
Triazene as a Powerful Tool for Solid-Phase Derivatization of
Phenylalanine Containing Peptides: Zygosporamide Analogues as a
Proof of Concept
Carolina Torres-García,†,‡ Daniel Pulido,‡,§ Fernando Albericio,#,†,∥,§,⊥ Miriam Royo,*,‡,§

and Ernesto Nicolaś*,†
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ABSTRACT: A novel method for the synthesis of para-
substituted phenylalanine containing cyclic peptides is
described. The main features of this strategy are the coupling
of phenylalanine to the solid support through its side chain via
a triazene linkage, on-resin cyclization of the peptide chain,
cleavage of the cyclic peptide from the resin under mild acidic
conditions and further transformation of the resulting
diazonium salt. The usefulness of this approach is exemplified
by the solid-phase synthesis of some derivatives of the
naturally occurring cyclic depsipeptide zygosporamide.

■ INTRODUCTION

Naturally occurring cyclic peptides have become relevant tools
as scaffolds for the development of peptide-based drugs.1

Features that contribute to this fact are the conformational
rigidity of the ring that allows the enhanced binding toward
target molecules, resistance to degradation by exopeptidases,
higher lipophilicity and membrane permeability than their
linear counterparts. These properties confer them a key role as
potential candidates for the design of new compounds with
improved biological properties.
Among the amino acids that are usually found in natural

peptides, phenylalanine (Phe) is of particular interest from the
molecular recognition point of view. The aromatic side chain of
this amino acid is responsible for a number of hydrophobic
intermolecular interactions with receptors or intramolecular
interactions for structural stabilization that can be crucial for
intrinsic activity.2 Furthermore, Phe and its derivatives with
modifications in its aromatic ring have become key
pharmacophores in SAR studies of many biologically active
peptides and peptidomimetics.3 For this reason, there is a need
for strategies to efficiently synthesize peptides containing this
amino acid with diverse derivatizations on its aromatic ring. In
particular, strategies that take advantage of the solid-phase
methodology are desirable in order to implement combinatorial
approaches. In this sense, anchoring of Phe through its side
chain to a polymeric support via triazene4 provides a site for
eventual derivatization of this amino acid after cleavage. Thus,

the peptide cleavage from the resin affords an aromatic
diazonium salt that can be easily modified. Tethering an
aromatic ring to a polymeric support through a triazene linker
was pioneered by Bras̈e et al.5 for the solid-phase synthesis of
aromatic and heteroaromatic compounds.6 This approach is
based on coupling an aromatic amine through its diazonium salt
to a secondary amino-functionalized polymeric support. The
robust triazene linker is compatible with a wide range of
reaction conditions. However, acidic cleavage of the triazene
resin under mild conditions yields the amine resin and the
modified aryldiazonium salt that can be further reduced to
afford the target molecule in a traceless manner5,7 or chemically
transformed to introduce diverse functionalities at the aromatic
ring.8 We recently demonstrated the feasibility of this approach
as a traceless methodology for the synthesis of C-terminal
derivatized peptides and cyclic peptides.9 With the aim of
expanding the scope of application of triazene linker in the
peptide chemistry field, we decided to explore its use for the
introduction of chemical diversity in peptides.

■ RESULTS AND DISCUSSION

Herein we report our results on the use of this strategy in the
solid-phase synthesis of peptide analogues based on different
Phe side chain modifications at the para position of the ring.
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Zygosporamide, a potent cytotoxic natural cyclic depsipeptide,
isolated from the marine-derived fungus Zygosporium masonii10

has been used as model peptide (1a, Figure 1). This

depsipeptide contains five residues: two leucines, two phenyl-
alanines and a α-hydroxyisocaproic acid. Ma and co-workers
recently reported a solution synthesis of zygosporamide and a
series of four Ala-substituted zygosporamide analogues. These
compounds displayed selective cytotoxicity against a variety of
cancer cell lines (two CNS cancer cell lines (SF-268, SF-295), a
lung cancer cell line (A-549), a breast cancer cell line (MDA-
MB-231), and a colon cancer cell line (HCT-116)).11

This cyclodepsipeptide can be considered a good model to
explore the potential of the triazene linkage strategy as it
contains two Phe residues that can be used as anchoring points.
The presence of an ester bond on its structure allows also
testing the compatibility of this sensitive function with the
reaction conditions used for peptide derivatization on the
cleavage step.
Another advantage of this strategy is the possibility to

perform the cyclization on the solid support if the adequate
protecting group scheme is used. In our particular case, the
Fmoc group for the amino function and the allyl group for the
carboxylic acid function12 were chosen due to the stability of
triazene to the basic (piperidine)13 and neutral (Pd-0)14

conditions needed respectively for the removal of these groups.
The protected amino acid Fmoc-Phe(pNH2)-OAllyl (2b)

was selected to be introduced onto the solid support via
triazene linkage. This building block was prepared as described
previously.9 A 4-methyl-benzhydrylamine (MBHA)-polystyrene
resin (2c) (0.63 mmol·g−1) was functionalized with a glycine
residue (internal reference amino acid) in order to control the
degree of peptide loading. Then, 4-piperidinecarboxylic acid
(isonipecotic acid) residue was added, thereby presenting a
secondary amine (Scheme 1).
Compound 2b was coupled to the modified resin according

to the conditions described by Bras̈e et al.6b,9 to afford resin 3
(Scheme 2). Spectrophotometric quantification of the Fmoc
group15 indicated resin loading in the 0.34−0.42 mmol·g−1

range, reflecting a 75−91% yield for the derivatization process.

Resin 3 was used to seek appropriate triazene cleavage
conditions and concomitant transformation of the resulting
diazonium salt to yield the desired derivative. The substitution
groups considered in this study were OH, OMe and F,
generating Phe derivatives which have been commonly used in
SAR studies.16,17 I and N3 were also explored because they can
be precursors for further modifications under mild conditions
using cross coupling processes18 or click chemistry strategies.19

As a control, the unmodified protected phenylalanine derivative
was obtained under the conditions already established in our
laboratory for this substrate (4a, Table 1).
For the introduction of hydroxyl, iodo and azido groups, the

amino acid was cleaved from the resin as a diazonium salt with
diluted TFA in DCM (5:95) and subsequently treated with the
corresponding suitable reagent (Table 1). Thus, transformation
to Tyr was achieved by treatment with H2O/CH3CN (8/2, v/
v) at 60 °C. Iodination was performed using KI in H2O/
CH3CN (9:1)20 yielding the 4-iodophenylalanine derivative
together with the reduced derivative (27%) and derivatization
to azide was accomplished with Me3SiN3.

