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Acylbenzotriazoles: New Allies for Short
Linear and Cyclic Peptide Constructs

Danniebelle N. Haase

Abstract Peptides and proteins have tremendous potential as medicinal drugs, but
their potential has largely been untapped due to several problems such as their fast
degradation by enzymes and limited bioavailability. Major advances in the devel-
opment of peptide synthesis methods, availability of a wide array of coupling
reagents and other augments have lowered the barrier to entry for peptide drugs.
However, greater access to peptides and proteins is needed in order to realize the
possibilities for diagnosing, treating and monitoring critical diseases. Acylbenzo-
triazoles are an expedient gateway to cyclic and difficult peptides. With this
overview, we now describe the use of acylbenzotriazoles as allies for the construc-
tion of peptides and peptide conjugates. The efficacy of N-(protected-o aminoacyl)
benzotriazoles for the preparation of an extensive range of enantiopure peptides
with good yields and purities on solid-phase or in solution, as well as challenges
encountered and the way forward is addressed in the chapter.

Keywords Acylbenzotriazole « Amino acids ¢ Isopeptide « Microwave * Peptide
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1 Introduction

Peptides and proteins are ubiquitous in nature. Peptides and proteins are of interest
due to their wide applicability in several areas, including endocrinology, neurology,
and hematology. Despite their undeniable utility, peptides and proteins have limited
applicability as therapeutics due to their in vivo instability [1]. Since they are
composed of naturally occurring amino acids, peptides and proteins suffer from
rapid degradation, poor bioavailability, and other problems. Therefore, the synthe-
sis of peptides and proteins is an active area of research as chemists race to develop
peptide and proteins with greater in vivo stability and bioavailability and to confirm
the structure of proteins and peptides isolated from natural sources [2]. Additionally,
there is considerable interest in studying protein—protein interactions and peptide
and protein conformations to understand how amino acid sequence controls protein
and peptide structure and function in order to understand the role that peptides and
proteins play in diseases such as Alzheimer’s, Parkinson’s, and Creutzfeldt—Jakob
[3]. Better understanding of protein and peptide folding, aggregation, or misfolding
can facilitate the design of efficacious drugs to monitor and treat a number of
diseases. However, useful methods for the preparation of peptides and proteins are
necessary.

Notwithstanding more than a century of major breakthroughs in peptide synthe-
sis, in the last four decades, many advances in the efficient preparation of peptides
and peptide mimics with greater chemical stability have promoted greater under-
standing of peptide and protein behavior as well as the development of peptide-
based therapeutics [4—6]. This has largely been facilitated by several major devel-
opments, including, but not limited to, the availability of improved and efficient
coupling reagents, advances in solid-phase peptide synthesis (SPPS), O- and S-acyl
isopeptide synthetic strategies, and the native chemical ligation (NCL) peptide
synthesis method [7-10]. This chapter will address the contributions of
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acylbenzotriazoles, in particular, N-(protected-a aminoacyl)benzotriazoles to the
field of solid- and solution-phase peptide synthesis of linear peptides, short difficult
peptides, O- and S-isopeptides, and cyclic peptides.

1.1 Bengzotriazole-Based Fmoc-, Boc-, and Alloc-Protected
Amino Acids for Chemical Transformations

The preparation and use of N-acylbenzotriazoles were widely described in the
literature. Reacting carboxylic acids with 1H-benzotriazole facilitated the smooth
conversion to acylbenzotriazoles, versatile synthetic auxiliaries that have been
useful for a host of chemical transformations.

Solution- or solid-phase peptide synthesis requires protection of the amino
moiety. The most utilized amino protecting groups are
9-fluorenylmethoxycarbonyl (Fmoc) [11, 12], tert-butoxycarbonyl (Boc) [12-17],
benzyloxycarbonyl (Cbz) [12, 18, 19], and allyloxycarbonyl (Alloc) [11]. Easy
removal of the Fmoc protecting group occurs under mild, basic conditions, while
the Boc protecting group requires acidolysis [11]. The Fmoc protection strategy has
gained traction over Boc protection as deprotection of the Fmoc group can occur
under facile conditions, even in the presence of acid-labile protecting groups on the
amino acid side chain. As the Alloc group is stable under both acidic and basic
conditions, a selective and facile palladium-catalyzed transfer of the allyl group to
nucleophiles is required for its removal [11].

Generally, protection of the amino group is achieved by reacting free amino
acids with the haloformate or carbonate of the particular protecting group under
Schotten—Baumann conditions [20]. Other protecting group strategies employed
include the N-(9-fluorenylmethoxycarbonyl-oxy)succinimide (Fmoc-OSu) [21-
24],  9-fluorenylmethyl pentafluorophenyl carbonate (Fmoc-Pfp) [23],
9-fluorenylmethyl 1-benzotriazolyl carbonate (Fmoc-OBt) [21, 25, 26] and
5-norbonene-2,3-dicarboximido-Fmoc derivatives [27]. More recently, N-Fmoc-
or-Alloc-protected amino acids were prepared from Fmoc-or-Alloc-cyanopyri-
dyloxime carbonates by way of a two-step procedure [28-30]. For several of
these methods, the starting material is unstable, thus limiting the shelf life. Addi-
tionally, the reaction yield is often lowered due to the formation of undesired
protected di- and tripeptide side products. Azide-based methodologies could min-
imize the formation of peptide side products; however, their use in protecting the
NH, of amino acids is limited due to hazards associated with their use [31-34].

