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The proposed structure of talarolide A, a cycloheptapeptide featuring a hydroxamate moiety within the
peptide backbone, was successfully synthesized. An initial attempt to synthesize a linear peptide precursor
containing a C-terminal N-benzyloxy glycine residue was problematic due to an unreported on-resin
reduction of N-benzyloxy glycine to glycine. After repositioning the peptide cyclization point, a new
linear peptide sequence was successfully prepared using Fmoc-solid-phase peptide synthesis.
Subsequent solution-phase cyclization and removal of protecting groups furnished the synthetic talaro-
lide A in good yield. Despite the mismatch of the NMR data between the synthetic talarolide A and the
natural product, a detailed structural analysis using 2D NMR spectroscopy, together with re-synthesis of
the same synthetic material using two additional cyclization sites, confirmed that our synthetic product
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Introduction

The N-hydroxylation of peptide backbones is an important
strategy for peptide post-translational modification which has
mainly been found in the metabolites of microorganisms."™
Naturally-occurring peptides containing the N-hydroxy amide
moiety have been reported as potential antibacterial and anti-
tumor agents.>*>° Additionally, they can act as siderophores
which chelate and transport metal ions essential for cell
growth and proliferation." Synthetic peptides containing
the N-hydroxy amide unit, also exhibit a wide spectrum of
bioactivities including inhibition of metalloproteases and
HIV protease, as well as immune suppression.” *° It is pro-
posed that the N-hydroxy amide functionality not only serves
as a strong proton donor participating in hydrogen bonding
and metal chelation but also confers enhanced stability
to enzymatic degradation compared to its cognate amide
counterpart.''?
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has the reported structure of talarolide A.

Talarolide A (1) is a cyclic heptapeptide isolated from an
Australian marine tunicate-associated fungus, Talaromyces sp.
(CMB TUO011) (Fig. 1)."* Its overall structural elucidation was
recently reported by Capon et al. using de novo spectroscopic
analysis and a combination of C;, Cy5, and 2D C; Marfey’s ana-
lyses.”® The relevant structural features of 1 are the presence of
a characteristic N-hydroxy amide moiety within the peptide
backbone, along with multiple N-methyl amino acids. Reports
on naturally derived cyclic peptides containing both N-hydroxy
and N-methyl residues are scarce and some of these peptides
exhibit potent inhibitory activity against Gram-positive bac-
teria,> Mpycobacterium tuberculosis (TB)"* and the oxytocin
receptor.” More importantly, only one recent account of their
synthesis has been published to date, which involved the use
of corrosive coupling reagents, orthogonal protecting groups
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Fig. 1 Structure of talarolide A (1).
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and a multi-step synthesis of the N-hydroxylated amino acid."
We therefore embarked on the first total synthesis of talarolide
A (1) in order to confirm the proposed structure and establish
a robust synthetic route towards this unusual family of
peptides.

Results and discussion

We envisaged that 1 could be constructed employing Fmoc-
solid-phase peptide synthesis (SPPS) to access the linear
peptide precursor followed by a solution-phase head-to-tail
cyclization. Specifically, a side-chain-protected linear peptide
could be initially assembled on a hyperacid-labile resin and
the N-hydroxy amide moiety could be introduced by incorpor-
ating an N-benzyloxy glycine (3) building block into the
sequence; after releasing the linear peptide precursor from the
resin, 1 can be obtained through a solution-phase macrolacta-
mization followed by subsequent final deprotection
(Scheme 1). Moreover, the presence of multiple N-methyl
amino acids in the peptide sequence could improve the
efficiency of the peptide cyclization step by inducing a f-turn
conformation that reduces the average distance between the C-
and N-terminal residues."®

Careful selection of the appropriate cyclization point is the
key decision in order to successfully synthesize cyclic peptides.
In this case, disconnections of 1 at sites that involved
N-hydroxy and N-methyl amide bonds were excluded as it is
known that cyclization at those sites is undesirable due to
severe C-terminal epimerization and low reaction efficiency
caused by the steric hindrance and decreased nucleophilicity
of the terminal amine.'®"® Among the three remaining cycliza-
tion sites, the junction between N-OH-Gly and r-Ala was
initially chosen, as the derived linear precursor 2 contains an
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Scheme 1 First (a) and second (b) retrosynthesis of talarolide A (1).
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achiral N-OH-Gly residue at the C-terminus, thus reducing the
risk of epimerization during peptide cyclization (see discon-
nection a in Scheme 1).