21 Methoxy group
introduction at the aromatic ring proceeded by resin treatment
with TFA at 60 °C using MeOH as solvent instead of DCM.7b

Finally, fluorine derivative was achieved with yields over 80%
treating the resin with BF3·Et2O in CCl4 at 80 °C.22 Other
reagents to introduce fluorine were explored such as HF/
pyridine after TFA treatment,23 CsF/C6F14 in TFA8a,24 or
CF3SO3H,24 CsF/(CF3CH2OH or (CF3)2CHOH) in
CF3SO3H,

24 or AgF/C6F14 in TFA25 affording low cleavage
yields, complex crude product mixtures, or variable quantities of
the hydroxyl derivative 4b (7−83%) as a side product.
Phenylalanine derivatives 4a−4f were obtained in 44−78%
yields after chromatographic purification. These methodologies
proved to be reproducible but anhydrous reagents should be
used in order to avoid hydroxylation when other substituent is
required.
The solid-phase synthesis of zygosporamide derivatives was

planned with final on-resin macrolactamization between Phe5

and Leu,4 thus being Phe5 the amino acid anchored to the resin
through triazene linkage (Scheme 3).
After removal of the Fmoc protecting group of resin 3 with

3% of DBU in DMF, stepwise elongation with standard
building blocks (α-hydroxyisocaproic acid, Fmoc-L-Phe-OH,
Fmoc-L-Leu-OH and Fmoc-D-Leu-OH) was conducted with
diisopropylcarbodiimide. Hydroxybenzotriazole (HOBt) was
used as an additive for all amide bond formations. In the case of
the ester linkage to the α-hydroxyisocaproic acid residue, 1.5%
mol of DMAP was used as an additive instead of HOBt. This
procedure rendered resin 5. After removal of C-terminal allyl
ester with Pd(PPh3)4/PhSiH3 in DCM and N-terminal Fmoc
group under the above-mentioned conditions, the peptide
backbone underwent quantitative N to C cyclization reaction
with PyBOP/HOAt/DIEA in DMF to afford 6. Acidolytic

Figure 1. Structure of zygosporamide (1a).

Scheme 1. Functionalization of the MBHA Resin
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cleavage under reducing conditions9 led to a 44% overall yield
of zygosporamide (1a) with a 1H NMR spectrum in good
agreement with that reported in the literature.10 An alternative
synthesis of zygosporamide in which Phe2 was the amino acid
anchored to the resin through triazene linkage was attempted
unsuccessfully. In this case, stepwise elongation afforded the
desired linear peptide; however, the final macrolactonization

could not be carried out in any of the conditions tested (data
not shown).
Once the synthetic approach for the assembly of the

zygosporamide skeleton on the solid support was established,
we explored the feasibility of the triazene linkage for the
preparation of 4-substituted Phe5 analogues of this cyclo-
depsipeptide using the experimental conditions optimized for
the resin model 3. Thus, cleavage of the peptide from the resin
with TFA and further treatment with H2O/CH3CN at 60 °C
afforded 1b in a 34% overall yield, while similar conditions in
the presence of KI at room temperature gave 1d in a 35%
overall yield. Derivative 1c was obtained when the peptide-resin
was submitted to TFA treatment in MeOH (25% overall yield)
and azide substitution (1e) resulted from acidolytic cleavage of
the peptide from the resin followed by reaction of the resulting
diazonium salt with Me3SiN3 to yield the desired derivative in a
69% global yield. Finally, the fluoride 1f was obtained when the
peptide-resin was treated with a mixture of CCl4 and BF3·Et2O
at 80 °C under argon atmosphere (50% overall yield). All yields
correspond to the final product after chromatographic
purification (Table 2). The identity of the peptide derivatives
was confirmed by 1H NMR and/or HRMS.

■ CONCLUSIONS

In summary, we have developed a new versatile and efficient
method for the solid-phase synthesis of phenylalanine
containing peptides, based on the anchorage of the aromatic
ring of Phe side chain to the solid support through a triazene
linkage. The use of low percentatge of TFA for peptide cleavage
from the resin and further chemical transformation of the
resulting diazonium salt under suitable experimental conditions
allows the introduction of diversity at the para position of the

Scheme 2. Coupling of Protected Phenylalanine to the Piperidine Resin via Triazene Linkage

Table 1. Cleavage and Derivatization of Phenylalanine
Derivatives

entry Xa % yieldb

4a H 66
4b OH 61
4c OMe 55
4d I 44
4e N3 78
4f F 63

a(i) FeSO4·7H2O/DMF; (ii) H2O/CH3CN (8/2, v/v), 60 °C; (iii)
TFA/MeOH (5/95, v/v), 60 °C; (iv) Kl, H2O/CH3CN (9/1, v/v);
(v) Me3SiN3; (vi) CCI4/ BF3·Et2O, 80 °C. bOverall yield after
purification.

Scheme 3. Solid Phase Synthesis of Zygosporamide Derivatives
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aromatic ring. It is remarkable that this strategy can be also
used for the generation of cyclodepsipeptide derivatives due to
the mild conditions used, which preserve the integrity of the
ester bond. This strategy could be extended to the synthesis of
other Phe containing peptide analogues. Furthermore, the high
versatility in terms of commercial availability of building blocks
for peptide synthesis (orthogonal protecting groups) makes this
strategy compatible with the presence of trifunctional amino
acids in the peptidic sequence. In this case, the side chain
protecting groups should be removed after Phe derivatization.