Recently, Fmoc-, Boc-, and Alloc-benzotriazoles have gained prominence as
selective protecting groups for the synthesis of the corresponding Fmoc-, Boc-, and
Alloc-protected amino acids. N-(9-fluorenylmethoxycarbonyl)benzotriazole
(Fmoc-Bt) and N-(allyloxycarbonyl)benzotriazole (Alloc-Bt) are readily available
from the Fmoc-Cl and Alloc-Bt with benzotriazole, while N-(fert-butoxycarbonyl)
benzotriazole (Boc-Bt) can be prepared from Boc-anhydride and benzotriazole
(Figs. 1 and 2, Table 1) [11, 14, 35, 36].
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Fig. 1 Preparation of Fmoc- and Alloc-benzotriazoles from 1H-benzotriazole [11]
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Fig. 2 Preparation of Boc-Bt from Boc-anhydride and 1H-benzotriazole

Table 1 Yields of Fmoc-Bt and Alloc-Bt from the corresponding acid chlorides and 1H-
benzotriazole [11]

Entry R Product mp (°C) Yield (%)
1 Fmoc Fmoc-Bt 90-91 88
2 Alloc Alloc-Bt 105-107* 92

0il in the Lit.

Having successfully prepared the Fmoc-Bt, Alloc-Bt, and Boc-Bt, Katritzky and
coworkers used these selective amino protecting reagents in the preparation of
16 Fmoc-, Boc, and Alloc-protected amino acids in yields of 77-94% [11]. The
substrate scope is broad and can facilitate the reaction of unprotected serine and
tyrosine with the Fmoc-, Alloc-, and Boc-benzotriazole reagents. Additionally, the
reaction conditions are mild, with no observable side-product formation. To sum-
marize, Fmoc-, Alloc-, and Boc-benzotriazoles can be used for the selective N-
acylation of amino acids, which are precursors to N-acylbenzotriazoles.

2 Construction of Short Linear Peptides

2.1 Introduction

Short linear peptides are abundant in nature and are quite useful for studying the
secondary structure of peptides and proteins. Short linear peptide sequences, fre-
quently referred to as short linear motifs (SLiMs, minimotifs, linear motifs) in
structural biology, are typically composed of 3—11 amino acid units (average of
6 amino acid units) [37]. SLiMs facilitate protein—protein interactions and are



Acylbenzotriazoles: New Allies for Short Linear and Cyclic Peptide Constructs 71

integrally involved in recognition, targeting, and other functional properties [38].
As short linear peptides display a wide range of biological activity including
antimicrobial, antimalarial, and cytotoxic activity, it is imperative that methods
facilitating the preparation of a wide array of peptide and peptide conjugates are
available.

Several coupling reagents are available for solid-phase and solution peptide
synthesis [39]. Acylbenzotriazoles are efficacious synthetic auxiliaries that have
been successfully applied to both the solid- and solution-phase preparation of
various short peptide sequences. Now presented are the acylbenzotriazole-mediated
syntheses of several classes of peptides.

2.2 Oligopeptides from N-Acylbenzotriazoles

Peptides containing 2-9 amino acid residues were prepared by coupling N-
(protected-a aminoacyl)benzotriazoles with (1) monofunctionalized amino acids
(Ala, Gly, Leu, Phe, Val), (2) unprotected functionalized amino acids with hydroxy
(Ser, Tyr) and sulfanyl (Cys, Met) functionalities, (3) amino acids with dicarboxylic
acid moieties (Asp, Glu), and (4) amino- (Lys) and guanidino (Arg)-containing
amino acids.

The peptides were prepared using several methods, including solution- and
solid-phase peptide synthesis strategies [40]. Solid- and solution-phase methods
display several advantages, and both have a unique niche in the field of peptide
synthesis. The solution-phase preparation of peptides is known for its versatility,
especially in the preparation of peptides containing unnatural amino acids and
peptide conjugates. Convergent synthesis can easily be performed when solution-
phase methods are employed, and side products are quickly detected. However, this
method is time-consuming and rigorous, as the growing peptide must be purified
after each step in the sequence [41]. Today, solid-phase peptide synthesis (SPPS)
strategies are more popular than solution-phase methods because the peptide can be
rapidly prepared and more easily separated from reagents. As such, in SPPS,
coupling reactions can often be driven to completion by using a large excess of
reagents. In SPPS, side products are not readily detected and/or separated from the
product during the process, and this ultimately leads to lower yields than solution-
phase methods [41].

2.2.1 Syntheses of Dipeptides

Solution-phase preparation of dipeptides was achieved by reacting free L- and p-
amino acids with N-(protected-a aminoacyl)benzotriazoles in aqueous acetonitrile
(MeCN: H,O, 2:1) for 1 h at 20°C in the presence of triethylamine. Separation of
the dipeptides from the BtH byproduct by washing the mixture with 4N HCI
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afforded the enantiopure products in yields of 78-98% without further purification
[42-48].

Diastereomeric mixtures of select dipeptides were prepared with bL-amino acids
to confirm the enantiopurity of the synthesized peptides via HPLC and NMR
spectroscopy. All LL- and Lp-dipeptides showed no detectable racemization (<1%).

2.2.2 Preparation of Tri- and Tetrapeptides
via Solution- and Solid-phase Assembly

Tripeptides can be prepared via the stepwise synthetic route. Typically, the
solution-phase, N-acylbenzotriazole-mediated, stepwise assembly of tripeptides
begins with the coupling of a free amino acid and a N-(protected a-aminoacyl)
benzotriazoles (see Fig. 3). The resulting N-protected dipeptide is easily converted
to the corresponding N-(protected dipeptidoyl)benzotriazoles, after which, the N-
(protected dipeptidoyl)benzotriazoles are reacted with a free amino acid to afford
tripeptides in good yields and with minimal racemization. Examples of tripeptides
prepared by the solution-phase, stepwise method are illustrated in Fig. 4 and
Table 1.

Alternatively, Katritzky and coworkers demonstrated the utility of N-(protected
a-aminoacyl)benzotriazoles in the microwave-assisted, solid-phase preparation of
tripeptides (Fig. 5). Peptide amides were synthesized in fair yields with excellent
purity by anchoring the growing peptide to the Rink amide resin. Following the
stepwise or fragment coupling of N-acylbenzotriazoles, global deprotection and
cleavage of the peptide from the resin using trifluoroacetic acid (TFA) gave the
tripeptides. An example of tripeptides made via the stepwise and segment conden-
sation routes is presented in Table 2 [49, 50].

