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ABSTRACT: This paper reports the use of natural amino acids, the
tripeptide [3-strand mimic Hao, and the f-turn mimic O-linked
ornithine to generate water-soluble 54-, 78-, and 102-membered-
ring macrolactams. These giant macrocycles were efficiently pre-
pared by synthesis of the corresponding protected linear peptides,
followed by solution-phase cyclization and deprotection. The
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protected linear peptide precursors were synthesized on 2-chlorotrityl chloride resin by conventional Fmoc-based solid-phase peptide
synthesis. Macrocyclization was typically performed using HCTU and N,N-diisopropylethylamine in DMF at ca. 0.5 mM concentration. The
macrocycles were isolated in 13—45% overall yield after HPLC purification and lyophilization. 1D, 2D TOCSY, and 2D ROESY 'H NMR
studies of the 54- and 78-membered-ring macrolactams establish that these compounds fold to form f3-sheet structures in aqueous solutions.

B INTRODUCTION

Macrocyclization can impart exceptional stability and a variety of
biological activities into peptides by enforcing f3-sheet structures."
Gramicidin S, ©-defensin, and many cyclotides achieve their
antimicrobial activities because of their unusual 3-sheet macrolac-
tam structures.” Robinson and co-workers have extensively devel-
oped macrocyclic peptides that adopt 3-sheet structures to present
biologically essential epitopes of structured target proteins. These
macrocyclic 3-sheets have served as antimicrobial peptides, protease
inhibitors, pS3-HDM2 inhibitors, and Tat protein—transactivation
response region RNA inhibitors.”

Macrocyclization provides an efficient strategy to promote
and stabilize f-sheet structures by bringing otherwise remote
residues into proximity. Nature helps enforce -sheet structures
or other well-defined structures in cyclotides through cyclization
by linkage of the N and C termini with a peptide bond."*
Cyclization with side-chain disulfide bridges also occurs in natural
antibacterial peptides, such as tachyplesins and protegrins.’
Gellman and co-workers have created macrocycles that form
stable parallel and antiparallel 3-sheets in water through either a
backbone linkage or a side-chain linkage with disulfide bridges.®
Our research group has introduced macrocyclic 3-sheets that are
cyclized through d-linked ornithine.”

Synthetic macrocyclic 3-sheets can serve as chemical models
of protein [3-sheets and provide insights into complicated 3-sheet
interactions in biological systems. The Gellman and Waters
groups have demonstrated that macrocyclic 3-sheets can act as
spectroscopgic references for [3-sheet structures formed by linear
peptides.””® Our research group has used 42-membered-ring
macrocyclic 3-sheets to inhibit the aggregation of amyloidogenic
peptides.” We have also shown that 54-membered-ring macro-
cyclic 3-sheets can mimic protein quaternary structure through
intermolecular B-sheet interactions.”® ™~

Our research group previously introduced the amino acid
Hao, a tripeptide -strand mimic, and J-linked ornithine (°Om),
a fB-turn mimic.'® In our macrocyclic B-sheet peptides, Hao not
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only serves as a template to present one hydrogen-bonding edge for
intramolecular hydrogen bonding but also minimizes edge-to-edge
aggregation through intermolecular hydrogen bonding. 0-Linked
ornithine serves as a (-turn mimic and helps induce [-hairpin
structures. The 42- and 54-membered-ring macrocyclic B-sheets 1
and 2 were constructed from these two key components, and most
form well-defined nonaggregating 3-sheets in water.
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In developing these macrocyclic 3-sheet peptides, we have
become impressed with the reliability of macrocycles in enforcing
p-sheet structure and the efficiency of macrocyclization in
synthesis. In this paper, we use natural amino acids, Hao, and
O-linked ornithine to generate the water-soluble 54-, 78-, and
102-membered-ring macrolactams 3a—f, 4a,b, 5, and 6. These
giant macrocycles were efficiently synthesized by conventional
Fmoc-based solid-phase peptide synthesis of the corresponding
protected linear peptides, followed by solution-phase cyclization
and deprotection. Here, we describe the design, synthesis, and
study of these giant macrocycles.

