
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
 2

01
8.

 D
ow

nl
oa

de
d 

on
 0

7.
12

.2
02

5 
20

:0
7:

31
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Synthetic fermen
aLaboratorium f€ur Organische Chemie, D

Biosciences, ETH Z€urich, Z€urich, Switzerlan

Web: http://www.bode.ethz.ch
bInstitute of Microbial Chemistry (Bikaken),

141-0021, Japan

† Electronic supplementary information (
and analytical data of all new compounds

Cite this: Chem. Sci., 2018, 9, 2159

Received 25th November 2017
Accepted 5th January 2018

DOI: 10.1039/c7sc05057g

rsc.li/chemical-science

This journal is © The Royal Society of C
tation of b-peptide macrocycles
by thiadiazole-forming ring-closing reactions†

Jonathan G. Hubert,a Iain A. Stepek,a Hidetoshi Noda b and Jeffrey W. Bode *a

Macrocyclic b-peptides were efficiently prepared using a thiadiazole-forming cyclization reaction between

an a-ketoacid and a thiohydrazide. The linear b-peptide precursors were assembled from isoxazolidine

monomers by a-ketoacid-hydroxylamine (KAHA) ligations with a bifunctional initiator – a process we

have termed ‘synthetic fermentation’ due to the analogy of producing natural product-like molecules

from simpler building blocks. The linear synthetic fermentation products underwent Boc-deprotection/

thiadiazole-forming macrocyclization under aqueous, acidic conditions to provide the cyclic products in

a one-pot process. This reaction sequence proceeds from easily accessed initiator and monomer

building blocks without the need for additional catalysts or reagents, enabling facile production of

macrocyclic b-peptides, a relatively underexplored structural class.
Introduction

Macrocyclic compounds are an increasingly valuable platform
for biologically active molecules owing to their unique struc-
tural properties. Macrocycles have emerged as ideal candidates
for the modulation of protein–protein interactions (PPIs), an
important area of modern drug discovery.1–3 In comparison to
their linear counterparts, macrocycles frequently exhibit higher
affinity and selectivity for a given target, and oen display
enhanced in vivo stability.4–8

These desirable traits have led to the emergence of innova-
tive methodologies for the generation of libraries of macrocyclic
peptides.9–11 Contemporary methods include mRNA/ribosome/
phage display technology,12–15 selection-based techniques,16,17

DNA-encoded/programming chemistry18 and diversity-oriented
synthesis.19,20 The generation of diverse arrays of macrocyclic
compounds using multicomponent reactions, oen in
a combinatorial setting, has also gained signicant
attention.21–29

While amide-forming cyclizations remain the most common
approach to peptide macrocycles, considerable attention has
been paid to alternative ring-closing strategies. Leading
methods include ring-closing metathesis,30–33 alkyne–azide
cycloaddition,34–38 cross-coupling reactions39–44 and Ugi-type
reactions.45–47 Yudin has recently reported an oxadiazole-
forming cyclization, leading to peptides with superior
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physicochemical properties.26 These are all promising technol-
ogies, but require construction of the linear peptides one at
a time or cyclization of partially protected precursors.

Our group recently introduced “synthetic fermentation” –

the production of natural product-like molecules by controlled
oligomerization under aqueous conditions without additional
reagents, protecting groups, or additives.48 The resulting
Fig. 1 Preparation of b-peptide mixtures using synthetic
fermentation.48
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Scheme 1 Synthesis of b-peptide macrocycles by synthetic fermen-
tation/thiadiazole-forming macrocyclization.

Scheme 2 Strategies to adapt synthetic fermentation methodology
for the preparation of b-peptide macrocycles. (A) General cyclization
strategies; (B) proposed 1,3,4-thiadiazole-forming reaction for
macrocyclization.
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mixtures can be used in biological assays without isolation, and
the mixtures are easily reproduced and optimized. In our rst
implementation, linear, bioactive b-peptides were produced by
combining small building blocks under aqueous conditions
(Fig. 1). This report employed three types of building blocks: a-
ketoacid initiators (I), elongation monomers (M) and termina-
tors (T) and was applied to the discovery of an HCV protease
inhibitor. The further optimization of these compounds;
however, is limited by the poor properties of small linear
peptides as drugs.

