation of the 

benzophenone imine of a glycine alkyl ester by pseudoenantiomeric phase transfer 

catalysis, to give enantiomerically enriched a-amino acids (Figure 1-8). Further 

recrystallization or enzymatic resolution was required to obtain a highly optically pure 

isomer. 

 

N

N+

OR

Cl-

Ph2=N CO2But

COOH

H

Cl

2) crystallize racemate

3) deprotect

1) 4-Cl-C6H4CH2Br, NaOH, CH2Cl2,

NH2

 

Figure 1-8   Catalytic enantioselective alkylation of glycinate imine under phase transfer catalysis. 

 

• Asymmetric hydrogenation27 

Asymmetric hydrogenation of dehydroamino acids using transition metal complexes 

with chiral ligands (e.g., BICPO) has provided an extremely useful approach to making a 
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variety of optically active amino acids, e.g., N-acetyl-3-(2-naphthyl)-(R or S)-alanine 

methyl ester (Figure 1-9). 

 

NHR

CO2Me

CO2Me

H NHR(Rh(COD)2)BF4, (1R, 1'R, 2S, 2'S)-BICPO

H

Ph2PO

H

Ph2PO(1R, 1'R, 2S, 2'S)-BICPO

H2

 

Figure 1-9   Rh-catalyzed asymmetric hydrogenation of an acetamidocinnamic ester. 

 

However, for bulky substrates such as these containing 9-anthryl and N-

ethylcarbazolyl side groups, there is no effective catalyst reported that can produce high 

enantiomeric excesses. The expensive chiral ligands also decreased our desire for 

attempting to find the optimal chiral ligand for our substrates. 

Asymmetric syntheses can build chiral amino acids directly with the aid of various 

chiral auxiliary reagents. The attainable enantiometric excess is in the range of 70-98%, 

but is heavily dependent on the stereochemical characteristics of the substrate and chiral 

reagents. In order to secure high enantiometric excess, enzymatic resolution seemed to us 

the most promising. 

1. 5. 2 Enzymatic resolution 

Enantiomers have identical physical and chemical properties, and so can’t be resolved 

by conventional methods, such as crystallization and standard chromatography. 

Traditionally, the enantiomers have been separated by converting them into 
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diastereomeric salts. The salts can be isolated by crystallization or chromatography and 

then decomposed into the pure enantiomers. 

Our interest focused on enzymatic resolution. One isomer of the racemate is 

preferentially transformed into its hydrolytic product under enzymatic catalysis. The 

major approaches include stereospecific cleavage of N-acyl groups by acylases, and 

stereospcific ester hydrolysis by proteases. 

 

• Ester hydrolysis catalyzed by esterases17 

A practical resolution of racemic amino acid esters has been obtained using protease 

VIII (Figure 1-10). The L-methyl (or benzyl) ester can be enantiospecifically hydrolyzed 

in pH 8 buffer. It was noted that the benzyl ester is hydrolyzed three times faster than the 

corresponding methyl ester. It is important to monitor the reaction and stop it when it 

reaches 50% conversion. Organic co-solvents such as DMF, dioxane and CH3CN (up to 

30% v/v) do not significantly lower the enzyme activity, while enhancing the solubility of 

the substrates. The major advantages of this method are enzyme stability and ease of 

product isolation. The resultant enantiomeric excess and hydrolytic yield depend heavily 

on the structure of the substrate and the hydrolytic conditions. 

 

C
OMe

O

CH2Ar
H

AcNH AcNH
C

C
OH

O

CH2ArH

ArCH2
C C

OMe

O

H

protease VIII
+

AcNH

 

Figure 1-10   General pathway for enantiospecific ester hydrolysis by protease VIII. 
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The protease subtilisin is broadly applied in stereospecific ester hydrolyses. Its 

disadvantages are its low stability in water and water-miscible organics, and low activity 

in neat organic solvents, which limit its application. 

Subtilisin ChiroCLEC-BL is a crosslinked, crystalline subtilisin.28 Crosslinking 

confers high stability and activity at elevated temperature and in organic solvents on the 

enzyme, which exhibited much better activity for N-acetyl-3-(2-fluorenyl)-L-alanine 

methyl ester than the protease subtilisin did, as recently found in our lab. 