HZC )kr

6 (TFA salt)

B RESULTS AND DISCUSSION

1. Synthesis of 54-, 78-, and 102-Membered-Ring Macro-
lactams. Peptide 3a is a 54-membered-ring macrolactam con-
taining eight natural amino acids, two Hao units, and two 0-
linked ornithines. We chose Lys-Glu pairs for the hydrogen-
bonded positions of peptide 3a because of their pairwise
statistical and empirical preference for S-sheet formation and
to enhance the solubility of peptide 3a in water.'"'> We chose
Phe-Leu pairs for the non-hydrogen- bonded positions, because
they statistically favor B-sheet formation.'”” The Lys-Glu and
Phe-Leu pairs provide peptide 3a with the two peptide strands
Glu-Phe-Hao-Leu-Lys connected by two °Orn turns. The two
Hao units in the middle of each peptide strand were designed to
minimize aggregation by blocking intermolecular hydrogen
bonding among the peptide strands. Although complementary
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polar and hydrophobic amino acids were selected for initial
studies, this design feature was subsequently found to be
unnecessary (section 4, e.g., peptide 3f).

Peptide 3a was synthesized by conventional Fmoc-based
solid-phase peptide synthesis on 2-chlorotrityl chloride resin,
followed by solution-phase cyclization and deprotection.
Scheme 1 summarizes this synthesis.'> The protected linear
peptide 7a was synthesized by standard automated Fmoc-based
solid-phase peptide synthesis,'* followed by cleavage from the
resin with AcOH. A 54% yield of the unpurified protected linear
peptide was obtained on the basis of the loading of Boc-Orn-
(Fmoc)-OH on the resin.

Protected linear peptide 7a was cychzed to the corresponding
protected cyclic peptide 8a by using HCTU'®and N,N-diisopropy-
lethylamine (DIEA) in DMF. 16 Although we routinely perform
macrocyclization at ca. 0.5 mM concentration (e.g, 0.07 mmol
peptide in 140 mL of DMF), we have cyclized protected linear
peptide 7a at concentrations as high as 10 mM without observing
polymerization.'” These macrocyclization conditions do not result
in epimerization because the C terminus of the protected linear
peptide comprises an Q-amino acid carbamate (Boc-NH-CHR-
COOH), rather than an 0-amino acid amide (RCO-NH-CHR-
COOH). Final deprotection with trifluoroacetic acid (TFA) fol-
lowed by reverse-phase HPLC purification produced peptide 3a as
the TFA salt in 45% overall yield, based on the loading of Boc-
Orn(Fmoc)-OH on the resin. HPLC analysis of protected linear
peptide 7a and crude deprotected cyclized peptide 3a shows little
degradation in purity on cyclization (Figure 1, left).
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Scheme 1. Synthesis of Peptide 3a