■ EXPERIMENTAL SECTION
Reagents and solvents were obtained commercially. Solid-phase
peptide synthesis was carried out in polypropylene syringes fitted
with porous polystyrene frits. Solvents and excess of reagents were
removed by filtration under reduced pressure.
Flash chromatography was performed using an automated flash

system. Semipreparative HPLC was carried out with a XBridge BEH
130 C18, 19 × 100 mm column. Elution system used in
semipreparative purification HPLC was A: H2O:CF3COOH
(99.9:0.1, v/v) and B: CH3CN: CF3COOH (99.9:0.1, v/v). XSelect-
CSH C18 analytical column, 3.5 μm, 4.6 × 50 mm and XBridge BEH
130 C18 analytical column, 3.5 μm, 4.6 × 100 mm columns were used
for analytical HPLC-MS. Elution system used in analytical HPLC-MS
was A: H2O:HCOOH (99.9:0.1, v/v) and B: CH3CN:HCOOH
(99.93:0.07, v/v).
NMR spectra were recorded at 400 and 500 MHz spectrometers

(1H and 13C). Mass spectra were acquired with quadrupole detection
and an electrospray ion source in positive-ion mode.

(S)-Fmoc-Phe(4-NO2)-OAllyl (2a). (S)-Fmoc-Phe(4-NO2)-OH
(3.54 g, 8.19 mmol) was dissolved in DMF (70 mL) and NaHCO3
(3.09 g, 36.79 mmol) and allyl bromide (3.0 mL, 33.63 mmol) were
added. The mixture was stirred at rt for 16 h and then the solvent was
removed. The pale yellow solid obtained was dissolved in EtOAc (60
mL) and washed with H2O (3 × 60 mL). The organic phase was dried
and solvent removed under a vacuum, furnishing the product as a
white solid that was used in the next step without further purification
(3.40 g, 88%): mp = 143−146 °C; Rf 0.47 [tBuOMe/hexanes (1:1)];
[α]D20 = +15.6 (c 1, CHCl3,); IR (ATR) 3329, 1749, 1687, 1516,
1338, 1263, 1213 cm−1; 1H NMR (400 MHz, CDCl3) δ 8.11 (d, J =
8.4 Hz, 2H), 7.77 (d, J = 7.6 Hz, 2H), 7.56 (m, 2H), 7.41 (m, 2H),
7.30 (m, 2H), 7.22 (d, J = 8.3 Hz, 2H), 5.86 (m, 1H), 5.31 (m, 3H),
4.70 (m, 1H), 4.62 (d, J = 5.7 Hz, 2H), 4.51 (dd, J1 = 10.9 Hz, J2 = 6.9
Hz, 1H), 4.40 (dd, J1 = 10.7 Hz, J2 = 6.4 Hz, 1H), 4.19 (t, J = 6.4 Hz,
1H), 3.27 (dd, J1 = 13.9 Hz, J2 = 5.8 Hz, 1H), 3.16 (dd, J1 = 13.8 Hz, J2
= 5.9 Hz, 1H) ppm; 13C NMR (100 MHz, CDCl3) δ 170.6, 155.6,
147.3, 143.8, 143.7, 143.6, 141.5 ( × 2), 131.1, 130.4 ( × 2), 127.9 ( ×
2), 127.2 ( × 2), 125.0 ( × 2), 123.8 ( × 2), 120.2 ( × 2), 119.8, 66.9,
66.6, 54.6, 47.3, 38.2 ppm; ESI-HRMS calcd for C27H24N2O6Na [M +
Na]+ 495.1526, found 495.1527.

(S)-Fmoc-Phe(4-NH2)-OAllyl (2b). (S)-Fmoc-Phe(4-NO2)-OAllyl
(3.40 g, 7.20 mmol) and dust Zn (2.24 g, 34.26 mmol) were
suspended in absolute EtOH (70 mL). AcOH (70 mL) was added to
the mixture and the resulting suspension was stirred at 60 °C for 1 h.
Solvent was evaporated and product was purified by silica
chomatography using DCM/EtOAc (9:1) as eluents, affording the
product 2b as a white solid (2.58 g, 81%): mp = 124−127 °C; Rf 0.41
[DCM/EtOAc (9:1)]; [α]D20 = +15.2 (c 1, CHCl3,); IR (ATR) 3389,
2931, 1740, 1692, 1260 cm−1; 1H NMR (400 MHz, CDCl3) δ 7.75 (d,
J = 7.5 Hz, 2H), 7.56 (t, J = 6.5 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.30
(tt, J1 = 7.4 Hz, J2 = 1.4 Hz, 2H), 6.88 (d, J = 8.2 Hz, 2H), 6.58 (d, J =
8.2 Hz, 2H), 5.88 (m, 1H), 5.33 (s, 1H), 5.26 (m, 2H), 4.62 (t, J = 6
Hz, 3H), 4.41 (dd, J1 = 10.6 Hz, J2 = 7.2 Hz, 1H), 4.33 (dd, J1 = 10.5
Hz, J2 = 7.0 Hz, 1H), 4.20 (t, J = 7.1 Hz, 1H), 3.56 (bs, 2H), 3.01 (m,
2H) ppm; 13C NMR (100 MHz, CDCl3) δ 171.5, 155.7, 145.6, 144.0,
143.9 ( × 2), 141.4 ( × 2), 131.6, 130.3 ( × 2), 127.8 ( × 2), 127.2 ( ×
2), 125.3, 125.2, 120.1 ( × 2), 119.1, 115.4 ( × 2), 67.1, 66.1, 55.1,
47.3, 37.5 ppm; ESI-HRMS calcd for C27H27N2O4 [M + H]+443.1965,
found 443.1962.

Isonipecotic-MBHA Resin (2c).MBHA resin (2.60 g, 0.63 mmol/
g, 1.64 mmol) was introduced into a polypropylene syringe fitted with
a porous polystyrene frit and was washed successively with DCM (10
× 30 s), TFA (40% v/v) in DCM (1 × 1 min and 2 × 10 min), DCM
(5 × 30 s), DIEA (5% v/v) in DCM (5 × 2 min), DCM (5 × 30 s)
and DMF (5 × 30 s). Then, Fmoc-Gly-OH (internal reference) (1.46
g, 4.91 mmol), HOBt·H2O (0.75 g, 4.92 mmol) and DIC (0.8 mL,
5.17 mmol) in DMF (8 mL) were added. After 1 h of reaction at rt,
the suspension was filtered and the resin was washed with DMF (5 ×
30 s), DCM (5 × 30 s), MeOH (5 × 30 s) and DCM (5 × 30 s).
Then, Fmoc group was removed with 20% piperidine in DMF (1 × 1
min, 2 × 10 min) and Boc-isonipecotic acid (1.13 g, 4.92 mmol),
HOBt·H2O (0.75 g, 4.92 mmol) and DIC (0.8 mL, 5.17 mmol) in
DMF (8 mL) were added. After 1 h at rt, the mixture was washed with
DMF (5 × 30 s), DCM (5 × 30 s), MeOH (5 × 30 s) and DCM (5 ×
30 s). Finally, the resin was treated with 40% of TFA in DCM to
remove Boc group (2 × 10 min), and was washed with DCM (5 × 30
s), MeOH (5 × 30 s), DCM (5 × 30 s) and DMF (5 × 30 s).

