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d-to-tail cyclization of
unprotected linear peptides with the KAHA
ligation†

Florian Rohrbacher,a Gildas Deniau,b Anatol Lutherb and Jeffrey W. Bode*ac

The a-ketoacid–hydroxylamine (KAHA) ligation with 5-oxaproline enables the direct cyclization of peptides

upon cleavage from a solid support, without coupling reagents, protecting groups, or purification of the

linear precursors. This Fmoc SPPS-based method was applied to the synthesis of a library of 24

homoserine-containing cyclic peptides and was compared side-by-side with the synthesis of the same

products using a standard method for cyclizing side-chain protected substrates. A detailed mechanistic

study including 2H and 18O labeling experiments and the characterization of reaction intermediates by

NMR and mass spectrometry is reported.
Introduction

Macrocyclic peptides are an important class of molecules for
drug discovery and development.1 The conformational restric-
tion induced by cyclization confers on peptides a higher selec-
tivity2 for binding, an improved proteolytic stability3 and a
dened structural organization, which enable them to be used
as a preferred platform for mimicking protein epitopes4 and
disrupting protein–protein interactions.5 The cyclization of
macrocycles is oen a critical step and different approaches6

including on-resin cyclization,7 chemical ligation,8 copper-
catalyzed azide–alkyne cycloaddition,9 ring-closing metathesis10

and electrostatically-controlled macro-cyclizations11 have been
developed. However, the synthesis of this class of molecules for
drug discovery screening programs or on a preparative scale
remains a formidable challenge.

The most common method of preparing backbone cyclized
peptides remains the solution-phase cyclization of side-chain
protected peptides, oen prepared on 2-Cl trityl resin followed
by a head-to-tail cyclization and global deprotection.12 While the
overall yields of cyclic products can be satisfactory – particularly
for substrates with elements that favor cyclization – a consid-
erable number of steps and purications are required.

Depending on the sequence and the ring size, cyclization can
be accompanied by substantial epimerization, even with mild
epartment of Chemistry and Applied

zerland. E-mail: bode@org.chem.ethz.ch;

4123 Allschwil, Switzerland; Web: http://

WPI-ITbM), Nagoya University, Chikusa,

tbm.nagoya-u.ac.jp

ESI) available: Experimental procedures
. See DOI: 10.1039/c5sc01774b

hemistry 2015
C-terminal activation.13 With increasing size, the solubility of
linear protected peptides becomes an issue and has triggered
the development of minimal-protected cyclization strategies to
increase solubility at the expense of unwanted side reactions.14

These issues are particularly relevant in the preparation of
libraries, as complicated workows and substrate specic
optimization are oen required. Alternative cyclizations,
including native chemical ligation (NCL) using C-terminal
thioesters and N-terminal cysteines, have been advanced but
the preparation of the linear precursors remains a bottleneck.

Despite elegant advances in the synthesis of thioester
surrogates, Fmoc-SPPS based methods delivering unprotected
cyclization substrates upon resin-cleavage, without the need for
subsequent transformation to a thioester remain
underdeveloped.15

In our own efforts, we have previously reported the cycliza-
tion of unprotected linear peptides16 by KAHA ligations.17 This
method makes possible the cyclization of peptides bearing a
C-terminal a-ketoacid and a N-terminal hydroxylamine in the
presence of unprotected side chain functional groups and
without the need for coupling reagents or other additives.
Unfortunately, the methods for introducing the a-ketoacid and
hydroxylamine functional groups were cumbersome and
detracted from the overall ease of preparing cyclic peptides. An
ideal method would allow cyclization to occur simply upon
cleavage of the linear peptide from the resin followed by in situ
cyclization and purication.18 With this in mind, we sought to
develop a method especially suited for library synthesis of cyclic
peptide with a minimum of steps required for manual
handling.

In this report, we document the spontaneous cyclization of
linear, unprotected peptides to form macrocyclic peptides and
depsipeptides by KAHA ligation with (S)-5-oxaproline19 as a
stable, easily handled hydroxylamine and acetal protected
Chem. Sci., 2015, 6, 4889–4896 | 4889
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Scheme 1 One step cleavage and cyclization of unprotected peptides
with the KAHA ligation.