2-chlorotrityl chloride polystyrene resin

1. Boc-Orn(Fmoc)-OH, collidine, CH,Cl,
2. repeated deprotection and amino acid coupling
3. ACOH/CH,Cl,/MeOH (5:4:1)
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To determine whether we could generate larger macrocyclic
peptides, we designed 78- and 102-membered-ring macrocyclic
homologues of 3a. Peptides 4a and § are both 78-membered-ring
macrolactams: peptide 4a contains two Hao units, while peptide
5 contains four Hao units. We designed peptide 4a by directly
extending both ends of the upper and lower peptide strands of
peptide 3a to give Lys-Leu-Glu-Phe-Hao-Leu-Lys-Phe-Glu. This
peptide strand comprises Hao in the middle, flanked by two
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tetrapeptides. We designed peptide S using the upper peptide
strand Lys-Leu-Hao-Val-Hao-Phe-Glu and the lower peptide
strand Lys-Leu-Hao-Ile-Hao-Phe-Glu. The four Hao units
should provide peptide $ with better protection from edge-to-
edge aggregation through intermolecular hydrogen bonding. We
chose Val and Ile for the middle positions of the upper and lower
[-strands, because these residues favor 3-sheet formation. The
synthesis of peptides 4a and $ followed the procedures described
above. Cyclization of the corresponding protected linear pep-
tides 9a and 10, followed by deprotection with TFA and reverse-
phase HPLC purification, produced peptides 4a and § as the TFA
salts in 32% and 23% overall yields, respectively. As in the synthesis
of the smaller homologue, HPLC analysis of the linear precursor of
peptide 4a and its cyclization product, crude peptide 4a, shows
little degradation in purity on cyclization (Figure 1, middle).

Peptide 6 is a 102-membered-ring macrolactam, an ex-
panded homologue of peptide 5. We designed peptide 6 using
a core structure similar to that of peptide S, with the upper
peptide strand Glu-Phe-Lys-Ile-Hao-Phe-Hao-Tyr-Glu-Val-
Lys and the lower peptide strand Glu-Phe-Lys-Ile-Hao-Tvyr-
Hao-Tyr-Glu-Val-Lys. We synthesized peptide 6 using the
procedures described above. Cyclization of the corresponding
protected linear peptide 11, followed by deprotection with
TFA and reverse-phase HPLC purification, produced peptide 6 as
the TFA salt in 13% overall yield. Unlike the syntheses of the
smaller macrocycles, HPLC analysis of the linear precursor of
peptide 6 and its cyclization product, crude peptide 6, shows
moderate degradation in purity on cyclization (Figure 1, right).

In all of these syntheses, the protected linear peptides are easily
prepared by standard automated Fmoc-based solid-phase pep-
tide synthesis. Macrocyclization of the protected linear peptides
7a, 9a, 10, and 11 is surprisingly easy to achieve. The macro-
cyclization does not appear to cause polymerization and does not
require highly dilute conditions in which large volumes of
solvent, slow addition, or syringe pumps are used.'” After
deprotection with TFA, peptides 3a, 4a, S, and 6 are easy to

)Y o
\[(\NJ\‘/ )H/ \n/\NHBoc

EfBu o KBee O

0 T

\ﬂ/\ )H/ \H/\NJK‘/ \(\NHBoc

KBec O EBU O

dx.doi.org/10.1021/j0102598n |J. Org. Chem. 2011, 76, 3166-3173



The Journal of Organic Chemistry

linear precursor of peptide 3a linear precursor of peptide 4a linear precursor of peptide 6

(protected) (deprotected) (deprotected)
€
c A A
E crude peptide 3a crude peptide 4a crude peptide 6
Py
Q
=
[
2
o
[2]
G

peptide 3a peptide 4a peptide 6

. }
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
minutes minutes minutes

Figure 1. Analytical HPLC traces in the syntheses of peptides 3a, 4a, and 6. HPLC data were recorded using an Agilent Zorbax SB-C18 column

(50 mm X 4.6 mm) with a gradient of S—100% CH;CN in H,O with 0.1% TFA and a flow of 1.0 mL/min over 20 min.

purify by reverse-phase HPLC. The yields of these peptides drop
from 45% to 13% when the macrocycles increase from a 54-
membered ring to a 102-membered ring. The lower yield of peptide
6 may result from the formation of more impurities in the synthesis
of the corresponding linear peptide and the further formation of
impurities upon macrocyclization. The diminished yields and
increasing impurities suggest that the syntheses of macrolactams
above 102-membered rings may encounter more difficulties.