Phenylalanine Incorporation to Resin 2c via Triazene
Linkage (3). Compound 2b (2.56 g, 5.10 mmol) was dissolved
under Ar in anhydrous DCM (40 mL) and the resulting solution was
cooled down to −10 °C, then BF3·Et2O (1.30 mL, 10.3 mmol) and
tBuNO2 (1.40 mL, 10.6 mmol) were added. The mixture was stirred at
this temperature under Ar atmosphere for 1 h and it was added via
cannula to a mixture of the isonipecotic-MBHA resin (3.15 g, 1.70
mmol) and anhydrous pyridine (12 mL, 0.15 mol) at −10 °C. The
resulting suspension was shaken at rt for 3 h under Ar atmosphere and
filtered. Then, the resin was washed with DCM (5 × 30 s), MeOH (5
× 30 s), DCM (5 × 30 s) and DMF (5 × 30 s). Spectrophotometric
quantification of Fmoc groups afforded an 80% yield of phenylalanine

Table 2. Cleavage and Derivatization of Zygosporamide
Derivatives

entry Xa % yieldb

1a H 44
1b OH 34
1c OMe 25
1d I 35
1e N3 69
1f F 50

a(i) FeSO4·7H2O/DMF; (ii) H2O/CH3CN (8/2, v/v), 60 °C; (iii)
TFA/MeOH (5/95, v/v), 60 °C; (iv) Kl, H2O/CH3CN (9/1, v/v);
(v) Me3SiN3; (vi) CCI4/ BF3·Et2O, 80 °C. bOverall yield after
purification.
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coupling through triazene linker. Finally, the unreacted secondary
amide groups were capped by treatment with Ac2O (3.22 mL, 34.1
mmol) and DIEA (5.90 mL, 33.9 mmol) in DMF (6 mL) for 30 min.
Then, the mixture was filtered and resin washed with DMF (5 × 30 s),
DCM (5 × 30 s), MeOH (5 × 30 s) and DCM (5 × 30 s) affording
the resin 3.
Fmoc-Phe-OAllyl (4a). Resin 3 (161 mg, 0.10 mmol) was cleaved

by treatment with TFA in DCM (5/95 v/v; 3 × 2 min), and the
collected washings were evaporated under a vacuum to dryness (the
diazonium salt derivative was protected from light). Then, the
diazonium salt derivative was dissolved in DMF (5 mL) and FeSO4·
7H2O (0.04 g, 0.14 mmol) was added. The mixture was stirred at rt for
5 min and the solvent was removed under a vacuum, affording the
amino acid crude (84% of purity by HPLC) that was purified by
semipreparative reversed-phase HPLC (5% → 65% B in 1 min and
65% → 83% in 7 min with a flow rate of 16 mL/min and λ = 214 nm,
tR = 6.0 min), yielding 15 mg of 4a (global yield of 66%): 1H NMR
(400 MHz, CDCl3) δ 7.77 (d, J = 7.5 Hz, 2H), 7.59−7.52 (m, 2H),
7.40 (t, J = 7.4 Hz, 2H), 7.34−7.24 (m, 5H), 7.11 (d, J = 6.5 Hz, 2H),
5.93−5.81 (m, 1H), 5.33 (bs, 1H), 5.30−5.21 (m, 2H), 4.74−4.66 (m,
1H), 4.62 (d, J = 5.8 Hz, 2H), 4.44 (dd, J = 10.6, 7.1 Hz, 1H), 4.34
(dd, J = 10.6, 7.0 Hz, 1H), 4.21 (t, J = 7.1 Hz, 1H), 3.20−3.07 (m,
2H);13C NMR (100 MHz, CDCl3) δ 171.3, 155.7, 144.0 ( × 2), 141.5
( × 2), 135.8, 131.5, 129.5 ( × 2), 128.8 ( × 2), 127.9 ( × 2), 127.3,
127.2 ( × 2), 125.3 ( × 2), 120.1 ( × 2), 119.3, 67.1, 66.3, 55.0, 47.3,
38.4 ppm; ESI-HRMS calcd for C27H26NO4 [M + H]+ 428.1856,
found 428.1862.
Fmoc-Phe(4-OH)-OAllyl (4b). Resin 3 (213 mg, 0.13 mmol) was

cleaved by treatment with TFA in DCM (5/95 v/v; 3 × 2 min), and
the collected washings were evaporated under a vacuum to dryness
(the diazonium salt derivative was protected from light). Then, the
diazonium salt was dissolved in H2O/CH3CN (8/2, v/v). The mixture
was stirred at 60 °C for 2.5 h and the solvent was removed under a
vacuum, affording the amino acid crude (71% of purity by HPLC) that
was purified by semipreparative reversed-phase HPLC (5% → 65% B
in 1 min and 65% → 78% B in 7 min with a flow rate of 16 mL/min
and λ = 214 nm, tR = 4.27 min), yielding 19 mg of 4b (global yield of
61%): 1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 7.5 Hz, 2H), 7.56
(dd, J1 = 7.1 Hz, J2 = 3.9 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.30 (t, J =
7.5 Hz, 2H), 6.95 (d, J = 8.2 Hz, 2H), 6.72 (d, J = 8.3 Hz, 2H), 5.93−
5.80 (m, 1H), 5.34 (s, 1H), 5.31−5.21 (m, 2H), 4.69−4.63 (m, 1H),
4.62 (d, J = 5.8, 2H), 4.47−4.31 (m, 2H), 4.20 (t, J = 7.0 Hz, 1H),
3.12−2.98 (m, 2H) ppm; 13C NMR (100 MHz, CDCl3) δ 171.5,
155.8, 155.1, 143.8 ( × 2), 141.5 ( × 2), 131.5, 130.7 ( × 2), 127.9 ( ×
2), 127.6, 127.2 ( × 2), 125.2 ( × 2), 120.1 ( × 2), 119.4, 115.6 ( × 2),
67.2, 66.3, 55.1, 47.3, 37.6 ppm; ESI-HRMS calcd for C27H26NO5 [M
+ H]+ 444.1805, found 444.1806.
Fmoc-Phe(4-OMe)-OAllyl (4c). Resin 3 (250 mg, 0.17 mmol)