The synthesis of 2 commenced with the attachment of the
N-benzyloxy glycine (3) building block onto a 2-chlorotrityl
chloride (2-CTC) resin (Scheme 2). The building block 3 was
readily prepared from bromoacetic acid tert-butyl ester and
O-benzylhydroxylamine according to reported methods.>®*!
The absence of a protecting group on the benzyloxy amine of 3
did not affect the esterification of the first amino acid with
2-CTC resin due to its modified nucleophilicity and steric hin-
drance compared to unsubstituted amines.>> However, these
intrinsic properties of the benzyloxy amine also posed a chal-
lenge during the following acylation step. Only strong acylating
reagents, such as an acid chloride, a mixed anhydride, or O-(7-
azabenzotriazol-1-yl)-N,N,N',N'-tetramethyluronium hexafluoro-
phosphate (HATU), were reported to be successful for the for-
mation of an N-hydroxy amide bond.'®*"?? In this work, the
coupling of Fmoc-p-NMe-Leu to the resin bound benzyloxy
glycine was accomplished using HATU as the coupling reagent
for 24 h. However, a second coupling was necessary to drive
the reaction to completion and thus obtain 7 (Scheme 2).
Pleasingly, the long reaction time did not give rise to signifi-
cant epimerization which has been frequently observed in the
acylation of sterically bulky amino acids.'®*?

Subsequent peptide elongation with the remaining amino
acids was then performed using HATU as the coupling reagent
and 20% piperidine in DMF for N*-Fmoc-deprotection, which
led to the resin bound peptide 8. However, LC-MS analysis of a
crude sample resulting from the cleavage of 2 from the resin
showed an unexpected loss of the benzyloxyl fragment of the
N-hydroxy glycine residue which resulted in the corresponding
C-terminal glycine derivative 9 as the major product
(Scheme 2). This side reaction was attributed to the repetitive
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Scheme 2 Synthesis of the initial linear peptide precursor 2. Reagents
and conditions: (i) 3 (2 equiv.), DIPEA (5 equiv.), CH,Cl,, RT, 2 h; (ii) Fmoc-
NMe-p-Leu (4 equiv.), HATU (4 equiv.), DIPEA (8 equiv.), RT, 2 x 1 day;
(iii) iterative Fmoc-SPPS ((a) 20% piperidine in DMF, RT, 2 X 5 min;
(b) Fmoc-AA-OH (4 equiv.), HATU (4 equiv.), DIPEA (8 equiv.), DMF, RT, 1 h);
(iv) 20% piperidine in DMF, RT, 2 x 5 min; (v) HFIP/CH,CL, (1:4), RT, 1 h.

treatment with piperidine, given that accumulation of the
corresponding C-terminal reduced product was observed after
each amino acid coupling cycle. For instance, while approxi-
mately 50% of the reduced tetrapeptide was observed after
cleavage of the NH,-p-allo-Ile-p-Ala-p-NMe-Leu-(NOBn)Gly-OH
peptide from the resin, the reduced peptide 9 (found 776.4
[M + H]', caled 776.5) accounted for ~80% of the final product
(Fig. S1, S2,1 Scheme 2). The loss of the benzyloxy fragment
was attributed to the thermal reduction of the N-benzyloxy
glycine residue to glycine, which has not been reported in pre-
synthesis of hydroxamate-containing peptides.'®*!
However, it is important to note that in those previous synth-
eses the N-hydroxy residues were located in the middle of the
peptide sequence rather than in the C-terminal region, as is
the case presented in Scheme 2. We therefore postulated that
the ester bond linkage between the first amino acid and the
resin rendered the N-acyl-N-benzyloxy glycine moiety prone to
a base-induced elimination to afford the corresponding
a-acylimine intermediate 10.°>>*>® After attack by a “soft
nucleophile” such as piperidine, an N-substituted glycine
derivative 11 is generated, which then undergoes further
thermal reduction to give the corresponding glycine derivative
12 (Scheme 3).>>*”

vious
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Scheme 3 The proposed mechanism for the reduction of the

