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1.1
General Considerations

Peptides, polypeptides, and proteins are the universal constituents of the biosphere.
They are responsible for the structural and functional integrity of cells. They form the
chemical basis of cellular functions that are based on highly speci� c molecular
recognition and binding, and are involved as key participants in cellular processes.
Apeptideoraproteinisacopolymerofa-aminoacidsthatarecovalently linkedthrough
a secondary amide bond (called a peptide bond). They differ from one another by the
number and sequence of the constituent amino acids. Generally, a molecule com-
prised of few amino acids is called an oligopeptide and that with many amino acids is
a polypeptide (molecular weight below 10 000). Proteins contain a large number of
amino acids. Due to the vitality of their role for the function as well as survival of cells,
peptides and proteins are continuously synthesized. Biosynthesis of proteins is
genetically controlled. A protein molecule is synthesized by stepwise linking of
unprotected amino acids through the cellular machinery comprised of enzymes and
nucleic acids, and functioning based on precise molecular interactions and thermo-
dynamic control. Thousands of proteins/peptides are assembled through the com-
bination of only 20 amino acids (referred to as coded or proteinogenic amino acids).
Post-translational modi� cations (after assembly on ribosomes) such as attachment of
nonpeptide fragments, functionalization of amino acid side-chains and the peptide
backbone, and cyclization reactions confer further structural diversity on peptides.

The production of peptides via isolation from biological sources or recombinant
DNA technology is associated with certain limitations per se. A minor variation in the
sequence of a therapeutically active peptide isolated from a microbial or animal
source relative to that of the human homolog is suf� cient to cause hypersensitivity in
some recipients. Further, the active drug component is often not a native peptide but
a synthetic analog, which may have been reduced in size or may contain additional
functional groups and non-native linkages. The development of a drug from a lead
peptide involves the synthesis (both by conventional and combinatorial methods) and
screening of a large number of analogs. Consequently, the major proportion of the
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demand for peptides is still met by chemical synthesis. Chemical synthesis is also
crucial for synthesizing peptides with unnatural amino acids as well as peptide
mimics, which by virtue of the presence of non-native linkages are inaccessible
through ribosomal synthesis.

Synthetic peptides have to be chemically as well as optically homogenous to be able
to exhibit the expected biological activity. This is typically addressed by using
reactions that furnish high yields, give no or minimum side-products, and do not
cause stereomutation. In addition, the peptide of interest has to be scrupulously
puri� ed after synthesis to achieve the expected level of homogeneity. The general
approach to synthesize a peptide is stepwise linking of amino acids until the desired
sequence is reached. However, the actual synthesis is not as simple as the approach
appears to be due to the multifunctional nature of the amino acids. Typically,
a proteinogenic amino acid (except Gly) contains a chiral carbon atom to which is
attached the amino (a-amino), carboxy, and alkyl group (referred to as the side-chain).
Gly lacks the alkyl substitution at the a-carbon atom. Also, the side-chains of many of
the amino acids are functionalized.

A straightforward approach to prepare a dipeptide A–B would be to couple the
carboxy-activated amino acid Awith another amino acid B. However, this reaction will
yield not only the expected dipeptide A–B, but also an A–A (through self-acylation)
due to the competing amino group of A. The so-formed dipeptides can further react
with A since they bear free amino groups and form oligopeptides A–A–B, A–A–A, or
A–A–A–A, and the reaction proceeds uncontrollably to generate a mixture of self-
condensation products (homopolymers) and oligopeptides of the type AnB. The
process becomes even more complicated when reactive functional groups are present
in the side-chains of the reacting amino acid(s). The uncontrolled reactivity of
multiple groups leads to the formation of a complex mixture from which it becomes
a Sisyphean task to isolate the desired product, which would have been formed,
mostly, in low yield. The solution to carry out peptide synthesis in a chemoselective
way is to mask the reactivity of the groups on amino acids that will not be the
components of the peptide bond prior to peptide coupling step. This is done by
converting the intervening functional group into an unreactive (or less reactive) form
by attaching to it a new segment, referred to as a protecting group (or protection or
protective function). The chemical reactions used for this purpose are known as
protection reactions. The protecting groups are solely of synthetic interest and are
removed whenever the functional group has to be regenerated. In other words, the
protection is reversible. In the light of the concept of protection, the steps involved in
the synthesis of the above dipeptide A–B are depicted in Figure 1.1.

Protections are employed for a-amino, carboxy, and side-chain functional groups
(Figure 1.2). Since peptide synthesis is a multistep and repetitive process, the
longevity of different protecting groups on the peptide under synthesis varies. In
the present and widely followed approach of assembling peptides, wherein the
peptide chain extension is from the carboxy- to amino-terminus (C ! N direction),
the a-amino protection is removed after each peptide coupling step to obtain a free
amino group for subsequent acylation and, hence, this protection is temporary. The
carboxy and side-chain protections are generally retained until the entire sequence
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In this chapter, various a-amino, carboxy, and side-chain protecting groups are
presented. The general features of each type of protecting groups, methods of
introduction and removal, and improved analogs are discussed. Typical and widely
used preparative methods are mentioned under each category of protecting groups.
The reader may refer to many earlier works for accounts on the development of
protecting groups and for detailed discussions on different aspects of protecting
group chemistry in peptide synthesis [1].

1.2
a-Amino Protection (Na Protection)

The a-aminogroup is protected to reduce its nucleophilicity. In addition to the general
properties of a protecting group, an ideal a-amino protection is expected to possess
morepropertiesuniquetoitself.DeblockingoftheNa protectionshouldtakeplacewith
a high degree of selectivity so that there will be no progressive loss of the semiper-
manent groups with repetitive deblocking steps as the peptide chain is elongated. The
Na protectionshouldnotstericallyorelectronicallydisfavor thereactionsat thecarboxy
group by virtue of its proximity. It should not be involved or promote side-reactions,
including those that lead to stereomutation. Further, it should form stable and
crystallizable amino acid derivatives. Indeed, due to such stringent requirements for
aa-aminoprotectinggroup, thesuccess inthedevelopmentofagoodNa protectionhas
always been critical to progress in the development of ef� cient coupling methods and,
in turn, to the overall growth of the � eld of peptide synthesis.

The a-amino protections are of different types and they can be categorized using
different approaches. However, based on the criteria of the magnitude of the present
utility of each type, the groups can be classi� ed into non-urethane- and urethane-type
N protections. Presently, the latter are the extensively used Na-protecting groups for
both solution and solid-phase peptide synthesis (SPPS) due to reasons that will be
discussed later. The extent of the utility of the non-urethane-type amino protectors in
peptide synthesis is currently comparatively lesser. Only a few groups of this category
have been demonstrated to be ef� cient as Na-protectors for general applications.
Nonetheless, they are useful as protecting groups for side-chain functions as well as
for the protection of the a-amino group for the synthesis of peptide mimics and
unnatural amino acids. Their importance in peptidomimetic synthesis owes much to
the vast diversity in chemistry required for accomplishing a wide range of backbone
modi� cations of peptides leading to novel nonpeptidic molecules.

1.2.1
Non-Urethanes

1.2.1.1 Acyl Type
Reaction of amino acids with alkyl or aryl carboxylic acid derivatives yields N-acyl
amines or amides. Acyl groups were the � rst generation ofNa-protecting groups used
for peptide synthesis. The necessity for the protection of the a-amino group for
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successful peptide synthesis was identi� ed as early as 1900s by the two distinguished
chemists of the time, Emil Fischer and Theodor Curtius, who mostly employed
formyl (For), acetyl (Ac), and benzoyl (Bz) groups for this purpose. However, it was
soon realized that the selective removal of these protections from peptides was not
successful. The acyl groups present two synthetic dif� culties in general – dif� culty in
the removal of the group without destroying the meticulously assembled peptide
bonds and a high degree of racemization ofNa-acyl-protected amino acid derivatives.
The only mode of deprotection of an acyl-protected amine is the � ssion of the acyl-
nitrogen (-CO�NH-) bond. However, since the peptide bonds (secondary amides) are
chemically similar to the amide bond (of the protective function), they are often
simultaneously cleaved. Although selective removal of the Na-acyl group has been
attempted through special methods such as the enzymatic and CNBr-mediated
cleavage of N-terminal Z-Arg and Met peptides, respectively, these protocols have not
found widespread application. However, if the Na-acyl group contains an electron-
withdrawing substitution (e.g., CF3CO-, tri� uoroacetyl (Tfa) group), then the amide
carbonyl of the protective function becomes more susceptible to nucleophilic
substitution relative to the peptide carbonyl and thus the amino group can be
selectively deprotected under acceptable conditions. Selectivity can also be achieved
by using groups that can be modi� ed (postcoupling) into units, which can be
eliminated through processes such as lactam formation. Barring these examples,
simple acyl groups do not � nd established applications as a-amino protections for
conventional peptide synthesis. Nonetheless, the For protection can be attributed
with a unique application. The Na-formyl group of protected amino acid esters/
amides and peptide esters 1 can be readily dehydrated into the isocyano group and the
resulting a-isocyano esters/amides 2 can be used as key components to synthesize
peptides and peptide libraries through multicomponent reactions (MCRs). MCRs
have been shown to be particularly useful to assemble peptides linked by sterically
hindered amino acids such as a,a-dialkylamino acids. For instance, an extremely
dif� cult sequence 4 with three successive a,a-diphenylglycine (Dph) units has been
assembled through a modi� ed Ugi reaction of isonitrile 3 with Z-Dph-OH and
diphenylmethanimine (Figure 1.3) [2]. Mild and racemization free conversion of Na-
For-protected amino acid and peptide derivatives into isonitriles can be carried out by
the treatment with triphosgene in dichloromethane (DCM) at �75 to �30 �C
(Figure 1.3) or Burgess reagent [3].

