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1. INTRODUCTION

In recent years, peptide-coupling reactions have significantly
advanced in parallel with the development of new peptide-
coupling reagents, which have been covered in a number of
valuable reviews.' "'

The procedures used to combine two amino acid residues to form
a peptide are referred to as coupling methods. Coupling involves
attack by the amino group of one residue at the carbonyl carbon atom
of the carboxy-containing component that has been activated by the
introduction of an electron-withdrawing group, X (Scheme 1).

The activated form may be a shelf-stable reagent, such as some
active esters; a compound of intermediate stability, such as an acyl

Scheme 1. Peptide Bond Formation
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halide, azide, or a mixed or symmetrical anhydride, which may or may
not be isolated; or a transient intermediate, indicated in Scheme 1 by
brackets, which is neither isolable nor detectable. The latter im-
mediately undergoes aminolysis to give the peptide, or it may react
with a second nucleophile that originates from the reactants or that
was added for the purpose to give the more stable active ester or
symmetrical anhydride, whose aminolysis then generates the peptide.

Activation of one of the carboxylic groups is required before the
reaction can occur. Unfortunately, this activation step, along with
the next coupling reaction, poses a serious obstacle, namely, the
potential loss of chiral integrity at the carboxyl residue undergoing
activation. Therefore, a full understanding of racemization me-
chanisms is required in order to tackle this problem. Two major
pathways for the loss of configuration, both base-catalyzed, have
been recognized: (a) direct enolization (path A) and (b) S(4H)-
oxazolone (1) formation (path B) (Scheme 2)."*~"

Several parameters are used to control racemization during
peptide-coupling reactions. A key issue is the use of an appro-
priate N-protecting group. Carbamate decreases the likelihood of
oxazolone formation, and groups containin% electron-withdraw-
ing moieties are more prone to enolization. 6725 A further issue
is the basicity and purity of the tertiary amines commonly used
during the coupling reaction. Thus, those that are greatly
hindered jeopardize H abstraction.*®

In addition, some side reactions are intrinsically associated with
the coupling step, namely, the formation of N-carboxyanhydrides
(2) when the protection of the @-amino is a carbamate and of
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Scheme 3. Side Reactions That May Occur during Coupling
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diketopiBerazines (DKP, 3) when at least one dipeptide is
present””*® (Scheme 3A,B). These two reactions are strongly
favored by the presence of the leaving group in the carboxyl
function (the C-terminal one in the case of DKP formation).
Furthermore, the formation of DKP is also facilitated by the
presence of N-methylamino acids (favoring the cis amide bond
conformation) or amino acids of L- and p-configuration (more
stable than the six-membered ring DKP). Finally, when an ami-
nium/uronium salt is used as coupling reagent (see corresponding
section), a guanidine side product (4) may arise when the reagent
reacts directly with the amine moiety of the amino acid residue®
(Scheme 3). This result is often due to the slow preactivation of the
carboxylic acid or to the use of excess uronium reagent.

It is pertinent to remember that two types of acyl groups are
involved in couplings, namely, those originating from an N-
alkoxycarbonylamino acid and those from a peptide. All coupling
reagents and methods are applicable to the coupling of N-
protected amino acids, but not all are applicable to the coupling
of peptides. Some approaches, such as the acyl halide and
symmetrical anhydride methods, cannot be used for coupling
peptides. In addition, the protocols used for coupling may not be
the same for the two types of substrates. For these and other
reasons, the techniques are discussed mostly in relation to
peptide-bond formation of N-alkoxycarbonylamino acids.

2. CARBODIIMIDE-MEDIATED REACTIONS

2.1. Carbodiimides

The most traditional approach used to form peptide bonds is the
carbodiimide method, using dicyclohexylcarbodiimide (DCC, 9).
Carbodiimides contain two nitrogen atoms, which are weakly
alkaline; this is sufficient to trigger a reaction between the carbodii-
mide and an acid to generate O-acylisourea (5) (Scheme 4).%° %7

O-Acylisourea of an N-alkoxycarbonylamino acid or peptide is
one of the most reactive active species and rapidly undergoes
aminolysis in the presence of the amine component to yield the
peptide (path A, Scheme 4). However, under excess carboxylic
acid, O-acylisourea undergoes attack by a second molecule of the
acid to give the symmetrical anhydride (7) (path B, Scheme 4).
The latter is then aminolyzed to give the peptide. A third option
is that some O-acylisourea cyclizes to the oxazolone (1)*°
(path C; Scheme 4), which also yields the peptide by aminolysis.
However, oxazolone is less reactive than other derivatives and can

Scheme 4. Mechanism of Peptide Bond Formation from a
Carbodiimide-Mediated Reaction
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led to racemization, as shown above. A fourth reaction, which is
undesirable, may occur because of the high reactivity of O-acylisour-
ea. This reaction consists of its rearrangement (path D, Scheme 4)
to the N-acylurea (6), a stable inert form of the incoming acid. The
reaction, which is irreversible and consumes starting acid without
generating peptide, is very fast in N,N-dimethylformamide (DMF)
and much slower in dichloromethane (DCM).*

A copious precipitate of N,N'-dicyclohexylurea (DCU) sepa-
rates within a few minutes in any reaction using DCC (9), which
is soluble only in trifluoroacetic acid (TFA). Thus depite being
compatible with solid-phase synthesis (SPS) using tert-butylox-
ycarbonyl (Boc) chemistry, DCC (9) is not compatible with
fluorenylmethyloxycarbonyl (Fmoc). When DCC is used in
solution, traces of DCU are difficult to remove, even after passage
through a chromatographic column. Thus DCC has been
replaced by the reagents diisopropylcarbodiimide (DIC, 10),
N-ethyl-N'-(3-dimethylaminopropyl)carbodimide (EDC, 11),
and N-cyclohexyl-N'-isopropylcarbodiimide (CIC, 12),* which
are all relatively soluble in DCM and are therefore more suitable
for Fmoc-SPS. EDC (11) is highly suitable for use in solution
because this reagent and its urea are soluble in aqueous solvents
and can therefore be removed in the workup. A number of
variations on carbodiimide, such as BMC (13), BEC (14),***' N,
N'-cyclopentyl carbodiimide (15), BDDC (16),* PEC (17),
and PIC (18)* have been reported (Table 1). BDDC (16) gives
a reasonable yield for the coupling reaction with Boc-amino
acids, and the byproduct is easily removed by an acid wash.

2.2. Carbodiimides and Additives

The corresponding active esters of additives such as N-
hydroxy derivatives (HOXt 19—42, Table 2) are less reactive
than O-acylisourea (5). However, these additives increase the
efficiency of carbodiimide-mediated reactions. First of all, they
suppress the formation of N-acylurea. The beneficial effect of
HOXt is attributed to its capacity to protonate O-acylisourea,
thus preventing the intramolecular reaction from occurring and
shifting the reaction to form the corresponding active esters (8)
(path E, Scheme 4) and thereby decreasing the degree of
racemization in numerous cases.’>** The presence of a tertiary
amine favors the formation of the active ester.** Compared
with other additives, HOAt (22) forms superior active esters in
terms of yield and degree of racemization in both solution and
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Table 1. Carbodiimide Coupling Reagents

Entry | Abbreviation | Name and Structure Ref

9 DCC N,N’-dicyclohexylcarbodimide 30
e

10 DIPCDL DIC | N,N’-diisopropylcarbodimide 31
>*N=C=N—<

11 EDC., WSC N-ethyl-N'(3- 31

dimethylaminopropyl)carbodimidehydrochloride

12 CIC N-cyclohexyl, N ’-isopropylcarbodiimide | 39
O

13 BMC N-tert-butyl. N’-methylcarbodiimide 40
%—N=C:N—

14 BEC N-tert-butyl, N -ethylcarbodiimide 40
%*N=C=N—\

15 CPC N,N’-dicyclopentylcarbodiimide 42
O—N=C=N—O

16 BDDC bis[[4-(2,2-dimethyl-1.3-dioxolyl)jmethyl|carbodiimide | 42

O/Y\N"Cﬂq\/( 3

Ll

17 PEC N-ethyl, N-phenylcarbodiimide 43
e

18 PIC N-phenyl. N-isopropylcarbodiimide 43

Ot

solid-phase synthesis,** even when the coupling occurs with the
hindered ot-aminoisobutyric acid (Aib).*® The key behind the
outstanding behavior of HOAt (22) is the nitrogen atom located
at position 7 of the benzotriazole, which provides a double effect.**
First, the electron-withdrawing influence of a nitrogen atom
(regardless of its position) improves the quality of the leaving
group, thereby leading to greater reactivity. Second, placement of
this nitrogen atom specifically at position 7 makes it feasible to
achieve a classic neighboring group effect (Figure 1), which can
increase reactivity and reduce the loss of configurational integrity.**
Compared with HOBt (19), the corresponding 6-HOAt (24),
S-HOAt (25), and 4-HOAt (26) lack the capacity to participate in
such a neighboring group effect and have little influence on the
extent of stereomutation during segment coupling.‘w’48

6-CI-HOBt (23) has also been introduced into solid-phase
synthesis. This additive is a good compromise between HOAt
and HOBt in terms of reactivity and price.*’

1-Oxo-2-hydroxydihydrobenzotriazine (HODhbt, 27)*° gives
highly reactive esters, but their in situ formation is accompanied by
3-(2-azidobenzyloxy)-4-oxo-3,4-dihydro-1,2,3-benzotriazine (43) as
a byproduct, which can then react with the amino group to terminate
chain growth.*® Furthermore, the active esters can be prepared free of

43.
[e) (0]
L)
N; °N

43

The aza derivatives of HODhbt (HODhat, 28, and HODhad, 29)
have been reported by Carpino et al.>* Active esters of this additive
(8) are slightly more reactive than OAt ones, which are considered
the most reactive derivatives among these esters; however, the addi-
tive 28 gives the side product 43, as occurs with HODhbt (27) 0

Recently, N-hydroxy-5-norbornene-endo-2,3-dicarboxyimide
(HONB, 31) has been reported as the additive of choice for
water solid-phase peptide synthesis (SPPS)."