Motivated by both the increasing interest in macrocyclic
compounds for biological screening and the limitations of
linear b-peptides, we aimed to identify approaches to form
macrocyclic peptides under the conditions of synthetic
fermentation. In this report, we document a rst-generation
approach to the synthetic fermentation of b-peptide macro-
cycles using a unique thiadiazole-forming ring-closing reaction,
including optimization of this novel transformation and its
application to the one-pot preparation of b-peptide macrocycles
from simple building blocks (Scheme 1).
Results and discussion
Cyclization strategy

Two general strategies for macrocyclization were initially
considered (Scheme 2). In the rst, cyclization would involve
a “lynchpin” terminator that would react with both the C-
terminal a-ketoacid and an orthogonal functional group on
the initiator. Although such approaches are possible, we quickly
learned that this process leads to mixtures of cyclic products
and various linear precursors. In the second approach, we
sought to directly engage the a-ketoacid in a macrocyclization
2160 | Chem. Sci., 2018, 9, 2159–2167
reaction, as this would simplify the overall process by obviating
the need for specially functionalized terminators; only an
initiator and elongation monomers would be required.

Although ring closure using the KAHA (a-ketoacid-
hydroxylamine) ligation – an outstanding reaction for peptide
macrocycle formation49 – is possible, we wished to identify
a process that would form something other than an amide
bond. We were attracted by recent reports of oxidative coupling
of a-ketoacids and hydrazides to form 1,3,4-oxadiazoles,50,51 the
same moiety used in Yudin's exciting work.26 We envisaged that
using a thiohydrazide in place of the hydrazide would allow for
milder oxidation conditions and provide the equally attractive
1,3,4-thiadiazoles.
Intermolecular thiadiazole formation

To evaluate the proposed thiadiazole-forming reaction, we
investigated the intermolecular reaction of benzothiohydrazide
(2) and phenylpyruvic acid (3) (Table 1). Under standard
synthetic fermentation conditions, condensation of thiohy-
drazide 2 with 3 and subsequent cyclization provided adduct 4,
This journal is © The Royal Society of Chemistry 2018
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Table 1 1,3,4-thiadiazole formation from thiohydrazide 2 and a-ketoacid 3a

Entry Solvent Temp. (�C) Thiadiazole 5: intermediate 4b

1 tBuOH/H2O (5 : 1) 45 <1 : 20
2 tBuOH/1 M NaOH (5 : 1) 45 <1 : 20
3 tBuOH/1 M HCl (5 : 1) 45 1 : 1
4 tBuOH/1 M HCl (5 : 1) 70 >20 : 1
5 tBuOH/1 M HCl (5 : 1)c 70 3 : 2
6 tBuOH/1 M HCl (5 : 1)d 70 >20 : 1
7 tBuOH/1 M HCl (1 : 1) 70 >20:1e

8 MeOH/1 M HCl (5 : 1) 70 >20 : 1
9 DMSO/1 M HCl (5 : 1) 70 Complex mixture
10 Dioxane/1 M HCl (5 : 1) 70 1 : 1
11 DMF/1 M HCl (5 : 1) 70 3 : 2
12 tBuOH/1 M AcOH (5 : 1) 70 1 : 2
13 tBuOH/1 M citric acid (5 : 1) 70 1 : 3
14 tBuOH/1 M TFA (5 : 1) 70 >20 : 1