1.2.1.1.1 Monoacyl Groups

Trifluoroacetyl (Tfa) Group Tfa is of special interest as a monoacyl-type protecting
group. Due to the negative inductive effect of the -CF3 substitution, the tri� uor-
oacetamides readily undergo hydrolysis in mild alkaline conditions to which peptide
bonds and most carboxy esters are largely stable, not withstanding methyl and ethyl
esters (which are susceptible to saponi� cation). Optically pure Na-Tfa-amino acids
are prepared by treating amino acids with tri� uoroacetic anhydride (TFAA) in
anhydrous tri� uoroacetic acid (TFA) solvent at �10 to þ 10 �C [4]. The method can
also be successfully used to obtain Na-Tfa-Lys/Orn from Lys/Orn. The acidity of the
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medium protonates the more basic v -amino group of Lys/Orn into the ammonium
form, which do not undergo acylation. However, the strong acidic condition is
disadvantageous in the case of preparation of Tfa-Ser-OH and Tfa-Thr-OH as these
hydroxy amino acids are dehydrated into unsaturated amino acids. Tri� uoroacetyla-
tion can also be carried out using ethyl thioesters and phenyl/alkyl esters of TFA such
as ethyl tri� uoroacetate [4] or reagents such as 1-(tri� uoroacetyl)imidazole. The Na-
Tfa group is cleaved by the action of 0.2 N NaOH [5] or Ba(OH)2 or by dilute NH3

solution. Piperidine [6] and NaBH4 in EtOH can also be employed. The group is
resistant to acids except for Tfa-Ser/Thr derivatives in which it is cleaved by mild
acidic reagents. However, strong acidic conditions such as boiling methanolic HCl
can cleave the group.

1.2.1.1.2 Groups Cleavable via Lactam Formation 2-(4,5-Dimethyl-2-nitrophe-
noxy)-2-methylpropionyl group 5a and its phenyldiazenyl analog 5b are introduced
by the reaction of the corresponding acid chlorides with amino acids. Cleavage is
accomplished in two steps (Figure 1.4). The � rst step is the reduction of the nitro
group into an amino group by catalytic hydrogenation or catalytic transfer hydro-
genation (CTH). Step 2 is the cyclization of the resulting amino compound 6 into a
lactam 7 at neutral pH with concomitant elimination of the protected amine [7]. A
similar process also cleaves 5b [8]. Nevertheless, incomplete reduction and cycliza-
tion steps have been the major concerns for a broad application of these groups in
spite of selective and acceptable cleavage conditions.

Racemization The high degree of racemization of Na-acyl-protected amino acids
has been attributed to the facile formation of optically labile azlactone intermediates
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8. Activated Na-acyl amino acids readily undergo base-catalyzed ring closure to
azlactones (2,4-disubstituted oxazol-5(4H)-ones). Enolization of the latter to oxazol-
5-ol 9 in the presence of a base results in the loss of chirality at the a-carbon atom.
Azlactones can acylate amines, but the resulting product will be a mixture of epimeric
peptides (10 and 11, Figure 1.5). In the case of N-methyl-a-amino acids (NMAs),
the oxazolium intermediate can be formed even in the absence of base, due to the
electron-releasing effect of the N-alkyl substitution. Hence, Na-acyl, Na-alkylated
amino acid derivatives are extremely sensitive to racemization during coupling. Base-
catalyzed enolization of the activated amino acid derivatives with the abstraction of
the a-proton also contributes to racemization.

Racemization can also take place during the introduction of Na-acyl protection
because of the in situ activation of the carboxy group by acid anhydrides and acid
chlorides (used as reagents for acylation of a-amino group) followed by cyclization
to azlactones. For instance, the Na-Tfa-amino acids prepared by the treatment of
amino acids with an excess of TFAA in the absence of TFA have been found to be
contaminated with the D-isomer. This is due to the activation of Tfa-amino acids by
TFAA to unsymmetrical or symmetrical anhydrides, which rearrange with racemi-
zation to the corresponding Tfa-azlactones.

1.2.1.1.3 Diacyl Groups Reaction of amino acids with 1,2-dicarboxylic acid deri-
vatives yields imides that are stable to acids and also to hydrogenolysis, thus making
the diacyl-type protection suitable for usage in diverse synthetic conditions. These
groups are cleaved by nucleophilic substitution by hydrazine or thiols. The aromatic
1,2-dicarboxylic acid, phthalic acid, is employed for Na protection, whereas the alkyl
counterpart N-maleoyl group has been replaced by the dithiasuccinoyl (Dts) group.

Phthaloyl (Phth) Group Na-Protected Phth-amino acids 12 are prepared under mild
and racemization-free conditions by using phthaloylating reagents (Figures 1.6
and 1.7) such as N-(ethoxycarbonyl)phthalimide 13, monoethyl phthalate 14 [9], and
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3-chloro-3-(dimethoxyphosphoryl)isobenzofuran-1(3H)-one 15 [10]. N-Phthaloyla-
tion by these reagents has almost completely replaced the original and harsh route
of fusing amino acids with phthalic anhydride, which invariably caused racemiza-
tion. An improvement in the method was achieved by using solvents such as
benzene, dioxane, and so on, but could not overcome the racemization problem
completely.

The Na-Phth group is normally removed by means of hydrazinolysis by treatment
with hydrazine hydrate in re� uxing MeOH or EtOH [11]. Alternatively, a two-step
procedure, which involves a reductive ring opening, followed by an acid-catalyzed
lactonization of the resulting hydroxy compound (17) with concomitant � ssion of
acyl-nitrogen bond, has also been developed (Figure 1.8) [12]. Interestingly, Phth
protection cannot be removed by treatment with alkali. The alkali opens the � ve
membered ring to a monoacyl amide of phthalic acid 18 (O-carboxybenzoyl amide)
which is stable to hydrazine and to bases, thus representing an irreversible protec-
tion. Hence, saponi� cation cannot be used as a method to cleave esters of Na-Phth-
protected peptide acids. On the other hand, treatment with SOCl2 or methanolic HCl
converts 18 back to phthalimide. In fact, this cyclization has been used as the basis for
the development of a mild protocol for preparation of phthalimides. Tetrachlor-
ophthaloyl group is an improved analog of Phth and can be removed under mild
conditions by treatment with 15% hydrazine in N,N0-dimethylformamide (DMF) for
1 h at room temperature [13].

Groups Removed by Reductive Cleavage Dithiasuccinoyl (Dts) imides are stable to
acids and to photolysis, and are cleaved by reductive thiolysis.Na-Dts-amino acids 19
are prepared through a multistep route, which involves the reaction of the tert-butyl
esters of amino acids with alkyldithiocarbonate or trithiodicarbonate to form
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1.2.1.2 Phosphine-Type Groups
Phosphine groups such as the diphenylphosphine (Dpp) group 24 (Figure 1.12) are
stable to bases and catalytic hydrogenation, and sensitive to acids. They differ from
the other acid-labile protections (e.g., triphenylmethyl (trityl or Trt), tert-butoxycar-
bonyl (Boc)) in that the acidolytic cleavage of the group does not result in
the formation of carbocations which can cause undesired alkylations (see below).
The Dpp group has been successfully employed in peptide synthesis. Na-Dpp-
protected amino acids are prepared by treating amino acid methyl esters with
diphenylphosphinic acid chloride (Dpp-Cl) followed by alkaline hydrolysis of the
ester. The protection is removed by treatment with 2 equiv. of 4-toluenesulfonic acid
(TsOH) in MeOH (1–6 h) or 6 equiv. of HCl in MeOH (2–3 h) [18].

1.2.1.3 Sulfonyl-Type Groups
Reaction of amino acids with aryl/alkylsulfonic acid derivatives yields the corre-
sponding sulfonamides. The 4-toluenesulfonyl (tosyl or Ts) group 25 is the � rst
example of this type, which was described by Emil Fischer. However, its application to
peptide synthesis has been constrained due to the dif� culties such as cumbersome
removal conditions (the only method of cleavage is reduction with sodium in liquid
NH3), high reactivity of the sulfonamide nitrogen (source of a number of side-
reactions such as Na-alkylation), and rapid hydrolysis of Ts-Gly peptides. Hence,
the Ts group has been replaced by the more ef� cient 2,2,4,6,7-pentamethyl-2,3-
dihydrobenzofuran-5-sulfonyl (Pbf) 26 [19], 2-nitrobenzenesulfonyl (Nbs) 27 [20],
4-nitrobenzenesulfonyl (nosyl) 28 [21], 2-(trimethylsilyl)ethanesulfonyl (SES) 29 [22],
and tert-butylsulfonyl (Bus) 30 groups (Figure 1.13) [23].

Na-Protected Pbf amino acids are prepared by the action of Pbf-Cl on amino acids
under Schotten–Baumann conditions. The group is stable towards bases and catalytic
hydrogenation, and cleaved by 10% dimethyl sul� de (DMS) in TFA. Nbs and nosyl
groups are typically deblocked by 5% thiophenol in DMF and mercaptoacetic acid/

P

O

24

Figure 1.12 Dpp group.

O2N

S

O

O

S
O O NO2

S

O

O

S
O

O

O
S

O

O

S
O O

TMS

25 26 27 28 29 30

Tos Pbf Nbs Nosyl SES Bus

Figure 1.13 Sulfonyl-type a-amino protections.

10j 1 Protection Reactions



sodium methoxide in CH3CN, respectively. The nosyl group on N-methylated
a-amino groups is deblocked much more readily than that on unsubstituted a-amino
groups. SES groups derived from alkylsulfonic acids are stable even towards
strong acidic conditions (boiling TFA, 6 M HCl in re� uxing tetrahydrofuran (THF),
BF3

.O(C2H5)2) as well as to alkali. The group is cleaved by treatment with cesium
� uoride. Notably, the C–Si bond of the group is stable to desilylating reagents, which
cleave other silyl protections, particularly the O-silyl groups. Hence, SES protection
can be used in combination with silyl ethers. The Na-Bus group is introduced by
treatment of amino acids with tert-butylsulfanyl chloride followed by oxidation using
m-chloroperbenzoic acid (mCPBA). It is removed using 0.2 N TfOH in DCM in the
presence of anisole at 0 �C. Na-Sulfonyl-protected amino acid derivatives are not
able to rearrange to oxazol-5-ones even when the a-carboxy moiety is highly activated
(e.g., as acid chlorides), thus precluding the possibility of racemization. Also, the
Na-sulfonyl-protected amino acid halides are more reactive compared to their
carbamoyl counterparts due to the increased inductive effect of the sulfonyl unit.
Hence, extremely dif� cult coupling of sterically hindered amino acids (e.g., MeAib to
MeAib for aminoisobutyric acid) has been satisfactorily accomplished with good
yields using Pbf-MeAib-Cl [19].