Several coupling additives with triazole and tetrazole structures
(32—37) in the presence of DIC (10) have been evaluated in
solid-phase Fmoc-based peptide synthesis.”” These reagents show
an advantage over others because they do not have absorption in
the UV at 302 nm, thus allowing the monitoring of the coupling
process, a feature incompatible with Fmoc methodology in the
case of HOBt and HOAt. However, a disadvantage is that these
reagents are highly explosive due to their low molecular weight and
the presence of three or four consecutive nitrogen atoms.

Very recently, El-Faham and Albericio>*** reported a safe and
highly efficient additive, ethyl 2-cyano-2-(hydroxyimino)acetate
(Oxyma, 42) to be used mainly in the carbodiimide approach for
peptide bond formation. Oxyma displays a remarkable capacity to
suppress racemization and an impressive coupling efficiency in both
automated and manual synthesis. These effects are superior to those
shown by HOBt and comparable to those of HOAt. Stability assays
show that there is no risk of capping the resin in standard coupling
conditions when using Oxyma as an aditive. Finally, calorimetry assays
(DSC and ARC) confirm the explosive potential of benzotriazole-
based additives and demonstrate the lower risk of explosion induced
by Oxyma.>* This feature is highly relevant because all benzotriazole
derivatives, such as HOBt and HOAL, exhibit explosive properties.”

Carbodiimide-mediated couplings are usually performed with
preactivation of the protected amino acid at either 4 or 25 °C using
DCM as a solvent. For Fmoc-amino acids that are not totally soluble
in DCM, mixtures with DMF can be used.>® The use of DCM is
optimal for the solid-phase acylation of isolated nucleophiles.”’
However, for linear assembly, where interchain aggregation may
occur, a more polar solvent to inhibit the formation of secondary
structure is recommended. In these cases, if DCM is used as an initial
solvent, a more effective procedure would involve filtration of the
urea byproduct and evaporation, followed by addition of DMF to
the coupling medium.>*>

For large-scale synthesis, preactivation at 4 °C is recommended
because of the exothermic nature of the reaction. Carbodiimides, as
well as other coupling reagents, are acute skin irritants and should be
handled with great care. Thus, manipulation in a well-ventilated
hood, using glasses, gloves, and, when possible, a face mask, is
recommended. DCC, which has a low melting point (34 °C), can be
handled as a liquid by gentle warming of the reagent container.’
HOBt normally crystallizes with one molecule of water. Use of the
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Table 2. Additive Used with Carbodiimides

Entry | Abbreviation Name and Structure Ref Entry | Abbreviation Name and Structure Ref
19 HOBt 1-hydroxybenzotrialzole 30 31 HONB N-hydroxy-5-norborene-endo-2,3-dicarboxyimide 51
N 0]
o
N N-OH
OH
0]
20 6-NO,-HOBt 1-hydroxy-6-nitro benzotrialzole 43
32 1-hydroxy-1H-1,2,3-triazole 52
N
Ly y
O,N N N\B
OH N
OH
21 6-CF5-HOBt 6-trifluoromethyl-1-hydroxy benzotrialzole 43
33 5-chloro-1-hydroxy-1H-1.2.3-triazole 52
N
FsC N N
OH N™ ~CI
OH
22 HOAt 1-hydroxy-7-azabenzotriazole 44
34 S-acetyl-1-hydroxy-1H-1,2,3-triazole 52
= |N\
N N
SNy BN
OH N” "COCHs
OH
23 6-C1-HOBt 6-chloro-1-hydroxy benzotrialzole 49
N 35 1-(1-hydroxy-1H-1,2,3-triazol-5-yl)propan-2-one 52
o :
o BN
OH N” " CH,COCH,
OH
24 6-HOAt 5-aza-1-hydroxybenzotriazole 48
36 HOCt ethyl-1-hydroxy-1H-1.2.3-triazole-4-carboxylate 52
=z N,
| °N
Ny N EtOOC N
or TN:‘N
25 5-HOAt 6-aza-1-hydroxybenzotriazole 48 6H
N7 |"£N 37 I-hydroxy-1H-1,2,3,5-tetrazole 52
S N’
(I)H NN\\\
~N,N
26 4- HOAt 4-aza-1-hydroxybenzotriazole 48 (I)H
N N —
Z N 38 HOPy 1-hydroxy-2-pyridinone 53
o L
- — N” ~0
27 HODhbt 3.4-dihydro-3-hydroxy-4-oxo-1,2,3-benzotriazine 38 (.I)H
| N“l;l 39 HOBI N-hydroxy-2-phenylbenzimidazole 53
N,
OH N
o) @: H—Ph
N
28 HODhat 3-|hydroxy-4-ox0-3,4-dihydro-5-azabenzo-1,2.3-triazene 50 OH
= |N“N 40 HOI N-hydroxyindolin-2-one 53
U
X, N
N OH mo
e} N
29 HODhad 3-hydroxy-4-ox0-3,4-dihydro-5-azabenzo-1,3-diazene 50 OH
41 6-CI-HOBI 6-chloro-N-hydroxy-2-phenylbenzimidazole 53
= N\
[
X N. N
N OH @: S—ph
© cl N
OH
30 HOSu N-hydroxysuccinimide 90
42 Oxyma ethyl 2-cyano-2-(hydroxyimino)acetate 54
O
NC.__CO,Et
: i
OH N
0 OH
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Figure 1. Neighboring group effect for HOAt.

hydrated form is highly satisfactory, but if anhydrous material is
required, dehydration should be carried out with extreme care.
Heating HOBt or HOAt above 180 °C can cause rapid exothermic
decomposition. The uses of N-hydroxytetrazoles as trapping re-
agents are precluded because of their explosive nature.>

3. ANHYDRIDES

Anhydrides are species that readily react with a vast range of
nucleophiles, such as amines, alcohols, and thiols. This strategy
comprises the use of simple symmetric anhydrides and refined
mixed anhydrides involving, for example, isoureas or phosphoric
acid-derived species.

3.1. Symmetric Anhydrides

An alternative to the classical method of synthesis using
carbodiimides is the symmetric anhydride- mediated reaction,
in which the carbodiimide and acid are first allowed to react
together in the absence of N-nucleophile. In this reaction, 0.5
equiv of carbodiimide is used; this generates 0.5 equiv of
symmetrical anhydride (7) (Scheme 4, path B), the formation
of which can be rationalized in the same way as the reaction of
acid with carbodiimide, namely, protonation at the basic nitrogen
atom of O-acylisourea by the acid, followed by attack at the
activated carbonyl of the acyl group by the carboxylate anion.
Aminolysis at either carbonyl of the anhydride yields peptide and
0.5 equiv of acid, which is recoverable. Recovery of the acid,
however, is usually not cost- or time-effective. The symmetrical
anhydride is less reactive and consequently more selective in its
reactions than O-acylisourea. Although the latter acylates both N-
and O-nucleophiles, the symmetrical anhydride acylates only N-
nucleophiles. When the reagent is DCC (9), the reaction is
carried out in dichloromethane, N,N'-dicyclohexylurea is re-
moved by filtration after 15—30 min, the solvent is sometimes
replaced by dimethylformamide, and the solution is then added
to the second amino acid. The symmetrical anhydride is not
prepared directly in the polar solvent because the latter sup-
presses its formation. Symmetrical anhydrides show sufficient
stability to be isolated but not to be stored for future use. They
can be purified by repeated crystallization or by washing a
solution of the anhydride, obtained using a soluble carbodiimide,
with aqueous solutions. Anhydrides are particularly effective for
acylating secondary amines.®>*>

3.2. Mixed Anhydrides

The mixed anhydride technique, reported by Vaughan,63 was
the first general method available for peptide synthesis. This
approach has the drawback of a lack of regioselectivity in the
nucleophilic addition for one position over the second one.