Ri R2
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Fig. 3 General solution-phase synthesis of dipeptides from N-(protected-o« aminoacyl)
benzotriazoles
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Fig. 4 Synthesis of tripeptides starting from N-(protected a-aminoacyl)benzotriazoles
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Fig. 5 General scheme for the preparation of peptides via solid-phase peptide synthesis

Table 2 Tripeptides synthesized by solid-phase peptide synthesis [49, 50]

Crude product Product after preparative HPLC
Sequence (N-C terminus) tr (min) | % purity | % yield | % purity % yield
H-L-Ala-L-Phe-L-Ala-NH," | 5.17 90 77° >99 45
H-L-Leu-L-Ala-L-Leu-NH,® | 8.49 n.r. nr 929 68

“Tripeptide from stepwise solid-phase peptide synthesis

"Yield quoted is calculated based on the amount of product obtained multiplied by the % purity
obtained from HPLC

“Tripeptide from segment condensation on solid phase

n.r. not reported

Table 3 Examples of tetrapeptides from the solution- and solid-phase peptide syntheses

% %
Sequence (N-C terminus) Method purity yield® References
H-L-Pro-L-Trp-L-Met-L-Trp- Solid phase, stepwise >95 39 [49]
NH,
H-L-Trp-L-Ala-L-Met-L-Ala- Solid phase, fragment >99 26 [50]
NH,"
Z-L-Ala-L-Phe-Gly-L-Leu-OH Solution phase, >99 85 [42]
fragment
Z-L-Phe-L-Ala-Gly-L-Leu-OH Solution phase, >99 86 [42]
fragment
“solated yields

°Crude yields and purity are 73% and 82%, respectively

Tetrapeptides can be prepared by (1) the stepwise coupling of amino acid
residues in either solution or solid phase as previously described (Table 3) or
(2) the solution- or solid-phase coupling of fragments (Table 3). The fragments
included free dipeptides and N-(protected dipeptidoyl)benzotriazoles. As expected,
solution-phase peptide affords higher yields than solid-phase peptide synthesis.
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Table 4 Solid-phase peptide synthesis of oligopeptides containing 4—7 amino acid residues from
N-(protected a-aminoacyl)benzotriazoles and N-(protected dipeptidoyl)benzotriazoles

Solid-phase | % % R HRMS
Sequence (N-C terminus) | method purity® |yield® | (min) |[M+1]" References
H-L-Leu-L-Met-Gly-L- Stepwise >99 24 11.67 |537.2626 |[49]
Phe-L-Ala-NH,®
H-L-Pro-L-Leu-L-Met- Stepwise >99 31 1242 | 634.3678 |[49]
Gly-L-Phe-L-Ala-NH,*
H-L-Pro-L-Met-L-Phe- Stepwise >99 27 1597 |781.3959 |[49]
Gly-L-Leu-L-Ala-L-Phe-
NH,*
H-L-Trp-L-Phe-L-Met-L- Segment 99 214 1545 | 666.3432 | [50]
Leu-L-Ala-NH, condensation
H-L-Leu-L-Ala-L-Met-L- Segment 72 20 16.43 | 758.3707 |[50]
Phe-L-Phe-L-Met-NH, condensation
H-L-Leu-L-Ala-L-Met-L- Segment 99 30 11.29 | 679.3589 |[50]
Ala-L-Phe-L-Ala-L-Gly- condensation
NH,

“Purity after HPLC purification

®Isolated yield after HPLC purification

“See reference for crude yields and purities

Isolated yield of the major peak and an impurity not derived from racemization

With solid-phase peptide synthesis, stepwise coupling offers higher yields than
segment condensation.

2.2.3 Penta-, Hexa-, and Heptapeptides via Solid-Phase Peptide
Synthesis

Stepwise and fragment coupling procedures were used to prepare penta-, hexa-, and
heptapeptides. Following the established N-acylbenzotriazole protocol, the
enantiopure peptide were obtained in good yields. Several examples are shown in
Table 4.

2.3 Sterically Hindered Peptides from N-(Protected
a-Aminoacyl)Benzotriazoles

The coupling reactions of a,a-disubstituted amino acids are of interest due to their
unique conformation [51] and N-methyl peptides are useful in the drug discovery
process as they can improve the pharmacokinetic properties of biologically active
peptides [52]. On this premise, Katritzky and coworkers synthesized di- and
tripeptides featuring a sterically hindered amino acid residue such as N-methyl



Acylbenzotriazoles: New Allies for Short Linear and Cyclic Peptide Constructs 75

Ph

z. Bt Bt _P

Pho o N% R %H ’ R O

z N <|7O HO — 9% 0 N

N ﬁ)J\OH Et,N, MeCN-H,0 j}ANH2 EtsN, MeCN-H,0 %H& “Pg
o] 0

| lo) R1

Fig. 6 Preparation of dipeptides containing a C-activated sterically hindered amino acid residue

~ OMe Meo%
N
Rt O H/\[( R NH. o]
z N 9 g z —2 — + weo N
\N)w/ OMe Et,N, MeCN }H\N‘ EtN, MeCN © N)Jﬁ/ 4
H o o) H o) H

Rt

Fig. 7 Preparation of dipeptides by linking the amino group of a sterically hindered amino acid
with N-(Z-a-aminoacyl)benzotriazoles

amino acids N(Me)-Phe and N(Me)-Gly, as well as the a,a-disubstituted amino
acid, a-aminoisobutyric acid (Aib) (Figs. 6 and 7).