1.2.1.4 Alkyl-Type Groups
Alkylation increases the nucleophilicity of amines, in contrast to the primary
requirement of a protection to diminish it. Consequently, monoalkylated amines
with simple aliphatic N-substitutions are seldom protected. Nonetheless, bulky
N-alkyl groups suppress the reactivity of the amine through steric hindrance. Hence,
the a-amino group can be protected by placing crowded groups like Trt and
benzhydryl on it. This type of protection is advantageous since the activated
Na-alkyl-amino acids do not racemize under standard peptide coupling conditions,
as the bulkiness of the protection prevents the abstraction of the a-proton by a base.
However, an innate limitation of the method is that the bulkiness of theNa protection
can sterically disfavor reactions at the carboxy end, thereby making incorporation of
Na-alkyl-amino acids into peptides a dif� cult task.

1.2.1.4.1 Triphenylmethyl (Trityl or Trt) Group Na-Trt-amino acids 31 can be pre-
pared by treating amino acid methyl esters with Trt-Cl followed by alkaline hydrolysis
of the ester. Hydrolysis is rather sluggish due to steric hindrance by the Trt group.
Alternatively, the amino acids can be directly treated with Trt-Cl (or a more ef� cient
Trt-Br) followed by methanolysis of the N,O-bis-Trt intermediate (Trt ester) [24].
Formation of Trt esters can be circumvented by using N,O-bis-trimethylsilyl (TMS)
amino acids (Me3Si-NH-CHR-COOSiMe3), and trisilyl derivatives of Ser, Thr, and Tyr
as substrates for tritylation (Figure 1.14) [25].Na-Trt-amino acids are isolated as stable
diethylammonium salts. The Trt group is stable to bases. It is cleaved by mild acids
such as 1% TFA or 3% trichloroacetic acid (TCA) in DCM, 0.1 M 1-hydroxy-1
H-benzotriazole (HOBt) in tri� uoroethanol (TFE), or moist 0.2% TFA in DCM
[26–28]. The latter two conditions are compatible with acid-labile linkers in SPPS. The
group can be preferentially cleaved in the presence of other acid sensitive groups like
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not possible in aprotic solvent. In this case an additional equivalent of HCl is added to
protect the deblocked amine as its hydrochloride salt. Scavengers such as 2-methyl
indole and 1-acetyl tryptophan are added to decrease the activity of the hydrogen
halide in alcohol, and thus protect other acid-labile groups. Alternatively, the group
can be cleaved without the risk of formation of Nps-Cl intermediate through thiolysis
(Figure 1.18).

1.2.2
Urethanes (Carbamates or Alkyloxycarbonyl Groups)

In 1932, Bergmann and Zervas introduced the benzyloxycarbonyl (Cbz or Z) group as
a new amino protecting group [40]. This event not only led to a new epoch in the
history of peptide synthesis, but also introduced a new perspective to the conception
of protecting group chemistry in organic synthesis as a whole. It spark-started the era
of modern peptide synthesis. Until then the practice of peptide synthesis largely
relied on the use of acyl groups for a-amino protection, whose selective removal
without hydrolyzing the painstakingly assembled peptides was not always possible.
In order to circumvent the problem of instability of peptide bonds in harsh
deblocking conditions of Na-acyl groups, an approach of peptide chain extension
from the amino-terminus (N ! C direction) was inevitably followed. Although,
repetitive deblocking of Na protection could be avoided, the strategy offered several
synthetic dif� culties per se. Consequently, it was not possible to extend the peptide
chain beyond a few amino acid units. The new group (Z group) of Bergmann and
Zervas was a urethane-type protection that could be removed, similar to benzyl esters,
by catalytic hydrogenation, against which the peptide bonds and alkyl esters were
completely stable. It was stable to most of the coupling methods. Later, it was found
that the group could be selectively and quantitatively removed by acidolysis too.
Addition of these new dimensions of Na-deprotection provided the much-needed
stimulus to step up the practice of peptide synthesis to the extent of successfully
synthesizing polypeptides. It was also established that the Na-urethane-protected
amino acids were less prone to racemization than were the acyl-protected counter-
parts. The impact of the introduction of this new type of protection on peptide
synthesis was so enormous that in only a few years a large number of biologically
active peptides as well as several hundreds of their analogs were synthesized. It also
initiated studies on the discovery of new urethane protections principally orthogonal
to the Z group. Currently, a plethora of urethane protections and a large number of
deprotection methods are available.

Urethanes 37 can be regarded as esters of carbamic acids (although the latter are
not stable), and the urethane linkage as a hybrid of ester and amide bonds. Due to this
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that spontaneously decomposes to the amine liberating CO2. This fragmentation is
facilitated by the formation of inductively or resonance-stabilized carbocations or
carbanions of the ruptured alkyl fragments (e.g., benzyl- and tert-butyl-based
urethanes). The important reactions that bring about alkyl-oxygen � ssion are shown
in Figure 1.20 (type B). The reaction mechanism and the type of intermediates
formed are also depicted. Alkyl-oxygen � ssion is also possible via a b-elimination
pathway (E1CB mechanism) when an acidic methylene group is present b to the
oxycarbonyl unit (Figure 1.20, type B). Abstraction of a proton by a base generates
a resonance-stabilized carbanion that undergoes an electron shift to form a double
bond with the elimination of the oxycarbonyl group, which further loses CO2 to
release the amine (e.g., 9-� uorenylmethyl- and 2-sulfonylethyl-based urethanes).

1.2.2.1 Formation of the Urethane Bond
Urethanes can be considered as the product of a reaction between the components
shown in Figure 1.21. The order of incorporation of the components can be different.
It can be through an initial formation of a chloroformate followed by its aminolysis
(route 1) or through the formation of an isocyanate followed by its alcoholysis (route 2).

In either of the modes, the variable component is only the alcohol. Therefore,
a wide variety of urethanes can be prepared by changing the alcohol component.
Indeed, the properties of Na-urethane-protected amino acids, such as stability,
solubility, methods of cleavage, and reactivity, depend on the nature of the alcohol
component of the urethane segment. Hence, in this treatise, the important urethane-
type protections are presented according to the structure of the alcohol component.

1.2.2.2 Urethanes Derived from Primary Alcohols

1.2.2.2.1 Benzyloxycarbonyl (Cbz or Z) Group Since its introduction, the Z group
has been the most widely employedNa protection for peptide synthesis preferably for
solution-phase synthesis. The stability of Na-Z-amino acids, facile introduction and
removal conditions (with formation of easily removable cleavage products), and
minimum side-reactions of the Z-protected amino acid derivatives have contributed
to the widespread utility of this group. The Z group has retained its popularity even to
date and it continues to be the protection of choice for peptide synthesis.

Preparation Z-Amino acids 38 can be prepared by acylation of amino acids with
benzyl chloroformate 40 (or Z-Cl). The reaction is carried out in the presence of

R1 OH + X

O

X H2N R

X = good leaving group 
X = Cl: phosgene

+ R1 O C NH R

O R1 OH + X

O

X

R NCO

R1 O C X

O
-HX

X = Cl:
chloroformate

R-NH2

R1 O C NH R

O
-HX

R-NH2 X

O

X
+ -2HX

isocyanate

R1-OH

route 1

route 2

Figure 1.21 Routes to urethane bond formation.
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Na2CO3 or NaOH in an aqueous–organic mixture (Schotten–Baumann conditions)
(Figure 1.22) or in the presence of tertiary amines in organic solvents [41]. Z-Cl is
commercially available and can also be prepared by the treatment of benzyl alcohol
with phosgene (caution: phosgene is a highly poisonous gas and should be handled
with extreme caution). However, the formation of Z-protected dipeptides as side-
products and acylation of the hydroxy group of Ser and Thr and the phenolic function
of Tyr (Z-Tyr-OH is obtained by alkaline hydrolysis of the corresponding bis-Z
derivative) are the disadvantages of this highly active reagent. Hence, the moderately
reactive mixed carbonate, Z-succinimido carbonate (Z-OSu) 39 is increasingly used
in the preparation of Z-amino acids. Z-OSu furnishes good yields of Z-amino acids
and also minimizes the formation of peptide impurities [42]. The reagent is
commercially available and can also be prepared by the treatment of N-hydroxysuc-
cinimide with Z-Cl. It is stable and can be stored without decomposition for a long
time at low temperature with the exclusion of moisture. Most of the Z-amino acids are
obtained as crystalline solids. The oily Z-amino acids can be crystallized as DCHA
salts. Benzyl benzotriazolyl carbonate (Z-OBt) 41 and dibenzyldicarbonate (Z2O or
benzyl pyrocarbonate or Z-anhydride) 42 are the other Z-donors (Figure 1.23)
proposed for the preparation of Z-amino acids [43, 44].

Cleavage The favored methods for the removal of Na-Z groups are catalytic
hydrogenation and acidolyis. Reagents and conditions, and common side-reactions
encountered under each method of deblocking the Z group are furnished in
Table 1.1.

The acid lability of Z group can be modulated by placing electron-withdrawing or
-donating groups on the phenyl ring (Figure 1.24). When X ¼ NO2 (43), Cl (44), or
Ph-N¼N (45) (electron-withdrawing substituents), the acid stability of the groups
increases due to the destabilization of the benzyl cation produced during acidolytic
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H2N COOH
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38

Figure 1.22 Preparation of Na-Z-amino acids.
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Figure 1.23 Z-donors.
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cleavage [52–54]. The mechanism of acidolytic cleavage is shifted towards the SN2
pathway by these substituents. The electron-releasing substituents (X ¼ OMe (46) or
Me (47)) increase the acid lability of the groups by offering higher resonance
stabilization to the benzyl cation formed during cleavage [55, 56]. Deblocking
preferentially occurs through an SN1 pathway. In terms of hydrogenolytic cleavage
of 43, 45, and 48, a deviation from the standard mode of alkyl-oxygen bond
fragmentation is observed. When X ¼ N3 (48), the dithiothreitol (DTT)-mediated
reduction of the azido group results in the formation of 4-aminobenzyloxycarbonyl
derivative 49 which undergoes a 1,6-electron electron shift to liberate the amine
(Figure 1.25) [57]. Similarly, 43 and 45 undergo rapid hydrogenolysis even in neutral
solution due to the formation of the same intermediate 49. The substitutions also
impart favorable properties such as a higher tendency to crystallization (46) and
coloration (44) to the protecting group. The presence of a chromophore is helpful for
monitoring reactions through spectrophotometric methods.

