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ABSTRACT

The regioselective syntheses and structures are reported for two tris-macrocylic compounds, each possessing two antiparallel loops on a
macrocyclic scaffold constrained by two oxazoles and two thiazoles. NMR solution structures show the loops projecting from the same face
of the macrocycle. Such molecules are shown to be prototypes for mimicking multiple loops of proteins.

Protein loops are common recognition motifs in biology, yet
creation of small molecules to structurally mimic bioactive,
multiloop surfaces remains a challenging objective.1,2 We
were inspired by Nature’s use in bacteria, fungi, plants, and
marine organisms of unusual amino acids containing ox-
azoles/thiazoles and their reduced analogues as constraints
to regulate the shapes3 of macrocycles4 like ascidiacyclamide
1,4b nostocyclamide,4c and thiopeptide antibiotics.4d Related

cyclic peptides show antitumor, antiinflammatory, immu-
noregulating, and enzyme-inhibiting activities.5 In ulithia-
cyclamide2,4e the macrocycle is a scaffold supporting one
disulfide bridge. Here we report an efficient regioselective
synthesis and solution structure of tris-macrocycle3, with
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two antiparallel loops containing oxazole projecting perpen-
dicularly from the same face of a macrocyclic scaffold6
constrained by oxazoles and thiazoles. The alternative tris-
macrocycle isomer7, in which the loops contain thiazole
instead of oxazole, was independently synthesized and
structurally characterized by NMR spectroscopy. Molecular
models suggest that scaffold6 could be suitable for mimick-
ing multiloop surfaces of proteins such as interhelical loops
from helix bundles and complementarity-determining loops
of antibodies.

Functionalized dipeptide surrogates Boc-L-Lys(Cbz)(Ox)-
OH (4aX ) O, R) -(CH2)4NHCO2Bn)6 andL-Glu(OcHx)-
(Thz)-OH (4b, X ) S, R ) -(CH2)2CO2cHx)7a were
elaborated to tetrapeptide analogue5 (R1 ) -(CH2)4NHCO2-
Bn, R2 ) -(CH2)2CO2cHx). Cyclodimerization of5 (Scheme
1) followed by deprotection gave a high isolated yield (84%)

of cyclic octapeptide analogue6 (R1 ) -(CH2)4NH2, R2 )
-(CH2)2CO2H).8 Dimerization is favored over cyclooligo-
merization7b (∼16%) by the presence of two turn-inducing
heterocyclic oxazole/thiazole constraints. NMR spectra(1H,
13C) for 6 indicateC2 fold symmetry.

Molecular modeling9 (Figure 2) identified6 as a rigid,
rhombus-shaped macrocycle(∼6.5× ∼6.6 Å) similar to the
marine natural product ascidiacyclamide (1).4b It has aC2

fold axis of symmetry with the two thiazoles tilted∼90° out
of the macrocycle plane. The flexibleL-Lys andL-Glu side

chains are directed from the same face of the macrocycle,
as in other oxazole- or thiazole-containing macrocycles,10

suggesting6 as a likely scaffold for supporting discontinuous
loops.

As a prelude to grafting loops from protein surfaces onto
scaffold6, we prepared prototypes3 and7 (isolated yields:
71 and 1%, respectively)11 by couplingL-Lys andL-Glu side
chains of6 (Scheme 2).

Compound3 was highly symmetrical, displaying one set
of 1H and 13C resonances, indicative ofC2 fold symmetry.
The chemical shifts for LysRNH (δ 8.33, 3JNH-RH ) 9.06
Hz) and LysεNH (δ 7.73) resonances of3 in DMSO-d6 are
temperature dependent (∆δ/T 4.9, 3.6 ppb/K, respectively)
and exchange rapidly upon addition of 5% D2O. By contrast,
the GluRNH resonance (δ8.22,3JNH-RH ) 7.96 Hz) for3
is almost temperature independent (∆δ/T 0.46 ppb/K) and
only exchanges slowly with D2O, features consistent with a
hydrogen bond, the H-bond acceptor being identified as the
Glu-γ-CO by ROEs (see below). The different3JNH-RH values
for Glu and Lys amide-NHs of the scaffold translate, via
the Karplus equation, to NHRCH dihedral angles of 148 and
158°, respectively, which in turn correspond toΦ angles of
-150 (Glu) and-140° (Lys). The conformational strain in
3 is evidenced by significant chemical shift differences for
several pairs of geminal protons within the loop portion of
the molecule (GluâHs 0.54, GluγHs 0.23, LysâHs 0.83,
Lys εHs 1.13 ppm), consistent with their differing orienta-
tions above the macrocyclic template.

ROE data support the presence of a H-bond between Glu
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Scheme 1a

a Reaction conditions: (a) BOP, DIPEA, DMF,4b, rt (97%).
(b) TFA, CH2 Cl2, ∼0 °C (100%). (c) BOP, DIPEA, DMF (7×
10-3 M), rt. (d) NaHCO3. (e) HF,p-cresol (84% from5).

Figure 1. Natural products1 and2 and synthetic target3.

Figure 2. Superposition of 59 low energy conformations of6 (∆E
< 11.5 kJ/mol, RMSD< 0.7 Å for 24 atoms) viewed top down
(left) and side on (right); side chains are omitted for clarity.
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and Glu NH (medium) and between Glu NH and LysεNH
(weak). The latter indicates that the loops incorporate oxazole
rather than thiazole. Other intraloop correlations between Lys
RNH and LysδH (δ1.44, weak; 1.14, strong) and LysâH
(δ 2.54) and LysεH (δ 3.86, strong) as well as interloop
correlations between GluRNH and LysâH (δ 2.54, vs weak)
and Glu RNH and Lys γH (δ 1.14, vs weak) define the
locations of the two loops.