The coupling reaction of C-activated sterically hindered and free amino acids
proceeded smoothly under the typical conditions for benzotriazole-mediated amide
link formation (see Sect. 2.2.1, Figs. 3 and 5). However, the coupling of the amino
group of sterically hindered amino acids requires different conditions to that of
proteinogenic amino acids. Using the general conditions for benzotriazole-
mediated amide bond formation and modified conditions (different reaction
times, temperatures, solvent systems, additives and bases), the coupling reactions
at the N-terminus of sterically hindered free amino acids with N-(Z-a-aminoacyl)
benzotriazoles resulted largely in the hydrolysis of the N-(Z-a-aminoacyl)
benzotriazoles [48]. Thus, water insoluble hindered amino acid esters were coupled
with the N-(Z-a-aminoacyl)benzotriazoles in the presence of anhydrous THF or
MeCN at 20°C for 24-36 h to yield the corresponding dipeptide (Fig. 7). Employing
microwave irradiation was found to reduce the reaction time to approximately 1 h.
In all cases, enantiopure dipeptides were obtained in fair to excellent yields of 67—
93% [48].

2.4 Difficult Peptides from the Microwave-Assisted Coupling
of N-(Protected a-Aminoacyl)Benzotriazoles on the Solid
Phase

Solution- and solid-phase syntheses of biologically active peptides and proteins are
of particular importance due to their potential use as medicines. Katritzky and
coworkers have demonstrated the effectiveness of the N-(protected a-aminoacyl)
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benzotriazole auxiliaries in the fast assembly of peptides in solution- and solid-
phase syntheses by preparing over 215 distinct peptides using diverse methods [42—
48, 50, 53-55].

When compared to solution-phase syntheses, solid-phase syntheses of peptides
offer several advantages. Formation of the amide linkage via solid-phase method-
ologies affords significant enhancements in reaction yields and purities, and this is
often associated with a concomitant decrease in reaction times [40, 56, 57]. In solid-
phase peptide synthesis (SPPS), reactions are driven to completion by utilizing a
large excess of reagents, and the completion of each coupling reaction can be
conveniently and rapidly monitored by the qualitative Kaiser (ninhydrin) test.
Additionally, SPPS eliminates the majority of product losses associated with
conventional solution-phase methodologies (filtration, recrystallization, etc.), and
it offers fast and easy separation of the product from excess reagents [40, 56,
57]. With better coupling reagents, improved yields, and shorter coupling times,
SPPS has become the dominant method for the rapid assembly of peptides over the
last 35 years [39].

Microwave irradiation has revolutionized the preparation of a wide variety of
organic compounds [58]. The use of microwave irradiation in organic synthesis is
primarily known for accelerating reaction times. As such, microwave-assisted
synthesis of organic compounds has been applied in SPPS to minimize coupling
times (6—20 min) and to improve peptide product yields [59-62].

One challenge in the syntheses of peptides is the preparation of difficult
sequences. The primary reason for the occurrence of difficult peptide sequences
are incomplete aminoacylation and/or deprotection during the assembly of the
peptide. In particular, challenges in amide link formation arise due to steric effects
when the two amino acids being linked contain p-branched side chains, for exam-
ple, isoleucine, valine, and threonine. Secondly, difficult sequences arise when
intra- and interchain hydrogen bonding promote the formation of secondary struc-
tures. These synthesized peptides may be partially racemized and/or contaminated
with deletion sequences, aspartimides, and related side products [56, 63]. Several
strategies to alleviate the problems associated with the preparation of difficult
sequences have been described in the literature [56, 57].

Having demonstrated wide applicability of the benzotriazole-based auxiliaries in
peptide synthesis, Katritzky and coworkers further expanded the scope of this
methodology in preparing several difficult peptides. The difficult peptide sequences
were assembled on the Rink amide resin via the microwave-accelerated coupling of
N-(Fmoc-a-aminoacyl)benzotriazoles (Fig. 5). Examples of the difficult peptides,
both model and biologically relevant peptides, are illustrated in Table 5 [57].
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Table 5 Difficult peptides from the microwave-assisted, benzotriazole-mediated SPPS

After
preparative
Crude HPLC
R % % % %o HRMS

Sequence (N-C terminus) (min) | purity |yield® |purity |yield [M+17*"
H-Val-Val-Ser-Val-Val-NH, 7.57 |60 63 >99 7 501.3385
H-Val-Val-Val-Ser-Val-Val-NH, 9.79 |60 34 nd® [nd® |600.4058
H-Val-Ile-Val-Ile-Gly-OH® 10.82 |70 40 >99 24 500.3643
H-Thr-Val-Thr-Val-Thr-Val-NH, 8.70 |50 35 89 16 618.3864
H-Val-Lys-Asp-Gly-Tyr-Ile-NH, 831 |30 68 >99 24 693.3916
H-Val-Lys-Asp-Val-Tyr-Ile-NH, 9.10 |37 64 >99 29 735.4419
H-Tyr-Gly-Gly-Phe-Leu-NH, 11.54 |80 86 >99 37 555.2948
H-Leu-Met-Val-Gly-Gly-Val-Val- 13.82 |28 42 89 22 857.5277
Ile-Ala-NH,

#Calculated from the amount of product obtained multiplied by the purity from HPLC
"nd not determined
“Peptide amide hydrolyzed to the corresponding carboxylic acid on purification

3 Cyclic Peptides

Peptides, peptide analogues, and proteins play significant roles in numerous bio-
chemical processes and continue to be attractive targets for novel therapeutics and
biomaterials [64, 65]. Recent advances in the preparation of linear peptides, peptide
analogues, and proteins have to some extent circumvented several barriers to their
utility [39, 56, 66, 67]. Therefore, there has been tremendous growth in the number
of previously unattainable peptides and related compounds available in the medic-
inal chemistry toolbox. However, even with major synthetic breakthroughs, the
portion of peptide-based drugs on the market has lagged behind. The primary
reason for this underutilization of peptide-based drugs is their lack of in vivo
stability [68].

On the contrary, their cyclic counterparts have attracted considerable interest
given their tunable lipophilicity and resistance to enzymatic degradation. Cyclic
peptides display a wide array of biological activity, including but not limited to
immunosuppressive, anti-tumor, and antibacterial properties. Additionally, cyclic
peptides that contain bioactive hormone sequences are suitable models for studying
conformation—activity relationships [69].