1.2.2.2.2 Urethanes Cleaved by b-Elimination

9-Fluorenylmethoxycarbonyl (Fmoc) Group [58, 59] The Fmoc group was introduced
for peptide synthesis in the 1970s. The group is completely stable to acids and to a large
extent to catalytic hydrogenation, although prolonged catalytic hydrogenation can
cleave the group (this surprising reactivity of Fmoc to catalytic hydrogenation has been
attributed to the b-phenylethyloxy skeleton that can be fragmented through hydro-
genolysis, although much less readily than arylmethyloxy system). It is base-labile and
removed by treatment with alkyl amines such as piperidine and diethylamine (DEA).
The base-labile property of the Fmoc group introduced a �third dimension� to the then
existing deprotection reactions, which mainly consisted of hydrogenolytic and acid-
olytic cleavage of benzyl- and tert-butyl-based protections, respectively. Further, the
acid stability of the Fmoc group made possible the preparation of stable and highly
activeNa-urethane-protected amino acid chlorides (the same are not accessible with Z-
and Boc-protected amino acids) for rapid and dif� cult peptide couplings. Presently,
Fmoc is a well-established and an extensively used a-amino protector for peptide
synthesis, in general, and for solid-phase synthesis, in particular. A few prominent
advantages of the group that have led to its popularity are:

i) The protection strategy based on the combination of Fmoc group (forNa

protection) and tert-butyl-based groups (carbamates, esters and ethers, for
side-chain protection) – the Fmoc/tert-butyl approach – is superior to the
traditional Boc/benzyl approach since the repetitive deblocking of the Fmoc
group by base treatment does not cause a progressive loss of side-chain
protections. It also enables the use of acid-labile linkers and resins for SPPS

..
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Figure 1.25 Cleavage of the Z(N3) group via reduction of the azide.
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benzyl esters (cleaved by hydrogenolysis), Fmoc and Fm esters (cleaved by base), and
Aloc group and allyl esters (cleaved by Pd(0)-catalyzed allyl transfer) are the important
examples for such a relationship.

1.3.1
Methyl and Ethyl Esters

There is essentially no difference between the unsubstituted methyl and ethyl esters
in terms of methods of introduction as well as cleavage, although the latter are more
resistant to attack by base and nucleophile. Methyl and ethyl esters are prepared by
acid-mediated esteri� cation of amino acids with the corresponding alcohol. Orig-
inally, anhydrous HCl was used in the preparation. A more ef� cient and milder
protocol is to use SOCl2 wherein the reaction can be carried out at 0 �C and the
gaseous byproducts, HCl and SO2, can be easily removed [141]. Amino acid methyl
esters are isolated and stored as HCl salts, but have to be deprotonated to the free
amino methyl esters for their utilization as amino components in coupling. The salts
are generally deprotonated in situ by the addition of an equimolar quantity of tertiary
amine followed by treatment with the acid component for peptide coupling.
Nonetheless, this regular practice is associated with shortcomings such as dif� culty
in the addition of a stoichiometric amount of the tertiary amine, which may result in
transfer of excess of base. The presence of excess base can promote side-reactions
such as O-acylations and aspartimide formation, and racemization of the carboxy-
activated residues. The rates of these reactions are in� uenced by the basicity of the
tertiary amine. Using NMM as a preferred base for deprotonation can minimize
these side-reactions. On the other hand, amino acid methyl esters can be obtained
(whenever needed) by treating the suspension of the hydrochloride salt in organic
solvent with aqueous NaHCO3 or an equivalent amount of a tertiary amine (usually
TEA or NMM) followed by extraction into EtOAc or Et2O. The use of aqueous
NaHCO3 for deprotonation, although it eliminates side-reactions, can lead to
reduction in the yields of amino acid methyl esters during extraction into the organic
layer. Alternatively, deprotonation can be carried out in a base-free medium by using
activated zinc dust as the proton scavenger. After deprotonation, the excess zinc and
ZnCl2 are removed by � ltration, and the organic solvent is evaporated to obtain amino
acid methyl esters in quantitative yields [142]. The acidic condition of preparation
may render peptide and acid-sensitive protections unstable. Hence, methyl esters of
Na-protected (and side-chain protected) amino acids and peptides are prepared by
using diazomethane (ethereal solution at 0 �C) – a mild and ef� cient methylating
agent [143]. Diazo(trimethylsilyl)methane is a safer alternative to diazomethane
(toxic and explosive).

Methyl as well as ethyl esters are stable to acidolysis (HBr in AcOH, TFA), catalytic
hydrogenation, and to nucleophiles such as thiols and amines. They are cleaved by
saponi� cation with methanolic or ethanolic KOH or NaOH or LiOH in a wide range
of solvents such as DMF, dimethyl sulfoxide (DMSO), pyridine, and aqueous
mixtures of alcohol, acetone, EtOAc, and dioxane [144]. Methyl esters of small
peptides are hydrolyzed within 0.5–1.5 h at room temperature, but hydrolysis
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peptides can be cleaved without poisoning of the catalyst by carrying out catalytic
hydrogenation in liquid NH3 solvent at �33 �C (boiling point of NH3) for
16–18 h [163]. Benzyl esters are cleaved through CTH (e.g., Pd/C, 85% HCOOH)
within minutes at 25 �C [47]. Anhydrous liquid HF treatment as well as by Birch
reduction (Na-liquid NH3) and saponi� cation can also be employed to cleave the ester
quantitatively [164]. Benzyl esters can be converted to TBDMS esters by treatment
with Pd(II)acetate in the presence of TBDMS-Cl.

1.3.3
Substituted Benzyl Esters

Although benzyl esters offer excellent protection of the a-carboxy group, they are not
completely stable to repetitive acidolytic steps used for deblocking Na-Boc group (in
Boc/benzyl protection strategy). To combat this limitation, substituted benzyl esters,
which contain an electron-withdrawing group on the para position of the phenyl ring
(e.g., 4-nitrobenzyl 91 and 4-pyridylmethyl 92), have been introduced (Table 1.5). The
substitution destabilizes the benzyl cation, which is a key intermediate during
acidolytic cleavage, thus increasing the resistance of the ester to acids. However,
the substitution increases the lability of the ester to alkaline hydrolysis.

1.3.4
tert-Butyl Ester

tert-Butyl esters are the widely used a-carboxy-protecting groups due to their remark-
able stability to bases and nucleophiles as well as to catalytic hydrogenation, which
make them suitable to be used in combination with Fmoc and Z groups [167]. They
possess cleavage characteristics similar to Boc group. They are stable to weak acidic
conditions that cleave extremely acid sensitive groups like Bpoc, Nps, and Trt. Stability
of tert-butyl ester to nucleophiles when compared to n-alkyl esters can be attributed to

Table 1.5 Substituted benzyl esters.

Substituted benzyl ester Preparation Cleavage conditions

4-Nitrobenzyl (Nbz) [165] Azeotropic distillation of amino
acids with p-nitrobenzyl alcohol
in toluene

Catalytic hydrogenation,
reduction with Zn/AcOH,
SnCl2/DMF/AcOH, alkali
hydrolysis

O

O2N
91

4-Pyridylmethyl (Pic) [166] Treatment of Na-protected ami-
no acids with (4-chloromethyl)
pyridine in the presence of TEA

Catalytic hydrogenation, Na/
liquid NH3, 1 N NaOH in
dioxane

N

O
92 DCC-mediated esteri� cation

with pyridine-4-methanol
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Table 1.6 Selected carboxy protections.

Protection Cleavage conditions

Allyl Similar to Aloc group

O 93
Pd(0)-catalyzed allyl transfer in the presence of
nucleophile [176]

Propargyl Formation of alkyne–cobalt complex by reaction with
complexes such as Co2(CO)8 followed by acidolysis with
TFA [177]

O 94

Phenyl Rapid saponi� cation by treatment with alkali (these esters
show weak acylating activity) [178]

O 95

9-Fluorenylmethyl (Fm) Similar to Fmoc groupa)

O

96

1,1,-Dioxobenzo[b]thiophene-2-yl
(Bsm)

Similar to Bsmoc groupa)

S
OO

O 97

Phenyl-3,4-ethylenedioxythiophene
(EDOT)

0.01–0.5% TFA in DCM (the ester can be selectively
removed over Boc) [179]

S
O

Ph

OO

Amides a-carboxamides Enzymatic hydrolysis through peptide amidase isolated
from � avedo of oranges (optimum pH range: 6.8–8.4)

Tertiary amides Potassium tert-butoxide (in water) in Et2O selectively acts
on tertiary amides without hydrolyzing peptide bonds
(secondary amides) [180]

a) The combination of the Fm ester-Bsmoc group and Bsm ester-Fmoc group permits selective
modi� cation of the protections (b-elimination versus Michael acceptor units) by appropriate
choice of the base; 2% TAEA and DBU remove only Bsmoc and Fmoc units, respectively.
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formation. In fact, the v -amino group is more nucleophilic than the a-amino group
due to the absence of a geminal electron-withdrawing group as in case of the latter.
Fundamentally, all the groups employed as Na protection can be used as Nv

protection. However, the stability and sometimes even the chemoselectivity of the
Nv and Na protections differ from each other. Since the v -amino group is a stronger
nucleophile, the protection on it is more stable (to acids and bases), except in the case
of the comparatively less nucleophilic b-amino group of Dap. Nonetheless, there is
more freedom in the choice of a protecting group for the v -amino group than that for
the a-amino group. Since the vicinity of the v -amino group is devoid of a sensitive
chiral center or an activated carboxy moiety, the Nv protection generally has a lower
tendency to cause racemization or offer steric hindrance to coupling. Hence, acyl-
type and bulkier groups, which are less useful forNa protections, pose no dif� culty as
Nv protectors.