Scheme 2 Cyclization of 3 in 7 : 3 DMSO/H2Owith 0.1 M oxalic acid at
60 �C after (a) 0 h (b) 2 h. (c) Purified depsi-4. (d) O,N-Acyl shift of
depsi-4 at pH 11 in 2 : 1 CH3CN/H2O (200 mM phosphate buffer) after
4 h and (e) after 18 h.
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a-ketoacids (Scheme 1). The linear peptides prepared by stan-
dard Fmoc solid-phase peptide synthesis20 (SPPS) are cyclized in
CH3CN/H2O directly aer resin cleavage and side-chain depro-
tection, resulting in a homoserine residue at the ligation site.
The immediate products of the cyclization are the synthetically
valuable depsipeptides, which can be either isolated or rear-
ranged to the corresponding amide product.21 The optimized
KAHA cyclization conditions were tested on a library of
24 sequences, ranging from 8 to 20 amino acids and the results
were compared head-to-head against the standard synthetic
method involving preparation of peptides on 2-Cl trityl resin,
cyclization, and global deprotection.

Results and discussion
Initial studies

In order to establish that the 5-oxaproline hydroxylamine and
the new precursors to a-ketoacids were suitable substrates for
peptide cyclization with the KAHA ligation, we prepared the
10-residue peptide22 3 by Fmoc SPPS. The synthesis began with
our recently reported resin for forming C-terminal Leu
a-ketoacid residues directly upon cleavage of the peptide from
resin under acidic conditions.23 These resins can be easily
prepared on multi-gram scale and can be stored without
decomposition. By incorporating (S)-5-oxaproline at the
N-terminus, bifunctional cyclization substrate 3 could be
prepared and isolated by preparative HPLC without premature
cyclization or oligomerization. We were pleased to nd that 3
converted fully to cyclic peptide 4 within 2 h upon warming to
60 �C in 7 : 3 DMSO/H2O in the presence of 0.1 M oxalic acid at a
substrate concentration of 1 mM (Scheme 2). Two distinct
products were formed: amide-4 as a minor component and the
depsipeptide depsi-4 as the major product. The isolated depsi-4
was characterized by extensive NMR studies (see ESI†) and
could be cleanly converted to amide-4 in pH 11 phosphate buffer
in CH3CN/H2O within 18 h.
4890 | Chem. Sci., 2015, 6, 4889–4896
Optimization

These initial ndings encouraged us to further optimize and
generalize the cyclization conditions, with the aim of estab-
lishing a process for resin cleavage, cyclization, and O,N-acyl
shi without isolation of any intermediates.

We rst examined the effect of the reaction conditions on the
cyclization. As shown in Fig. 1a, the reaction was faster in
CH3CN/H2O mixtures than in DMSO, NMP and DMF. A higher
CH3CN content further improved the reaction rate. For solu-
bility reasons we chose 2 : 1 CH3CN/H2O as our standard
solvent mixture. The KAHA cyclization proceeded slowly at
room temperature but reached >50% conversion aer 30 min at
60 �C (Fig. 1b).

In order to reduce the amount of solvent needed for the
cyclizations, we investigated the formation of oligomeric
species as a function of the concentration of the linear
precursor 3. As shown in Fig. 2, only 5% of dimers were formed
at a concentration of 5 mM and less than 10% at 10 mM. For
library preparation we employed a substrate concentration of
6.25 mM, which is suitable for preparative work and is higher
than the usual concentration employed for peptide cyclization.
In order to minimize the number of manipulation steps, we
planned to bypass purications aer resin cleavage and cycli-
zation with the goal of only isolating the nal amide products
aer the O,N-acyl shi. In fact, direct cyclization of the cleaved
peptide without prior purication proved to positively affect the
process as we found that typically the HPLC peak shapes of the
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Cyclization of 3: conversion determined by HPLC at 220 nm as
relative area% of starting material 3 and products depsi-4 and amide-4
dependent on (a) solvents after 30 min at 60 �C in the presence of 0.1
M oxalic acid and (b) temperature in 2 : 1 CH3CN/H2O (0.1 M oxalic
acid).

Fig. 2 Influence of substrate concentration on the formation of
cyclodimers during the cyclization of 3 in 2 : 1 CH3CN/H2O (0.1 M
oxalic acid) at 60 �C. The ratio was determined by HPLC at 220 nm as
relative area% of depsi and amide products.