was treated with TFA in MeOH (5/95 v/v) at 60 °C for 1 h. The resin
was filtered and the corresponding solution was evaporated under a
vacuum to dryness, affording the amino acid crude (77% of purity by
HPLC) that was purified by semipreparative reversed-phase HPLC
(5%→ 65% B in 1 min and 65%→ 87% B in 7 min with a flow rate of
16 mL/min and λ = 214 nm, tR = 5.65 min), yielding 21 mg of 4c
(global yield of 55%): 1H NMR (400 MHz, CDCl3) δ 7.76 (d, J = 7.5
Hz, 2H), 7.56 (t, J = 6.4 Hz, 2H), 7.40 (t, J = 7.4 Hz, 2H), 7.31 (t, J =
7.5 Hz, 2H), 7.01 (d, J = 8.4 Hz, 2H), 6.81 (d, J = 8.5 Hz, 2H), 5.94−
5.82 (m, 1H), 5.34 (s, 1H), 5.31−5.20 (m, 2H), 4.69−4.64 (m, 1H),
4.62 (d, J = 5.7, 2H), 4.44 (dd, J1 = 10.6 Hz, J2 = 7.1 Hz, 1H), 4.34
(dd, J1 = 10.5 Hz, J2 = 7.0 Hz, 1H), 4.21 (t, J = 7.0 Hz, 1H), 3.77 (s,
3H), 3.14−3.01 (m, 2H) ppm; 13C NMR (100 MHz, CDCl3) δ 171.4,
158.9, 155.7, 144.0 ( × 2), 141.5 ( × 2), 131.6, 130.5 ( × 2), 127.9 ( ×
2), 127.7, 127.2 ( × 2), 125.2 ( × 2), 120.1 ( × 2), 119.3, 114.2 ( × 2),
67.1, 66.2, 55.4, 55.06, 47.3, 37.5 ppm; ESI-HRMS calcd for
C28H28NO5 [M + H]+ 458.1962, found 458.1967.
Fmoc-Phe(4-I)-OAllyl (4d). Resin 3 (130 mg, 0.08 mmol) was

treated with TFA in DCM (5/95 v/v; 3 × 2 min), and the collected
washings were evaporated under a vacuum to dryness (the diazonium
salt derivative was protected from light). Then, the diazonium salt was
dissolved in H2O/CH3CN (9/1, v/v) and KI (36 mg, 0.22 mmol) was

added. The mixture was stirred at rt for 1 h and the solvent was
removed under a vacuum, affording the amino acid crude (53% of
purity by HPLC) that was purified by semipreparative reversed-phase
HPLC (5%→ 65% B in 1 min and 65%→ 93% B in 7 min with a flow
rate of 16 mL/min and λ = 214 nm, tR = 6.92 min), yielding 10 mg of
4d (global yield of 44%): 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J =
7.5 Hz, 2H), 7.63−7.53 (m, 4H), 7.41 (t, J = 7.4 Hz, 2H), 7.32 (t, J =
7.4 Hz, 2H), 6.83 (d, J = 8.0 Hz, 2H), 5.93−5.79 (m, 1H), 5.34 (s,
1H), 5.30−5.20 (m, 2H), 4.70−4.64 (m, 1H), 4.61 (d, J = 5.6, 2H),
4.47 (dd, J1 =10.7 Hz, J2 = 7.3 Hz, 1H), 4.37 (dd, J1 = 10.6 Hz, J2 = 6.5
Hz, 1H), 4.21 (t, J = 6.7 Hz, 1H), 3.14−3.00 (m, 2H) ppm; 13C NMR
(100 MHz, CDCl3) δ 171.0, 155.7, 143.8 ( × 2), 141.5 ( × 2), 137.8 (
× 2), 135.4, 131.6 ( × 2), 131.4, 127.9 ( × 2), 127.3 ( × 2), 125.2 ( ×
2), 120.2 ( × 2), 119.6, 92.7, 67.2, 66.4, 54.8, 47.4, 37.9 ppm; ESI-
HRMS calcd for C27H25INO4 [M + H]+ 554.0823, found 554.0817.

Fmoc-Phe(4-N3)-OAllyl (4e). Resin 3 (110 mg, 0.07 mmol) was
treated with TFA in DCM (5/95 v/v) during 10 min and then,
Me3SiN3 (40 μL, 0.29 mmol) was added. The mixture was stirred at rt
for 1 h and the solvent was removed under a vacuum, affording the
amino acid crude (94% of purity by HPLC) that was purified by
semipreparative reversed-phase HPLC (5% → 70% B in 1 min and
70% → 84% B in 7 min with a flow rate of 16 mL/min and λ = 214
nm, tR = 6.0 min), yielding 13 mg of 4e (global yield of 78%): 1H
NMR (400 MHz, CDCl3) δ 7.77 (d, J = 7.5 Hz, 2H), 7.60−7.52 (m,
2H), 7.41 (t, J = 7.4 Hz, 2H), 7.31 (t, J = 7.4 Hz, 2H), 7.06 (d, J = 8.2
Hz, 2H), 6.93 (d, J = 8.3 Hz, 2H), 5.94−5.82 (m, 1H), 5.34 (s, 1H),
5.32−5.20 (m, 2H), 4.71−4.64 (m, 1H), 4.62 (d, J = 5.8, 2H), 4.47
(dd, J1 = 10.6 Hz, J2 = 7.1 Hz, 1H), 4.37 (dd, J1 = 10.5 Hz, J2 = 6.8 Hz,
1H), 4.20 (t, J = 6.8 Hz, 1H), 3.18−3.02 (m, 2H) ppm; 13C NMR
(100 MHz, CDCl3) δ 171.1, 155.6, 144.0, 143.8, 141.5 ( × 2),
139.1,132.5, 131.4, 130.9 ( × 2), 127.9 ( × 2), 127.2 ( × 2), 125.2,
125.1, 120.2 ( × 2), 119.5, 119.3 ( × 2), 67.0, 66.4, 54.9, 47.3, 37.8
ppm; ESI-HRMS calcd for C27H25N4O4 [M + H]+ 469.1870, found
469.1877.