Symmetrically protected diamino acids with identical Na,Nv protection (e.g.,
Fmoc-Lys(Fmoc)-OH) can be synthesized in a straightforward manner by using
2 equiv. of an acylating agent. However, these compounds are not very useful for
peptide synthesis since selective removal ofNa protection from them for subsequent
acylation is not always successful (a rudimentary way to address this is to exploit the
difference in the stabilities ofNv andNa protections, and deblock the latter with mild
reagents with an acceptable level of selectivity). Therefore, only diamino acids that
contain orthogonal Na,Nv protections, and thus allow for selective removal of the Na

protection and in turn for chain extension in a linear fashion, are employed for
peptide synthesis. The widely adapted approach to introduce differential Na,Nv

protections is the complexation method (Figure 1.41). Here, the a-amino group is
made unreactive by trapping it in a Cu(II) complex and the free v -amino group is
acylated to introduce the Nv protection. The complex is later decomposed by
treatment with H2S, Na2S, thioacetamide or ethylenediaminetetraacetic acid (EDTA)
or 8-quinolinol to liberate the a-amino group, which can then be acylated with the
second reagent to introduce theNa protection [185]. When acid stableNv protections
are present, 6 N HCl can be used for decomposition of the copper complex. This
method can also be executed with BF3�Et2O as the complexating agent. However, the
approach is not successful in the case of Dap since it can form a six-membered
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Figure 1.41 Nv -Protection of Lys through complexation.
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1.4.2.2 Nitration
Arg(NO2) is commercially available and can also be prepared by the action of
a nitrating mixture on Arg (Figure 1.44). The a-amino group of Arg(NO2) can be
acylated in the usual manner to obtain Na-protected Arg(NO2) [197]. The strong

Table 1.7 v -Amino protections of diamino acids.

Protections Stability Cleavage

For Methanolic HCl (room
temperature) [188]

Tfa Acids Alkali, 1 M piperidine in
water [189]

Mtt Bases and nucleophiles 1% TFA in DCM [190]

107

Boc Catalytic hydrogenation, bases
and nucleophiles

Neat TFA or 25–50% TFA in
DCM [191]

Z(2-Cl) Bases, nucleophiles, mild acids Catalytic hydrogenation, anhy-
drous liquid HF [192]

Ddea) Acids, piperidine, DBU 2% Hydrazine hydrate in
DCM [193]

OO

108

ivDde (or Ddiv)a) Acids, piperidine, DBU 2% Hydrazine hydrate in
DCM [194]

OO

109

Nbs Acids, bases b-Mercaptoethanol, DBU in
DMF [195]

a) Migration of the Dde moiety on to the v -amino group of neighboring unprotected diamino acid
residues takes place during piperidine-mediated Fmoc removal. This migration is suppressed
with the ivDde group.
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electron-withdrawing property of the NO2 group satisfactorily suppresses d-lactam
formation andNv -acylation, although a few exceptions have been found [197b,c]. The
group is stable to mild acids and bases and is removed by catalytic hydrogenation,
CTH (Trp can also undergo hydrogenation) and reduction by SnCl2 [198]. On-resin
removal of the group can be done via anhydrous liquid HF treatment. Other common
Arg protectors are summarized in Table 1.8.

1.4.2.3 Arg Precursors
An Orn residue in peptides can be converted to an Arg residue through guanidilation
of the d-amino group by reagents such asN,Nl-bis(alkoxycarbonyl)thiourea 115,N,Nl-
bis(alkoxycarbonyl)-2-tri� ylguanidine 116, or N,Nl-bis(alkoxycarbonyl)pyrazole-1-
carboximidamide 117 (Figure 1.45) [206]. However, site-speci� c guanidilation in
the presence of multiple diamino acid residues requires an additional level orthog-
onality in the protection of v -amino groups. Also, guanidilation of multiple Orn
residues is dif� cult.

1.4.3
Imidazole Group of His

Unprotected C-terminal His residues are racemized (e.g., His acid azide 118) either
by an autocatalyzed a-proton abstraction (by the p-nitrogen of the imidazole ring
acting as a base) followed by enolization or by the formation of optically labile
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Figure 1.43 Side-reactions of unprotected Arg residues.
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Figure 1.44 Preparation of Arg(NO2) and Na-protected Arg(NO2).
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substituted products are formed predominantly over Nt ,Np-disubstituted products.
The product is typically a 3 : 1 mixture of stable Nt -His 121 and Np-His 122
(Figure 1.47). They are generally inseparable, with few exceptions such as the
separation of the Nt isomer (the major product) from the mixture of Na,Nt -bis-
Boc-His-OMe andNa,Np-bis-Boc-His-OMe [207]. The proportion of the regioisomers
formed can vary depending on the nature of the electrophilic reagent, structure of the
substrate and reaction conditions, but in majority of the cases, the Nt derivative
predominates. Access to single Nt isomers is advantageous as they can be used as
substrates for the preparation ofNp derivatives that are usually not directly obtainable
by electrophilic substitution of unprotected His. Preparation ofNa-Boc,Np-Bom-His-
OH 125 by employing Na,Nt -bis-Boc-His-OMe 123 as starting material is shown in
Figure 1.48 [207]. Formation of Nt ,Np-disubstituted products is usually rare, unless
an excess amount of electrophilic reagent or unhindered reagents are used.

The presence of an electron-withdrawing group on the Np position prevents
autocatalyzed racemization. For instance, it was observed that the activatedNa-Z,Np-
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Figure 1.46 Racemization of unprotected His.
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expulsion of air and oxidants and pretreatment of the solution of Trp with indole can
avoid oxidation. Both 1- (in strongly basic medium 128) and 2-positions 129 of the
indole residue are susceptible to electrophilic substitution. However, in the
proposed protection strategy, an electron-withdrawing group is placed on the ring
nitrogen (1-position) – a method that also ensures that the electron availability in the
heteroaromatic ring is decreased, thereby protecting the 2-position simultaneously.

TheNin-For group is stable to mild acids, and cleaved by treatment with hydrazine,
piperidine in DMF, and anhydrous liquid HF-thiols [211]. TheNin-Boc group is stable
to bases and catalytic hydrogenation, and is removed by treatment with TFA [212].
However, it is more stable to acidolysis and, further, the cleavage results in a stable
carbamic acid intermediate, which undergoes decarboxylation slowly. The process
can be accelerated by exposure to aqueous acids, which is usually at the work-up stage.
In any case, the presence of an electron-withdrawing carboxy group on the in-
nitrogen provides extended protection through the synthesis. The cyclohexyloxycar-
bonyl (Hoc) group is remarkably stable to bases and is removed by anhydrous liquid
HF/p-cresol. TheNin-Aloc group is stable to acids and is removed by a Pd(0)-catalyzed
allyl transfer reaction [213]. The group is labile to piperidine but stable to DBU.
Hence, in the presence of this group, Fmoc is deblocked using DBU and not
piperidine.

1.4.5
v-Amido Group of Asn and Gln

The v -amido group of C-terminal Asn and Gln (to lesser extent) is converted to
a cyano group forming nitrile 130, when the activation is carried out with carbodii-
mides or uronium-type reagents, or, to some extent, even with mixed anhydrides
(Figure 1.50). However, the v -amido group of N-terminal and as well as the endoAsn/
Gln residues (as well as a-carboxamides) do not undergo dehydration. This suggests
that dehydration occurs via a cyclic intermediate (an isoimide) formed by the
intramolecular attack of the v -amide oxygen on an activated carboxy group. Activa-
tion of Asn and Gln also leads to the formation of stable imides. The aspartimides 131
can be aminolyzed to Asn-containing peptides, but in the process b-aspartyl peptides
are also formed. The imides can also be optically labile leading to racemization. The
unprotected a-amino free Gln residues undergo cyclization to pyroglutamic acid 132
in acidic media (Figure 1.51). These side-reactions can be minimized by protecting
the amido group of Asn and Gln. Also, the v -amido protections increase the solubility
of glutamine peptides, which are known to aggregate otherwise due to intermolecular

ZHN COOH
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Figure 1.50 Formation of nitrile and aspartimide from unprotected Asn.
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hydrogen bonding involving the unprotected v -amido group. The widely used Asn
and Gln protections are shown in Table 1.10.

1.4.6
b-Thiol Group of Cys

The thiol group of Cys is vulnerable to attack by electrophiles. Acylation of the thiol
function of Cys during peptide coupling is not a serious concern since the S-acyl Cys
(or any thioesters per se) are too reactive to nucleophiles and hence the transformation
can be easily reversed. When S-acylation of N-terminal Cys takes place, the resulting
thioester readily rearranges to a Cys peptide via an S ! N acyl migration. In fact, this
acyl transfer reaction has formed the basis for the development of native chemical
ligation, a technique useful for linking two unprotected peptide fragments [217]. Self-

BocHN
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O NH2

H

H3N
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H2N

O
-NH4

N
H

O

O

132

Figure 1.51 Acid-mediated formation of pGlu.

Table 1.10 v -Amide protections (selected examples).

Protection Stable to Cleavage conditions

Trt Catalytic hydrogenation, alkali,
bases, and nucleophiles, dilute
acids

95% TFA (10 min); when a--
amino group is free, detritylation
takes longer duration [214]

9H-Xanthen-9-yl (Xan) Catalytic hydrogenation, bases TFA/anisole (72 �C, 30 min),
HBr/AcOH (room temperature,
1–2 h) [215]O

133

2,4,6-Trimethoxy-benzyl
(Tmb)

Catalytic hydrogenation, bases TFA/anisole (room temperature,
5 min), HBr/AcOH (room
temperature, 1–2 h), [216]

OMe

OMeMeO

134
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Table 1.11 Selected b-thiol protections of Cys.