 

• Deacylation by acylases17 

Mori and Iwasawa reported the acylase-catalyzed deacetylation of N-acetyl-DL-amino 

acid derivatives, and used it to generate the enantiomers of threo-2-amino-3-

methylhexanoic acid. The reaction was carried out at pH 6.7 at 37 ”C for four days in the 

presence of CoCl2. The enzyme selectively deacylated the L-isomer and provided both 

enantiomers in high optical purity.11 

There are mainly two types of the acylases used for deacylation, one extracted from 

hog kidney, which has shown poor activity for substrates with bulky aromatic groups, 

and the other from aspergillus melleus with good activity for aromatic substrates.29 Sisido 

reported that an acylase (type unknown) failed to deacylate N-acetyl-3-(9-anthryl)-L-

alanine,20 while Matsubara found that acylase from aspergillus melleus succeeded in 

removing the acetyl group from N-acetyl-3-(2-anthraquinonyl)alanine.30 The reason for 

this difference wasn’t stated, but the type of acylases that made this difference is 

reasonably assumed. 
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There are several commercial acylases obtained from aspergills melleus with different 

enzymatic activities, distributed by Aldrich, Fluka and TCI. Amanoacylase from Aldrich 

has the highest activity at 30,000 µ/g, while another acylase from Fluka has 500 µ/g; no 

activity data was available for the TCI product. Compared with Fluka’s acylase, 

Aldrich’s amanoacylase is more efficient, which means that a lower catalyst/substrate 

ratio and shorter reaction time are required for the hydrolysis (Figure 1-11). 
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Figure 1-11   General pathway for deacylation by amanoacylase. 

 

1. 5. 3 Protection and deprotection of aa-amino acid derivatives31 

Protection of amino or carboxyl groups are very important processes for peptide 

synthesis, in order to block functional groups that may participate in unwanted peptide 

bond formation. The nucleophilic reactivity of the a-amino group can be suppressed by 

pulling its electron density into a protective group or by shielding it sterically. Good 

protection and deprotection steps are those that can be done under mild, racemization-

free conditions. The protection should be easy to achieve and maintain until deprotection 

is required. The protective groups should be removable under mild conditions that have 

no adverse effect on other substitutents or the chiral center. Boc and Fmoc protection of 

amino groups are two common transformations used in solid-phase peptide synthesis. 
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• Boc protection and deprotection 

The Boc group (t-BuOCO-) is applied extensively in peptide synthesis for amine 

protection, and is introduced with t-butoxycarbonyl azide or di-t-butyldicarbonate. A 

certain amount of side product formation, attributed to dipeptide or tripeptide formation, 

has been observed.32 To prevent these side reactions, the carboxyl group should be first 

converted to a trimethylsilyl ester with trimethylsilyl chloride. The trimethylsilyl ester is 

easily hydrolyzed back to the carboxylic acid after Boc protection. The Boc group is inert 

to basic hydrolysis and catalytic hydrogenation. It can be easily removed by TFA/CH2Cl2 

or HCl/dioxane. 
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Figure 1-12   General pathway for Boc protection and deprotection of the amino groups on a-amino acids. 

 

• Fmoc protection and deprotection 

The Fmoc group may be introduced by 9-fluorenylmethyloxycarbonyl chloride 

(Fmoc-Cl) or 9-fluorenylmethyloxycarbonyl-N-hydroxysuccinimide (Fmoc-OSu).31 For 

the amino acids with less hindered side chains, such as glycine or alanine, Fmoc-Cl can 

give small but detectable amounts of dipeptides and even tripeptides as side products. 

Fmoc-OSu is the reagent of choice for eliminating this oligomer formation. The Fmoc 

group has excellent acid stability. It can be quickly cleaved by 25% piperidine in DMF to 

afford the free amine and dibenzofulvene (Figure 1-13). 
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Figure 1-13   General pathways for Fmoc protection and deprotection of a-amino groups on the amino 

acids. 

 

1. 6 Solid-phase peptide synthesis33,34 

Peptide synthesis involves the formation of amide linkages (referred to as peptide 

bonds), which are formed by the reaction between the amino group of one amino acid and 

the carboxyl group of another amino acid (Figure 1-14). The formation of the peptide 

bond requires two fundamental operations: (1) activation of the carboxyl group, and (2) 

N-protection of the activated amino acid species, C-protection of the other one, and 

protection of any reactive functional groups on the side chain that may lead to side 

reaction during coupling. 