2. Design, Synthesis, and Study of a Cyclic Control. To test
whether the efficient cyclization of these macrocyclic peptides
requires the formation of a preorganized f3-sheet structure to
template cyclization, we designed and synthesized peptide 12,
which cannot form a preorganized f-sheet structure. Peptide
12 is ahomologue of peptide 3a in which two amino acids have
been deleted from the “bottom” strand. The deletion makes
the “bottom” strand shorter than the “top” strand and thus
prevents the formation of a hydrogen-bonded f3-sheet struc-
ture. Linear precursor 13 cyclized cleanly when subjected to
the cyclization conditions used for the other macrocycles.
Peptide 12 was isolated in 36% yield after macrocyclization,
deprotection, and HPLC purification. The successful synthesis
of peptide 12 suggests that macrocyclization of these linear
peptides is able to proceed without preorganization through £-
sheet formation. Although this experiment demonstrates that
preorganization is not required for macrocyclization, it does not
preclude that preorganization may facilitate macrocyclization.
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3. 'TH NMR Structural Studies of 54-, 78-, and 102-
Membered-Ring Macrolactams. 1D, 2D TOCSY, and 2D
ROESY 'H NMR studies of the $4-, 78-, and 102-membered-
ring macrolactams establish the foldmg of peptides 3a, 4a,
and 5.'® Interstrand NOEs are a hallmark of well-defined
[-sheet structures. Most notably, antiparallel 3-sheets exhibit
a pattern of strong NOEs between the Qt-protons in non-
hydrogen-bonded positions. 0-Linked ornithine forms a well-
defined S-turnlike structure with characterlstlc NOEs and
magnetic anisotropy.'%® In a well- folded °Orn turn structure,
the pro-S O-proton (Hss) shows a strong NOE with the
o-proton and the two dlastereotoglc O-protons exhibit ca.
0.6 ppm magnetic anisotropy (Ad°Orn) in water.'® Addi-
tional indicators of 3-sheet folding, such as downfield shift-
ing of the Ot-protons, appear to be less applicable to these
macrolactams, possibly because of magnetic anisotropy of the
Hao amino acid.

The '"H NMR spectrum of peptide 3a at 2.0 mM in D,0O
shows sharp, disperse resonances, indicating peptide 3a to be
nonaggregating in water. The ROESY spectrum of peptide 3a
exhibits a strong interstrand NOE associated with the 2-fold
symmetrical contact between the -protons of Leu and Phe
and between the - and pro-S O-protons of the °Orn turns
(Figure 2)."” These NOEs suggest peptide 3a to adopt a well-
folded f3-sheet structure in aqueous solution. The 600 MHz
ROESY spectrum of peptide 3a in H,0/D,0 (9:1) shows
additional interstrand NH—NH and H,—NH NOEs, further
supporting the complete folding of peptide 3a in water.
Figure 3 summarizes these key Hy— Hg, NH NH, and
H,—NH NOEs.”® Peptide 3a exhibits a Aé Orn value of
0.59 ppm, suggesting it to contain well- folded °Orn turns and
thus to adopt a well-defined 3-sheet structure. Collectlvely,
both the strong interstrand NOEs and the large A°Orn value
of peptide 3a demonstrate that peptide 3a adopts a 3-sheet
structure in aqueous solution.

When the concentration of peptide 3a is increased to
10 mM, its "H NMR spectrum broadens slightly, suggesting
that self-association occurs at higher concentrations. To
investigate the degree of self-association of peptide 3a, we
measured its diffusion coefficients at different concentrations
using DOSY (diffusion-ordered spectroscopy) experiments.*"
Self-association diminishes the diffusion coefficient. Dimer-
ization, for example, results in a smaller diffusion coeflicient,
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Figure 2. Selected expansion of the ROESY spectrum of peptide
3a (2.0 mM in D,0 at 500 MHz and 298 K with a 300 ms spin
lock time).

