Regioselective Synthesis of Antiparallel
Loops on a Macrocyclic Scaffold
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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 objectivéVe

cyclic peptides show antitumor, antiinflammatory, immu-
noregulating, and enzyme-inhibiting activitie$n ulithia-
cyclamide?2 ¢ the macrocycle is a scaffold supporting one

were inspired by Nature’s use in bacteria, fungi, plants, and disulfide bridge. Here we report an efficient regioselective

marine organisms of unusual amino acids containing ox-
azoles/thiazoles and their reduced analogues as constraints

to regulate the shapesf macrocycleslike ascidiacyclamide
1, nostocyclamidé¢ and thiopeptide antibiotic%.Related
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two antiparallel loops containing oxazole projecting perpen-
dicularly from the same face of a macrocyclic scafféld

constrained by oxazoles and thiazoles. The alternative tris-

macrocycle isomef, in which the loops contain thiazole

instead of oxazole, was independently synthesized and

structurally characterized by NMR spectroscopy. Molecular
models suggest that scaffdiccould 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 Betys(Cbz)(Ox)-
OH (4aX = O, R= —(CH)sNHCO;Bn)? andL-Glu(OcHx)-
(Thz)-OH (4b, X =S, R = —(CH,),CO,cHx)"® were
elaborated to tetrapeptide analogu@®; = —(CH,)4,NHCO,-

Bn, R, = —(CH,),CO,cHX). Cyclodimerization 05 (Scheme
1) followed by deprotection gave a high isolated yield (84%)
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aReaction conditions: (a) BOP, DIPEA, DMB), rt (97%).
(b) TFA, CH2 Cb, ~0 °C (100%). (c) BOP, DIPEA, DMF (%
103 M), rt. (d) NaHCQ. (e) HF, p-cresol (84% fronb).
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of cyclic octapeptide analogu®(R; = —(CH,)sNH;,, R, =
—(CH,).,CO;H).2 Dimerization is favored over cyclooligo-
merizatiori® (~16%) by the presence of two turn-inducing
heterocyclic oxazole/thiazole constraints. NMR spe€tra
13C) for 6 indicateC, fold symmetry.

Molecular modeling (Figure 2) identified6 as a rigid,
rhombus-shaped macrocy¢le6.5 x ~6.6 A) similar to the
marine natural product ascidiacyclamide.f* It has aC;
fold axis of symmetry with the two thiazoles tilteeB0° out
of the macrocycle plane. The flexibleLys andL-Glu side
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Figure 1. Natural productd and?2 and synthetic targe?.

chains are directed from the same face of the macrocycle,
as in other oxazole- or thiazole-containing macrocy&les,
suggesting as a likely scaffold for supporting discontinuous
loops.

As a prelude to grafting loops from protein surfaces onto
scaffold6, we prepared prototype&sand? (isolated yields:

71 and 1%, respectivelff)by couplingL-Lys andL-Glu side
chains of6 (Scheme 2).

Compound3 was highly symmetrical, displaying one set
of *H and*3C resonances, indicative @, fold symmetry.
The chemical shifts for LystNH (6 8.33,3Iyy-on = 9.06
Hz) and LyseNH (6 7.73) resonances &fin DMSO-d; are
temperature dependemkd/T 4.9, 3.6 ppb/K, respectively)
and exchange rapidly upon addition of 5% By contrast,
the GluaNH resonance (8.22,3Iwn-en = 7.96 Hz) for3
is almost temperature independenid(T 0.46 ppb/K) and
only exchanges slowly with I, features consistent with a
hydrogen bond, the H-bond acceptor being identified as the
Glu-y-CO by ROEs (see below). The differéy—q+ values
for Glu and Lys amide-NHs of the scaffold translate, via
the Karplus equation, to NH&H dihedral angles of 148 and
158°, respectively, which in turn corresponddoangles 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 (GlyHs 0.54, GluyHs 0.23, LysfHs 0.83,
Lys eHs 1.13 ppm), consistent with their differing orienta-
tions above the macrocyclic template.