a Reactions performed by combining 0.1 M stock solutions of 2 and 3 (15 mL each) and heating at the given temperature for 16 h. b Ratio of 5 : 4
determined by LC-MS. c Solvent degassed and reaction performed under nitrogen atmosphere. d Degassed solvent exposed to air prior to reaction
set up. e Precipitation observed during the reaction.
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while the formation of thiadiazole 5 was not observed (entry 1).
Adduct 4 was also the major product formed under basic reac-
tion conditions (entry 2). However, the addition of aqueous HCl
to the reaction media resulted in considerable thiadiazole
formation and full conversion to 5 was achieved when the
reaction was performed at 70 �C (entries 3–4). The observation
that the decarboxylation/oxidation process required for the
conversion of 4 to 5 could proceed without adding an additional
oxidant was particularly pleasing, as it would allow the planned
macrocyclization reaction to be carried out under simpler
conditions than initially anticipated. In the absence of oxygen
(degassed solvent under an inert atmosphere) conversion of
adduct 4 to thiadiazole 5was suppressed (entry 5). When oxygen
was reintroduced to the previously degassed solvent, full
conversion to thiadiazole 5 was observed (entry 6). Combined,
these observations suggest that oxygen is acting as the oxidant
in this transformation.

The effect of varying the reaction media was investigated.
While thiadiazole formation proceeded cleanly when a greater
proportion of water was used, precipitation of the product was
observed under these conditions (entry 7). The reaction was
equally effective when methanol was used instead of t-butanol,
but the use of other water-miscible solvents either slowed
conversion or promoted the formation of side products (entries
8–11). A brief screen of alternative acid sources revealed that,
while any acid is sufficient to promote formation of thiadiazole
5, full conversion is only observed when relatively strong acids
(i.e. HCl or TFA) are used (entries 12–14).
This journal is © The Royal Society of Chemistry 2018
Although not the main focus of this work, we briey inves-
tigated the scope of the oxygen-promoted thiadiazole formation
(Table 2).

Preliminary studies revealed that competing dimerization of
the thiohydrazide led to the formation of a symmetric thiadia-
zole side product. Accordingly, a slight excess of the thiohy-
drazide was used to ensure full conversion of the a-ketoacid.
Under optimized conditions the model reaction between 2 and
3 afforded thiadiazole 5 in good isolated yield (entry 1). a-
Ketoacids bearing carboxylic acids or protected amines were
also tolerated (entries 2–3). The reaction of methoxyphenyl
thiohydrazide 10 and a-ketoacid 3 also proceeded cleanly to give
thiadiazole 11 in good yield (entry 4). However, pyridyl and alkyl
thiohydrazides failed to provide the corresponding thiadiazoles
in desirable quantities, due to either slow conversion or the
formation of unidentied side products (entries 5–6). The
relative success of thiohydrazides 2 and 10 as coupling partners,
when compared with 12 and 15, suggests that a reasonably
electron-rich, aromatic thiohydrazide is optimal for this reac-
tion, presumably facilitating the decarboxylation/oxidation
process required for thiadiazole formation.
Synthesis of bifunctional initiator 16

The proposed synthetic fermentation/macrocyclization process
required a bifunctional initiator, bearing both an a-ketoacid
moiety to elicit elongation and a thiohydrazide for subsequent
cyclization (Scheme 3). To prevent interference in the
Chem. Sci., 2018, 9, 2159–2167 | 2161
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Table 2 Intermolecular reaction of thiohydrazides and a-ketoacids for the synthesis of 1,3,4-thiadiazoles

Entry Thiohydrazide a-Ketoacid Product Yielda

1 2 3 5 71%

2 2 73%

3 2 54%

4 3 80%

5 3 3:1c (13 : 14)

6 3 Complex mixture —

a Isolated yields aer purication by column chromatography. b HCl salt of thiohydrazide used. c Ratio determined by 1H NMR of crude material.