Several synthetic methods are available for the preparation of cyclic peptides.
Commonly used methods are (1) the intramolecular head-to-tail condensation
between the amino and carboxyl groups at the N- and C-termini of the matching
linear peptide, (2) intermolecular coupling of two symmetrical peptides and
(3) methods devoid of peptide coupling [64, 65].
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In exploiting several areas of expertise, Katritzky and coworkers have synthe-
sized a plethora of cyclic oligopeptides. Now presented are the benzotriazole-
mediated preparations of cyclic peptides.

3.1 Benzotriazole-Mediated Preparation
of 2,5-Diketopiperazines

2,5-Diketopiperazines (2,5-DKPs) represent the simplest class of naturally occur-
ring, bioactive cyclic peptides and are obtained from the condensation of two
a-amino acids  [69-71]. These cyclodipeptides, also known as
2,5-dioxopiperazines or anhydride dipeptides, are biosynthesized by several organ-
isms, for example, bacteria, fungi, plants, and mammals. The 2,5-DPK motifs can
be found alone or as a part of larger, more complex structures. Additionally, they
are frequently made from the degradation of polypeptides in processed goods and
are observed as undesired side products resulting from the synthesis of peptide
construct [69-71].

2,5-DPKs have garnered widespread attention as their particular heterocyclic
subunit makes them a promising source for new drug candidates. Diversity can be
introduced at all six positions of these small, conformationally restricted heterocy-
cles with stereocontrol at up to four positions [69—71]. They are stable to proteolysis
and have the ability to bind to multiple types of receptors. As a result of these
characteristics, they possess cytotoxic, neuroprotective, antifungal, antimalarial,
antibacterial, antiviral, plant retardation, and other properties [72—85]. They have
been used as scaffolds for the construction of combinatorial libraries, and recent
breakthroughs in SPPS have made them even more attractive drug targets.

2,5-DKPs are readily available from the head-to-tail condensation of a-amino
acids. However, this reaction is challenging as the cyclic dimer can be formed
exclusively or in conjunction with the desired cyclic monomer [64]. Gottesfeld and
coworkers found that carrying out the reaction under dilute conditions could reduce
the formation of the cyclic dimer [86]. A difficulty that poses more of a challenge is
being able to bring the N- and C-termini in close proximity by prompting a B-turn in
the peptide. However, amino acid residues such as Pro and Gly, p-amino acids, N-
methyl amino acids, and other unnatural amino acids or non-proteinogenic are
known to form cis peptide linkages and can promote f-turns in peptide sequences
[71, 87-90].

Head-to-tail condensation of dipeptides typically requires long reaction times
and harsh conditions [91, 92]. Generally, the 2,5-DKPs are formed in low yields
with low enantiopurity and are often contaminated with other side products [93—
99]. Historically, traceless Staudinger ligation has been a useful tool for the
preparation of medium and large cyclic peptides until Katritzky and coworkers
pioneered the application of the traceless Staudinger ligation for the synthesis of
small cyclopeptides, for example, 2,5-DKPs [69].
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Table 6 Optimization of the Staudinger cyclization for the preparation of cyclo(glycyl-L-leucyl)

Conditions
Entry X3 Solvent Equiv. of H,O rt or MW Time (min) Yield (%)
1 Bu CH,Cl, - it 720 55
pab Bu CH,Cl, - MW 30 66
3b Bu CH,Cl, 5 MW 5 78
4° Bu THF 5 MW 5 70
5° Bu MeCN 5 MW 5 65
6° Bu Toluene 5 MW 5 63
7° Ph CH,Cl, 5 MW 5 58

“Reaction was quenched with water
PReaction was carried out at 50°C and 50 W

Ho 9 o
ST Tt
0 Y HNN
(0]
azii::hgm;yé:;‘:ucyl' Cyclo(glycyl-L-leucyl)

Fig. 8 Head-to-tail cyclization of azido glycyl-L-leucyl thiophenyl ester

Katritzky and coworkers have utilized the traceless Staudinger ligation for the
preparation of 2,5-DKPs via solid- and solution-phase methods. This atom-
economical yet inexpensive approach features mild reaction conditions for the
fast and expedient tandem deprotection and cyclization steps [69].

By modifying established procedures, the starting material, azido glycyl-L-
leucyl thiophenyl ester, was prepared in 65% yield over three steps from
chloroacetyl chloride and L-Leu. Further reaction of the azido-protected dipeptide
thioester with phosphines under microwave acceleration afforded the cyclic peptide
(Table 6) [69]. The pure cyclic peptide was separated from the reaction mixture by
filtration and required no further purification. Examining the effect of reaction time,
solvent, and phosphine on the product yield and purity assisted in the optimization
of the Staudinger-mediated cyclization. In addition, the reaction was carried out in
the presence or absence of water and microwave irradiation (Table 6). The highest
yields and shortest reaction times were obtained when tributylphosphine was
reacted with the azido thioester for 5 min. in the presence of dichloromethane,
five equivalents of water and under microwave irradiation (Fig. 8) [69].