3a (TFA salt)

Figure 3. Key interstrand Hy,—H,, NH—NH, and H,—NH NOEs of
peptide 3a observed in H,O/D,O (9:1) at 2.0 mM and 298 K.

about 0.7—0.8 that of the monomer. Peptide 3a eXhlbltS
decreasing d1ffus1on coefficients from 17.3 x 107~ to
141 x 107" m?/s upon increasing concentrations up to
10.0 mM in D,O at 298 K (Figure 4). These changes in
diffusion coeflicients suggest that peptide 3a is largely mon-
omeric at submillimolar and low millimolar concentrations
but self-associates at higher concentrations.

The 600 MHz 'H NMR spectrum of peptide 4a shows sharp
resonances in D,0O at 1.0 mM and 298 K. The spectrum is severely
broadened at concentrations above 5.0 mM, indicating self-associa-
tion at higher concentrations. At 1.0 mM, peptide 4a exhibits a
diffusion coefficient of 144 x 10" m?/s in D,O at 298 K,
consistent with its being larger than peptlde 3a and having little
self-association. Peptide 4a exhibits a AS°0rn value of 0. 56 ppm and
astrongNOE between the - and pro-S O-protons of the °Orn turns,
indicating the ’Orn turns of peptide 4a are in well-folded /3-turnlike
structures. Although the ROESY spectrum of peptide 4a exhibits a
strong NOE between the -protons of Leu and Phe, the a-proton
resonances of the two types of Leu residues overlap, preventing
unambiguous elucidation of key contacts between the Leu and Phe
O-protons.

To address this ambiguity, we synthesized peptide 4b, a close
homologue of peptide 4a in which the Leu-Phe pairs at positions
2—15 and 10—7 were replaced with Val-Tyr pairs. The ROESY
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Figure 4. Diffusion coefficients of peptide 3a in D,O at 298 K.
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Figure 5. Selected expansion of the ROESY spectrum of peptide
4b (1.0 mM in D,0 at S00 MHz and 288 K with a 200 ms spin
lock time).

spectrum of peptide 4b in D,O at 288 K shows strong interstrand
NOE:s between the Val and Tyr a-protons and between the Leu
and Phe a-protons (Figure S). These inferstrand NOEs unam-
biguously demonstrate the [(-sheet structure of peptide 4b.
Peptide 4b eXhlbltS a strong NOE between the o- and pro-S
O-protons of the °Orn turns and a AY° Orn value of 0.52 ppm,
suggesting near-complete folding of the >Orn turns. The inter-
strand NOEs and well-defined [3-turn structures substantiate that
peptide 4b adopts a well-folded f3-sheet in aqueous solution.
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4b (TFA salt)

Peptide $ shows severe broadening of the 'H NMR spectrum
in D,O at submillimolar concentratlons, suggesting severe self-
association and precluding "H NMR structural studies. For this
reason, we studied peptide § in methanol (CD3;0D) rather than
in water. Although the 'H NMR spectrum of peptide 5 in
CD3;0D shows slight broadening, the resonances of peptide 5
can be assigned. The ROESY spectrum in CD3;OD exhibits
strong NOEgs, indicating peptide S to adopt a 3-sheet structure in
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Figure 6. Key NOEs of peptide S observed in CD;OD at 1.0 mM
and 298 K.

methanol (Figure 6). Peptide § shows a A0°Orn value of 0.70
ppm in methanol, suggesting it to contain well-folded >Orn turns
and ‘thus to adopt a well-folded S-sheet structure. The greater
A&°Orn value of peptide § in methanol may result from a more
structured conformation through stronger hydrogen bonding in
a solvent less competitive than water.*”

Peptide 6 exhibits severely broadened "H NMR resonances
both in water and in methanol, precluding further '"H NMR
structural 1nvest1gat10n in these solvents. The severe broad-
ening of the 'H NMR spectra of peptides $ and 6 leads to
an interesting question: whether macrolactams containing
more Hao units have greater propensity to self-associate in
water. Both peptides 5 and 6 contain four Hao units, while
peptides 3 and 4 only contain two. Although the Hao units
help block aggregation through intermolecular edge-to-edge
hydrogen bonding, they also impart more hydrophobic aro-
matic surfaces. The greater hydrophobic surface area may lead
to more self-association through face-to-face hydrophobic
interactions.