3.2.1. Mixed Carbonic Anhydrides. 3.2.1.1. Chorofor-
mate-Mediated Reaction. The procedure involves separate
preparation of the mixed anhydride by addition of the reagent
chloroformate (44) to the N-alkoxycarbonylamino acid anion
that is generated by deprotonation of the acid by a tertiary amine,
such as NMM (Scheme §).5%°

The activation is rapid. Reactants are usually left together for
1—2 min, and aminolysis is generally complete within 1 h. The
activation cannot be carried out in the presence of the N-
nucleophile because it also reacts with the chloroformate
(Scheme S, path B). All stages of the reaction are performed at
low temperature to prevent side reactions. There is evidence that
the tertiary amine used in the reaction is not merely a hydrogen
chloride acceptor but also an active participant in the reaction. An
explanation for this would be that the acylmorpholinium cation is
formed first (Scheme S, path C) and that it is the acceptor of the
acid anion. The observation that diisopropylethylamine (DIEA)
fails to generate any mixed anhydride when it is used as base in a
reaction strongly supports the notion of a more elaborate
mechanism. The reactivity of mixed anhydrides is similar to that
of symmetrical anhydrides. Symmetrical and mixed anhydride
reactions differ from those involving carbodiimides and other
coupling reagents in that they can be used to acylate amino acid
or peptide anions in partially aqueous solvent mixtures. The main
side reaction associated with the mixed anhydride method is
aminolysis at the carbonyl of the carbonate moiety (path B),
thereby giving urethane. In most cases, the reaction is not of great
significance, but it may reduce peptide yield by up to 10% for
hindered residues. An additional minor source of urethane may
result from the reaction of unconsumed reagent with the N-
nucleophile. Aminolysis of chloroformate occurs when there is
an excess of reagent or when the anhydride-forming reaction is
incomplete. This side reaction can be prevented by limiting the
amount of reagent and extending the time of activation. The success
of mixed anhydride reactions is considered to be extremely depen-
dent on the choice of conditions used. Much attention has been
devoted to defining the conditions that minimize the epimerization
that occurs during peptide coupling. It was concluded that superior
results are achieved by carrying out the activation for only 1—2 min
from —$ to —15 °C, using N-methylmorpholine as the base in
anhydrous solvents other than chloroform and DCM.*® Triethyla-
mine or tri-n-butylamine had previously been used initially as base,
but it was found that the weaker and less hindered cyclic amine leads
to less isomerization.”*®”~ 7

3.2.1.2. 2-Ethoxy-1-ethoxycarbonyl-1,2-dihydroquinoline
(EDDQ)-Mediated Reaction. The same occurs when 2-ethoxy-
1-ethoxycarbonyl-1,2-dihydroquinoline (EDDQ, 45)”" is used as
a reagent (Scheme 6). In this reaction, ethanol is removed from
EDDQ to generate a reactive ethyl formate quinolinium salt
(46). This intermediate has a similar reactivity to pyridinium salts
(discussed later in section 7.1.6, Coupling Reactions with Acyl
Chlorides) and readily reacts with the desired carboxylate to
form the required ethoxycarbonyl anhydride 47. Analogs of
EEDQ (45) have been successfully developed, such as IIDQ
(48).”* IIDQ showed better performance than EEDQ (45).”

1IDQ, 48

3.2.2. Cyclic Anhydrides. 3.2.2.1. N-Carboxy Anhydrides
or Leuch’s Anhydrides. The anhydride strategy was explored
and further expanded in peptide synthesis by Leuch. Cyclic
anhydrides or N-carboxy anhydrides (NCAs) can be readily
prepared from unprotected amino acids and phosgene.”*”>
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Scheme 5. Mechanism of Peptide Bond Formation from a Chloroformate-Mediated Reaction
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NCAs 49 can react in diverse manners. A catalytic amount of a
nucleophile (e.g., primary or secondary amine) initiates a chain
reaction that leads to the formation of homopoly(amino acid)s
50. The ring opening followed by decarboxylation yields a new
nucleophile that reacts on the next molecule of NCA 49 and so
on (Scheme 7).

Under more carefully controlled conditions, however, NCAs
(49) can be monocoupled to the nitrogen atom of an unpro-
tected amino acid in high optical purity.”* NCAs (49) are added
to a basic aqueous solution of the selected amino acid at 0 °C
(Scheme 7). The key factor of this activating method is the
relative stability/instability of the intermediate carbamic acid that
prevents the formation of the free amino dipeptide, while 49 is
still present in the reaction mixture. This process can be repeated
several times to form small oligopeptides in solution. Over-
coupling is the main limitation of this method.

3.2.2.2. Urethane-Protected N-Carboxy Anhydrides (UNCASs).
To overcome problems associated with the lack of control,
urethane -protected N-carboxyanhydrides have been pro-
posed.”® Their synthesis first requires the preparation of the
intermediate NCA (49) followed by N-protection by acylation
in the presence of a non-nucleophilic base such as N-methyl-
morpholine (NMM), which is unable to inititate polymeriza-
tion. From the byproduct point of view, NCAs and UNCAs are
ideal peptide reagents because the only byproduct of the
coupling is CO,.

Fmoc-NCAs react smoothly with hydroxyl resins and with
minimal racemization.”” One of the clearest examples of the
power of these derivatives for introducing the first residue is the
loading of Fmoc-His(Trt)-NCA (Trt = trityl) on a Wang resin in
toluene and in the presence on NMM (10%). This reaction
proceeds with good yields and very low racemization (<0.3%).”®

4. ACTIVE ESTERS

A unique approach to peptide synthesis is the preparation of a
derivative of the N-alkoxycarbonylamino acid that is stable enough
to be stored and yet reactive enough to combine with an amino
group when the two are mixed. Such compounds are normally
achieved by converting the acid to the active ester by reacting it
with either a substituted phenol or a substituted hydroxylamine,
HOXt, in the presence of carbodiimide (Scheme 8).

Active esters are in fact mixed anhydrides formed from a
carboxylic acid and a phenolic or hydroxamic acid. Many types of

Scheme 6. Using EDDQ To Generate Ethoxycarbonyl

Anhydride 45

EtO O

® kEtOH
ookl ~Q§w

EtO
46

Scheme 7. Peptide Synthesis Using NCAs
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active esters are available. The substituents Xt are designed to
render the carbonyl of the acyl moiety susceptible to nucleophilic
attack by an amine at room temperature. Active esters undergo
aminolysis because of the electon-withdrawing property of the
ester moiety. However, the esters formed from substituted
hydroxamic acids are so highly activated that their reactivity
cannot be explained on the basis of this property alone. An
additional phenomenon is operative, namely, neighboring atoms
assist in reaction of the two reactants. This neighboring group
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Scheme 8. Peptide Bond Formation via Preformed Active Ester

0]

0 urea derivatives

1 DCCorDIC_ R'_ )J\ NHRZ o § ]
R \O)J\N)YOH + HOXt )Y R\O)J\N)YNHRZ
H & HoJ

HOXt

Scheme 9. Mechanism for the Formation of Fmoc-ff-Ala-OH and Fmoc-f3-Ala-AA-OH during the Fmoc Protection of Amino

Acids with Fmoc-OSu”

o /NG

0]
Fm—OJ\O—Ni:l — Fm— J\ ON\

) |

(0]

[0)

Nu,

Lossen Rearrangement

-0
(€] - o
Fm—0 + CO, + Nu1)J\/\N”C‘_ Nuz

)J\/\J\

~/

o)
Nuj = OH
Nu, = o—N;j

(0]
Nu; = Nup = O—| N BAIanlne Nuy = Nu, = OH the succinimidy!
1T carbamate
o) should be very
Nu; = O—N unstable as in a
oA

Nu, = OH
N—O N O—N
NI

° SuO-B-Alanine-OSu O

the succinimidyl
carbamate
should be very
unstable

[—

free B-Alanine ready to
give Fmoc-p-Ala

Fmoc-OSu

(0]
(0]
Fmoc-B-Ala-OH
E‘IEN—OJ\/\NHz P
L(_J

B-Alanine-OSu ready to react with AA to give B-
Ala-AA-OH and with Fmoc-OSu to be protected

j Fmoc-OSu and AA

Fmoc-B-Ala-AA-OH

@ A similar reaction is obtained when OSu and ONB esters are used.

participation in the formation of a new chemical bond is referred

to as anchimeric assistance. The reaction is, in fact, an intramo-
8,798

lecular general base-catalyzed process.*®””

4.1. Procedure for the Preparation of Active Ester

Active esters can be prepared in advance, purified, and stored.
Some amino acids are even commercially available as pentafluor-
ophenyl (Pfp)* and 3,4-dihydro-4-oxo-1,2,3-benzotriazin-3-yl
(Dhbt or OOBt)*® esters. Active esters are usually synthesized
using standard ester-formation methods such as DCC (9), but
more sophisticated procedures can be found in the literature.