Peptide synthesis, whether in solution or on a resin, is a repetitive multi-step process, 

consisting of protection, activation, coupling and selective deprotection. The traditional 

solution-phase peptide synthesis requires equimolar amounts of reagents and complicated 

purification at each stage to remove the impurities. Such processes are time consuming 

and costly. Solid-phase peptide synthesis avoids these problems. 
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Figure 1-14   The formation of the peptide bond. R represents the alkyl or aromatic groups, and PG    

indicates the protective group. 

 

The concept of solid-phase peptide synthesis (SPPS) was conceived by Merrifield in 

1959. Merrifield stated that, �One day, I had an idea about how the goal of a more 

efficient synthesis might be achieved. The plan was to assemble a peptide chain in a 

stepwise manner while it was attached at one end to a solid support. With the growing 

chain covalently anchored to an insoluble matrix at all stages of the synthesis, the peptide 

would also be completely insoluble and, furthermore, would be in a suitable physical 

form to permit rapid filtration and washing after completion of each of the synthetic 

reactions. The intermediate peptides in the synthesis would thus be purified by a very 

sample, rapid procedure rather than by the usual tedious crystallization methods. When a 

multistep process, such as the preparation of a long polypeptide or protein, is 

contemplated, the saving in time, effort and materials could be very large. The fact that 

all of the steps just described are heterogeneous reactions between a soluble reagent in 

the liquid phase and a growing peptide chain in the insoluble solid phase led to the 

introduction of the name � solid phase peptide synthesis.�34 With the developments in 

automation technology and parallel synthesis, the automatic solid-phase peptide synthesis 

was implemented, and further simplified peptide synthesis. 
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After the Boc-strategy peptide synthesis originally used by Merrifield, the Fmoc-

strategy was proposed by Sheppard in 1975. Although these methods adopt different 

protection groups for the amino groups, they use similar strategies: a resin support, 

excess coupling reagents, and building the peptide in a CfiN terminal direction. The 

resin supports are swollen at the start in solvents and expand to many times their original 

size. Thus, the reactions don’t occur on the surface of a rigid particle, but within the 

solvated gel that the resin forms. Swelling permits easy access to the growing peptide 

chain. Reagents are used in excess, which drives the reactions to completion in the 

minimum time, resulting in faster synthesis of peptides and reducing side reactions or 

racemization. Proceeding in a CfiN terminal direction allows use of racemization-

limiting amine protection for the activated species. 

 

1. 6. 1 Activation and coupling35,36 

Effective coupling requires chemical activation of the carboxyl group of an N-

protected a-amino acid. There are currently four major types of activating techniques, 

including use of acid halides, preformed symmetrical anhydrides, active esters and in situ 

activating reagents. Active esters and in situ reagents are the most commonly used 

coupling techniques for solid-phase synthesis. 

A pentafluorophenyl amino acid ester (Opfp) is a pre-activated amino acid, and can be 

stored and placed in the synthesizer during coupling.  By contrast, an OBt ester formed 

from DCC and HOBt, BOP, PyBOP, TBTU or HATU in situ (Figure 1-15) reacts so fast 

that it can’t be isolated.  
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Figure 1-15   Some common coupling reagents. 

 

In situ reagents are mixed with the amino acid derivative in the synthesizer, just prior 

to coupling. In situ reagents include DCC, BOP, PyBOP, HATU, TBTU, and PyAOP. 

Figure 1-16 describes the mechanism of peptide bond formation through DCC activation. 

HOBt and HOAt are used as the coupling additive here. The use of additives can inhibit 

side reactions and reduce racemization. 

More recently, HOAt has been found to be a more efficient additive that shortens 

coupling time and reduces the loss of chirality. The uronium and phosphonium salts are 

the most common coupling reagents, which in the presence of a tertiary base can 

smoothly convert protected amino acids to a variety of activated species. The most 
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common coupling reagents � BOP, PyBOP, HBTU and TBTU � generate HOBt esters. 

HATU is the uronium salt of HOAt, and has shown to be superior to other in situ 

reagents; it is used for the synthesis of difficult peptides (e. g., hydrophobic peptides, 

peptides containing hindered amino acids), and for assembly of peptide libraries. PyAOP, 

the phosphonium salt of HOAT, provides enhanced coupling activity and can be used as 

a direct substitute for BOP or PyBOP. It is beneficial in synthesis of cyclic peptides and 

for the addition of the first amino acid onto a hydroxyl resin. 
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Figure 1-16   The mechanism of activation and coupling through DCC. 
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1. 6. 2 Merrifield synthesis (Boc-strategy solid-phase peptide synthesis)37 