Fmoc-Phe(4-F)-OAllyl (4f). Resin 3 (185 mg, 0.12 mmol), CCl4
(3 mL) and BF3·Et2O (0.1 mL, 0.75 mmol) were introduced in a
sealed tube under argon atmosphere. After 5 min at rt, the mixture was
heated at 80 °C for 1.5 h. Finally, the resin was filtered and washed
with CH3CN. Then, the collected washings were evaporated under a
vacuum to dryness, affording the amino acid crude (90% of purity by
HPLC) that was purified by semipreparative reversed-phase HPLC
(5%→ 65% B in 1 min and 65%→ 90% B in 7 min with a flow rate of
16 mL/min and λ = 214 nm, tR = 5.73 min), yielding 18 mg of 4f
(global yield of 63%): 1H NMR (400 MHz, CDCl3) δ 7.77 (d, J = 7.5
Hz, 2H), 7.59−7.52 (m, 2H), 7.40 (t, J = 7.4 Hz, 2H), 7.31 (t, J = 7.5
Hz, 2H), 7.09−7.01 (m, 2H), 7.00−6.91 (m, 2H), 5.92−5.81 (m, 1H),
5.33 (s, 1H), 5.26 (dd, J1 = 15.8 Hz, J2 = 5.7 Hz, 2H), 4.66 (dd, J1 =
14.1 Hz, J2 = 6.3 Hz, 1H), 4.61 (d, J = 5.8, 2H), 4.47 (dd, J1 = 10.6 Hz,
J2 = 7.2 Hz, 1H), 4.37 (dd, J1 = 10.5 Hz, J2 = 6.8 Hz, 1H), 4.20 (t, J =
6.8 Hz, 1H), 3.17−3.01 (m, 2H) ppm; 13C NMR (100 MHz, CDCl3)
δ 171.5, 162.5 (JC−F = 245.5 Hz), 155.9, 144.3 ( × 2), 141.8 ( × 2),
131.8, 131.7, 131.4, 131.3, 128.2 ( × 2), 127.5 ( × 2), 125.5, 125.4,
120.5 ( × 2), 119.8, 116.0, 115.8, 67.3, 66.7, 55.3, 47.6, 37.9 ppm; 19F
(376 MHz, CDCl3) δ −115.6 ppm; ESI-HRMS calcd for C27H25FNO4
[M + H]+ 446.1762, found 446.1769.

General Procedures for Solid-Phase Peptide Synthesis.
Amino Acid Coupling. To the resin were added the amino acid (3
equiv), HOBt·H2O (3 equiv) and DIC (3 equiv) in DMF (5−7 mL)
and the mixture reacted for 1 h at rt with occasional manual stirring.
Then, the resin was filtered and washed with DMF (5 × 30 s), DCM
(5 × 30 s), MeOH (5 × 30 s) and DCM (5 × 30 s). Couplings were
monitored until completeness using the Kaiser test.

Removal of the Fmoc Group. The resin was treated with 20%
piperidine in DMF (v/v, 1 × 1 min and 2 × 10 min) and then it was
washed with DMF (5 × 30 s), DCM (5 × 30 s), MeOH (5 × 30 s)
and DCM (5 × 30 s). In the synthesis of zygosporamide, after the step
of ester formation, the Fmoc groups were removed by treatment of the
resin with 3% DBU in DMF (v/v, 1 × 1 min and 2 × 10 min) and
then it was washed with DMF (5 × 30 s), DCM (5 × 30 s), MeOH (5
× 30 s) and DCM (5 × 30 s).
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Removal of Allyl Group. The resin was washed with DMF (5 × 30
s) and DCM (5 × 30 s). Then, it was suspended in DCM and
degassed by bubbling Ar for 5 min, when Pd(PPh3)4 (0.4 equiv) and
PhSiH3 (48 equiv) in DCM (8 mL) were added. The mixture was
shaken for 30 min at rt, filtered and washed with DCM (8 × 30 s).
This treatment was carried out twice under the same conditions. After
filtration, the resin was washed with DCM (8 × 30 s), a solution of
sodium diethyl dithiocarbamate (5% v/v) in DMF (2 × 5 min), DMF
(5 × 1 min) and DCM (5 × 30 s).
Peptidyl Resin 6. After removal of the Fmoc group of resin 3 (1.39

g, 0.91 mmol), α-hydroxyisocaproic acid was incorporated using
conditions from general procedure A. The best conditions for ester
bond with Phe2 were as follows: Fmoc-Phe-OH (7 equiv), DIC (7
equiv) and DMAP (0.1 equiv) in DCM (15 mL) were added to the
resin and the mixture reacted for 1 h at rt with occasional manual
stirring. Then, the resin was filtered and washed with DCM (5 × 30 s),
DMF (5 × 30 s), MeOH (5 × 30 s) and DCM (5 × 30 s). According
to HPLC-MS analysis, the desired tripeptide was obtained in 95% yield
together with 5% of epimerized product. The subsequent amino acids
Leu3 and Leu4 were assembled following the general procedures for
solid-phase peptide synthesis, affording resin 5. Then, the C-terminal
allyl group and N-terminal Fmoc group were removed following the
general procedures previously described (using 3% DBU in DMF)
respectively, affording the unprotected linear peptide on the solid
support. Cyclization was carried out with PyBOP (1.90 g, 3.65 mmol),
HOAt (0.5 g, 3.67 mmol) and DIEA (1.3 mL, 7.46 mmol) in DMF
(15 mL) for 2 h at rt. Then, the resin was washed with DCM (5 × 30
s), DMF (5 × 30 s), MeOH (5 × 30 s) and DCM (5 × 30 s). The
resulting peptidyl resin 6 was used to obtain different derivatives of
zygosporamide.
Zygosporamide X = H (1a). Peptidyl resin (270 mg, 0.09 mmol) 6