4.1.1. Phenyl Active Ester Derivatives. The p-nitrophenyl
(51),%* 2,4,5-trichlorophenyl (52),*° and later the more reactive
Pfp esters8 (53) emerged as the most popular derivatives. These
compounds are activated by the electron-withdrawing nature of
the substituted phenyl ring. The phenols released by aminolysis
are not soluble in water, and they consequently make it difficult
to purify the desired products. Although in all times, p-nitrophe-
nyl esters were broadly be used, in the 1980s and 1990s, Pfp
esters were clearly accepted due to their stability and crystallinity,

6564

which have made Pfp esters a very sultable couphng strategy for
automatic solid-phase peptide synthesis.*” On the other hand,
although 2,4,5-trichlorophenyl has been used as protecting/
activating group,” it is not used anymore because of the presence
of Cl atoms. Pfp is being also as 9protectlng/ activating group,
mainly in glycopeptide chemistry.®

4.1.2. p-Hydroxamic Active Ester. Active esters derived
from hydroxamic acid have also found broad application. The first
were the o-phthalimido (54) esters, which release a water-insoluble
side product. However, these were soon replaced by the more
versatile succinimido esters (OSu) (55). The latter generate water-
soluble N-hydroxysuccinimide,”””* which is straightforward to re-
move from target peptides. The use of HOSu and N-hydroxy-5-
norbornene-endo-2,3-dicarboxyimide (HONB, 56) esters”* can
lead to a side-product resulting from a Lossen rearrangement after
the attack of a nucleophile at the carbonyl of the ester moiety.**** This
side reaction is more pronounced when Fmoc (and other) amino
acids are prepared from Fmoc-OSu (Scheme 9).°

In addition to their use as activated forms of N-alkoxycarbo-
nylamino acids, the esters derived from hydroxamic acids are

dx.doi.org/10.1021/cr100048w |Chem. Rev. 2011, 111, 65657-6602
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Table 3. Active Esters Used in Peptide Synthesis

Entry | Structure Name Ref
51 i p-nitrophenyl active ester 84
R™ O
NO,
52 j\ 2.4,5-trichlorophenyl active ester 85
R (¢]
Cl
Cl
Cl
53 i pentafluoro active ester 86

54 o-phthalimido active ester 90
o]
N-0—4
R
[¢]
55 41 N-succinimide active ester 93
(e} ',“ o
O\f o
R
56 ? N-hydroxy-5-norbornene-endo-2.3-dicarboxyimide 93
) (o]
n-04
\ R
[¢]
57 N’N o 4-0x0-3.4- dihydrobenzotriazinyl esters 86
|
f A
[e]

implicated as intermediates in coupling reactions in which N-
hydroxy compounds are added to promote efficiency in carbo-
diimide-based coupling (see section 4.1.2.). These derivatives are
not very active due to the pK, of the conjugate acid of the ester
moiety. To enhance coupling effectivity, HOBt-related com-
pounds can be added during the coupling. All the esters men-
tioned above are shelf-stable reagents.

DHbt/OOBt (57) esters can also be prepared and stored.
During their work up, the benzotriazine (43) byproduct is
removed. This byproduct can then react with the amino group
to terminate chain growth.*®

The aminolysis of active esters generally occurs more readily in
polar solvents and is catalyzed by mild acid or 1-hydroxybenzo-
triazole. Active esters can also be obtained by transesterification
and the mixed-anhydride approach (Table 3).”%%%7~ 11

4.2. Hexafluoroacetone (HFA) as Activating and Protecting
Strategy

HFA reacts with 0t-amino, at-hydroxy, and a-mercapto acids to
give five-membered lactones (2,2-bis(trifluoromethyl)-1,3-oxazo-
lidin-5-ones (58) for amino acids) (Scheme 10A). These lactones,
which are activated esters, are cleaved by various O- and N-
nucleophiles in solution and in solid-phase to give the correspond-
ing unprotected derivatives in one step (Scheme 10B).'”> HFA
derivatives can be considered bidentate protecting and activating
reagents for -functionalized carboxylic compounds, because the

nucleophile attack releases HFA, thereby freeing the amino,
hydroxyl, or mercapto function. In the case of a-amino acids, no
additional O-amino protection is required, which is an advantage
over NCAs.

In solid-phase mode, the HFA chemistry, which has been
successfully used for the synthesis of depsipeptides, allows
recovery of the excess of HFA monomers. Thus, after the
solid-phase reaction has taken place, the filtrate containing the
excess of HFA-hydoxy can be evaporated, redissolved, and
reused (Scheme 11).'”> However, the use of HEA-amino acids
for stepwise SPPS has some limitations.'**

5. ACYLAZOLES AS COUPLING REAGENTS

5.1. Acylimidazoles Using CDI

Carbonyl diimidazole (CDI, $9)'** is a useful coupling
reagent that allows one-pot amide formation. Acyl carboxy
imidazole and imidazole are initially formed but readily react
together to yield the activated species, such as the acylimidazole
60 (Scheme 12). The acylimidazole is preformed for 1 h, and the
amine is then added. This reaction, which generates imidazole
in situ, does not require an additional base and is even compatible
with HCI salts of the amine.'>'%

CDI (59) is commonly used on a large scale'”” in peptide
chemistry, and its application can be extended to the formation of
esters and thioesters. The reaction of secondary amines with N,N'-
carbonyldiimidazole, followed by methylation with methyl iodide,
has also been used for the efficient preparation of tertiary amides.

5.2. Acylbenzotriazoles

N-(Protected-a-aminoacyl)benzotriazoles are efficient intermedi-
ates for N- and O-aminoacylation. These intermediates allow rapid
preparation of peptides in high yields and purity under mild reaction
conditions with full retention of the original chirality. The developed
methodology allows simple solution and solid-phase preparative
techniques to generate complex peptides and peptide conjugates.'*®

5.2.1. Preparation of N-(Protected-a-aminoacyl)benzo-
triazoles (61). Two methods have been developed recently to
prepare a wide range of N-acylbenzotriazoles starting directly from
carboxylic acids. The first method uses sulfonylbenzotriazoles as a
“counter attack” reagent (Scheme 13A). In the presence of Et;N,
carboxylic acids are converted into the desired acylbenzotriazoles,
possibly through intermediate formation of the mixed carboxylic
sulfonic anhydride and benzotriazole anion, which is then acylated
by the mixed anhydride.'”''® The second method involves
treatment of a carboxylic acid with BtSOBt prepared in situ from
thionyl chloride and an excess of benzotriazole (Scheme 13B)."""

The two methods allow the preparation of a wide range of N-
acylbenzotriazoles. Carboxylic acids as starting materials include
not only alkyl and aryl carboxylic acids but also a wide range of
heterocyclic carboxylic acids, unsaturated carboxylic acids, and
carboxylic acids with other functionalities.'” "'

The methods of Scheme 13A,B have been applied to prepare Bt
derivatives of N-protected-0t-amino acids. Scheme 13A was used to
prepare N-(Boc-G-aminoacyl)benzotriazoles,''* while Scheme 13B
was found to be more convenient for the preparation of N-(Z- and
Fmoc-0i-aminoacyl)benzotriazoles wherein 1 equiv of a carboxylic
acid with 4 equiv of 1H-benzotriazole and 1—1.2 equiv of thionyl
chloride in THF or CH,Cl, were stirred at 20 °C for 2 h.''>7'**

Major advantages of N-acylbenzotriazoles over the corre-
sponding acid chlorides include the following: (1) resistance to
short periods of contact with water, thereby allowing compounds
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Scheme 10. (A) Preparation of the HFA Derivatives and (B)
Examples of the Reactivity of the HFA Derivatives
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such as free amino acids (only soluble in water or mixed solvents
containing a high proportion of water) to be reacted in solution
with the acylbenzotriazoles; (2) N-(protected-ct-aminoacyl)-
benzotriazoles can be isolated, they are stable at room temperature
for months, and they can be handled without special procedures
to exclude air or moisture, with the exception of histidine.
Another major advantage of this methodology is that it is com-
patbible with the use of functionalized N-protected-amino acids,
such as tryptophan, tyrosine, serine, histidine, etc. without prior
protection, thereby saving on additional steps required for pro-
tection and subsequent deprotection. For example, the indole-
NH in tryptophan does not require prior protection, thus making
its subsequent deprotection unnecessary. In addition, the reagents
involved in the preparation are inexpensive, thereby offering an
overall cost-effective methodology. These reagents are relatively
insensitive to water and can be used in aqueous solution, thus
allowing efficient peptide coupling.'"*~'"*

5.2.2. Peptide Coupling with Chiral N-(Protected-o-
aminoacyl)benzotriazoles. Peptide coupling reactions are per-
formed using chiral N-(protected-0t-aminoacyl)benzotriazoles with
the following: (i) nonfunctionalized amino acids (alanine, glycine,

Scheme 12. Mechanism of Peptide Bond Formation Using
CDI
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phenylalanine, valine, and leucine); (ii) amino acids with additional
unprotected functionalization, hydroxyl (serine, tyrosine, and
glutamine), sulfanyl (methionine and cysteine), and amino
(tryptophan, proline); (iii) dicarboxylic acids (aspartic acid and
glutamic acid); (iv) amino acids containing two amino groups
(lysine); and (v) the guanidinium group (arginine).''>~ %1212

5.2.3. Preparation of Peptides Using N-(Protected-o.-
aminoacyl)benzotriazoles. Free amino acids are coupled with
N-(protected-0.-aminoacyl)benzotriazoles in aqueous acetonitrile
(CH3CN/H,O = 2:1 v/v) in the presence of Et;N during 1 h.
The crude products are washed with 4 N HCl to remove
BtH as byproduct. This procedure affords the dipeptide in
high purity (>99%) and without the use of chromatography
(Scheme 12).'"3''512% Tripeptide syntheses can be achieved
using fragment coupling procedures' > or by stepwise coupling
procedures.

5.2.4.Tripeptides by the Fragment Coupling Procedure.
N-Protected dipeptides are readily converted into their corre-
sponding benzotriazole derivatives (Scheme 12) 113115 T1I9122,123
The reactions are carried out at —10 °C until the starting dipeptide
is completely consumed, following a simple procedure similar to
that used for N-(protected-a-aminoacyl)benzotriazoles.