4. Effect of the Sequence on Folding of 54-Membered-
Ring Macrocyclic fi-Sheets 3. To examine the effect of side-
chain interactions in non-hydrogen-bonded positions on fold-
ing, we designed and synthesized peptides 3b—e, in which the
Phe-Leu side-chain pairs were respectively replaced with Leu-
Leu, Phe- Phe, Tyr-Trp, and Phe-Tyr (Table 1). Peptides 3b—e
show A&°Orn values of 0.26, 0. 18 0.58, and 0.35 ppm,
respectively (Figure 7). The AS°Orn values suggest that
peptide 3d forms a well-folded [-sheet in aqueous solution,
while peptides 3b,c,e form partially folded [3-sheets. These
studies demonstrate that the side-chain pairs in the non-
hydrogen-bonded positions play a role in the folding of pep-
tides 3 and that Phe-Leu and Tyr-Trp pairs lead to better
folding.

To investigate whether the Lys-Glu pairs in the hydrogen-
bonded positions are necessary to achieve the complete
folding of peptides 3, we designed and synthesized peptide
3f, a close analogue of peptide 3a in which the two Glu
re51dues are replaced with two Val residues. Peptide 3f exhibits
a A6°Orn value of 0.63 ppm in D,0, suggesting it to be
completely folded in aqueous solution. The complete folding
of peptide 3f indicates that salt bridges between Lys and Glu
are not necessary to stabilize the folded f-sheet structures.
Consistent with this observation, the uncorrected pH of
peptides 3 and 4 in D, O ranges from 1.9 to 2.8, and acidifying
peptldes 3a and 4b with 10 mM DCl has little effect upon their
AS°Orn values.

5. Design, Synthesis, and Study of Acyclic Controls. To
verify that macrocyclization promotes f3-sheet formation, we
designed peptides 14 and 15 as acyclic controls. Peptide 14 is
a homologue of the “upper” peptide strand of peptide 3a,

Table 1. Amino Acids at Positions R; —Rg of Peptides 3
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0.7

0.6 1
0.5 1
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Figure 7. AS°Orn values of peptides 3 in D,O at 298 K.

while peptide 15 is a homologue of both the “upper” and

“lower” peptide strands linked by a smgle Orn f-turn mimic.

"H NMR studies of peptide 14 in D,O do not show an NOE
between the Leu and Phe o.-protons, suggesting that peptide
14 does not dimerize to form f-sheetlike structures in
aqueous solution. Consistent with a monomeric structure,
peptide 14 exhibits a diffusion coefficient of 25.7 x 10~ *'
m?/s in D,0 at 2.2 mM and 298 K. Peptide 15 also does not
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show NOEs between the Leu and Phe a-protons and only
exhibits a A0°Orn value of 0.24 ppm in D,O at 1.9 mM and
298 K, suggesting the absence of significant [-sheetlike
structure and only minimal folding in aqueous solution.
The diffusion coefficient of peptide 15 under these condi-
tions is 19.0 x 10~ "' m?/s, which is comparable to those
measured for peptides 3 and appropriately less than that of
peptide 14. The absence of significant 3-sheetlike dimeriza-
tion of peptide 14 and folding of peptide 15 confirms that
macrocyclization is necessary for creating 3-sheet structure in
peptide 3a.

Bl CONCLUSION

These studies demonstrate that macrocyclization to synthe-
size giant macrolactams is surprisingly efficient. Macrocycliza-
tion does not require extremely dilute conditions to avoid
polymerization in cyclizing the corresponding protected linear
peptides. Although the present studies are focused on f-sheet
structures, the efficient cyclization does not appear to require
preorganization through [3-sheet formation.