was cleaved with TFA in DCM (5/95 v/v; 3 × 2 min), and the
collected washings were evaporated under a vacuum to dryness (the
diazonium salt peptide derivative was protected from light). Then, the
diazonium salt peptide derivative was dissolved in DMF (5 mL) and
FeSO4·7H2O (0.04 g, 0.14 mmol) was added. The mixture was stirred
at rt for 5 min and the solvent was removed under a vacuum, affording
peptide crude (55% of purity by HPLC) that was purified by
semipreparative reversed-phase HPLC (5% → 65% B in 1 min and
65% → 76% B in 7 min with a flow rate of 16 mL/min and λ = 214
nm, tR = 5.8 min), yielding 25 mg of 1a (global yield of 44%): ESI-
HRMS calcd for C36H51N4O6 [M + H]+, 635.3803, found 635.3798;
1H NMR (500 MHz, CD3CN) δ 7.61 (d, J = 9.6 Hz, 1H), 7.35−7.18
(m, 11H), 7.12 (d, J = 5.9 Hz, 1H), 6.96 (d, J = 9.3 Hz, 1H), 4.84
(ddd, J1 = 11.0 Hz, J2 = 10.0 Hz, J3 = 5.0, 1H), 4.74 (dd, J1 = 9.3 Hz, J2
= 5.1 Hz, 1H), 4.63−4.57 (m, 1H), 4.16−4.05 (m, 2H), 3.33 (dd, J1 =
14.0 Hz, J2 = 4.9 Hz, 1H), 3.11 (dd, J1 = 14.0 Hz, J2 = 11.1 Hz, 1H),
3.05 (dd, J1 = 13.6 Hz, J2 = 5.8 Hz, 1H), 2.85 (dd, J1 = 13.6 Hz, J2 =
9.2 Hz, 1H), 1.76−1.68 (m, 1H), 1.59−1.35 (m, 6H), 1.27−1.21 (m,
2H), 0.91 (dd, J1 = 7.9 Hz, J2 = 6.5 Hz, 6H), 0.88−0.83 (m, 9H), 0.77
(d, J = 6.6 Hz, 3H) ppm.
Zygosporamide X = OH (1b). Peptidyl resin 6 (280 mg, 0.10

mmol) was cleaved with TFA in DCM (5/95 v/v; 3 × 2 min), and the
collected washings were evaporated under a vacuum to dryness (the
diazonium salt peptide derivative was protected from light). Then, the
diazonium salt peptide derivative was dissolved in H2O/CH3CN (8/2,
v/v). The mixture was stirred at 60 °C for 2 h and the solvent was
removed under a vacuum, affording the peptide crude (64% of purity
by HPLC) that was purified by semipreparative reversed-phase HPLC
(5%→ 60% B in 1 min and 60%→ 62% B in 7 min with a flow rate of
16 mL/min and λ = 214 nm, tR = 4.65 min), yielding 21 mg of 1b
(global yield of 34%): ESI-HRMS calcd for C36H51N4O7 [M + H]+,
651.3752, found 651.3743; 1H NMR (500 MHz, CD3CN) δ 7.57 (d, J
= 9.7 Hz, 1H), 7.33−7.25 (m, 4H), 7.25−7.20 (m, 1H), 7.15 (d, J =
8.3 Hz, 1H), 7.09−7.02 (m, 3H), 6.87 (d, J = 9.5 Hz, 1H), 6.74−6.70
(m, 2H), 4.83 (ddd, J1 = 11.0 Hz, J2 = 9.8 Hz, J3 = 5.0, 1H), 4.74 (dd,
J1 = 9.4 Hz, J2 = 5.1 Hz, 1H), 4.50 (td, J1 = 9.1 Hz, J2 = 6.2 Hz, 1H),
4.14−4.02 (m, 2H), 3.33 (dd, J1 = 14.0 Hz, J2 = 5.0 Hz, 1H), 3.10 (dd,
J1 = 14.0 Hz, J2 = 11.1 Hz, 1H), 2.92 (dd, J1 = 13.7 Hz, J2 = 6.2 Hz,
1H), 2.75 (dd, J1 = 13.7 Hz, J2 = 8.9 Hz, 1H), 1.73 (ddd, J1 = 13.4 Hz,

J2 = 9.4 Hz, J3 = 5.5, 1H), 1.59−1.45 (m, 4H), 1.45−1.35 (m, 2H),
1.25−1.20 (m, 2H), 0.92 (dd, J1 = 6.4 Hz, J2 = 1.4 Hz, 6H), 0.89−0.82
(m, 9H), 0.76 (d, J = 6.6 Hz, 3H) ppm.

Zygosporamide X = OMe (1c). Peptidyl resin 6 (290 mg, 0.10
mmol) was treated with TFA in MeOH (5/95 v/v) at 60 °C for 1 h.
The peptidyl resin was filtered and the corresponding solution was
evaporated under a vacuum to dryness, affording the peptide crude
(57% of purity by HPLC) that was purified by semipreparative
reversed-phase HPLC (5% → 65% B in 1 min and 65% → 73% B in 7
min with a flow rate of 16 mL/min and 214 nm UV detection, tR =
5.60 min), yielding 23 mg of 1c (global yield of 35%): ESI-HRMS
calcd for C37H52N4O7 [M + H]+, 665.3909, found 665.3906; 1H NMR
(500 MHz, CD3CN) δ 7.76 (bs, 1H), 7.39 (bs, 1H), 7.34−7.25 (m,
4H), 7.25−7.20 (m, 1H), 7.20−7.11 (m, 4H), 6.87−6.81 (m, 2H),
4.81 (bs, 1H), 4.77 (dd, J1 = 9.1 Hz, J2 = 5.1 Hz, 1H), 4.62−4.52 (m,
1H), 4.17 (dd, J1 = 13.4 Hz, J2 = 6.6 Hz, 1H), 4.11 (ddd, J1 = 10.6 Hz,
J2 = 8.4 Hz, J3 = 4.9, 1H), 3.75 (s, 3H), 3.30 (dd, J1 = 14.0 Hz, J2 = 5.0
Hz, 1H), 3.17−3.07 (m, 1H), 3.02 (dd, J1 = 13.5 Hz, J2 = 5.5 Hz, 1H),
2.85−2.73 (m, 1H), 1.73−1.62 (m, 1H), 1.58−1.18 (m, 8H), 0.93−
0.81 (m, 15H), 0.76 (d, J = 6.6 Hz, 3H) ppm.