Table 1 Epimerization analysis by chiral GC/MS

Entry Compound Description Content of D-Lea

1 Depsi-4 From reaction mixtureb 5.6%
2 Amide-4 13%
3 Amide-4 Aer rearrangement

of isolated depsi-4c
4.7e%

4 Amide-4 Aer rearrangement of
crude reaction mixturec

8.1%

5 Amide-4 From reaction in 1 : 1
(CH3)3COH/H2O

d
18%

a Isolated peptides were hydrolyzed in 6 N DCl in D2O, converted into
volatile derivatives and analyzed by chiral GC/MS. b 2 : 1 CH3CN/0.05
M oxalic acid in H2O, 50 �C, 15 h. c 2 : 1 CH3CN/0.05 M oxalic acid in
H2O, 1.6 M NH3, 23 �C, 3 h. d 1 : 1 (CH3)3COH/H2O, 0.1 M oxalic acid,
60 �C, 15 h. e The slightly lower content of D-Leu aer rearrangement
is probably a result of the isolation by preparative HPLC.
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cyclized products were much sharper than the linear a-ketoacid
precursors and facilitated purication.

To eliminate the second purication step, we performed the
O,N-acyl shi in a one-pot reaction directly aer cyclization.
Basic aqueous buffers have been used to perform the O,N-acyl
shi but the risk of salt-precipitation in organic co-solvents
prompted us to search for an easier alternative. We were pleased
to nd that the addition of aqueous ammonia at room
temperature offered an operationally simple protocol that
facilitated the overall process and dramatically reduced the
time needed for the acyl shi. For most of the cyclic peptides
examined, the acyl shi was completed within 1 h. We did not
observe ammonolysis of the ester bond even aer 3 h; the cyclic
depsipeptides were fully converted to the desired homodetic
cyclic peptides, which were isolated by preparative HPLC. Table
2 shows the optimized workow for the KAHA cyclization.
Epimerization analysis

Aer optimizing the cyclization conditions we investigated
possible epimerization at the cyclization site. Since separation
of the D-Leu and L-Leu epimers of amide-4 and depsi-4 was not
possible by HPLC, the cyclic peptides were hydrolysed and
This journal is © The Royal Society of Chemistry 2015
converted into volatile derivatives. This allowed analysis of
single amino acid derivatives by chiral GC/MS. Analysis of the
nal product amide-4 aer cyclization and one-pot rearrange-
ment with ammonia showed 8% of D-Leu (Table 1, entry 4). This
rather high, but still acceptable, level of epimerization promp-
ted us to perform a more detailed study on the origin of epi-
merization (Table 1, entries 1–5), especially as the initially
formed amide-4 showed a signicant amount of D-Leu (13%,
entry 2), while the initially formed depsi-4 showed only 5.6% of
D-Leu. The cleavage of the a-ketoacid protecting group and the
rearrangement of depsi-4 to amide-4 under basic conditions
(entry 1 and 3) do not cause any signicant epimerization.
Mechanistic investigation

Although unexpected, the small amount of epimerization sheds
light on the mechanism of the KAHA ligation with 5-oxaproline.
The different extents of epimerization of the depsi and the
amide products suggest that epimerization occurs not from a
common intermediate but rather via two distinct pathways. We
have proposed two possible pathways for the formation of depsi
and amide product, starting from the common nitrilium
intermediate 9 (Scheme 3).21 The epimerization most likely
occurs aer the nitrilium intermediate 9, otherwise the same
level of epimerization would be expected for both products.

We hypothesized that both the epimerized amide and ester
product arise from a planar intermediate formed by enolization
and reprotonation of a transient cyclization product. If deute-
rium instead of a proton would be incorporated during this
step, 50% of the incorporated deuterium would correspond to
the amount of epimerized product. To test this hypothesis, we
performed the cyclization reaction of 3 in a 2 : 1 CH3CN/D2O
mixture and isolated the products by HPLC. The isolated HPLC
fractions were incubated for 3 h at 60 �C to ensure complete
back exchange of reversibly incorporated deuterium. Based on
the obtained isotope pattern by MALDI HR-MS the percentage
of deuterium incorporation was calculated to be 6% for depsi-4
and 25% for amide-4 corresponding to 3% and 12.5% D-Leu.
Within a certain error, these values are in accordance with the
Chem. Sci., 2015, 6, 4889–4896 | 4891
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Scheme 4 Formation of iminoethers. (A) During the cyclization of 3 in
dry CH3OH (B) isolation and characterization of a stable iminoether
formed by the reaction between 5-oxaproline containing peptide 23
and a-ketoacid 22.

Scheme 3 Proposed mechanisms for the formation of 18 by KAHA ligation with 5-oxaproline.

4892 | Chem. Sci., 2015, 6, 4889–4896
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values obtained by GC/MS (5.6% and 13%) and veried our
hypothesis.