Two additional examples of 2,5-DKPs were prepared using the optimized
reaction conditions described above (Fig. 9, Table 7). Following the successful
Staudinger-mediated synthesis of small cyclic peptides in solution, Katritzky and
coworkers demonstrated the scope of the method by applying it to the solid-phase
preparation of several cyclic peptides (Fig. 9, Table 7) [69]. Using standard DCC
coupling procedures, N-(Boc-protected aminoacyl)benzotriazoles were added to
the 3-thiopropanoic acid linker of a modified aminomethyl (AM) resin. Boc
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Solution-Phase

o)
H
NS/\H/N?J\S,Ph

(o]

(e}
PBug (1.5 equiv) NH
or - HN
H,0 (5 equiv) R?
Solid-Phase CH,Cl, o)
MW, 50 W, 50 °C
2,5-DKP

H Q Q 5 min
NB/\[O(N::J\S/\)LH/O

Fig. 9 Solution- and solid-phase preparation of 2,5-diketopiperazines (2,5-DKPs)

Table 7 Examples of Entry R! Method Yield (%)
2,5-diketopiperazines : -
. 1 i-Bu Solution 78
prepared by solution- and a -
solid-phase Staudinger 2 Bn Solution 74
cyclization methods 3 Me Solid 78
i-Bu Solid 79
5 Bn Solid 72
6 Me Solid 81
7 Bn Solid 82

“Linker-AM resin was recovered and reused

deprotection and successive coupling with azido glycyl benzotriazole afforded the
solid supported linear sequence. The cleavage and subsequent cyclization to the
corresponding 2,5-DKP was achieved by subjecting the solid supported material to
the optimized solution-phase conditions (Table 6, entry 3) [69]. Filtration, treat-
ment of the residue with hot MeOH, and then recrystallization afforded the
enantiopure 2,5-DKP. When compared with the solution-phase Staudinger ligation,
the solid-phase method gave similar or slightly better yields. Furthermore, the
modified AM resin could be recovered and reused in subsequent cyclization with
no significant loss in activity [69].

3.2 Hetero-2,5-Diketopiperazines from Proline-Containing
Cbz-N-Protected Dipeptidoyl Benzotriazoles

The majority of naturally occurring 2,5-diketopiperazines (2,5-DKPs) are obtained
from L-a-amino acids and therefore possess a cis configuration (Fig. 10) [70, 71]. In
addition to the previously described Staudinger ligation method for the preparation
of cyclic peptides, Katritzky and coworkers have developed a cis-selective tandem
deprotection/cyclization ~ sequence  for  the  synthesis of  cis-2,5-
diketopiperazines [71].



Acylbenzotriazoles: New Allies for Short Linear and Cyclic Peptide Constructs 81

Fig. 10 cis- and trans-2,5- (o] 0

DKP (diketopiperazine) R‘\HL NH RH)J\ NH
HNWH\RZ HNm),,R2

(0] (0]
cis-2,5-DKP trans-2,5-DKP
Fig. 11 Preparation of cis- 0
DKPs by tandem R Hy, 10 wt %, Pd/C R1\HLN
. . . —_—
deprotection/cyclization CbZ\N)ﬁ(N EtOH, rt, 18 h HN.
H o A
Bt o o
cis-2,5-DKPs
R'=Me, i-Bu
65-69%

Starting with Cbz-dipeptidoyl benzotriazoles, the one-pot, two-step,
condensation—deprotection sequence proceeded smoothly to afford the cis-DKPs.
L-Proline-containing dipeptidoyl benzotriazoles were converted to cis-DKPs in the
presence of Pd/C (10 wt%) and hydrogen gas in 65-69% yields (Fig. 11) [71]. The
stereochemistry of the cis-DKPs was confirmed via optical rotation and NMR
spectroscopy.

Over the last couple of years, trans-diketopiperazines (trans-DKPs) have been
gaining increasing attention due to their potential as anti-HIV, anticancer, and
antibiotic agents [100-102]. The works of several researchers indicate that trans-
DKPs can serve as foldamer building blocks [103]. Peptide drugs that have trans-
DKPs incorporated into the backbone may be more potent due to the slower
enzymatic degradation of DKPs [104]. Also, peptide drugs with a trans-DKPs
backbone may be more selective for specific substrates [97].

Several strategies have been used in the synthesis of trans-DKPs. The most
straightforward method requires the use of unnatural amino acid, D-proline
[101, 105-107]. Alternatively, access to trans-DKPs can be obtained by
epimerization of the corresponding cis-DKPs, although epimerization is frequently
untended and occurs upon cyclization of the cis-DKP precursor or upon further
functionalization of the cis-DKP [108—111]. Unintentional epimerization is ineffi-
cient and leads to cis/trans-DKP mixtures. Ultimately, the trans-DKPs are obtained
in low yields.

Katritzky and coworkers introduced a more flexible and inexpensive method for
the preparation of trans-DKPs. The sequence began with the synthesis of dipeptides
from N-(Cbz-a-aminoacyl)benzotriazoles and L-proline via established procedures.
The dipeptides were then smoothly converted to the corresponding benzotriazole
derivatives [71]. In the presence of 1 equiv. of Et;N, the Cbz-L-aa-L-Pro-Bt deriv-
atives were transformed to the protected trans-DKPs in 69—75% yields. As a proof
of concept, a protected rans-DKP was deprotected with hydrogen in the presence
of Pd/C to afford the trans-DKPs (Fig. 12) [71].
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(@] (0]
RH)L Fﬂﬁ)k
N N
Cbz-L-aa-L-Pro-Bt — =N N _ HpPdC HN
MeCN, MW Cbz EtOH, rt, 24 h
H H
[¢] (0]
Protected trans-2,5-DKPs trans-2,5-DKPs
R'=Me, i-Bu, i-Pr, Bn, BnSCH,, INDM R'=j-Bu
69-75% 87%

Fig. 12 Tandem cyclization/epimerization of dipeptidoyl benzotriazoles to afford trans-DKPs

Computational studies provided insight into the possible mechanisms for the
transformations. Two possible mechanisms were proposed: The first was a
unimolecular (unassisted) mechanism, in which the triazole leaving group functions
as a base. The second scenario involves a bimolecular assisted mechanism where
the amine base (Me3;N used as a model for Et;N) abstracted a proton and was used
to induce cyclization. Regardless of the pathway, as expected, the most stable
conformation of the dipeptidoyl benzotriazole was twisted into a ready-to-cyclize
conformation [71]. However, the bimolecular pathway had a lower activation
barrier than the unassisted unimolecular pathway. Generally, the formation of the
trans-DKP is thermodynamically favored over the cis-DKP. The formation of the
trans-DKP from the dipeptidoyl benzotriazole is thought to occur via enolization
and an ensuing protonation on the Si-face of the DKPs. In the case of the cis-DKP, it
was found that the Cbz protecting group played a significant role in lowering the
energy difference between the cis-DKP and the corresponding enol [71].