C-terminal N-acyl-N-benzyloxyl glycine residue.

Having established that the C-terminal N-acyl-N-benzyloxy
glycine ester was not stable to repetitive treatment with bases
such as DIPEA and piperidine, we decided to change the cycli-
zation site to the junction between NMe-Tyr and p-allo-Ile so
that the building block 3 would be repositioned in the middle
of peptide sequence (Scheme 1, path b). The resulting linear
precursor 4 was then assembled on a 2-CTC resin as shown in
Scheme 4. The coupling of 3 to the resin-bound tripeptide 15
was performed using a mixture of 3, N,N'-diisopropyl-
carbodiimide (DIC) and 6-chloro-1-hydroxybenzotriazole (6-Cl-
HOBt) in DMF for 24 h as powerful coupling reagents, such as
HATU, might result in self-condensation of 3 during the long
reaction time. For the Fmoc deprotection of 18 we encountered
significant diketopiperazine formation which could not be
alleviated using milder basic conditions (50% morpholine in
DMF and 5% piperizine in DMF containing 0.1 M 6-CI-HOBt).
Fortunately, this undesirable side reaction was minimized
using 20% piperidine in DMF and a short deprotection time
(2 x 30 seconds), thereby affording 19 in almost quantitative
yield (Scheme 4).

The protected linear precursor 4 (found 882.5 [M + HJ',
calcd 882.5) was released from the resin upon treatment with
20% hexafluoroisopropanol (HFIP) in CH,Cl, and the crude
peptide was taken to the next step without further purification.
The linear peptide 4 was then subjected to peptide cyclization
in solution using (benzotriazol-1-yloxy)tripyrrolidinophospho-
nium hexafluorophosphate (PyBOP) as the cyclizing reagent
under high dilution conditions (0.75 mM).>®*° LC-MS analysis
of the crude reaction mixture indicated the rapid formation of
a single product which exhibited the correct mass of the pro-
tected cyclic peptide 21. It is important to note that C-terminal
epimerization was not detected during the synthesis, which
echoed our hypothesis that a ring-closing conformation would
be favored in a peptide sequence encompassing multiple
N-methyl amino acids.

Subsequent deprotection of the ¢-butyl and benzyl group of
21, using 90% formic acid aqueous solution and palladium-
catalyzed hydrogenation respectively, furnished the desired
final product 1 in good yield (16% overall yield based on the
determined loading of 2-CTC resin (0.48 mmol g ')
(Scheme 4). It is also worth noting that cyclic peptide 21 was

This journal is © The Royal Society of Chemistry 2018
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Scheme 4 The second synthetic route towards talarodlide A (1). Reagents and conditions: (i) Fmoc-NMe-Tyr(OtBu)-OH (2 equiv.), DIPEA (5 equiv.),
CH,Cl,, RT, 1 h; (ii) iterative Fmoc-SPPS ((a) 20% piperidine in DMF, RT, 2 x 5 min; (b) Fmoc-AA-OH (4 equiv.), HATU (4 equiv.), DIPEA (8 equiv.), DMF,
RT, 1 h); (iii) 20% piperidine in DMF, RT, 2 X 5 min; (iv) 3 (4 equiv.), DIC (4 equiv.), 6-Cl-HOBt (4 equiv.), DMF, RT, 24 h; (v) Fmoc-NMe-p-Leu
(4 equiv.), HATU (4 equiv.), DIPEA (8 equiv.), RT, 2 x 1 day; (vi) 20% piperidine in DMF, RT, 2 x 30 s; (vii) Fmoc-p-allo-Ile (4 equiv.), HATU (4 equiv.),
DIPEA (8 equiv.), DMF, RT, 1 h; (viii) HFIP/CH,Cl, (1: 4), RT, 1 h; (ix) PyBOP (3 equiv.), DIPEA (5 equiv.), DMF, RT, 1 day; (x) 90% formic acid in water, RT,

