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Thiazolidine (&), thiazoline (b) and thiazole 1c), derived
from the amino acid cysteine, are frequently found in naturally
occurring cyclic peptidésmany of which possess cytotoxic,
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antitumor and antibiotic properties. The structural effects of these
five-membered rings have only been elucidated in a few cyclic
peptides, but it is clear that they can profoundly affect macrocycle
conformation'c We previously demonstrated that the dipeptide
derivativep-valine(thiazole) 1d) was aB-turn inducing constraint

in cyclic octapeptide$.We now report that a one-pot cyclooli-
gomerization of the tetrapeptide derivative H-lle-Seval(Thz)-

OH produces a novel serie2<(19) of constrained macrocycles
cyclo-[-lle-Serp-Val(Thz)-], wheren = 2—19, containing up to

76 amino acids (228 atoms) in the cycle. Their extraordinary size,
high symmetry, conformational restraints, and potential to carry
multiple functional groups may facilitate development of extended
symmetrical scaffolds for new macromolecular devices, protein
surface mimicg multiple metal-ion carriefsor novel antibiotics.
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The tetrapeptide analogue H-lle-Sekal(Thz)-OH reacts with
BOP/DIPEA in DMP to give a concentration-dependent series
of novel cyclooligomer®2—19 of formula cyclo-[lle-Serm-Val-
(Thz)-],, n = 2—19 (Figure 1). At low peptide concentrations
(102-10* M) the predominant product is cyclodimer, while
insoluble polymers are formed at the limit of solubility (0.35M).
At 0.15 M tetrapeptide, up to 50% soluble cyclic peptides
accompanied insoluble polymer. This cyclic peptide mixture,
based upon mass rati®syas 16% dimer, 18% trimer, and 66%
higher oligomers including 3%n(= 10) and 24%1{ = 11—19)5
Cyclic products gave uniformly separated rpHPLC retention times
(Figure 1) and were readily identified by tandem HPLC/MS.

Electrospra§mass spectrometry was used to characterize each
macrocycle. Compound® and 3 (dimer, trimer) show the
expected molecular ions atVz 765 and 1147 (Figure 2a).
However cyclo-[lle-Sep-Val(Thz)-],, n = 5, produced the most
abundant molecular ions a¥2z (e.g., Figure 2an = 5, 8, 10).
Isotopic component peaks varied by 0.5 mass unit, demanding
their formulation asn/2z, and reconstructedvVz molecular ions
are shown in Figure 2b. Molecular weights were confirmed by
the precise match of peak shapes to calculated isotopic distribution
patterns (Figure 2b) and by their MALDI-TOF mass speétra.
Thus, incremental differences in mass units of [-lle-Séral-
(Thz)-] and unique isotopic patterns together characterized each
macrocycle.

The *H NMR spectra for cyclo-[lle-Serp-Val(Thz)], in ds-
DMSO (Figure 3, Supporting Information) dg-acetone display
only three amide NH resonances. Whenr= 2, intramolecular
hydrogen bonding is implicated for Val-NH and lle-NH protons.

In the variable temperatutel NMR spectra (Figure 4, Supporting
Information) for cyclo-[lle-Sem-Val(Thz)], between 280 and 320
K in dg-acetone, the amide chemical shifts for ValNH and lleNH
resonances are temperature indeperfd@at/T (ppb/deg)= 1.4,
ValNH; 2.8, lleNH) but not for the SerNH signal (5.4 ppb/deg).
Also ValNH and lleNH protons undergo much slower-B
exchange than SerNH ids-acetone/CBOD (9:1) (Figure 5,
Supporting Information). Amide coupling constafig—cpe (5.5
Hz, lle; 9.5 Hz, Val; 6.0 Hz, Ser) are typical of conformationally
averaged random coil values—7 Hz) for SerNH but atypical
for ValNH or lleNH residues where local structure is indicated.
These data are consistent with intramolecular hydrogen bonds
rendering the cycle planar and symmetric.