Our previously reported mechanism involves the formation
of iminoether 19, although we had been unsuccessful in the
attempt to observe or isolate it (Scheme 4A). During the mech-
anistic investigations of the epimerization we found that if 3 is
warmed under anhydrous conditions the crude MALDI-MS
spectrum shows exclusively the mass of the iminoether inter-
mediate 19. Subsequent addition of 18OH2 or HPLC analysis
(with CH3CN/H2O) leads to the almost exclusive formation of
(18O)-depsi-4 or depsi-4 respectively. We were able to reduce the
iminoether by addition of NaBH4 to amine 21which was formed
along with depsi-4. As further evidence, we sought to isolate the
iminoether intermediate on a small model system. In order to
increase the hydrolytic stability of the postulated iminoether by
conjugation we decided to use benzoylformic acid 22 as
a-ketoacid. Indeed, the reaction with 5-oxaproline dipeptide 23
under anhydrous conditions afforded iminoether 24 as major
product, which was isolated by preparative HPLC. The structure
was conrmed by NMR and MALDI HR-MS.

Since anhydrous conditions strongly favored the formation
of the depsi product – which showed less epimerization – we
attempted to decrease the overall level of epimerization by
favoring the depsi formation. We unfortunately found, using
our deuterium incorporation assay with 3, that anhydrous
d4-methanol/CH3CN as solvent gave almost completely epi-
merized (36% D-Leu aer 45 min and 45% D-Leu aer 4 h; see
ESI† for details) depsi-4. The mechanistic implication is that the
imino ether intermediate 19 – which is the stable resting state
under anhydrous conditions – is congurationally unstable; the
This journal is © The Royal Society of Chemistry 2015
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epimerization of the depsi product occurs via enamine inter-
mediate 13 (Scheme 3, path A2).

In contrast, the epimerization of the amide product is likely
to proceed via another pathway. It is known that peptides with
highly electrophilic C-terminal carbonyls are prone to epimerize
via 5-exo-trig attack of the next amide carbonyl oxygen followed
by the loss of chiral information trough oxazol formation.24 In
the case of the nitrilium intermediate 9, also a highly electro-
philic carbon is present which could react analogously by 5-exo-
dig attack leading to 10 with subsequent formation of oxazol 11
(path C). Also direct epimerization by tautomerization of nitri-
lium 9 followed by hydrolysis cannot be ruled out.
Table 2 Results of the cyclic peptide library synthesis by protected cycl

a Highlighted residues indicate the distinctive position of similar sequence
the a-ketoacid used for cyclization (Leu or Phe). The peptide concentratio
b Isolated yields on 50 mmol scale aer RP-HPLC purication. c Determi
e Pseudostellarin G25 analogue. f Segetalin F25 analogue.

This journal is © The Royal Society of Chemistry 2015
Library synthesis

Although the cyclization by KAHA ligation with 5-oxaproline is
not completely stereo retentive, we found that its potential for
facile library synthesis outweighed the small amounts of epi-
merization observed. Using the optimized process, we
conrmed the generality of our method by synthesizing a
24-membered library of cyclic peptides. We chose for our study
three analogues of natural products25 as well as random
sequences covering a wide range of ring sizes and amino acid
composition, with only methionine and cysteine residues
excluded in the present study.26 For the a-ketoacid, we used our
ization in solution (method A) and by KAHA cyclization (method B)

s with and without a turn inducing template. The last position indicates
n for cyclization was 6.25 mM for both methods. [T§ ¼ (S)-homoserine].
ned by HPLC as relative area% at 220 nm. d Gypsophin B25 analogue.

Chem. Sci., 2015, 6, 4889–4896 | 4893
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Scheme 5 Synthesis of cyclic peptide amide-28 using the optimized KAHA cyclization process. Analytical HPLC traces at 220 nm: (a) crude linear
peptide 27 after cleavage from resin. (b) Crude cyclic peptide depsi-28 after 18 h at 50 �C. (c) Crude cyclic peptide amide-28 3 h after the addition
of 1.6 M aq NH3. [DODT ¼ 3,6-dioxa-1,8-octanedithiol].28
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recently reported acetal protected leucine a-ketoacid resin 25, as
well as the corresponding phenylalanine derivative. As a
comparison of this new method, we synthesized in parallel, the
same library of cyclic peptides by the establishedmethod of side
chain-protected cyclization in solution.