40 min; (xi) Pd—C, H,, MeOH, RT, 90 min.

unstable in typical TFA-mediated ¢-butyl removal conditions,
under which conditions it underwent a ring opening reaction
to generate the corresponding linear peptide 2.

The synthetic talarolide A (1) was then characterized by 'H
and >C NMR spectroscopy and the obtained data were com-
pared to those reported for the natural product. Unfortunately,
the 'H and "*C NMR spectra of 1 did not match those of the
natural product. More importantly, two sets of signals with an
approximate 1: 1 ratio were observed in the 'H-NMR spectrum
of 1, which were attributed to the existence of potential confor-
mers as the N-methyl or N-hydroxy amide moieties in talaro-
lide A (1) are capable of assuming either a cis or trans confor-
mation (Fig. 2).>°7?

This journal is © The Royal Society of Chemistry 2018

In order to support this hypothesis and unambiguously
assign all the proton signals in the NMR spectrum to each
individual conformer, full NMR characterization of the syn-
thetic talarolide A (1) was carried out. The correct peptide
sequences were confirmed for both conformers by HMBC.
Moreover, the ROESY spectrum of 1 rendered a comprehensive
profile of the spatial relationship between all the protons,
from which the isomerization state for each N-methyl and
N-hydroxy amide bonds can be deduced. As shown in Fig. 2, a
correlation between the H® of N(OH)-Gly and p-NMe-Leu
residue (b and b’ in Fig. 2) was found in both conformers, thus
indicating a cis conformation for the N-hydroxy amide moiety.
In addition, all the amide bonds that involved N-methyl substi-

Org. Biomol. Chem., 2018, 16, 5286-5293 | 5289
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Fig. 2 Expanded view of the ROESY spectrum of synthetic talarolide
A(1).

tution assumed the trans conformation in both conformers,
except the one between the p-NMe-Leu and p-Ala residues. The
correlation observed between the NCH; proton of p-NMe-Leu
and the H” of p-Ala in conformer 2 (a’ in Fig. 2) suggested the
presence of a trans conformation while a cis conformation was
identified in conformer 1, which was evidenced by the corre-
lation between the H” of p-NMe-Leu and p-Ala (a in Fig. 2).
This finding pinpointed the position of amide bond where the
cis/trans isomerization occurred in the synthetic talarolide
A (1), thus providing deep insight into the structural difference
between the two conformers observed in the NMR experiment.
Unfortunately, the published ROESY spectrum of the natural
product did not provide sufficient information regarding
the isomerization state of each amide bond and only a trans
conformation was determined for the amide bond between
p-NMe-Leu and p-Ala residue.”

Variable temperature NMR experiments were then carried
out. As shown in Fig. 3, the proton resonances of these two
conformers were well resolved at 27 °C, possibly due to the
slow interconversion between the cis and trans conformations
(see below). As the temperature increased, the rate of intercon-
version increased, leading to peak broadening and signal
coalescence, as demonstrated by the ratio between the two
conformers, which went from 1:1 at RT to 1:0.5 at 60 °C (the
peaks in the C*-H region were integrated). However, a com-
plete fusion of these two conformers had not been achieved
even when the temperature reached 60 °C, thus indicating a
relatively high energy barrier between them. A concentration-
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Fig. 3 C°-H region of the *H NMR spectra (500 MHz, DMSO-dg) of
synthetic talarolide A (1) at 27 °C, 37 °C, 50 °C and 60 °C.

dependent NMR experiment was performed to examine the
effect of peptide concentration on its "H-NMR spectrum. The
obtained '"H-NMR spectra of 1 at three different concentrations
did not exhibit significant varation, hence it is concluded that
peptide concentration was not a factor that could explain the
differences observed in the NMR spectra of the synthetic and
natural talarolide A peptides (Fig. S127).