Zygosporamide X = I (1d). Peptidyl resin 6 (125 mg, 0.05 mmol)
was cleaved with TFA in DCM (5/95 v/v; 3 × 2 min), and the
collected washings were evaporated under a vacuum to dryness (the
diazonium salt peptide derivative was protected from light). Then, the
diazonium salt peptide derivative was dissolved in H2O/CH3CN (9/1,
v/v) and KI (49.8 mg, 0.30 mmol) was added. The mixture was stirred
at rt for 1 h and the solvent was removed under a vacuum, affording
the peptide crude (53% of purity by HPLC) that was purified by
semipreparative reversed-phase HPLC (5% → 70% B in 1 min and
70% → 82% B in 7 min with a flow rate of 16 mL/min and λ = 214
nm, tR = 6.08 min), yielding 8 mg of 1d (global yield of 25%): ESI-
HRMS calcd for C36H50IN4O6 [M + H]+, 761.2770, found 761.2771;
1H NMR (500 MHz, CD3CN) δ 7.66 (d, J = 8.2 Hz, 2H), 7.62 (d, J =
9.6 Hz, 1H), 7.33−7.19 (m, 6H), 7.10−7.04 (m, 3H), 7.02 (d, J = 5.9
Hz, 1H), 4.85−4.73 (m, 2H), 4.61−4.53 (m, 1H), 4.18−4.06 (m, 2H),
3.30 (dd, J1 = 14.0 Hz, J2 = 5.0 Hz, 1H), 3.10 (dd, J1 = 14.0 Hz, J2 =
11.1 Hz, 1H), 3.02 (dd, J1 = 13.5 Hz, J2 = 6.0 Hz, 1H), 2.80 (dd, J1 =
13.6 Hz, J2 = 9.4 Hz, 1H), 1.72−1.62 (m, 1H), 1.58−1.32 (m, 6H),
1.32−1.17 (m, 2H), 0.91 (dd, J1 = 11.5 Hz, J2 = 6.3 Hz, 6H), 0.88−
0.82 (m, 9H), 0.76 (d, J = 6.6 Hz, 3H) ppm.

Zygosporamide X = N3 (1e). Peptidyl resin 6 (175 mg, 0.06 mmol)
was treated with TFA in DCM (5/95 v/v; 10 min) and then Me3SiN3
(68 μL, 0.55 mmol) was added. The mixture was stirred at rt for 1 h
and the solvent was removed under a vacuum, affording the peptide
crude (71% of purity by HPLC) that was purified by semipreparative
reversed-phase HPLC (30% → 65% B in 1 min and 65% → 77% B in
7 min with a flow rate of 16 mL/min and λ = 214 nm, tR = 6.43 min),
yielding 27 mg of 1e (global yield of 69%): ESI-HRMS calcd for
C36H50N7O6 [M + H]+, 676.3817, found 676.3815; 1H NMR (500
MHz, CD3CN) δ 7.59 (d, J = 9.7 Hz, 1H), 7.34−7.19 (m, 8H), 7.15
(d, J = 6.1 Hz, 1H), 7.03−6.99 (m, 2H), 6.98 (d, J = 10.7 Hz, 1H),
4.83 (ddd, J1 = 10.9 Hz, J2 = 9.9 Hz, J3 = 5.0, 1H), 4.74 (dd, J1 = 9.3
Hz, J2 = 5.1 Hz, 1H), 4.59 (td, J1 = 9.4 Hz, J2 = 5.9 Hz, 1H), 4.17−4.02
(m, 2H), 3.33 (dd, J1 = 14.0 Hz, J2 = 5.0 Hz, 1H), 3.11 (dd, J1 = 14.0
Hz, J2 = 11.1 Hz, 1H), 3.03 (dd, J1 = 13.6 Hz, J2 = 5.9 Hz, 1H), 2.83
(dd, J1 = 13.6 Hz, J2 = 9.4 Hz, 1H), 1.76−1.68 (m, 1H), 1.57−1.35 (m,
6H), 1.28 (d, J = 5.3 Hz, 1H), 1.26−1.21 (m, 2H), 0.95−0.89 (m,
6H), 0.89−0.82 (m, 9H), 0.76 (d, J = 6.6 Hz, 3H) ppm.

Zygosporamide X = F (1f). Peptidyl resin 6 (230 mg, 0.08 mmol),
CCl4 (4 mL) and BF3·Et2O (0.4 mL, 1.51 mmol) were introduced in a
sealed tube under argon atmosphere. After 5 min at rt, the mixture was
heated at 80 °C for 1.5 h. Finally, the peptidyl resin was filtered and
washed with CH3CN. Then, the collected washings were evaporated
under a vacuum to dryness, affording the peptide crude (73% of purity
by HPLC) that was purified by semipreparative reversed-phase HPLC
(5%→ 65% B in 1 min and 65%→ 73% B in 7 min with a flow rate of
16 mL/min and λ = 214 nm, tR =5.92 min), yielding 25 mg of 1f
(global yield of 50%): ESI-HRMS calcd for C36H50FN4O6 [M + H]+,
653.3709, found 653.3705; 1H NMR (500 MHz, CD3CN) δ 7.76 (d, J
= 8.3 Hz, 1H), 7.36 (d, J = 7.1 Hz, 1H), 7.32−7.24 (m, 6H), 7.24−
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7.20 (m, 1H), 7.18 (bs, 1H), 7.08 (bs, 1H), 7.06−7.00 (m, 2H), 4.85−
4.75 (m, 2H), 4.63−4.55 (m, 1H), 4.23−4.15 (m, 1H), 4.12 (ddd, J1 =
10.8 Hz, J2 = 8.5 Hz, J3 = 4.9, 1H), 3.29 (dd, J1 = 14.0 Hz, J2 = 5.1 Hz,
1H), 3.15−3.05 (m, 2H), 2.83 (dd, J1 = 13.7 Hz, J2 = 9.8 Hz, 1H),
1.70−1.61 (m, 1H), 1.60−1.18 (m, 8H), 0.92 (d, J = 6.4 Hz, 3H),
0.90−0.86 (m, 6H), 0.86−0.82 (m, 6H), 0.76 (d, J = 6.6 Hz, 3H) ppm.
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