The coupling reactions between N-protected dipeptidoylben-
zotriazoles and free amino acids are performed in aqueous
acetonitrile at —10 °C. NMR and HPLC analyses show minimal
racemization (<1%) (Scheme 14). However, some couplings
performed under similar conditions but at 20 °C show significant
racemization (30—50%).'"®

5.2.5. Stepwise Coupling Procedures. In stepwise cou-
pling, the coupling reactions are achieved in good yields using the
method described above, with minimal racemization (>99%), as
observed by NMR and HPLC analysis (Scheme 14).""°

5.2.6. Preparation of Dipeptides Involving Sterically Hin-
dered Amino Acids Using N-(Protected-a-aminoacyl)benzo-
triazoles. Peptide chain extensions are also performed using the
following N- and C- terminal sterically hindered amino acids: (i)
N-methyl amino acids [ N-(Me)-Phe and N-(Me)-Gly]; and (ii) o,
a-disubstituted amino acids (Aib)."*' The preparation of peptides
involving sterically hindered amino acids requires different condi-
tions from that of peptides containing only natural amino acids. The
coupling conditions using C-activated hindered amino acids are the
same as for dipeptides. However, coupling the NH, of sterically
hindered amino acids such as Aib (i.e., with free CO,H) under a
variety of conditions (temperature, solvent systems, time) and
reagents (base, additives) consistently results in extensive hydrolysis
of the benzotriazole-activated amino acid. Consequently, hindered
esters that are soluble in water-free media (dry acetonitrile or THF)
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Scheme 13. Preparation of N-Acylbenzotriazole
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are coupled in the presence of Et;N at 20 °C during 24—36 h. This
process can be shortened to ca. 1 h by microwave irradiation.'** >

6. ACYL AZIDES
Although the acyl azide method of coupling was developed

about 100 years ago, it is not attractive for routine use because it
involves four distinct steps, including two stable intermediates
that require purification.'>”'*® In addition, aminolysis of the
azide is slow. The first step involves preparation of the ester,
which can be methyl, ethyl, or benzyl. The ester is converted to
the hydrazide by reaction in alcohol with excess hydrazine at
ambient or higher temperatures. The hydrazide often crystallizes
out of solution or after removal of solvent. The purified hydrazide
is transformed into the azide by the action of nitrous acid; this
transformation is usually achieved by the addition of sodium
nitrite to a cold solution of the hydrazide in a mixture of acetic
and hydrochloric acids. The azide (62) is generated at low
temperature because it readily decomposes with the release of
nitrogen at ambient temperature. The azide is extracted into an
organic solvent, and the peptide is obtained by leaving the dried
solution in the presence of the amine nucleophile in the cold for
several hours (Scheme 15).

An additional side reaction that occurs at higher temperature is
rearrangement of the acyl azide 62 to the alkyl isocyanate (63),
which can react with the nucleophile to yield a peptide urea that is
difficult to remove from the product (Scheme 15)."*” The side
product is neutral and not easy to remove from the peptide. The
acyl azide method is time- and effort-consuming and is therefore
not suitable for repetitive syntheses. However, it has two
characteristic features that make it a popular option for coupling
in selected cases. The first regards the strategy of minimum
protection. This method can be used for the activation of serine,
threonine, and histidine derivatives with unprotected side chains,
the latter being unaffected by the reactions used. The second
feature regards the coupling of segments. It is the method most
likely to guarantee the preservation of chiral integrity during
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Scheme 15. Mechanism of Peptide Bond Formation from
Acid Azide and Its Side Reaction
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peptide-bond formation between segments. This is possible
because the acyl azide does not generate oxazolone. Acyl azide
is the only activated form of an N-acylamino acid or peptide that
can be isolated for which cyclization to the oxazolone has not
been demonstrated.

7. ACID HALIDES

7.1. Acid Chlorides

The most obvious method for activating the carboxyl group of
an amino acid for peptide bond formation at room temperature
or below is via a simple acid chloride."* The acid chloride
method was first introduced into peptide chemistry by Fisher in
1903."%° However, for many years, acid chlorides were rarely
used because this method gained the reputation among peptide
practitioners as being “over activated” and therefore prone to
numerous side reactions including the loss of configuration.'?

7.1.1. Acid Chloride Formation with “Simple” Chlori-
nating Agents. Chlorination of amino acids is performed
usually with various chlorinating reagents, such as pivaloyl
chloride,"*" phthaloyl dichloride,** thionyl chloride,"**"** ox-
alyl chloride,"**"*” and others. Thionyl chloride in pyridine is
perhaps the most used chlorinating agent."** Thus, Fmoc-amino
acid chlorides are generated by reaction of the parent acid with
thionyl chloride in hot DCM (Scheme 16)."** These chlorides
show sufficient stability to be purified by recrystallization.

Fmoc-amino acid chloride (64) acylates the amino group in
the presence of a base, which is required to neutralize the
hydrogen chloride released (Scheme 16). The base is necessary,
but its presence complicates the process, converting the acid
chloride to the 2-alkoxy-5(4H)-oxazolone (65) (Scheme 16,
path A), which is aminolyzed at a slower rate. Aminolysis by acid
chloride can also be carried out in a two-phase system of
DCM—aqueous carbonate to minimize contact of acid chloride
with the base. Another option that allows efficient coupling is the
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Scheme 16. Mechanism of Peptide Bond Formation from
N-Protecting Amino Acid Chloride-Mediated Reaction
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use of the potassium salt of 1-hydroxybenzotriazole instead of
tertiary amine for neutralizing the acid (Scheme 16, path B).

The acid chlorides of derivatives with ¢-butyl-based side chains
are not accessible by the general procedures, but they can be
made using a phosgene or triphosgene replacement and probably
using oxalyl chloride"*>'3¥ 1% (Scheme 17).

7.1.2. Triazine Chlorinating Reagents. Cyanuric chloride
(66)"** and 2-chloro-4,6-dimethyl-1,3,5-triazine, DMCT (67),"*
are useful halogenating reagents (Scheme 18).

7.1.3. Triphenylphosphine—CCl,. Triphenylphosphine
(TPP, 68) has been used under neutral conditions to 8prov1de
conversion of carboxylic acid into acyl chloride,"**™'* analo-
gously to the conversion of alkyl alcohols into alkyl chlorides.'*” Tt
has been suggested that initial formation of triphenyltrichloro-
methyl phosphonium chloride (69) occurs with further reaction,
yielding chloroform and triphenylacyloxyphosphonium chloride
(Scheme 19). Difficulties to separate the product from the
phosphorus-containing byproduct can be avoided by usm 2
polymer-supported phosphine—carbon tetrachloride reagent.

Villeneuve demonstrated that carboxylic acids are converted
into the corresponding acg chloride by hexachloroacetone and
TPP at low temperature.”™ This method has also been applied to
generate highly reactive formyl chloride. Alternatively, trichloroa-
cetonitrile and TPP also provide mild and efficient conditions."*"

7.1.4. Tetramethyl-a-chloroenamine Chlorinating Re-
agents. Other neutral conditions using tetramethyl t-chloroe-
namine 70 are described by Ghosez et al.'>> During this process,
the formation of hydrogen halides is prevented. Thus, this
method is extremely useful when acid-labile protecting groups
are present (Scheme 20).

7.1.5. Bis(trichloromethyl)carbonate Chlorinating Re-
agents. In addition to using thiophosgene for the preparation of
acyl chlorides, BTC (bis(trichloromethyl)carbonate) (71)
(Table 4) has been used as an in situ chlorinating reagent in

Scheme 18. Acyl Chloride Formation Using Cyanuric
Chloride
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Scheme 20. Acyl Chloride Formation Using
Tetramethyl-o-chloroenamine
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SPPS."> There is some question as to the nature of the exact
intermediates involved in the process described by Gilon."*?
Coupling reactions mediated by BTC (71) give good results for
Fmoc-amino acids containing acid-labile side chains.

7.1.6. Coupling Reactions with Acyl Chlorides. The
amide bond is formed by reaction of the acyl chloride with the
desired amine. Couplings are usually performed in inert dry
solvents. An additional non-nucleophilic base, such as triethyla-
mine, DIEA, or NMMV, is usually required to trap the HCI formed.
Sometimes acyl chlorides couple to amines under aqueous condi-
tions, for exam fle, in the presence of NaOH (Schotten—Baumann
conditions).">* These reactions can be accelerated with a catalytic
amount of pyridine or N,N-dimethylaminopyridine (DMAP)."
In some cases, pyridine is used as the solvent. The formation of an
intermediate acylpyridinum salt 72 has been suggested (Scheme 21).
The use of Zn can also accelerate coupling at room temperature.
The method is applicable to alkyl, aryl, heterocycles, carbohy-
drates and amino acids and leads to high yields."