The identity of the loops was confirmed by an alternative
independent synthesis of3 (Scheme 3) by coupling Cbz-L-
Lys(Boc)(Ox)-OH8 to L-Glu(OtBu)(Thz)-OEt9 to give Cbz-
Lys(Boc)(Ox)Glu(OtBu)(Thz)OEt10. Subsequent loop for-
mation to11 preceded dimerization to3.

After modification of standard topology and parameter
files (Supporting Information) to accommodate the unnatural
dipeptide surrogates, the structure of3 was calculated in
XPLOR12 using only the two Lys dihedral angle restraints
(F ) -120( 30°). The resulting convergent structures were
refined using 60 ROE distance constraints and the two

H-bonds described above. The 20 lowest energy (E < 10
kJ/mol) calculated structures, shown superimposed in Figure
3, had no residual distance (>0.16 Å), H-bond, or dihedral

angle violations. There was tight convergence of the mac-
rocyclic scaffold (RMSD 0.2 Å), while the loops retained
some flexibility (RMSD 1.8 Å).

The thiazole-containing macrocyclic component of3
differs from the modeled template6 in that the oxazoles are
now (90° out of the plane of the thiazole-containing
macrocycle and in the plane of the oxazole-containing loops.
The thiazoles are tilted 20-30°(instead of 90°) down from
the plane of the macrocycle corresponding to6. The CR-
Câ vectors are 6 Å apart and project from the same face of
the scaffold, directing both oxazole-containing loops per-
pendicularly and staggered relative to one another.
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Scheme 2. Cyclization of6‚2TFA (1 × 10-3 M) from 0 to 20
°C gives a 10:1 ratio of3 and7.11

Scheme 3a

a Reaction conditions: (a) BOP, DIPEA, DMF, rt (98%). (b)
TFA, CH2Cl2, ∼0 °C (100%). (c) BOP, DIPEA, DMF (6× 10-3

M), rt (91%). (d) LiOH, EtOH/H2O (3:1),∼0 °C. (e) HF,p-cresol
(90% from10). (f) BOP, DIPEA, DMF (6× 10-3 M), rt (78%).

Figure 3. Superimposition of the 20 lowest energy NMR structures
of 3 shown top down (left) and side on (right).

Org. Lett., Vol. 4, No. 20, 2002 3369



Regioselective formation of oxazole- rather than thiazole-
containing loops in3 may be due to formation of the Glu
NH‚‚‚OC Glu H-bond during loop formation, though we
were unable to detect it at low temperatures. Alternatively,
steric hindrance from the thiazoles may reduce access of the
amine to the bulky activated ester. It is possible that
π-complex formation13 between oxazole and activated ester
stabilizes an intermediate for condensation, as suggested by
trapping of hydroxybenzotriazole during synthesis.11

Isomer7 was independently synthesized (Scheme 3) from
L-Lys(Boc)(Ox)-OMe and Cbz-L-Glu(OtBu)(Thz)-OH in-
stead of 8 and 9. Like 3, isomer 7 displayed C2 fold
symmetry in1H and13C NMR spectra. NMR parameters for
7 were significantly different from those for3, with the Lys
RNH resonance (δ 7.95,3JNH-RH ) 9.32 Hz) being relatively
independent of temperature (∆δ/T 1.0 ppb/K) and likely
H-bonded. The GluRNH and LysεNH resonances are more
temperature dependent (∆δ/T 4.0, 3.9 ppb/K, respectively)
and also display faster D2O exchange than LysRNH.
Interestingly, LysRNH retained its high coupling constant
despite the change in loop conformation from over the
oxazole to over the thiazole. Like3, the loop regions within
7 display significant chemical shift differences for several
pairs of geminal protons (Glu-âHs 0.49, Glu-γHs 0.65, Lys-
âHs 0.23, and Lys-εHs 0.76 ppm), although these differences
themselves have changed with respect to3.

Due to significant spectral overlap, principally in the Lys
γCH2/δCH2 region, NMR structure calculations in XPLOR
were based on a smaller subset of 30 distance restraints,
together with the Lys dihedral angle and LysRNH H-bond

restraints (Supporting Information). The NMR structures of
7 (Figure 4) indicated that the loops project from one face
of the macrocycle but were not as perpendicular as in3.
The calculated structures for the loops in7 converged well
(loop heavy atom RMSD) 0.9 Å); however, some ROE
signals for LysγCH2/δCH2 could not be assigned. Compared
with 3, the macrocyclic scaffold structures of7 did not
converge as well (backbone RMSD, 0.3 Å), particularly the
oxazole rings, which tilt(20° from the plane of the cyclic
scaffold.

Molecular models (Figure 5) suggest that the dimensions
and directionality of side chains of the scaffold in3 match
the positions of the interhelical protein loops of helix bundles
(Figure 5a) and complementarity-determining loops of
antibodies (Figure 5b). The cyclic scaffold6 in structures3
and 7 therefore seems appropriate for devising structural
mimics of even larger multiloop protein surfaces.
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Figure 4. Superimposition of the 20 lowest energy NMR structures
of 7 shown end on (left) and side on (right). Figure 5. Scaffold from3 (NMR structure) with two grafted loops

(green) excised from crystal structures: (a, left) interhelical regions
(A167-171, A230-234) ofR-catenin (pdb: 1DOW),14a and (b,
right) CDR loops L3 (L92-96) and L1 (L24-27) of antibody Igg1
Fab’ fragment B13I2 (pdb: 2IGF);14b both were modeled using
template forcing (Supporting Information) on corresponding 4-5
residue loop fragments (blue ribbons) from crystal structures.14
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