For cyclization with traditional coupling reagents, the side-
chain protected peptides were synthesized on 2-Cl trityl resin
with N-terminal homoserine, in order to keep the same cycli-
zation points as in the KAHA cyclization. The side chain-pro-
tected peptides were cleaved from the resin with 1% TFA in
CH2Cl2, cyclized with HATU (1-[bis(dimethylamino)-methy-
lene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexa-uo-
rophosphate) and DIPEA (N,N-diisopropylethylamine) in DMF
solution27 and deprotected with the deprotection cocktail
TFA/TIS/H2O 95 : 2.5 : 2.5 (see Table 2 and ESI† for details).

A representative example by KAHA ligation is shown in
Scheme 5 for the synthesis of the 13 residue cyclic peptide
amide-28 (Table 2, entry 9). The linear peptide 27 was assembled
by Fmoc-SPPS using aminomethyl polystyrene resin 25 pre-
loaded with the protected leucine a-ketoacid. Aer the standard
coupling of Fmoc-5-oxaproline to the N-terminus, the peptide
was globally deprotected and cleaved from the resin with the
deprotection cocktail TFA/DODT/H2O 95 : 2.5 : 2.5.

The crude peptide was dissolved in 2 : 1 CH3CN/H2O (0.05 M
oxalic acid) and cyclized at 50 �C overnight. Typically the reac-
tions were complete within a few hours, but we chose to elon-
gate the reaction times to 18 h for convenience in parallel
synthesis. Aer cyclization, the crude reaction mixture was
treated with aqueous ammonia for 3 h at room temperature to
convert depsi-28 into amide-28. This rearrangement proceeded
cleanly for all peptides and we did not observe any ammonolysis
of the ester bond or reactions of the side-chain functional
groups. The mixture was acidied with TFA and the solvent
removed by evaporation. The crude product was dissolved in
DMSO and puried by RP-HPLC. In most cases, a single puri-
cation of the crude peptide macrocycle provided material of
4894 | Chem. Sci., 2015, 6, 4889–4896
>95% purity. As shown in Table 2, we chose random sequences
with and without turn inducing motifs such as D-Pro-Pro, which
is known to favor the head-to-tail cyclization with standard
chemistry.29 To evaluate the inuence of these residues on the
KAHA cyclization we also included the same sequences in which
the turn inducing residues were replaced by L-alanine or
L-lysine.

For the 24 sequences synthesized, both methods afforded
the desired peptides in comparable overall yields. A signicant
difference was noticed in the average crude purity of the
cyclized peptides where we found that the macrocycles prepared
by KAHA ligation were formed in higher purity, greatly facili-
tating purication.

In sequences without turn-inducing residues, the crude
purity was found to be up to 8 times higher in the case of KAHA
cyclization (see Table 2 entries 13, 16 and 24). Despite the
limited number of synthesized peptides, the data suggests that
KAHA cyclization is less dependent on the presence of turn-
inducing moieties. The ability to cyclize fully unprotected
peptides and the initial formation of ester-linked depsipeptides
followed by O,N-acyl shi – which has been reported30 as a
strategy to synthesize constrained cyclic peptides – may play a
benecial role on the KAHA cyclizations.

Conclusions

We have established a protocol for the cyclization of fully
unprotected peptides, obtained by Fmoc-SPPS, to homoserine-
containing macrocycles. The initial ester-linked cyclic
depsipeptides can be isolated or rearranged in a one-pot
procedure to afford the corresponding native cyclic peptides in
good yields and excellent purity. The cyclization of longer
peptides can be challenging by standard methods but is facili-
tated by use of the unprotected linear peptides in the case of the
KAHA cyclization. Although our method does not overcome one
of the notorious problems with cyclic peptide synthesis,
This journal is © The Royal Society of Chemistry 2015
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epimerization, the ease of the process and the facile access to
valuable cyclic depsipeptides make KAHA cyclizations a valu-
able tool for the preparation of macrocyclic peptide libraries.
These studies also provide further mechanistic insights into the
highly unusual chemoselective ester formation, which is the
primary product of the KAHA ligation with 5-oxaproline
residues.

The protocol presented here is fully compatible with auto-
mated, parallel Fmoc SPPS and requires signicantly less time,
solvents, and manual operation steps than other methods for
head-to-tail cyclization, which establishes the KAHA cyclization
as a viable synthetic process for the generation of cyclic peptide
libraries. Currently, it delivers homoserine-containing products
– which have advantages in terms of novelty and intellectual
property – due to the use of N-terminal 5-oxaproline as the
hydroxylamine partner for the a-ketoacid. By developing alter-
native N-terminal hydroxylamines31 and preparing new acetal
protected a-ketoacids, the variability and generality of this
method will be further improved.
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