7.2. Acid Fluorides

Acyl chlorides have limited value in peptide coupling because
of the danger of hydrolysis, racemization, cleavage of protecting
groups, and other side reactions (e.g, N-carboxy anhydride
formation). However, because of their high reactivity, they can
be used for highly hindered substrate, and under appropriate
conditions, there is no loss of configuration. The main drawback
of these systems is that acid-sensitive side chains, such as those
derived from t-butyl residues, cannot be accommodated. Fur-
thermore, acid fluorides are more stable to hydrolysis than acid
chlorides, and in addition, their preparation is not subject to the
limitation mentioned with regard to t-butyl-based side-chain
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Table 4. Chlorinating Reagents

Entry | Abbreviation | Name and Stucture Ref.
pivaloyl chloride 131
[o}
Cl
phthaloyl chloride 132
(o}
Cl
Cl
(o}
thionyl chloride 134
SOCl,
oxalyl chloride 136
(COCl),
phosgene 138
COCl,
66 cC cyanuric chloride 144
Cl
N)\‘N
CI/I\\N/J\CI
67 DMCT 2-chloro-4,6-dimethyl-1,3,5-triazine 145
OCHjg
)
H3CO)%N)\CI
68 TPP triphenylphosphine-carbon tetrachloride 150
PPhy/CCly
69 tetramethyl-o-chloroenamine 152
cl
71 BTC triphosgene 153
a ¢ ¢
\/c’\CI o-¢-cl
Cl cl

protection. Thus Fmoc-based SPPS can be performed easily via
Fmoc amino acid fluorides.">” '

Thus, N-protecting amino acid fluorides have been shown to
be useful for both solution and solid-phase synthesis and
especially suited for the coupling of sterically hindered o,Qt-disubsti-
tuted amino acids, which are not easily handled by standard
techniques.'*'%* Acyl fluorides are, indeed, less moisture-sensi-
tive than acyl chlorides and more reactive toward amines.
Another advantage is that they are compatible with Fmoc or
Cbz N-protections and even with t-Bu esters or other acid-labile
ester groups, and thus they are useful in peptide chemistry.
Examples of the singular reactivity of these compounds include
the first ever solid-phase syntheses of naturally occurring peptai-
bols, peptide alcohols of about 20 units, which are rich in such
hindered amino acids.'®® For these syntheses, the Fmoc amino

Scheme 21. Role of Pyridine in Coupling with Acyl Chloride

acid fluorides are isolated and purified by recrystallization
before use.

It is now possible to take advantage of the exceptional nature
of amino acid fluorides without their isolation via utilization of a
new reagent that effects clean in situ conversion of the acid to the
fluoride under conditions similar to those common in the case of
uronium and phosphonium reagents (discussed later).

7.2.1. Fluorinating Reagents. 7.2.1.1. Cyanuric Fluoride.
Cyanuric fluoride'®>'% (73) is the most commonly used reagent
for the conversion of amino acids into the corresponding acid
fluorides (Scheme 22).

7.2.1.2. Other Fluorinating Reagents. The following reagents
can also be used: diethylaminosulfur trifluoride (DAST), which
is an expensive and hazardous reagent and after reaction requires
purification by chromatography;'®”2-fluoro-1-ethylpyridinium
tetrafluoroborate (FEP) (75); and 2-fluoro-1-ethylpyridinium
hexachloro antimonate (FEPH) (76)'**~'7° (Table 5).

The conversion of the acids to the acid fluorides with all of these
reagents follows a similar process. For example, the intermediate 74
is involved with cyanuric fluoride (Scheme 22). The presence of a
base was found to be essential for formation of the carboxylic acid
fluorides and for peptide bond formation. IR and UV spectroscopic
measurements confirm this course of the reaction.'”" '

7.2.1.3. Fluoroformamidinium Salts. A notable advance was
the development of fluoroformamidinium salts. Carpino and El-
Faham reported that the air-stable, nonhygroscopic solid TFFH
(77) is a convenient in situ reagent for amino acid fluoride during
peptide synthesis (Scheme 23)."”*~'7¢ TEFH is especially useful
for the two amino acids histidine and arginine since the corre-
sponding amino acid fluorides are not stable toward isolation or
storage.

Other analogous reagents have also been synthesized (Table S).
BTFFH (78) has an advantage over TFFH in that toxic bypro-
ducts are generated upon work up of the reaction mixture.'”> "

Fluorinating reagents BTFFH (78), TEFFH (80), DMFFH
(81), DEFFH (82), and DMFH (83) behave in the same way as
TFFH (77) in their capcity to provide routes to amino acid
fluorides for both solution and solid-phase reactions.'”*"”
DMFH (83), which has recently been introduced by El-Faham
and Albericio,"”®'”” has the advantage over the other fluorinating
agents in that it gives convenient results with 1 equiv of base. This
performance is the result of the presence of the oxygen atom in
the carbon skeleton (morpholino moiety), which acts as a proton
acceptor. Compound FIP (79) is more reactive but more sensitive
to moisture and does not allow complete conversion to the acid
fluoride. For some amino acids, for example, Fmoc-Aib-OH,
the use of TFFH alone gives results that are less satisfactory
than those obtained with isolated amino acid fluorides. The
deficiency is traced to ineflicient conversion to the acid fluoride,
which, under the conditions used (2 equiv of DIEA), is accom-
panied by the corresponding symmetric anhydride and oxazo-
lone (Scheme 24),'7>176180.181
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Scheme 22. Synthesis of Amino Acid Fluoride and Coupling
Using Cyanuric Fluoride
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7.2.1.4. Complex Fluoride Additive. Interestingly, conversion
of the acid to the acid fluoride is also observed via treatment with
uronium salts such as HATU or HBTU (discussed later) in the
presence of additive PTF (84). In this way, excellent syntheses
have been achieved for difficult peptides for which HBTU gave
poor results because of the sluggish reactivity of OBt esters.'*>'

By this means, the relatively inexpensive reagents HBTU
provide peptides of equal or greater quality than those obtained
via HATU or isolated acid fluorides. Regardless of the kind of
coupling reagents used in these reactions, a tertiary base, such as
DIEA, is required in the activation step. In the case of systems
that undergo facile loss of configuration, the presence of a base
may be deleterious and is not requlred for the actual coupling
step in the case of acid fluorides.'®* It is thus particularly
significant that acid fluorides can be generated via carbodiimides
in the absence of base.'® The carbodiimide method of peptide
activation is believed to involve transient formation of a labile O-
acylisourea 85. In the presence of a second equivalent of
carboxylic acid, 85 is converted to the symmetrlc anhydride 86,
which represents the active coupling species.'* It has now been
found that in the presence of PTF (84) the putative O-acylisour-
ea intermediate is diverted to the acid fluoride (Scheme 25).

8. PHOSPHONIUM SALTS

Kenner and co-workers'®” were the first to describe the use of
acylphosphonium salts as coupling reagents. These species were
widely adopted only after extensive studies by Castro and
Coste,'®® who first introduced CloP'™® "' (91) as peptide-
coupling reagents with noticeable racemization.

Phosphonium salts react with the carboxylate, and therefore
the presence of atleast 1 equiv of base is essential. With regards to
the mechanism, several authors'®”'*>~"** have proposed that the
same acyloxyphosphonium salt is the active species. However,
Castro and Dormoy'”> "7 suggested that this salt is very
reactive and even at low temperatures it will react immediately
with carboxylate ions present in the medium to give the
symmetrical anhydride. This pathway is supported by kinetic
studies carried out by Hudson (Scheme 26)."”® Several years
later, Kim and Patel'*” reported that this intermediate could be
present at —20 °C when BOP (85) is used as a coupling reagent.
However, Coste and Campagne”*’ propound that this species is
highly unstable and even at low temperatures undergoes conversion
to an active ester. Despite this controversy, it is widely accepted
that the active species is an active ester when phosphonium salts

Table 5. Fluorinating Reagents

Entry | Abbreviation | Name and Structure Ref.

73 CF cyanuric fluoride 166

.
NJ\N
A

F7ONTF

75 FEP 2-fluoro-1-ethyl pyridinium tetrafluoroborate 168

(1

N
CH

76 FEPH 2-fluoro-1-ethyl pyridinium hexachloroantimonate 168

@\ v
sl
SNTOF o

(I:sz

77 TFFH tetramethylfluoroformamidinium hexafluorophosphate 174

78 BTFFH bis(tetramethylene)fluoroformamidinium hexafluorophosphate 174

Q
@)t o

79 FIP 2-fluoro-1,3-Dimethylimidazolidinium hexafluorophosphate 174

80 HEFFH tetraethylfluoroformamidinium hexafluorophosphate 177
CoHs
CoHs—N
@,
CHs™N PRy
CaHs

81 DMFFH 1-dimethyl-3,3-tetramethylene 177

fluoroformamidiniumhexafluorophosphate

Q
@)F o
Me—N_ PFq
Me

82 DEFFH 1,1-diethyl-3,3-tetramethylene fluoroformamidinium | 177

hexafluorophosphate

Q
e)—F o
CoHs=N  PFg
C2Hs

83 DMFH N-(fluoro(morpholino)methylene)-N-methylmethanaminium 179

hexafluorophosphate
&)
-
@)rF ©

Me-N  PFg
Me

84 PTF benzyltriphenylphosphonium dihydrogen trifluoride 180

® )
(CgHs)sPCHACqHs  HoFy

containing nucleophilic derivatives are used. These couplings are
carried out with an excess of the base, usually 2 equiv of DIEA,
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Scheme 23. Mechanism of Peptide Bond Formation Using
TFFH-Mediated Reaction
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Scheme 24. Mechansim of the Reaction of Fmoc-Aib-OH
with TFFH and Coupling
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and in the presence of 1 equiv of the hydroxylamine derivative,
usually HOBt or HOAt. The active species detected during
couplings with the chloro and bromo derivatives of phospho-
nium salts, BroP (88), PyCloP (89), and PyBroP (90), in the
absence of HOBt are the symmetrical anhydride S(4H)-oxazo-
lone and for Boc-amino acids the unprotected N-carboxy-
anhydride.”®"