In order to further confirm the validity of our synthesis
of 1 and to evaluate the impact of different cyclizing sites
on peptide conformation, we also synthesized 1 using two
different disconnecting points (Schemes 5 and 6). Both linear
precursors 29 and 36 were successfully prepared on 2-CTC
resin using the same method as described above for the
synthesis of 4. Macrolactamization of 29 in DMF (0.75 mM)
proceeded smoothly using PyBOP while cyclization of 36 using
the same conditions failed to give the desired peptide 21 prob-
ably due to the steric hindrance of the N-methylated amine at
N-terminus. Linear peptide 36 was successfully cyclized using
HATU, but significant C-terminal epimerization was observed
during this process. This phenomenon agreed well with pre-
vious reports where severe epimerization took place during the
cyclization of peptides that contained an N-methyl amino acid
at the N-terminus."”™'° After removal of protecting groups, the
final product 1 derived from 29 and 36 was obtained in 7%
and 2% overall yield respectively (based on the corresponding
loading of 2-CTC resin (0.41 mmol g~' and 0.55 mmol g™ ")).
Finally, the samples of synthetic talarolide A (1) obtained from
these two different cyclizing points were characterized by
"H-NMR, both of which exhibited the same 'H-NMR spectrum
as the one we obtained via the synthetic route outlined in
Scheme 4, thereby ruling out the existence of possible epimers
in the final product (Fig. 4). Moreover, given the fact that
the two conformers were consistently observed in all the
"H-NMR spectra of 1 (Fig. 4), it was concluded that the selec-
tion of a different cyclization site for execution of the synthesis
had a negligible effect on the conformation of the final
peptide.

This journal is © The Royal Society of Chemistry 2018
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p-Leu (4 equiv.), HATU (4 equiv.), DIPEA (8 equiv.), RT, 2 x 1 day; (vi) 20% piperidine in DMF, RT, 2 x 30 s; (vii) HFIP/CH,Cl, (1:4), RT, 1 h; (vii) PyBOP
(3 equiv.), DIPEA (5 equiv.), DMF, RT, 1 day; (ix) 90% formic acid in water, RT, 40 min; (x) Pd-C, H,, MeOH, RT, 90 min.
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Fig. 4 Stacked H-NMR (500 MHz, DMSO-dg) spectra of 1 prepared
from three different cyclization sites. (a) *H-NMR spectrum of 1 syn-
thesized via linear peptide 4; (b) *H-NMR spectrum of 1 synthesized via
linear peptide 29; (c) 'H-NMR spectrum of 1 synthesized via linear
peptide 36. The slight differences in the three spectra are likely due to
impurities from the purification steps.

Conclusions

In conclusion, the proposed structure of talarolide A (1) was
successfully synthesized using a combination of Fmoc-SPPS
and solution-phase macrolactamization. Interestingly, a novel
on-resin reduction of the N-benzyloxy glycine residue was
identified during the synthesis, which led to a low-yielding
synthesis of the initial linear peptide. This side reaction
was circumvented by repositioning the N-benzyloxy glycine
residue to the middle of the linear peptide sequence.
In this case, after cyclization of the linear peptide and
removal of protecting groups, 1 was successfully obtained
in good yield. Unfortunately, the "H and *C NMR spectra
of the synthetic talarolide A (1) did not match those of
the natural product and revealed the existence of two
different conformers. Subsequent 2D-NMR analysis of 1,
together with the re-synthesis of 1 using two different cycliza-
tion points, fully supported 1 as the structure of our synthetic
talarolide A (1) and also pinpointed the structural difference
between the two coexisting conformers. The work reported
herein suggests that further studies are required to establish
the structural difference between synthetic and natural
talarolide A.
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