Scheme 3 Synthesis of thiohydrazide-functionalized a-ketoacid
initiator 16.
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elongation process, we elected to protect the thiohydrazide
moiety with a Boc group. We postulated that a Boc-
thiohydrazide would be stable under the neutral elongation
conditions and subsequently cleaved when the reaction mixture
was acidied to promote the thiadiazole-forming macro-
cyclization. As such, a-ketoacid 16 was proposed as a suitable
initiator to investigate the elongation/macrocyclization process.

a-Ketoacid initiator 16 was readily synthesized in ve steps
from commercially available 3-iodobenzoic acid (17). Following
EDCI/HOBt-mediated coupling with Boc-hydrazine 18, a Heck
reaction between iodide 19 and allyl alcohol (20) provided
aldehyde 21.52 An HWE reaction with phosphonate 22 allowed
installation of the acetal-protected a-ketoacid framework.53,54

Subsequent conversion to thiohydrazide 24 using Lawesson's
reagent, followed by unveiling of the free a-ketoacid via ester
hydrolysis afforded initiator 16.

Synthesis of b-peptide macrocycles

With bifunctional initiator 16 in hand, we investigated the b-
peptide elongation/macrocyclization reaction (Table 3). The
elongation monomers used in this process were synthesized
according to previous reports.48,54 Initially, oligomerization
using only one elongation monomer was performed, reducing
the complexity of the resulting peptide mixtures and
2162 | Chem. Sci., 2018, 9, 2159–2167 This journal is © The Royal Society of Chemistry 2018
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Table 3 One-pot elongation/deprotection/macrocyclization using
one monomer per reactiona

Entry Monomer Major products observed

1

2

3

4

Table 3 (Contd. )

Entry Monomer Major products observed

5

6

a Reactions performed by combining 0.1 M stock solutions of 16 (10 mL)
and monomer (20 mL), heating at 45 �C for 14 h, diluting with tBuOH/
1 M HCl (5 : 1, 90 mL) and heating at 70 �C for 4 h. The resulting
mixtures were analyzed by HPLC and LC-MS with the major products
shown in the table above.

This journal is © The Royal Society of Chemistry 2018
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simplifying initial analysis. Elongation was carried out as
previously described: two equivalents of the monomer were
employed to favor formation of peptides containing 2–3
monomer units.48 To promote Boc-deprotection and
thiadiazole-forming cyclization, the mixtures of peptides were
diluted with tBuOH/1 M HCl (5 : 1) and heated to 70 �C.55 The
reactions were monitored by LC-MS and HPLC and the major
components of the reaction mixtures are shown in Table 3 (see
ESI† for HPLC/MS traces).

Pleasingly, the desired macrocyclic b-peptides bearing
a 1,3,4-thiadiazole were the major products observed in the
reaction mixtures. The predominant products were 17- and 21-
membered macrocycles – containing 2 or 3 monomer units
respectively – however, larger macrocycles were occasionally
seen as minor components of the mixtures.
Chem. Sci., 2018, 9, 2159–2167 | 2163
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Table 4 One-pot synthesis of b-peptide macrocycles using combinations of two monomersa

Entry Monomer 1 Monomer 2 Major products observed

1

2

3

4

5

6

2164 | Chem. Sci., 2018, 9, 2159–2167 This journal is © The Royal Society of Chemistry 2018
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Table 4 (Contd. )

Entry Monomer 1 Monomer 2 Major products observed

7

8

a Reactions performed by combining 0.1 M stock solutions of 16 (10 mL) andmonomer 1 (10 mL), heating at 45 �C for 6 h, addingmonomer 2 (10 mL),
heating at 45 �C for 14 h, diluting with tBuOH/1 MHCl (5 : 1, 90 mL) and heating at 70 �C for 4 h. The resulting mixtures were analyzed by HPLC and
LC-MS with the major products shown in the table above.
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Interestingly, despite the relative complexity of the overall
process (multiple KAHA ligations, Boc-deprotection, intra-
molecular condensation and subsequent oxidation/
decarboxylation) the formation of the thiadiazole-linked cyclic
products is strongly favored. The reactions were carried out with
a linear b-peptide concentration of approximately 8 mM and
higher molecular weight compounds resulting from oligomer-
ization of these linear precursors were generally not observed.