Having explored the preparation of DKPs, Katritzky and coworkers expanded the
Staudinger-mediated ring closure to the synthesis of difficult medium-sized cyclic
peptides. Several, novel 7- and 8-membered cyclic dipeptides and 10-membered
cyclic tripeptides were prepared from azido peptide thioesters in yields of 48-75%
[112]. Additionally, computational studies provided insight into the reactivity as a
function of ring size [112].

4 O- and S-Acyl Isopeptide Strategies for the Preparation
of Difficult Peptides

Since Emil Fisher’s [113] pioneering work in the field of peptide synthesis at the
turn of the twentieth century, tremendous progress has been made in the syntheses
of peptides [4-6, 39]. Despite the plethora of peptide coupling reagents, utilization
of microwave acceleration, and other advances in solution- and solid-phase peptide
synthesis, the preparation of complex peptides with high purity and yields still
poses a challenge. Typically, convergent peptide synthesis methods feature a
reduction in the number of synthetic steps and as such are popular due to increased
yields and easy purification. Such exploitation of chemoselectivity during peptide
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0, S-Acyl Isopeptide-based Method o]

H2N OH
H Xaa H=
Fmoc isodipeptide unit : n pH=7.4
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GNH o g \k\ e ETN¢& Xaa}OH
pH <6.0

Solid or Solution X=0, 8 Difficult peptide sequence
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Fig. 13 Representations of O- and S-acyl isopeptide method and native chemical ligation (NCL)

synthesis affords the rapid assembly of enantiopure peptides under facile conditions
that reduces the need for protecting groups. Chemoselective peptide synthesis
strategies have focused on the use of naturally occurring amino acids cysteine
(Cys, O), serine (Ser, S), and threonine (Thr, T). Cysteine possesses the nucleo-
philic B-sulfhydryl side chain, while both serine and threonine feature a hydroxyl
side group. Over the last 30 years, extensive research effort on chemoselective
transformations involving these three amino acid residues has led to the develop-
ment of two primary methods for easier peptide chain extensions. The methods are
the O- and S-acyl isopeptide-based strategy and native chemical ligation (NCL)
[114-120]. When the O- and S-acyl isopeptide-based strategy for peptide synthesis
are used, peptides are prepared using fully or partially protected amino acids and
conventional peptide synthesis; however, native chemical ligation involves the
condensation of unprotected peptide fragments (Fig. 13). Ultimately, the O- and
S-acyl isopeptide-based strategies and native chemical ligation (NCL) feature an X-
to-N-acyl transfer (X=0, S) leading to the formation of peptides that possess all
native amide linkages [121-126]. This section will cover the O- and S-acyl
isopeptide-based strategies. For further details regarding native chemical ligation,
see [127].

4.1 Isopeptides and Isodipeptides in Peptide Synthesis

Isopeptides are frequently referred to as click peptides, switch peptides, or
depsipeptides and are characterized by an isopeptide bond [128]. An isopeptide
bond is formed when a peptide chain extension occurs at a lateral amino acid side
chain (e.g. Ser, Thr, Cys) as opposed to the a-amide backbone of the growing
peptide [129]. While Ohfune and coworkers established the basis for O- and S-acyl
isopeptide strategies [130] in the 1990s, it wasn’t until the close of the twentieth
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century that O- and S-acyl isopeptides emerged as a solution for the syntheses of
difficult peptides [131-135]. When compared to native peptides, isopeptides tend to
have greater solubility and are therefore less prone to aggregation. The introduction
of the (thio)ester linkage into the growing peptide interrupts the usual hydrogen-
bonding network and allows additional degrees of freedom [131-135]. As a result,
isopeptide linkages have been broadly utilized in the preparation of difficult
peptides. Additionally, isopeptide rearrangements have found great utility in poly-
mer science and have provided insight into protein folding and aggregation and the
relationship between peptide conformation and catalytic activity.

In the early part of the twenty-first century, Carpino, Kiso, and Mutter elegantly
illustrated the application of O-isopeptide strategies [131-135]. Generally, the
peptide is assembled using standard Fmoc-based SPPS. On completion of the
sequence, the isopeptide is cleaved from the resin and stored as the TFA salt as
no O-to-N-acyl shift is anticipated with protonated Ser, Thr, or Cys residues.
Subsequent adjustment of the pH to 6.2-7.4 at ambient temperature promotes the
rapid, quantitative O-to-N-acyl transfer (Fig. 13) [116, 136, 137]. At a pH of <6.0,
the reverse reaction, the N-to-O-acyl transfer, will occur [138]. In addition to the
pH-triggered O-to-N-acyl transfer, photolabile protecting groups, for example,
6-nitroveratryloxycarbonyl (Nvoc) introduced by Patchornik, Amit, and Wood-
ward, have been shown to promote the clean O-to-N-acyl rearrangement in the
presence of UV irradiation [139-142].

Generally, O-to-N-acyl transfers occur more rapidly with Thr as opposed to Ser
amino acid residues [143, 144]. More information regarding the kinetics of the
process was uncovered by Stella and coworkers [145, 146]. Although advanta-
geous, the classical O-to-N-acyl strategy was plagued by several obstacles. From
Carpino’s work, it was apparent that the early inclusion of the isopeptide resulted in
an easier synthesis of the difficult peptide; however, racemization could occur in up
23% of the peptide [135]. Along with epimerization, other side reactions included
the formation of deletion sequences and 2,5-diketopiperazines (DKPs) (Fig. 14).
However, Kiso and coworkers’ subsequent improvement to the O-to-N-acyl strat-
egy via incorporation of an isodipeptide eliminated or substantially reduced side
reactions [139, 144]. Of note, using the O-acyl isodipeptide method can result in
deletion of the Ser or Thr residue in the presence of a base. This reaction appears to
be solvent dependent, and it can be avoided via changes in the solvents and/or
activation method.