Protection Alkyl Type Stable to Cleavagea) conditions

4-Methoxybenzyl (Mob) TFA, bases, Hg(OAc)2 in TFA, anhydrous
liquid HF, TFA/scavengers,
I2 [219]

MeO
135

Xanthyl Bases and nucleophiles Hg(II), anhydrous liquid HF
(20 �C), Ph2SO/MeSiCl3 [220]

Trt Bases and nucleophiles TFA/H2O or DCM/isoPr3SiH,
AgNO3, I2 [221]

Acetamidomethyl (Acm,
Figure 1.52)

Bases, TFA, liquid HF
(0 �C)

I2, heavy metal ions, R-SCl,
Ph2SO/MeSiCl3 [222]

N
H

O

136

3-Nitro-2-pyridylsulfanyl
(NPys)

Anhydrous liquid HF Thiols including free Cys [223]

N
S

NO2

137

tert-Butylsulfanylb) TFA, bases, RSCl Thiols, TFE [224]

S 138

a) Cys protections can be removed with concomitant formation of a disul� de linkage via I2-
mediated oxidation. This procedure (Figure 1.53), � rst developed for the cleavage of Acm
group [225], has been successfully extended to other protections as well and further to selective
removal of thiol protections (e.g., Trt) in the presence of the Acm group. Thallium(III) acetate can
also be used for the removal of the Acm group with disul� de formation. An illustrative
application of this procedure is the total synthesis of human insulin by the stepwise disul� de
formation approach [226].

b) When the Acm group is present, thiols and thioethers are avoided as scavengers as they can cause
disul� de exchange.

N-(hydroxymethyl)
acetamide
dil. HCl
rt, 48h

H-Cys(Acm)-OH.HCl
TEA in
EtOH
H2O

H-Cys(Acm)-OH.H2OH-Cys-OH

Figure 1.52 Preparation of S-Acm protected Cys.
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disul� de bonds to regular synthetic conditions. The -S–S- linkages are sensitive to
oxidation and reduction. Disul� de exchange can also take place with scrambling of
the -S–S- linkages in the case of asymmetric cystine peptides. This reaction is
catalyzed by acids or bases or by a small amount of free thiols. Hence, exposure to
conditions, which promote these side-reactions, should be avoided when working
with cystine derivatives.

1.4.7
Thioether Group of Met

The methyl thioether moiety of Met is susceptible to oxidation and alkylation. The
S-alkylated function can be internally displaced by the carboxy group to form
a homoserine lactone. The favored method of protection of Met is oxidation of the
thioether group to sulfoxide 142. Oxidation of Met is associated with the formation of
sulfone byproducts and a mixture of (2S,R)- and (2S,S)-sulfoxides due to asymmetric
induction. Several reagents have been proposed for stereospeci� c and sulfone-free
oxidation. Sodium perborate is ef� cient in terms of preventing sulfone formation but
gives a mixture of epimers (Figure 1.55). The required S-Met(O) is isolated as the
picrate salt by recrystallization. Met can also be oxidized in excellent yields by H2O2-
mediated oxidation, but the reaction gives rise to varying amounts of epimeric
sulfoxides [228].Thethioethermoiety is regeneratedbyreductionwithmercaptoacetic

H2N COOH

S
H3C

30% H2O2

H2O,rt
1.5 h

H2N COOH

S
OH3C

Z(OMe)-Met-OHZ(OMe)-Met(O)-OH

NaBO3 in H2O
EtOAc

rt, 7h

142

Figure 1.55 Protection of Met through oxidation.

AcmAcm
I2

MeOH
Boc-Cys-Cys-OMe Boc-Cys-Cys-OMe

Figure 1.53 Oxidative removal of S-Acm protection of Cys with concomitant disulfide formation.
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Figure 1.54 Racemization and b-elimination in S-protected Cys residues.
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1.4.9
v-Carboxy Group of Asp and Glu

Protection of the v -carboxy group of Asp and Glu is required to avoid its activation
during coupling (which would lead to branching of the peptide chain at Asp and Glu
residues), and to minimize the formation of imides as well as pGlu derivatives. There
are different synthetic routes to access v -esters of Asp/Glu. These esters can be
prepared in good yields by acid-mediated esteri� cation of Asp and Glu [239].
Protonation of the a-amino group in acidic media has a deactivating effect on the
adjacent a-carboxy group because the presence of a positive charge on the amino
group prevents protonation (the key step in acid-catalyzed esteri� cation) of the latter.
Treatment of Asp and Glu with excess isobutene and catalytic TsOH in dioxane yields
the monoesters (55–60% yield), with a v /a ester ratio of 65 : 35 for Glu and 60 : 40 for
Asp. The monoesters can be derivatized with Na-Fmoc group and v -tert-butyl esters
of Fmoc-Asp/Glu can be obtained by crystallization from CH2Cl2/petroleum
ether [240]. v -Esters can also be synthesized by using Cu2 þ complex of Asp and
Glu or oxazolidin-5-ones of Na-protected Asp/Glu in which the a-carboxy group is
trapped through bonding [241, 242]. Hydrolysis of diesters of Asp and Glu in the
presence of Cu2 þ salts gives access directly to the v -esters [243]. The most widely
used v -carboxy protections are listed in Table 1.14.

1.4.9.1 Aspartimide Formation
A persistent side-reaction during peptide synthesis is the base or acid-catalyzed
cyclization of the v -protected Asp residues into aspartimide. The homologous
glutarimide is formed to a lesser extent. The extent of aspartimide formation is

Table 1.13 Protectors of the phenolic function of Tyr.

Group Cleavage conditions

Alkyl ether
Benzyl, Bzl Catalytic hydrogenation, anhydrous liquid HF, TfOH, [235]
tert-Butyl, Trt Mild acids
Aryl Ether

2,4-Dinitrophenyl (Dnp) Thiolysis, piperidine, DBU [236]

O2N

NO2

144

Silyl ether
TBDMS TBAF, mild acids [233]

Acyl esters
Z(2-Br) Super acid, piperidine [237]
Propargyloxycarboxyl Benzyltriethylammonium tetrathiomolybdate in acetonitrile [238]
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high in syntheses employing Fmoc for Na protection due to the high frequency of
exposure of peptides to bases. Aspartimides are reactive to nucleophiles, and undergo
hydrolysis to a mixture of a- and b-peptides 145 and 146. When the nucleophile is
piperidine, the corresponding a- and b-piperidine amides 147 and 148 are formed
(Figure 1.56). An ideal v protection is expected to prevent or at least minimize
aspartimide formation. Generally, the v -esters of primary alcohols are more prone to

Table 1.14 v -Esters of Asp and Glu (selected examples).

v-Esters Cleavage

Benzyl Catalytic hydrogenation, anhydrous liquid HF,
saponi� cation [244]

4-Nitrobenzyl More stable to acidolytic cleavage than benzyl ester;
cleaved by catalytic hydrogenation; TBAF; Na2S [245]

Cyclohexyl (cHx) Anhydrous liquid HF or MsOH [246]

O

tert-Butyl

149

tert-Butyl TFA in DCM, HCl in dioxane [247]
4-Methoxybenzyl 1% TFA in DCM [248]

O
MeO

150

Fm 20% Piperidine in DMF or 15% DEA in DMF [249]

Allyl Similar to Aloc group [250]
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Figure 1.56 Formation of aspartimide and b-peptide and amide.
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1.7
Experimental Procedures

1.7.1
Protection Reactions

1.7.1.1 General Procedure for the Preparation of Tfa-Arg-OH [4]

mp. 70 oC; 
[α]16

D = -60.7  (c 1, H2O)

F3C N
H

COOH

O CH3

TEA (3.1 ml, 22.0 mmol) was added to a solution of Ala (2.0 g, 22.0 mmol) in MeOH
(11 ml). After 5 min, ethyl tri� uoroacetate (3.3 ml, 28.0 mmol) was added and the
reaction was stirred for 24 h. The solvent was evaporated and the residue was
dissolved in H2O (35 ml) and acidi� ed with concentrated HCl (approximately 4 ml).
After stirring for 15 min, the mixture was extracted with EtOAC (30 ml � 4) and the
combined organic layers were washed with brine (25 ml), dried (MgSO4), � ltered,
and concentrated to leave a clear oil that upon subjecting to high vacuum for 24 h
solidi� ed into a hygroscopic solid. Yield: 87%.

Note: Na-Tfa-amino acids, except Tfa-Ser and Tfa-Thr, are prepared ef� ciently by
treating amino acids with TFAA in TFA solvent at –10 �C [4].

1.7.1.2 General Procedure for the Preparation of Na-Phthaloyl Amino Acids
using N-(Ethoxycarbonyl)phthalimide [256]

N

O

O

COOH

COOH
mp. 160 oC; 
[α]25

D = -48  (c 1, dioxane)

Finely powdered N-(ethoxycarbonyl)phthalimide (5.0 g, 22.8 mmol) was added to
a suspension (0 �C) of Glu (2.4 g, 16.3 mmol) and Na2CO3 (4.2 g, 40.0 mmol) in H2O
(20 ml), and stirred at 0 �C for 5 min. The mixture was acidi� ed to pH 2.5 with 6 M
HCl and the resulting oil crystallized upon cooling. The product was � ltered, washed
with cold H2O, and dried. Yield: 80%.

1.7.1.3 General Procedure for the Preparation of Na-Trt-Amino Acids [25]

N
H

COOH

OH

Ph
Ph

Ph

mp. 165 oC; 
[α]25

D = -6.7 (c 2, MeOH)
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i) Preparation of TMS-amino acid: TMS-C1 (17.75 ml, 140.0 mmol) was added to
a suspension of Thr (4.76 g, 40.0 mmol) in DCM (70 ml) and the mixture was
re� uxed for 20 min. Et3N (19.51 ml, 140.0 mmol) in DCM (40 ml) was added
after cooling to room temperature and re� uxed again for 45 min. The TMS-
amino acid was used directly for the next step.

ii) The mixture, obtained from the above step, containing TMS-amino acid, was
cooled to 0 �C, anhydrous MeOH (2.43 ml, 60.0 mmol) in DCM (10 ml) was
added dropwise, and the mixture was allowed to attain room temperature. Et3N
(5.58 ml, 40.0 mmol) was added followed by Trt-Cl (11.25 g, 40.0 mmol) in two
portions over a 15 min period. The mixture was stirred for 5 h and then excess
MeOH was added. The residue obtained after evaporation of the solvent was
partitioned between EtOAc (50 ml) and a precooled 5% citric acid solution
(50 ml). The organic layer was extracted with 1 N NaOH (20 ml � 2) and H2O
(20 ml � 2). The combined aqueous layers were washed with EtOAc (20 ml),
cooled to 0 �C, and neutralized with glacial AcOH. The precipitated product was
extracted with EtOAc (30 ml � 2), and the combined organic layers were washed
with H2O, dried over MgSO4, and concentrated. The resulting residue was
dissolved in EtOAc (20 ml) followed by the addition of Et2NH (1 ml, 10.0 mmol)
to obtain the diethylammonium salt. Yield: 67%.