Aliphatic monomers 25 and 26 were employed without
incident, as was pyran monomer 27 (entry 1–3). The reaction
was tolerant to phenol groups, with macrocycles 34a–c observed
as the major products when monomer 28 was used (entry 4).
Amide-bearing monomer 29 was also compatible (entry 5).
Finally, monomer 30 could also be employed to generate a range
of unique peptide macrocycles containing cyclic b-amino acids
(entry 6).

The reactions were generally run on small scale (1.0 mmol) to
mirror conditions commonly employed for the preparation of
synthetic fermentation libraries. However, the reaction scale
could be increased (100 mmol) without signicantly altering
product distribution. The major products were isolated by
preparative HPLC and fully characterized, conrming success-
ful macrocyclic b-peptide formation (see ESI† for details).

During our investigations some limitations of the types of
monomers that are compatible with this process were identi-
ed. Specically, non-polar aromatic monomers were
This journal is © The Royal Society of Chemistry 2018
unsuitable, as the (assumed) products were poorly soluble in
solvents required for LC-MS or HPLC analysis. Additionally,
monomers bearing acid-sensitive functionality such as tert-
butyl esters or Boc-protected amines gave complex reaction
mixtures containing only trace quantities of the desired cyclic
compounds.

Aer completion of the reaction, the media could be readily
modied to provide solutions suitable for biological screening.
The addition of 1 M NaOH (1/6 of reaction volume) followed by
a 10-fold or greater dilution with a suitable buffer provided
solutions of macrocyclic products in the micromolar concen-
tration range containing <10% tBuOH and a pH equivalent to
the chosen buffer.

The key feature of synthetic fermentation is the ability to
rapidly prepare mixtures of natural-product like peptides in
a controlled fashion. To extend this concept to the formation of
macrocyclic peptides, we investigated the synthetic
fermentation/macrocyclization process using mixtures con-
taining two different elongation monomers (Table 4). The
monomers were added sequentially, with separate elongation
periods, in order to control the amino acid sequence of the
resulting b-peptides and limit mixture complexity.

Following the second elongation the reaction mixtures were
diluted with tBuOH/1 M HCl (5 : 1) and heated to 70 �C to effect
cyclization. Pleasingly, the enhanced complexity of the b-
peptide mixtures had no noticeable effect on the Boc-
Chem. Sci., 2018, 9, 2159–2167 | 2165
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deprotection/macrocyclization process and the macrocyclic b-
peptides were again the major products.

Monomers 25, 27 and 28, having proven effective in single
monomer cyclizations, were used in various combinations to
provide a range of macrocyclic compounds (entries 1–5).
Including two monomers in each reaction allowed for the
combination of acyclic and cyclic monomers (entry 6) as well as
monomers with differing absolute stereochemistry (entry 7).
Monomers that gave poorly soluble products when used alone
(e.g. benzyl monomer 37) could be used in combination with
more polar monomers, providing soluble mixtures that were
readily analyzed by HPLC (entry 8).

Unsurprisingly, given the relative complexity of the overall
process, the mixtures sometimes contained minor products
that could not be easily identied. While not ideal for the
application to biological screening, as these minor side prod-
ucts can increase the chances of false positives, this limitation
is balanced by the efficiency in which the macrocyclic products
are obtained. The synthesis of a library of such complex, chiral
b-peptide macrocycles by conventional means would require
lengthy multistep syntheses and several purication steps for
each compound.

For future applications to biological screening, we anticipate
that this methodology could be extended to provide diverse
mixtures, generated using more monomers per reaction and
a single elongation process. Subsequent identication of
bioactive compounds from these mixtures would be analogous
to isolation of active cyclic peptides from natural sources56–60 or
semi-synthetic combinatorial libraries.10

Conclusions

In summary, we have established methodology for the rapid
generation of macrocyclic b-peptide libraries from a selection of
simple building blocks, enabled by the development of a 1,3,4-
thiadiazole-forming cyclization reaction between an a-ketoacid
and a thiohydrazide. The process is carried out in aqueous
acidic conditions and does not require additional catalysts or
reagents, which will allow for direct biological evaluation of b-
peptide macrocycles, a relatively underexplored structural class.
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