ROE data support the presence of a H-bond between Glu
NH---OCy Glu, with correlations between GleH (6 2.16)

Figure 2. Superposition of 59 low energy conformationssdfiAE
< 11.5 kJ/mol, RMSD< 0.7 A for 24 atoms) viewed top down
(left) and side on (right); side chains are omitted for clarity.
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Scheme 2. Cyclization of6:2TFA (1 x 10— M) from 0 to 20
°C gives a 10:1 ratio o8 and 7.1
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and Glu NH (medium) and between Glu NH and LapéH

(weak). The latter indicates that the loops incorporate oxazole
rather than thiazole. Other intraloop correlations between Lys

oNH and LysoH (61.44, weak; 1.14, strong) and Ly
(0 2.54) and LyseH (0 3.86, strong) as well as interloop
correlations between GluNH and LysgH (6 2.54, vs weak)
and GluoNH and LysyH (6 1.14, vs weak) define the
locations of the two loops.

The identity of the loops was confirmed by an alternative
independent synthesis 8f(Scheme 3) by coupling Chz
Lys(Boc)(Ox)-OH8 to L-Glu(OtBu)(Thz)-OEB to give Cbz-
Lys(Boc)(Ox)Glu(OtBu)(Thz)OELQ. Subsequent loop for-
mation to11 preceded dimerization t8.

After modification of standard topology and parameter
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aReaction conditions: (a) BOP, DIPEA, DMF, rt (98%). (b)
TFA, CH,Cly, ~0 °C (100%). (c) BOP, DIPEA, DMF (6 1073
M), rt (91%). (d) LiOH, EtOH/HO (3:1),~0 °C. (e) HF,p-cresol
(90% from10). (f) BOP, DIPEA, DMF (6x 10-3 M), rt (78%).

H-bonds described above. The 20 lowest enefgy<(10
kJ/mol) calculated structures, shown superimposed in Figure
3, had no residual distance Q.16 A), H-bond, or dihedral

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

angle violations. There was tight convergence of the mac-

files (Supporting Information) to accommodate the unnatural rocyclic scaffold (RMSD 0.2 A), while the loops retained

dipeptide surrogates, the structure dfvas calculated in
XPLOR?? using only the two Lys dihedral angle restraints
(F = —1204+ 30°). The resulting convergent structures were

some flexibility (RMSD 1.8 A).
The thiazole-containing macrocyclic component ®f
differs from the modeled templagein that the oxazoles are

refined using 60 ROE distance constraints and the two now (90° out of the plane of the thiazole-containing

(10) (a) Mink, D.; Mecozzi, S.; Rebek, J., Jretrahedron Lett1998,

39, 5709-5712. (b) Haberhauer, G.; Somogyi, L.; Rebek, JTdtrahedron
Lett. 2000,41, 5013—5016. (c) Somogyi, L.; Haberhauer, G.; Rebek, J.,
Jr. Tetrahedron Lett2001,57, 1699—1708. (d) Boss, C.; Rasmussen, P.
H.; Wartini, A. R.; Waldvogel, S. RTetrahedron Lett2000,41, 6327—
6331. (e) Bertram, A.; Hannam, J. S.; Jolliffe, K. A.; Gonzalez-Lopez de
Turiso, F.; Pattenden, GBynlett1999,11, 1723—-1726.

(11) DIPEA (0.2 mL, 1.15 mmol) was added 6e2TFA (90 mg, 0.085
mmol) and DPPA (6QL, 2.78 mmol) in dry DMF (70 mL) at ®C and
stirred (2 h, 0°C.; 48 h, 20°C), concentrated, and purified by rpHPLC to
give 3 (48 mg, 71%; HRMS: (M+ H) found 779.2388, calcd 779.2392)
and side product (1% yield). Both3 and7 were subsequently synthesized
independently (1f-1t, Supporting Information). When BOP was used for
coupling, hydroxybenzotriazole was trapped3\coeluting from rpHPLC
columns and detectable fitH NMR spectra.