A great advantage of phosphonium salts over aminium/
uronium salts (see above) is that the phosphonium does not
react with the amino function of the incoming moiety and
therefore the phosphonium does not terminate the peptide
chain. This is relevant in fragment coupling and cyclization when
both reactants are in equimolar relation and an excess of the
coupling reagent reacts with the amino component.*

8.1. HOBt Phosphonium Salt Derivatives

8.1.1. BOP Coupling Reagent. In 1975, Coste and Castro
introduced'**'”” BOP (benzotriazol-1-yloxy)tris(dimethylamino)-
phosphonium hexafluorophosphate) (85), which contains the
racemization suppressant HOBt. Although BOP is an excellent
coupling reagent, hexamethylPhosphoramide (HMPA, 87), a
toxic compound, is generated.'”®

8.1.2. PyBOP Coupling Reagent. In order to prevent the
generation of the undesirable HMPA (87), Coste and co-work-
ers introduced PyCloP (89), PyBroP (90), and PyBOP (92)
(Table 6). In these comgounds, the dimethylamine moiety is
replaced by pyrrolidine'”®*°**% In a following study, Coste
reported that halogenophosphonium reagents [PyCloP (89),
PyBroP (90)] often give better results than other phosphonium-
HOBt reagents for the coupling of N-methylated amino acid."*”

8.2. HOAt Phosphonium Salt Derivatives

Phosphonium salts derived from HOAt, such as (7-azabenzo-
triazol-1-yloxy)tris-(dimethylamino ) phosphonium hexafluoropho-
sphate (AOP, 93) and (7-azabenzotriazol-1-yloxy)tris-(pyrrolidino)

Scheme 2S5. Reaction of Acid with Carbodiimide in Presence
of PFT
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Scheme 26. Mechanism of BOP-Mediated Reaction

R
(o} N base 0= )
W ©) @
+ .
R—~oH @N'N ® ,0*\ OBt PFs HB

) -R~Nm
\ e.
Me N NMe, z

® /0 F’F5e
Me2N'F{'\‘\'\';I‘MeE 86 0o
€2
85 / | ron
b~ (NMey)P=0

o] O O
N R
(NMe)sP=0 + R— [ tost Mo Hoet I L 4 (wmepp-0
HMPA 0" o

RNH HMPA
87 RNH, J 2 87
\ 0 RNH,
RJLNHR'

phosphonium hexafluorophosphate (PyAOP, 94), have also been
prepared and are generally more efficient than BOP (85) and
PyBOP (92) as coupling reagents™** >

The pyrrolidino derivative PyAOP is slightly more reactive
than the dimethylamino derivative AOP, and it does not release
HMPA (87) in the activation step.

8.3. Oxyma-Based Phosphonium Salts

Very recently, El-Faham and Albericio”” reported the phospho-
nium salt of Oxyma, O-[(cyano-(ethoxycarbonyl)methyliden)-
amino Jyloxytripyrrolidinophosphonium  hexafluorophosphate
(PyOxm, 95) (Table 6), as an efficient, racemization-suppressing
coupling reagent for the assembly of hindered peptides. Oxyma
performs better than classical benzotriazole. Similarly to the
recently introduced uronium salt COMU (discussed later), 95
renders a higher percentage of cyclic peptides than other known
phosphonium salts in cyclization models.

8.4. Other Phosphonium Salts

Since the discovery of HOBt-mediated coupling reagents, many
racemization suppressants have been exploited as a part of the
composition of new peptide-coupling reagents (Table 6). For
example, PyNOP (96), PyFOP (97), PyENOP (98), PyCloK
(99), PyPOP (100), PyTOP (101), PyDOP (102), and PyDAOP
(103)302047208210211 \yere prepared in this regard and serve as
efficient peptide-coupling reagents for the synthesis of dipeptides
bearing N-methyl amino acids.

8.5. Preparation of Phosphonium Salts

Castro and Dormoy”'**"? isolated the chlorotris(dimethyl-
amino)phosphonium cation in its perchlorate form (104) by
reaction of tris(dimethylamino)phosphine with CCl, in ether,
followed by addition of an aqueous solution of ammonium per-
chlorate (Scheme 27).

The corresponding bromo derivative 88 (BroP) is prepared in
a similar way by using Br, in ether at 0 °C followed by anion
exchange with KPF (Scheme 27).'* The tripyrrolidino derivatives
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Table 6. Phosphonium Salt Coupling Reagents

Entry | Abbreviations | Names and Structure Ref. Entry | Abbreviations | Names and Structure Ref.
85 BOP benzotriazol-1-yloxytris(dimethyl amino) phosphonium | 187 96 PyNOP [(6-nitrobenzotriazol-1-yl)oxy]tris-(pyrrolidino) phosphonium | 211
hexafluorophosphate hexafluorophosphate
Ly
N PR N
N NMe, © O,N N\ ®
O~P=Ne, o—P _<NO )
Me,N o 3
PFs
BrOP b tris(dimethylami hosphonium hexafl hosphats 201
88 " romorris(dimethylamino)phosphonium hexafluorophosphate 97 PyFOP [[6-(trifluoromethyl)benzotriazol-1-yl]oxy]- 211
iMe; tris(pyrrolidino)phosphonium hexafluorophosphat
MeNP-NMe, Pge ris(pyrrolidino)phosphonium hexafluorophosphate
Br N,
N
89 PyCloP chlorotri(pyrrolidino)phosphonium hexafluorophosphate 201 FsC N ®
\
) o—P ND
C|—P~<N/J> o 3
PE)S 3 PFg
98 PyFNBOP [4-nitro-6- (trifluoromethyl)benzotriazol-1-yl)oxy]ris | 211
(pyrrolidino)phosphonium hexafluorophosphate
92 PyBroP bromotri(pyrrolidino)phosphonium hexafluorophosphate 201 NO
2
® N,
Br—P ND) N
PFs 3 FaC 'i‘ ®
© O—P%N@)
o 3
PFs
91 CloP chloro-tris(dimethylamino)-phosphonium hexafluorophosphate) 190 - - — -
99 PyCloK (6-chloro-benzotriazol-1-yloxy)tris  (pyrrolidino)-phosphonium | 209
S\iMe;
MezN—Fl'—NMez PFg hexafluorophosphate
& ©
N
cl 'I‘ ®
92 PyBOP benzotriazol-1-yloxytri(pyrrolidino)- phosphonium | 197 Oo—P ‘(ND )
€] 3
hexafluorophosphate PFe
@N‘N 100 PyPOP N,N,N'.N'-bis(tetramethylene)-O-pentafluoro phenyluronium | 210
':‘ ® hexafluorophosphate
O—P—N
PFs 3 F
© F. F
@
F O—P-QND)
93 AOP (7-azabenzotriazol-1-yl)oxytris-(dimethylamino) ~ phosphonium | 206 F PF? 8
hexafl hosphat
exatiuorophosphate 101 PyTOP (pyridyl-2-thio)tris(pyrrolidino)-phosphonium 210
N
Z I~ PF, hexafluorophosphate
X, { 6
NN NMe,© _
Me,N S—P—N
o 3
94 PyAOP [(7-azabenzotriazol-1-yl)oxy]tris-(pyrrolidino) phosphonium | 206 PFs
hexafluorophosphate 102 | PyDOP [(3.4-dihydro-4-oxo-1,2,3-benzotriazin-3- YDoxyJtris- | 50
(IN\N (pyrrolidino)phosphonium hexafluorophosphate
NN o N
o—P—N Noo
Pgs 3 o’P ,\D
°© €] 3
95 PyOxm O-[(cyano-(ethoxycarbonyl)methyliden)-amino]- 209 PFs
yloxytripyrrolidinophosphonium hexafluorophosphate 103 PyDAOP [(3.4-dihydro-4-oxo-5-azabenzo-1,2,3-triazin-3-yl]tris- 50
NC.__COOCH.
T @2 s o (pyrrolidino)phosphonium hexafluorophosphate
N‘o—Fu(ND) PFs
3 NN e
Y t0)
o}
€] 3
PFs
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Scheme 27. Synthesis of Halophosphonium Salts
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Scheme 28. Synthesis of BOP Reagent
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Scheme 29. Synthesis of PyTOP
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are prepared in a similar manner by substitution of the tris-
(dimethylamino) group by the tripyrrolidino, thereby affording
PyCloP (89) and PyBroP(90)."**

BOP (85), one of the first phosphonium salts to become
commercially available, is prepared by reaction of tris(dimethylamino)
phosphine with carbon tetrachloride in the presence of 1-hydroxy-
benzotriazole (HOBt) in tetrahydrofuran (THF) at —30 °C, fol-
lowed by exchange of the chloride anion with the hexafluoropho-
sphate anion (Scheme 28).1%

A more economical method to prepare this reagent was
described by Castro.'”® This involved the reaction of HMPA
with COCI, in toluene, followed by reaction with HOBt in the
presence of TEA and then final anion exchange (Scheme 23).
Phosphoryl chloride can also be used to prepare the chloropho-
sphonium cation intermediate, which can be isolated as hexa-
fluorophosphate or perchlorate in almost quantitative yield.'”*
The pyrrolidine derivative 92 (PyBOP) is prepared under similar
reaction conditions.'”°