Note:

. In the case of amino acids other than Ser, Thr, and Tyr, the correspondingN,O-bis-
TMS amino acids can be analogously prepared using 2 equiv. of TMS-Cl.

. Trt-amino acids can also be prepared using Me2SiCl2 and Ph2SiCl2 in place of
Me3SiCl [25].

1.7.1.4 General Procedure for the Preparation of Na-Ns-Amino Acids [257]

S

O

O

N
H

COOH

R

O2N

p-Nitrobenzenesulfonyl chloride (1.5 g, 1.6 mmol) was added slowly to a solution of
the amino acid (1.0 mmol) in 1 N NaOH (0 �C) and the mixture, maintained at pH 9,
was stirred for 2–3 h (TLC: CHCl3/MeOH 90 : 10, v/v). The mixture was extracted
with EtOAc (10 ml � 3). The aqueous phase was acidi� ed to pH 2.0 with 1 N HCl and
extracted with EtOAc. The organic layer was washed with H2O and brine, dried over
Na2SO4, and evaporated to afford the product.

Note:

. The side-chain-protected amino acids (i.e., Ns-Lys(Boc)-OH, Ns-Asp(OtBu)-OH,
Ns-Cys(Trt)-OH, and Ns-Asn(Trt)-OH) have been prepared using p-nitrobenze-
nesulfonyl chloride in presence of TEA in dioxane-H2O [21].

. Na-Nbs-amino acids are prepared through the treatment of the amino acid with
1.5 equiv. of Nbs-Cl in a mixture of 1 : 1 dioxane and 1 M NaOH. This is a modi� ed
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TMS-Cl (9.52 ml, 75.0 mmol) was added to � nely ground Gly (2.81 g, 37.5 mmol)
suspended in DCM (87.5 ml) and the mixture was re� uxed for 1 h and then cooled in
an ice bath. Then DIPEA (11.3 ml, 65.0 mmol) and Fmoc-Cl (6.47 g, 25.0 mmol) were
added. The solution was stirred with cooling for 20 min and warmed to room
temperature for 1.5 h. The mixture was concentrated and partitioned between Et2O
(200 ml) and 2.5% NaHCO3 (250 ml). The aqueous layer was washed with Et2O
(50 ml � 2) and the Et2O layers were back-extracted with H2O (25 ml � 2). The
combined aqueous layers were acidi� ed to pH 2.0 with 1 N HCl and extracted with
EtOAc (75 ml � 3). The combined EtOAc layers were dried and concentrated to obtain
the product that was recystallized using EtOH/H2O. Yield: 88%.

Note: For the preparation of Fmoc-Cl, 9-� uorenylmethanol (12.8 g) was added
slowly to a chilled solution of phosgene (7.12 g) in DCM (75 ml), and the mixture was
stirred for 1 h in an ice bath and then allowed to stand for 4 h at ice-bath temperature.
The solvent and excess phosgene were removed in vacuo to leave an oil which
crystallized after several hours. The resulting product was recrystallized twice from
ether. Yield: 86%; melting point 61.5–63 �C [261].

1.7.1.6.3 Method C: Using Fmoc-Cl in the Presence of Zinc Dust [118]

O N
H

O

COOH

mp. 150-152 oC; 

[α]25
D = -10.8  (c 1, DMF)

OH

Tyr (1.81 g, 10.0 mmol) was dissolved in a minimum quantity of 1 N HCl in MeCN
followed by the addition of activated zinc dust (prewashed with dil. HCl and dried) in
small portions until the reaction mixture attained neutral pH. A solution of Fmoc-Cl
(2.7 g, 10.0 mmol) in MeCN (10 ml) and zinc powder (650 mg, 10.0 mmol) were
added and stirred at room temperature for about 20 min. The mixture was � ltered,
washed with MeCN and the � ltrate was evaporated. The residue was dissolved in 5%
Na2CO3 (20 ml) and washed with ether (10 ml � 3). The aqueous layer was acidi� ed to
pH 2.0 with 6 N HCl and the precipitate was extracted into EtOAc (20 ml � 3). The
combined organic extracts were washed with 0.1 N HCl, H2O, dried over Na2SO4,
and concentrated to give a residue that was recrystallized using a suitable solvent.
Yield: 84%.

1.7.1.6.4 Method D: Using Fmoc-N3 [61a]

O N
H

O

COOH

CONH2

2

mp. 219-220 oC; 

[α]25
D = -17.65  (c 1, DMF)
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The resulting white precipitate or oil was extracted with EtOAc (25 ml � 3), and the
combined organic layers were washed with H2O (30 ml), brine (30 ml), and dried over
MgSO4. The solvent was evaporated and the crude product was recrystallized. Yield:
90%.

1.7.1.9 General Procedure for the Preparation of Na-Aloc-Amino Acids [88]
Aloc-Cl (10.6 ml, 0.1 mol) and 4 M NaOH (25 ml) were added alternatively within
approximately 30 min to a solution of the amino acid (0.1 mol) in 4 M NaOH (25 ml) at
0 �C and the mixture was stirred for an additional 15 min at room temperature. The
mixture was extracted with Et2O and the aqueous layer was acidi� ed with concen-
trated HCl. After cooling for several hours, the product was collected, dried, and
recrystallized.

The DCHA salts were obtained by adding DCHA (1 equiv.) to a solution of the Aloc-
protected amino acid derivatives in EtOH or EtOAc and precipitation with Et2O or
Et2O/petroleum ether [92].

1.7.1.10 General Procedures for the Preparation of Na-Boc-Amino Acids

1.7.1.10.1 Method A: Using (Boc)2O [99] To an ice-cold solution of the amino acid
(10.0 mmol) in a mixture of dioxane (20 ml), H2O (10 ml) and 1 N NaOH was added
(Boc)2O (2.4 g, 11.0 mmol), and the mixture was stirred at room temperature for
30 min. The mixture was concentrated in vacuo to about 10–15 ml, cooled, covered
with a layer of EtOAc (30 ml), and acidi� ed to pH 2.0–3.0 with a dilute solution of
KHSO4 (to Congo paper red). The aqueous phase was extracted with EtOAc (15 ml
� 2). The organic layers were combined, washed with H2O (30 ml � 2), dried over
Na2SO4, and evaporated. The residue was recrystallized with a suitable solvent.

Note: (Boc)2O is prepared by treating tert-butyl potassium carbonate (potassium tert
butoxide and CO2) with phosgene and then the resulting tricarbonate with diaza-
bicyclo[2.2.2]octane [99a].

1.7.1.10.2 Method B: Using Boc-ON [100]

mp. 137-138 oC; 
[α]25

D = -20  (c 1, DMF)

N
H

COOHO

O

H
N

Boc-ON (2.71 g, 11.0 mmol) and dioxane (6 ml) were added to a solution of Trp
(2.05 g, 10.0 mmol) and TEA (2.1 ml, 15.0 mmol) in H2O (6 ml) at room temperature,
and stirred for an additional 2 h. After addition of H2O (15 ml) and EtOAc (20 ml),
the aqueous layer was separated, washed with EtOAc (20 ml), acidi� ed with 5% citric
acid solution, and extracted with EtOAc. The organic extracts were combined and
concentrated. Yield: 99%.
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Note: Preparation of Boc-ON:

. BzlCN and methyl nitrite are reacted in the presence of NaOH in MeOH.

. The resulting oxime is treated with phosgene in benzene and further with tert-
butanol [100].

1.7.1.10.3 Method C: Using Boc-N3 [263–265]

mp. 65-68 oC; 
[α]20

D = +3.8  (c 10, 80% AcOH)

N
H

COOHO

O

i) Generation of tert-butyl azidoformate (Boc-N3). To an ice-cold solution of Boc-
NHNH2 (477.0 g, 3.6 mmol) in dioxane (2 l) and H2O (500 ml) was added slowly
5 M HCl (720 ml, 3.6 mmol) followed by a solution of NaNO2 (255.0 g, 3.6 mmol)
in H2O (750 ml) and the mixture was stirred for 1–3 h at room temperature.

ii) Ile (393.0 g, 3.0 mol) was suspended in the above solution containing Boc-N3,
and dioxane (500 ml) was added and titrated at pH 10 with 4 M NaOH (1.5 l) over
a period of 12 h. The mixture was neutralized to pH 7.0 with 1 M H2SO4 and
concentrated. It was then acidi� ed to pH 3–3.5 and extracted with EtOAc. The
organic phase was washed with H2O, dried (Na2SO4), and concentrated to an
oily residue, which solidi� ed under petroleum ether. Yield: 93%.

Caution: Warning Boc-N3 is sensitive to heat and shock.

1.7.1.11 General Procedure for the Preparation of N,N0-di-Boc-Amino Acids [125]

i) (Boc)2O in MeCN (0.5 ml, 1.1 mmol) was added to a solution of the Boc-Gly-
OBzl (0.26 g, 1.0 mmol) and DMAP (0.012 g, 0.1 mmol) in MeCN (1–2 ml), and
the reaction was monitored by TLC (2: 1 toluene/MeCN or DCM). Upon
completion of the reaction (If the starting material remained after 4–6 h, more
(Boc)2O (approximately 0.5 equiv.) was added; if necessary, this procedure is
repeated until all starting material is consumed.) the resulting mixture was
concentrated (in some cases, excess (Boc)2O was removed under high vacuum
overnight) and the residue was dissolved in EtOAc, washed with H2O and dried.
The solvent was evaporated and the product obtained was recrystallized from
light petroleum. Yield: 99%; melting point 31–31.5 �C.

ii) The Boc2-amino acid benzyl ester was hydrogenated for 1–2 h with 5% (w/w) of
Pd/C in MeOH. The catalyst was � ltered off and the � ltrate was concentrated to
afford a residue, which crystallized spontaneously when allowed to stand. The
productwas recrystallizedfromether/lightpetroleumorEtOAc/lightpetroleum.