For higher oligomers, cyclo-[lle-Ser-Val(Thz)], n = 3, the
conformation of the molecules is more ambiguous. Coupling
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and lyophilised to a powder. Crude reaction mixtures were analysed by
rpHPLC using acetonitrile/water eluant gradients, and cyclic peptides, [-lle-
Serp-Val(Thz)-], for n = 2—19, typically accounted for 40% total products
with relative mass ratios 16:18:11:8.8:6.4:4.8:3.8:3.3:3.4:3.3:2.7:2.6:2.6:2.3:
2.8:2.3:2.1:2.1:1.7 fon = 2—19 (Figure 1). Isolated compounds< 2—10)

were characterized by retention time, MS, 2D NMR spectroscopy, and a

negative ninhydrin assay for free amine. The experiment was repeated at other

concentrations by varying the volume of DMF.
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1976 64, 2287. A MALDI-TOF mass spectrum (Figure 9, Supporting
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Figure 1. Reversed phase HPLC analysis of crude product mixtures (top: 750 1250 M 1750 2250 MOLECULAR WEIGHT

0.01 M; bottom: 0.15 M) obtained directly from the cyclooligomerization
of H-lle-Serp-Val(Thz)-OH with BOP and DIPEA in DMF fo2 h at
room temperature. Numbers beside peaks desigmdte [-lle-Serp-
Val(Thz)],, as determined from mass spectra.

Figure 2. Electrospray mass spectra. (a) Left panel shows observed
molecular ions for isolated compounds [lle-$ekal(Thz)],, n = 2, 3,

5, 8, 10. (b) Right panel shows experimental masses and isotope
distributions (theoretical isotope distributions shown as insets). MALDI-
TOF mass spectra confirmed molecular weights (e.g., Figure 9, Supporting

constants{Iny-cha) for lleNH, ValNH, SerNH are 9, 8, 7.5 Hz Information),

respectively, consistent with local structure around lle and Val
residues. Deuterium exchange datadilDMSO/CD;0OD (9:1) . . ) ] ] )
indicate that lle-NH and Val-NH amide protons are protected from domains of proteins. Bioactive regions of proteins frequently
solvent exchange relative to the Ser-NH proton which exchangesinvolve discontinuous surfaces that span large areas and mimicry
more rapidly (Figure 6, Supporting Information). Howeviét of these regions presents a great challenlyacrocycles such
NMR chemical shifts for the amide-NH resonances of [lle-Ser- as these may guide development of conformationally restricted
p-Val(Thz)], in de-acetone (e.g.n = 6; Figure 7, Supporting templates that span vast areas required for positioning attached
Information) are somewhat temperature dependAdf{ = 3, peptide motifs to mimic protein surfaces. The functionalized serine
4, 6 ppb/deg; lleNH, SerNH, ValNH). Also cooling the samples side chain can be condensed onto the backbone to form additional
to —90 °C (CD;OD) caused slight broadening of the amide ©0xazoline ring constraint$or derivatized to permit the use of
resonances indicating multi-site exchange. The probability of “planar” macrocycles as large templates. Cyclooligomerizations
multiple conformations in the larger cycles & 3) makes of other functionalized turn-containing peptides may similarly
structure interpretation complex. There may be local structure generate combinatorial macrocycle libraries with conceivable uses
around each thiazole ring, but there is no unequivocal evidenceas new antibiotics, new metal sequestrants, or as scaffolds for
of intramolecular hydrogen bonding. developing macromolecular devices and protein mimetics.

Cyclooligomerization of H-lle-Sep-Val-Ala-OH under identi-
cal conditions (0.15 M) gave only traces of cyclic dimer and trimer  Acknowledgment. This work was supported in part by the Australian
but no higher cyclooligomers were detected by rpHPLC or MS. Research Council.
This difference suggests that the thiazole encourages formation
of higher cyclooligomers and that other turn-inducing constraints  supporting Information Available: Figures 3-9 showH NMR
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Supporting Information). Thus, cyclization competes effectively from Figure 1; and synthesis and characterization data for all of the
with oligomerization, even at peptide concentrations that favor macrocycles (PDF). This material is available free of charge via the
intermolecular coupling, due to the presence of turn-inducing units 'nternet at http://pubs.acs.org.
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