The water-soluble 54-, 78-, and 102-membered-ring macrocyclic
peptides prepared in these studies are among the largest synthetic
macrolactams. These giant macrolactams are easy to synthesize and
purify. Macrocyclization requires a few hundreds of milliliters of DMF
to produce tens of milligrams of macrocyclic peptides as fluffy white
solids after purification and lyophilization. This synthesis provides
sufficient quantity of samples for characterization and further studies.
Macrocyclization is an effective means to promote and stabilize [3-
sheet structures, and '"H NMR structural studies show that macro-
lactams 3 and 4 adopt fB-sheet structures in aqueous solution.

We envision giant macrolactams to be a fruitful area for further
research. With incorporation of biologically relevant amino acid
sequences, macrocyclization may impart peptide-based macrolactams
with unique three-dimensional structures and potential biological
activities such as those of cyclotides. Moreover, large peptide-based
macrolactam structures may be suitable for supramolecular chemistry
and nanotechnology. It is not clear whether there is an upper limit to
the size of the macrolactam structures that can be prepared, and the
synthesis of even larger macrolactams may be envisioned.

B EXPERIMENTAL SECTION

Representative Synthesis of Macrocyclic Peptide 3a'>.
Step A. 2-Chlorotrityl chloride resin (300 mg, 1.55 mmol/g) was
added to a Bio-Rad Poly-Prep chromatography column (10 mL, 0.8
X 4.0 cm). The resin was washed with dry CH,Cl, and suspended in
10 mL of dry CH,Cl, to swell the resin. A solution of Boc-Orn(Fmoc)-
OH (0.33 equiv, 70 mg, 0.15 mmol), 2,4,6-collidine (12 equiv, 0.24 mL,
220 mg), and 2.4 mL of dry CH,Cl, was added directly to the resin, and
the mixture was gently agitated for 4 h. The solution was then drained and
the resin was washed with dry CH,CL, (5 times). A mixture of CH,CL,/
MeOH/DIEA (17:2:1, 10 mL) was added, and the suspension was
gently agitated for 1 h to cap the unreacted 2-chlorotrityl chloride sites.
The capping step was repeated to ensure completion. The resin was then
washed with dry CH,Cl, followed by DMF. The resin was dried by
passing nitrogen through the vessel. The resin loading was determined
to be 0.40 mmol/g (78% based on Boc-Orn(Fmoc)-OH) by UV analysis
of the Fmoc cleavage product."

Step B. The PS-2-chlorotrityl-Orn(Fmoc)-Boc generated from step A
was washed with DMF (3 X S mL) and submitted to cycles of Fmoc-
based solid-phase peptide synthesis on an automated peptide synthesizer
using amino acid building blocks: Fmoc*-Hao-OH, Fmoc-Lys(Boc)-OH,

Fmoc-Glu(Bu)-OH, Fmoc-Phe-OH, and Fmoc-Leu-OH. The linear pep-
tide was elongated from the C terminus to the N terminus. Each coupling
consisted of (1) Fmoc deprotection with 20% piperidine in DMF for 3 min,
(2) washing with DMF (3 times), (3) coupling of the amino acid (0.5 mmol,
4 equiv) in the presence of HCTU, (4) washing with DMF (6 times). Each
amino acid coupling step took 20 min for natural amino acids and 1 h for Hao.
Because of the sluggish coupling of Fmoc*-Hao-OH into the growing
peptide, the Hao coupling reaction was carried out twice without Fmoc*
deprotection in between. After the last amino acid was coupled onto the
growing peptide, the terminal Fmoc group was removed with 20% piperidine
in DMF.