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

macrocycle and in the plane of the oxazole-containing loops.
The thiazoles are tilted 20—3@hstead of 90°) down from
the plane of the macrocycle correspondingstorhe Gr—

Cp vectors are 6 A apart and project from the same face of
the scaffold, directing both oxazeteontaining loops per-
pendicularly and staggered relative to one another.

(12) XPLOR 3.851 using a dynamic simulated annealing protocol in a
geometric force field and minimized using CHARm: (a) Brunger, A. T.
X-PLOR Manual Version 3;1yale University: New Haven, CT, 1992.
(b) Nilges, M.; Gronenborn, A. M.; Briinger, A. T.; Clore, G. Frotein
Eng.1988,2, 27-38. (c) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.;
States, D. J.; Swaminathan, S.; Karplus, M.Comput. Chem1983, 4,
187-217.
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Figure 4. Superimposition of the 20 lowest energy NMR structures
of 7 shown end on (left) and side on (right).

Regioselective formation of oxazole- rather than thiazole-
containing loops i8 may be due to formation of the Glu
NH---OC Glu H-bond during loop formation, though we

Figure 5. Scaffold from3 (NMR structure) with two grafted loops
(green) excised from crystal structures: (a, left) interhelical regions
(A167—-171, A230—234) ofx-catenin (pdb: 1DOW}# and (b,
right) CDR loops L3 (L92-96) and L1 (L24-27) of antibody Iggl
Fab’ fragment B13I2 (pdb: 2IGPY? both were modeled using
template forcing (Supporting Information) on correspondirgh4
residue loop fragments (blue ribbons) from crystal structtfres.

were unable to detect it at low temperatures. Alternatively,

steric hindrance from the thiazoles may reduce access of theestraints (Supporting Information). The NMR structures of

amine to the bulky activated ester. It is possible that
m-complex formatio®® between oxazole and activated ester

7 (Figure 4) indicated that the loops project from one face
of the macrocycle but were not as perpendicular a8.in

stabilizes an intermediate for condensation, as suggested byrhe calculated structures for the loopsrimonverged well

trapping of hydroxybenzotriazole during synthésis.

Isomer7 was independently synthesized (Scheme 3) from
L-Lys(Boc)(Ox)-OMe and Cbz-Glu(OtBu)(Thz)-OH in-
stead of8 and 9. Like 3, isomer 7 displayed C, fold
symmetry in*H and'3C NMR spectra. NMR parameters for
7 were significantly different from those f@&, with the Lys
oNH resonanced 7.95,3Inu-a1 = 9.32 Hz) being relatively
independent of temperaturdd@/T 1.0 ppb/K) and likely
H-bonded. The GleNH and LyseNH resonances are more
temperature dependemid/T 4.0, 3.9 ppb/K, respectively)
and also display faster O exchange than LystNH.
Interestingly, LysaNH retained its high coupling constant
despite the change in loop conformation from over the
oxazole to over the thiazole. Lik& the loop regions within
7 display significant chemical shift differences for several
pairs of geminal protons (GlgHs 0.49, GluyHs 0.65, Lys-
BHs 0.23, and LysHs 0.76 ppm), although these differences
themselves have changed with respecB.to

Due to significant spectral overlap, principally in the Lys
yCH,/0CH, region, NMR structure calculations in XPLOR
were based on a smaller subset of 30 distance restraints
together with the Lys dihedral angle and Ly¢BIH H-bond

(13) Hunter, C. A.; Sanders, J. K. M. Am. Chem. Sod 990,112,
5525—5534.

3370

(loop heavy atom RMSB= 0.9 A); however, some ROE
signals for LysyCH,/6CH, could not be assigned. Compared
with 3, the macrocyclic scaffold structures @fdid not
converge as well (backbone RMSD, 0.3 A), 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 scaffold3rmatch
the positions of the interhelical protein loops of helix bundles
(Figure 5a) and complementarity-determining loops of
antibodies (Figure 5b). The cyclic scaffddn structures3
and 7 therefore seems appropriate for devising structural
mimics of even larger multiloop protein surfaces.
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