Related HOBt-substituted reagents, such as PyFOP (97), are
prepared”"” following the same protocol as for BOP (85) and
PyBOP (92)."° The preparation of PyNOP (96), PyFOP (97),
and PyClok (99) has been carried out from the corresponding
6-nitro-, 6-trifluoromethyl-, or 6-chloro-substituted benzotria-
zoles, which are allowed to react with PyCloP (89). The
disubstituted benzotriazole derivative PyFNOP (98) [4-nitro-
6-(triﬂuoromethyl)benzotriazol-lgl)oxy]tris-(pyrrolidino)phos-
phonium hexafluorophosphate*'® is prepared by reaction of
PyBrOP (89) with the corresponding disubstituted hydroxyben-
zotriazole. The dimethylamine and pyrrolidine phosphoramide
derivatives AOP (93) and PyAOP (94) are prepared in the
same way,”"” as well as the phosphonium salt PyDOP (96) and
PyDAOP (103), by reaction of the corresponding additive

o
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Figure 2. Structures of aminium salts.
Scheme 30. Synthesis of N-HBTU
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with the phosphonium salt PyCloP (89) in the presence of
TEA.> Pentafluorophenol (PyPOP, 100) is also obtained by
reaction of the corresponding phenol with PyCloP. The thio-
phosphonium salt (PyTOP, 101) is prepared by treating tris-
(pyrrolidino)phosphine with 2,2'-dipyridyl disulfide followed by
precipitation of the phosphonium salt as its hexafluorophosphate
(Scheme 29).

9. AMINIUM/URONIUM SALTS

Aminium salts bear a positive carbon atom instead of the
phosphonium residue and were at first assigned a uronium-type
structure by analogy with the corresponding phosphonium salt.
Initially, the product obtained by reaction of HOBt with tetra-
methylchlorouronium salt (TMUCI) was assigned to a uronium-
type structure, presumably by analogy with the corresponding
phosphonium salts, which bear a positive carbon atom instead of
the phoszphonium residue.”"®

Later,”"*~**" it was shown by X-ray analysis that salts crystallize as
aminium salts (guanidinium N-oxides) rather than the correspond-
ing uronium salts. This occurs for N-[(1H-benzotriazol-1-yl)-
(dimethylamino ) methylene]-N-methylmethanaminium hexafluor-
ophosphate N-oxide (N-HBTU, 106), N-[(dimethylamino)-1H-
1,2,3-triazolo[4,5-b] pyridin-1-ylmethylene ]-N-methylmethanaminium
hexafluorophosphate N-oxide (N-HATU, 120), and 1-(1-pyrro-
lidinyl-1H-1,2,3-triazolo[ 4,5-b]pyridin-1-ylmethylene) pyrrolidinium
hexafluorophosphate N-oxide (HAPyU, 133) (Figure 2).176222-227

As mentioned in the Introduction (Scheme 3), aminium/
uronium reacts directly with the amine moiety of the amino acid
residue to give a guanidine side product (4), which terminates
the peptide chain.®’ This result is often due to the slow
preactivation of the carboxylic acid or to the use of excess
uronium reagent. This should be taken into consideration during
fragment coupling and cyclization, where both reactants are in
equimolar relation. Furthermore, in stepwise SPPS use of a slight
defect (0.95 equiv) of the aminium/uronium salt is recom-
mended to prevent the reaction with the amino function.

9.1. Tetramethyl Aminium Salts

The preparation of these commercially available reagents is
achieved by transformation of tetramethylurea (TMU, 104) into
the corresponding chlorouronium salt (chlorotetramethyluronium
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Table 7. Tetramethyl Aminium Salts

Entry Abbreviation Name and Structure Ref Entry Abbreviation Name and Structure Ref
106 N-HBTU N-[(1 H-benzotriazol- 1-yl)(dimethylamino)methylene]-N- 219 114 TSTU 2-succinimido-1,1,3,3-tetramethyluronium tetrafluoroborate 226
methylmethanaminium hexafluorophosphate N-oxide 0 Me,
N-Me
o° N-O—4
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N® Mé® o
[N o
b, o 4
N PFg
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Me,
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methylmethanaminium tetrafluoroborate N-oxide N 4<\N—Me
/
e ©
o o PFe
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F 00—\
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®Me  BF, FF Me
N-Me
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N-Me
uronium hexafluorophosphate F F M@ P?
6
Ney
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(0] 0
o) >//N‘Me methylene]-N-methylmethanaminium tetrafluoroborate N-oxide
Med), © o
Me  pFg o
Ne
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hyluroni fluorob Fe @i BFs
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111 HDATU O-(3.,4-dihydro-4-oxo0-5-azabenzo-1,2,3-triazin-3-yl)-1.1,3,3- 50 Oe
1
tetramethyluronium hexafluorophosphate /C[Nﬁ °
FsC N PFg
A N\‘N ¢ @,
| P ’{‘\o ve Me;N” “NMe,
o VI/N‘Me 120 N-HATU N-[(dimethylamino)-1H-1,2,3-triazolo[4.5-b]pyridin-1-y1 219
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6574 dx.doi.org/10.1021/cr100048w |Chem. Rev. 2011, 111, 65657-6602




Chemical Reviews

Table 7. Continued

Entry Abbreviation Name and Structure Ref Entry Abbreviation Name and Structure Ref
122 N-HATTU N-[(dimethylamino)-1H-1,2,3-triazolo[4.5-b]pyridin-1-yl 222 127 HTODeC O-[(diethoxycarbonylmethylidene)amino]-1.1.3.3- 234
methylene]-N-methylmethanaminium ~ hexafluorophosphate ~ N- tetramethyluronium hexafluorophosphate
sulfide C,Hs00C
7
° o\ ON COOC,Hs
$ PR N
A N-N® -
N o /
SNTON PR,
@2\ e 128 HTOPC N-[(cyano(pyridine-2-yl) methylene aminooxy)(dimethylamino) | 234
Me,N NMe,
123 HOTT S-(1-oxido-2-pyridinyl)-1,1,3 3-tetramethylthiouronium 231 methylene)-N-methylmethanaminium hexafluorophosphate
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7~ =
Me. N ~Me o\ O-N N
G ¥
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N \N PF /
o Me ©
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cszooc\r/N\o \N,®Me o
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Scheme 31. Synthesis of Uronium—Aminjum Salts
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chloride, TMUC]I, 105), by treatment with COCL, in toluene
followed by exchange with NH,4PF4 or KPF4 and then reaction of
105 with HOBt to afford N-HBTU (106) (Scheme 30,
Table 7).>****> Compound 106 is also prepared by replacement
of the extremely toxic COCl, by oxalyl chloride'’*"”” or
POCI,,"”° using a one-pot procedure in organic solvents, and also
the analogous tetrafluoroborate reagent (TBTU, 107, Table 7),
which cannot be prepared by the previous procedure.

This one-pot method has also been applied to the preparation
of the HODhbt derivative 2-(3,4-dihydro-4-oxo-1,2,3-benzotria-
zin-3-y1)-1,1,3,3-tetramethyluronium tetrafluoroborate (TDTU,
108) and the corresponding hexafluorophosphate (HDTU, 109);
the HODhat derivatives, O-(3,4-dihydro-4-oxo-S-azabenzo-1,2,
3-triazin-3-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate
(TDATU, 110) and the corresponding hexafluorophosphate
(HDATU, 111);*° the pyridone derivative 2-(2-oxo-1(2H)-pyridyl-
1,1,3,3-tetramethyluronium derivatives (TPTU, 112, and HPTU,
113) ; and the hydroxysuccinimide derivatives 2-succinimido-1,
1,3,3-tetramethyluronium tetrafluoroborate (TSTU, 114),>**

which are all commercially available. The hexafluorophosphate
115 is also been prepared following the same strategy.”>®**’

Other HOXt derivatives attached to the tetramethyluronium
cation include the pentafluorophenol derivatives 116 (TPFTU)
and 117 (HPFTU).>*%**

In the case of 1-hydroxybenzotriazole derivatives containing
electron-withdrawing groups, the 6-trifluoromethyl derivative
(CF5-TBTU, 118, and CF5-HBTU 119) is prepared from tetra-
fluoromethylchloroformamidinium hexafluorophosphate.*'°

The corresponding HBTU and TBTU analogs, containing the
HOAL structure instead of HOB, are prepared from TMU-CI
salts to give the corresponding reagents N-[(dimethylamino)-
1H-1,2,3-triazolo[4,5-b]pyridino-1-ylmethylene ]-N-methylmetha-
naminium hexafluorophosphate (HATU, 120) and tetrafluoro-
borate 121 (TATU),*"® which have been shown to be N-oxides
with aminium structures.”*°**> Two tetramethylurea-derived
thiouronium reagents, the HOAt derivative 122 (HATTU)> and
the N-hydroxy-2-pyridinethione derivatives 123 (HOTT)," %
are prepared, following Knorr’s strategy.””® The O-[(ethoxy-
carbonyl) cyanomethylene amino]-N,N,N',N'-tetramethyluronium
tetrafluoroborate (TOTU 124 and HOTU 125) are reported by
Hoechst’s group and recently developed<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>