Step C. The resin with the linear peptide was transferred from the
reaction vessel of the peptide synthesizer to a Bio-Rad Poly-Prep chroma-
tography column and washed with DMF (3 x S mL) followed by CH,Cl,
(3 x 5 mL). An AcOH/CH,Cl,/MeOH mixture (5:4:1, 20 mL) was
added to the resin, and the suspension was agitated for 1 h. This cleavage
solution was collected into a 250 mL round-bottom flask, and the resin
was washed with CH,Cl, (3 x 10 mL). The combined solutions were
concentrated by rotary evaporation under reduced pressure. Hexanes (ca.
100 mL) was added to the flask and then removed by rotary evaporation to
azeotropically remove residual AcOH. The resulting yellowish oil was
dissolved in CH,Cl, (ca. S mL), and the solution was diluted with hexanes
(ca. 100 mL) and concentrated to dryness. The addition of CH,Cl, and
hexanes, followed by concentration, was repeated two additional times to
completely remove residual AcOH. The residue was dried under vacuum to
give 153 mg of crude protected linear peptide 7a as a white solid (54% crude
yield based on resin loading).

Step D. Crude protected linear peptide 7a (153 mg, 0.068 mmol) was
dissolved in DMF (70 mL). The peptide solution was added in drops via
2250 mL pressure-equalizing addition funnel to a 250 mL round-bottom
flask containing a magnetic stirring bar, HCTU (111 mg, 0.27 mmol, 4
equiv), and DIEA (94 uL, 0.54 mmol, 8 equiv) in DMF (70 mL). (The
final peptide concentration was 0.5 mM.) The reaction mixture was then
stirred under nitrogen for 24 h. DMF was then removed by rotary
evaporation under reduced pressure to give crude protected cyclic
peptide 8a as a yellowish waxy solid. The crude product was used in
final deprotection step E without further purification.

Step E. Crude protected cyclic peptide 8a was dissolved in TFA/
triisopropylsilane/H,O (18:1:1,20 mL) in a SO mL round-bottom flask
equipped with a nitrogen-inlet adaptor. The solution was magnetically
stirred for 2 h. The reaction mixture was then concentrated by rotary
evaporation under reduced pressure to give crude peptide 3a as a
yellowish oil. Crude peptide 3a was purified by reverse-phase HPLC
(gradient elution with 20—50% CH,CN over 60 min). The pure
fractions were lyophilized to give 110 mg of peptide 3a (45% yield,
based on resin loading): '"H NMR, (500 MHz, D,0, 298 K) 0 8.24
(appar.dd, J=7.6,2.7Hz,2H),7.99 (d,] =2.7Hz,2H), 7.23 (d, ] = 9.2
Hz, 2H), 6.92 (d, ] = 7.2 Hz, 4H), 6.82 (br s, 4H), 6.55 (br's, 2H), 4.75
(dd, ] =8.1,4.7 Hz, 2H), 4.60 (dd, ] = 9.6, 5.9 Hz, 2H), 4.41 (t, ] = 7.0 Hz,
2H),4.36 (d,] = 11.6 Hz, 2H), 4.26 (t, ] = 6.8 Hz,2H), 3.98 (s, 6H), 3.65
(t, J=11.9 Hz, 2H), 3.13—3.02 (m, 6H), 2.72 (t, ] = 7.6 Hz, 4H), 2.53
(t ] = 7.4 Hz, 4H), 2.29—2.26 (m, 2H), 2.10—2.02 (m, 2H), 1.87—
1.82 (m, 2H), 1.76—1.56 (m, 14H), 1.51—1.40 (m, 6H), 1.32—1.24 (m,
2H), 1.24—1.1S5 (m, 2H), 0.85 (d, J = 6.5 Hz, 6H), 0.76 (d, ] = 6.4 Hz,
6H); ESIMS m/z for CgHi1gNygOsn [M + 2H]* caled 8674,
found 867.4.

B ASSOCIATED CONTENT

© Supporting Information. Text, figures, and tables giving
the full citation for ref 3e, NMR, ESIMS, and HPLC data,
and details of synthesis of peptides 3—6, 12, 14, and 15. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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