This methodology is characterized by use of tert-butyl based amino group protection 

(Figure 1-17). The first-loaded N-Boc amino acid is covalently attached to the resin, e.g., 

PAM resin. The use of PAM resin takes advantage of the fact that the presence of the 

electron-withdrawing 4-(aminoacyloxymethyl)phenylacetamidomethyl group increases 

the stability of the peptide ester in 50% TFA/CH2Cl2 during deprotection. 
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Figure 1-17   General pathway for BOC-strategy solid-phase peptide synthesis. 
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Boc-deprotection is followed by neutralization of the resulting ammonium salt with a 

hindered tertiary base, such as diisopropylethylamine (DIPEA) or triethylamine (TEA). 

The next N-Boc amino acid is activated and coupled with the resin-bound amino acid to 

yield an N-Boc dipeptide. The Boc-group is removed again, and the peptide chain 

continues to extend until completion of desired sequence. Before final cleavage of the 

target peptide from the resin, all side-chain protecting groups are removed. The anchoring 

ester bond between peptide and resin is broken by strong acids, usually HF or 

trifluoromethanesulphonic acid (TFMSA). Such procedures may require special 

apparatus (for HF) or scavenger reagents (for TFMSA) because the highly acidic 

conditions catalyze several possible rearrangements. The crude peptide is released and 

further purified by HPLC. 

 

1. 6. 3 Fmoc-strategy solid-phase peptide synthesis37 

The Fmoc-strategy arises from the adoption of the base labile Fmoc protecting group 

for a-amino group protection (Figure 1-18). Wang resin, one of the most common resins, 

consists of polystyrene beads onto which the acid-labile p-hydroxybenzyl alcohol linker 

is attached. As a result of the electron donating para oxygen atom stabilizing the resultant 

carbocation, cleavage of the peptide from the resin occurs under rather mild acid 

conditions, typically TFA in the presence of scavengers. 

 

1. 6. 4 Comparison of Boc- and Fmoc-strategies 

In the Boc-strategy, repetitive TFA acidolysis to remove Boc protecting groups may 

lead to acid-catalyzed side reactions. Cleavage of the peptide from the resin requires the 
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use of strong acids, which may lead to more side products, reduce the purity of the 

desired peptide and complicate the purification. The advantage of the Fmoc-strategy is 

that the growing peptide is subjected to mild bases such as piperidine during 

deprotection; TFA is required only for the final cleavage. In addition, the progress of 

each coupling and deprotection step can be monitored by measurement of the absorbance 

of the cleaved Fmoc group at 300-320 nm. 
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Figure 1-18   General pathway for Fmoc-strategy solid-phase peptide synthesis. 
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1. 6. 5 Cyclic peptides and peptide cyclization38 

There are two types of cyclic peptides: homodetic and heterodetic. In homodetic cyclic 

peptides, the amino acid residues are connected only by the usual amide linkage between 

amino and carboxylic acid groups, whereas the presence of other linkages such as 

lactone, ether, thioether, or the disulfide bridge make a peptide heterodetic. 

 

• Cyclization in solution 

In general, cyclic peptides are synthetically challenging.39 Cyclic peptides are more 

difficult to synthesize than linear oligomers, since the desirable intramolecular 

cyclization may be replaced by the competitive linear peptide chain propagation or 

intermolecular cyclization, unless a particularly stable ring is formed or specific 

molecular auxiliaries are employed. 

The protected peptide must be cleaved from the solid support before cyclization in 

solution is attempted. The cyclization conditions are similar to those used in coupling of 

the linear peptide. The only difference is that very dilute concentrations of the linear 

peptide (usually, 0.5-1 mM) and coupling reagents (0.5-3 mM) are used in order to 

minimize the formation of the cyclodimer and oligomers. Linear dimerization, 

cyclodimerization and cyclooligomerizations may still occur even under high dilution as 

side reactions. Generally, it is necessary to isolate the desired peptide from excess 

reagents and side products by HPLC to obtain the product with good purity.5,40 

 

• Cyclization on a resin8,41 
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On-resin cyclization requires that two reactive groups, an amino and a carboxylic acid 

group, not be directly attached to the resin and that another functional group on the side 

chain is used to make the covalent link to the resin. This set of characteristics makes it 

possible to cyclize the linear peptide on the solid resin, where pseudodilution is achieved 

because the solid support provides a large distance between the different peptide 

molecules. Thus intramolecular is preferred over intermolecular cyclization. 