Note:N,N0-di-Boc-amino acids are also prepared starting from Boc-amino acid allyl
esters [125].
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Freshly distilled TMS-Cl (26.0 ml, 0.2 mol) was added slowly to cystine (24 g,
0.1 mol) with stirring. MeOH (100 ml) was added and stirring was continued at room
temperature. The mixture was concentrated to obtain the product. Yield: 98%.

Note: Amino acid methyl ester TsOH salts are prepared by re� uxing the mixture of
amino acid and TsOH in MeOH for 24 h [269].

1.7.1.13.2 Isolation of Amino Acid Methyl Esters: Deprotonation of the Hydro-
chloride Salt Using Zinc Dust [142]

mp. 93-94 oC; 
[α]25

D = +9.1  (c 1, CHCl3)

H2N COOMe

CH3

H2N COOMe

CH3

HCl.

Zn dust

CH2Cl2

-ZnCl2
-H2

Activated zinc dust (100 mg) was added to a suspension of H-Ala-OMe�HCl
(0.103 g, 1.0 mmol) in DCM or THF (10 ml) and the mixture was stirred for 5 min
at room temperature. The mixture was � ltered and the � ltrate was evaporated. The
product was precipitated using Et2O. Yield: quantitative.

1.7.1.13.3 Glutamic Acid a-Methyl, c-tert-Butyl Diester Using Diazomethane [270]

H2N COOMe

COOBut

mp. 135-136 oC dec;
[α]20

D = +17 (c  0.03, MeOH)

AsolutionofCH2N2inetherwasaddedtoasolutionofGlu(OtBu) (5.0 g,24.6 mmol)
in MeOH (100 ml) at 0 � to þ 5 �Cto give a stable yellow-colored solution. The mixture
waskept for6 hat20–22 �C,severaldropsofglacialAcOHwereadded,andthesolution
wasevaporatedtodryness.TheresiduewasdissolvedinEtOAc(50 ml),andtheorganic
phasewaswashedwith1 NNaHCO3(50 ml � 3),H2O,dried(MgSO4),andevaporated
to obtain the residue that was recrystallized from EtOAc/hexane. Yield: 91%.

1.7.1.13.4 Z-Glu-OMe via Methanolysis of Cyclic Anhydride [271]

ZHN COOH

COOH
2

CbzHN
O

O

O
ZHN COOMe

COOH
2

Z-Glu was self-condensed in the presence of Ac2O at 20 �C and the resulting
anhydride was treated with MeOH/DCHA/Et2O at 20 �C for 12 h. Yield: 55%.

1.7.1.14 General Procedure for the Preparation of Amino Acid Ethyl Esters ([1f ], p. 30)

H2N COOEt

S

TsOH.

mp. 124-126 oC; 
[α]22

D = +13  (c  3.3, 95% EtOH)
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To a suspension of Pro (0.126 g, 1.1 mmol) and Aloc-OPfp (0.563 g, 2.0 mmol) in
DMF (2 ml) at 0 �C was added pyridine (0.177 ml, 2.2 mmol) dropwise, and the
mixture was allowed to attain 28 �C. The stirring was continued until the disappear-
ance of the starting material. The mixture was then diluted with DCM (30 ml),
washed with saturated citric acid solution (10 ml), H2O (10 ml � 2) and brine (10 ml),
dried over Na2SO4, and concentrated. The resulting product was puri� ed by column
chromatography (silica gel, 100–200 mesh) eluting with 5–15% EtOAc/hexane.
Yield: 84%.

Note: The one-pot synthesis of Fmoc-amino acid penta� uorophenyl esters has been
reported earlier. In this method, amino acid (1.1 equiv.) is treated with Fmoc-OPfp
(1.0 equiv.) in a mixture of aqueous Na2CO3 and acetone at room temperature and
after completion of the reaction (TLC), the mixture was acidi� ed to pH 3 with
concentrated HCl and extracted with EtOAc. To the organic layer, DCC (1.1 equiv.)
was added at 0 �C and the mixture was stirred for 2 h. The DCU formed was � ltered
off and the � ltrate was concentrated to afford Fmoc-amino acid penta� uorophenyl
esters [138].

1.7.2
Deprotection Reactions

1.7.2.1 Removal of the Phth Group by Hydrazinolysis [284]

Phth-Gly–Gly-OH to H-Gly–Gly-OH The starting peptide (2.62 g, 10.0 mmol) was
added to a 1 M solution of hydrazine hydrate in absolute EtOH (10 ml). The
mixture was diluted with EtOH (30 ml) and re� uxed for 1 h. The alcohol was
evaporated and the residue was treated with 2 N HCl (25 ml) at 50 �C for 10 min,
and then kept at room temperature for 30 min. The insoluble phthalylhydrazine
was � ltered off and the � ltrate was evaporated. The residue was recrystallized
from boiling EtOH to afford the puri� ed hydrochloride salt (monohydrate, 1.73 g)
that was then dissolved in H2O (20 ml) and treated with the anion-exchange resin
Amberlite IR4B until a drop of the solution gave no positive reaction for chloride
ion with AgNO3/HNO3. The resin was � ltered off, washed with H2O, and the
� ltrate was concentrated to about 20 ml. The solution was heated on a steam bath,
diluted with absolute EtOH until crystallization starts, and then allowed to cool to
room temperature. The crystals were collected, washed with 95% EtOH, and
dried. Yield: 81%.

1.7.2.2 Removal of the Nps Group

Nps-Lys(Boc)–Leu–Phe–Lys(Boc)–Lys(Boc)-OH to H-Lys(Boc)–Leu–Phe–Lys(Boc)–Lys
(Boc)-OH [285] To a solution of ammonium rhodanide (0.16 g, 2.0 mmol) and 2-
methyl-indole (0.26 g, 2.1 mmol) in MeOH (6 ml) and AcOH (18 ml), the starting
peptide (1.12 g, 1.0 mmol) was added and allowed to stand at room temperature for
3 h. The solvent was evaporated, the residue was washed with warm (about 50 �C)
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1.7.2.3.3 ProtocolC:ThroughCTHusing1,4-CyclohexadieneasHydrogenDonor [48b]

Z-Lys(Boc)-Thr(tBu)-OMe to H-Lys(Boc)-Thr(tBu)-OMe A solution of the starting pep-
tide (5.52 g, 10 mmol) in absolute EtOH (50 ml) was maintainedat 25 �C.A slowstream
of N2 was led above the surface of the solution and 10% Pd-on-charcoal (5.5 g) was
added and the mixture was stirred, followed by the addition of 1,4-cyclohexadiene
(8.0 g ¼ 9.4 ml, 100.0 mmol). Upon completion of the reaction (TLC), the catalyst was
� ltered off and the � ltrate was evaporated to leave a residue which was dried in vacuo.
Yield: 98%.

Note:

. CTH is faster in glacial AcOH than in EtOH or in MeOH. In the case of the latter
solvent, the rate is further reduced. With the former solvent, Met-containing
peptides can also be used as substrates.

. For the removal of the Nv 0-NO2 group of Arg and Nim-benzyl group of His, more
active Pd-black is used as the catalyst.

. CTH can also be carried out using cyclohexene, hydrazine, ammonium formate
and 98–100% formic acid as hydrogen donors. With the last reagent as the
hydrogen source in CTH, the Boc group as well as benzyl ethers have been
removed concomitantly [48a].

1.7.2.4 Cleavage of the Fmoc Group

1.7.2.4.1 Method A: Using TAEA [67]

Fmoc-Gly–Gly–Phe–Leu-OBn to H-Gly–Gly–Phe–Leu-OBn Tris(2-aminoethyl)amine
(7.5 ml, 50 equiv.) was added to a DCM solution containing the starting peptide and
stirred for 30 min. During this time a white precipitate separated which dissolved
readily in saturated NaCl solution. The reaction mixture was extracted with brine
(10 ml � 3) and thrice (15 ml each time) with phosphate buffer (prepared by dissol-
ving 90 g of NaH2PO4�H2O and 32.7 g of Na2HPO4 in 500 ml of H2O, pH 5.5). There
was no interference by either an emulsion or a precipitate. Additional DCM was used
for back extraction. The clear organic layer was concentrated. The product can be
directly used for coupling.

1.7.2.4.2 Method B: Using DEA: Simultaneous Removal of the Fmoc Group
and 9-Fluorenylmethyl Ester [288]

Fmoc-Leu–Phe-OFm to H-Leu–Phe-OH The starting peptide (0.68 g, 1.0 mmol) was
dissolved in DMF (9 ml) and DEA (1 ml), and the solution was allowed to stand at
room temperature for 2 h. DEA and the solvent were evaporated at a temperature
below 30 �C. The residue was triturated with a mixture of Et2O (3 ml) and hexane
(12 ml), and the solid product was collected and washed with a mixture of ether (5 ml)
and hexane (5 ml). Yield: 94%; melting point 235–255 �C dec.; [a]D23 ¼ þ 37 (c 1.4,
AcOH); Rf 0.49 (n-butanol/AcOH/H2O (4: 1: 1)).
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1.7.2.13 Conversion of the DCHA Salt of Na-Protected Amino Acids into Free Acids [292]

Nps-Thr(tBu)-OH�DCHA to Nps-Thr(tBu)-OH Finely powdered Nps-Thr(tBu)-OH�
DCHA (5.1 g, 10.0 mmol) was added to a two-phase system of EtOAc (40 ml) and a
solution of KHSO4 (2 g, 15.0 mmol) in H2O (40 ml), and shaken by hand until the
DCHA salt was completely dissolved. The aqueous layer was extracted with EtOAc
(10 ml � 2) and the combined organic layers were washed with H2O until they were
free of sulfate ions, dried over Na2SO4, evaporated to dryness in vacuo, and the
residue was dried over P2O5 for several hours.

Note: In the case of highly acid-sensitive protection, the free acid was converted into
an active ester without isolation through carbodiimide-mediated esteri� cation to
prevent autocatalytic removal of the protection due to the acidity of the free carboxylic
acid group.
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