E":oc ?oc H
HN . Beptidel HN_CkeptidellD N._CRepiide il
i H base J‘\(t Y 4»80(: Y
Xaa? — Xaa? - S
PO~ " xaa” O HNT 28— yaal /WO OH

Deletion sequence

cyclo(Xaa? Xaa')

2,5-Diketopiperazine

Fig. 14 2,5-Diketopiperazine and deletion sequence formation under classical O-acyl isopeptide
conditions
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Kiso and coworkers further extended the O-acyl isopeptide strategies to S-acyl
isopeptides [147]. Unlike their oxygen counterparts, S-acyl isopeptides display a
lower tendency for aggregation; therefore, they are easier to prepare and purify.
Building on their improvements to the O-acyl isopeptide methods, they added to the
S-acyl isopeptide method by using the allyl-based protective Alloc group for the
synthesis of S-acyl isopeptides [148].

4.2 Application of N-(Protected a-Aminoacyl)Benzotriazoles
in the Synthesis of Peptides via the O- and S-Acyl
Isopeptide Strategy

Further contributions by Katritzky and coworkers expanded the O-to-N-
isodipeptide methodology. In general, O-to-N-acyl rearrangements occur via a
S5-membered cyclic transition state. However, Katritzky and coworkers prepared
peptides of high yields and purities, facilitated by rearrangements involving 8- and
11-membered transition states [129]. These transformations occurred at 50°C in
DMF in the presence of microwave irradiation (50 W). For example, the native
peptide yields obtained from the rearrangement of the O-acyl isopeptide via the
8-membered transition state were quite notable and ranged from 57 to 78%,
indicating that the nature of the amino acid residue acting as the nucleophile and
not the nature of the amino acid esterifying the O-acyl isopeptide had a tremendous
effect on the yield. Thus, the preorganization of the initial O-acyl isopeptide
significantly affected the success of these long-range rearrangements [129]. In
contrast to the O-to-N-acyl rearrangements, S-to-N-acyl transfers were facilitated
by 17-20-membered macrocyclic transition states [149]. In fact, the formation of
8-, 11-, and 14 membered cyclic transition states posed a challenge. The yields and
rates of the S-to-N-acyl rearrangements were strongly correlated to the size of the
macrocyclic transition state [150-153]. As with the O-acyl isopeptide, the
preorganization of the starting oligo S-acyl isopeptide had a large influence on
the long-range acyl transfers [154]. Generally, analysis of the experimental data can
be problematic as the ligation product may be contaminated by a range of side
products [150, 152, 153, 155]. Thus, to facilitate the interpretation of results, a
computational study of the long-range rearrangements in S-acyl isopeptides was
designed [149]. Enthalpic effects were found to be the driving force for reactions
involving 5-20-membered transition states. Again, the nature of the amino acid
substituent was negligible. Finally, it was determined that the introduction of turn
inducers may lower the activation barrier for long-range S-to-N-acyl
rearrangements by promoting hydrogen-bonding interactions [149].
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5 Benzotriazole Activation and Coupling of Amino Acids
on a Preparative Scale

The widespread use of benzotriazole-mediated methods in the synthesis of peptides
and their analogues hinges on the ability to scale up these processes. Frequently,
microwave irradiation is required to accelerate the coupling steps, so the large-scale
preparation of peptides and peptide conjugates from N-(protected-o aminoacyl)
benzotriazoles can be difficult. Until recently there was no literature precedence for
the use of N-(protected-a aminoacyl)benzotriazoles in conjunction with continuous
flow methods. Now, as a proof of concept, Stevens and coworkers have reported the
large-scale preparation of a library of (x-aminoacyl)amino-substituted heterocycles
via a two-step continuous flow process [156]. The first step involves the
benzotriazole activation of N-(Cbz-a-aminoacyl)benzotriazoles under continuous
flow conditions. No racemization of the products was observed, and yields of 71—
99% were obtained under optimized reaction conditions (solvent, time, tempera-
ture, reagents) [156]. The second step, the reaction of the N-(Cbz-a-aminoacyl)
benzotriazole derivatives and heterocyclic amines in the presence of DMSO
afforded (o-aminoacyl)amino-substituted heterocycles in yields of 40-99% [156].

Additionally, Stevens and coworkers explored telescoping the coupling step
with the benzotriazole activation; however, the inconvenient work-up associated
with the tandem process resulted in product losses and difficulties with product
purification. In addition to increased yields and easier purification, the two-step,
continuous flow method facilitates free solvent selection for each step, thereby
enabling the maximum possible product yields [156].

6 Conclusion

N-(Protected-o aminoacyl)benzotriazoles are useful reagents for the preparation of
a wide range of peptides via solution- and solid-phase peptide synthesis methods.
These reagents have made important contributions to the field of peptide synthesis
by facilitating the rapid assembly of peptides and peptide conjugates under mild
conditions, with good to excellent yields and purities. Importantly, the prepared
peptide and peptide conjugates are enantiopure. Microwave-assisted,
benzotriazole-mediated synthesis of peptides has provided greater and more rapid
access to cyclic and difficult peptides. Additionally, the O- and S-acyl isopeptide
strategies have been an instrumental gateway to large difficult peptides, which are
usually prone to aggregation. In order for the benzotriazole-based peptide synthesis
platform to be widely applicable, the reagents and methods must be amenable to
scale up. Recently, Stevens and coworkers demonstrated the scalability of such
processes by preparing a library of (x-aminoacyl)amino-substituted heterocycles.
Despite significant improvements in accessing important peptides and peptide
conjugates, our knowledge of protein—protein interactions and our ability to
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elucidate protein structure, there is still more to do in order to reduce the barrier to
drug development for many of the world’s critical diseases. Exploiting acylbenzo-
triazoles as allies for the construction of peptides and peptide conjugates and the
development of such methods is a step in the right direction.
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