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The electrochemical properties of 1b and 2b were studied in
THF and dimethyl sulfoxide (DMSO). Three reversible single
clectron reduction events are observed for 1b in THF (-1.53, -2.04,
and -2.61 V vs ferrocene/ferrocenium; —1.27 and -1.77 V in
DMSO). The anion t-BuCg,™ is 0.67 V harder to reduce than Cg,
in THF. For 2b, three reversible single electron reduction events
are also observed (-1.01, ~1.57, and -2.18 V in THF; -0.87 V
in DMSO), making 2b 0.15 V harder to reduce than Cgq (cf.
(C¢Hs),CCq, which is 0.11 V harder to reduce than Cy°). Ev-
idence is mounting®!2 that (C4Hs),CCq, is not a fully “opened”
structure as was originally proposed,” which is in line with the
similar reduction potential observed here for t-BuCgH.

Protonation of the -BuCy,™ anion can be quantitatively mon-
itored by electrochemistry. From titration behavior using the acids
saccharin (pK, = 4.0), 2,4-dinitrophenol (pK, = 5.1), and di-
chloroacetic acid (pK, = 6.4), a pK, of 5.7 (£0.1) was determined
for -BuC¢H.* Consistent with this, 2b can be deprotonated with
n-Bu,N*CH,CO,™ in DMSO to form -BuCg,". This ranks -
BuCH as one of the strongest acids made up of only carbon and
hydrogen.!*!*  From the thermodynamic cycle employed by
Bordwell,!* knowing this pX, value and the ¢-BuCy,'/1-BuCqyy
reversible potential (—0.33 V vs ferrocene/ferrocenium: +0.33 V
vs normal hydrogen electrode), we can calculate the C4—H bond
dissociation energy to be 71 % 2 kcal/mol in DMSO. This is on
the low side of measured carbon-hydrogen bond strengths in
organic hydrocarbon molecules.

tary Material Available: Details of the measurement
of pK, for +-BuCH and 1*C NMR, 'H NMR, mass spectral, and
elemental analytical data for 1b and 2b (8 pages). Ordering
information is given on any current masthead page.

(12) Creegan, K. M.; Robbins, J. L.; Robbins, W. K.; Millar, J. M,;
Sherwood, R. D.; Tindall, P. J.; Cox, D. M.; Smith, A. B., III; McCauley, J.
P., Jr.; Jones, D. R,; Gallagher, R. T. J. Am. Chem. Soc. 1992, 114, 1103.
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well, F. G.; Cheng, J.-P.; Harrelson, J. A. J. Am. Chem. Soc. 1988, 110,
1229-1231.

(14) We found only one example more acidic than -BuC¢H: Kuhn, R,;
Rewicki, D. Justus Liebigs Ann. Chem. 1967, 706, 250-261.
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Peptidomimetics have emerged as an active field at the interface
of bioorganic, organic, and medicinal chemistry.! This interest
derives from the expectation that such molecules will have both
better biostability and oral bioavailability than their peptide
counterparts. Progress to date has come from three distinct
approaches: (1) broad screening; (2) the design and synthesis of
peptide analogs, wherein one or more of the amide bonds are
isosterically replaced; and (3) the design and synthesis of novel
scaffolding, with retention of peptidal side chains.

(1) Farmer, P. S. In Drug Design; Ariéns, E. J., Ed.; Academic: New
York, 1980; Vol X, p 119. Spatola, A. F. In Chemistry and Biochemistry of
Amino Acids, Peptides, and Proteins; Weinstein, B., Ed.; Marcel Dekker:
New York, 1983; p 267. See also: Freidinger, R. M. TIPS Rev. 1989, 10,
270. Sherman, D. B.; Spatola, A. F. J. Am. Chem. Soc. 1990, 112, 433,
Hirschmann, R. Angew. Chem., Int. Ed. Engl. 1991, 30, 1278 and references
cited therein.
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To our knowledge, bicyclo[2.2.2]octane? and 8-p-glucose® were
the first designed scaffoldings successfully employed in the syn-
thesis of a mimetic which is recognized by the targeted endocrine
receptor.* We now report that the cyclopentanoperhydro-
phenanthrene skeleton of the steroids can also serve this function.
The steroid nucleus was of interest for several reasons: (1) its
volume matches that of the backbone of a cyclic hexapeptide;’
(2) many steroids are drugs with excellent oral bioavailability;
(3) the rigid steroid nucleus should reduce the tendency for hy-
drophobic collapse® of appended peptide side chains; and (4) a
large body of steroid literature permits regio- and stereoselective
introduction of functionality. That steroids offer multiple pos-
sibilities for side chain trajectories (i.e., axial, equatorial, qua-
si-axial and -equatorial, as well as pseudoaxial and -equatorial)
was also attractive. This latter consideration, combined with the
rigidity of the steroid skeleton, holds the promise that the design
and synthesis of steroid-based peptidomimetics may contribute
to our understanding of the bioactive conformation of the natural
peptidal ligands.

The integrins are a family of cell surface adhesion receptors
which include the fibrinogen receptor on blood platelets,” a
membrane-linked heterodimer (GP IIb/IIla) which, when acti-
vated, initiates platelet aggregation. Antagonists of fibrinogen
binding to its receptor are of potential value in the treatment of
stroke and heart attacks. Antagonists found in nature and those
obtained by design and synthesis contain the sequence Arg-Gly-
Asp (RGD), which is thought to be sufficient for binding, provided
that it is able to assume the bicactive conformation.® Its simplicity
led us to explore the potential of the steroid nucleus to serve as
a peptidomimetic scaffolding.

Little is known about the bioactive conformation of the peptides
which bind to the fibrinogen receptor. Echistatin® and kistrin!®-13
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not bind to the high-affinity endocrine TRH receptor (Olson, G. L. Personal
communication). More recently, Pagageorgiou et al. have used a xylofuranose
in place of 8-D-glucose as a scafolding, see; Papageorgiou, C.; Haltiner, R,;
Bruns, C,; Petcher, T. J. Bioorganic Medicinal Chem. Lett. 1992, 2, 135.
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contain the RGD sequence in highly flexible loop regions of the
molecules. It has been suggested!4!® that RGD is part of a
B-turn!® in its bioactive conformation. On the basis of NMR and
CD studies coupled with energy calculations, Reed et al. proposed
that the linear peptide GRGDSP adopts a nested set of §-turns
initiated at Gly-1 and Arg-2.!4 In addition, Mizutani used NMR
studies with c-(GRGDSPA) to suggest that cyclization enforces
a S-turn conformation of the RGDS sequence, in which the Gly
of RGD also occupies the i + 1 position.!” For these reasons, we
undertook the design of a rigid structure to mimic the presentation
of the Arg and Asp side chains found in a 8-turn with glycine as
the i + 1 residue.

Computerized molecular modeling suggested that equatorial
substituents at the 38 and 78 positions of an allopregnane have
the same spacing and geometry as the j and i + 2 amino acid side

(12) Dalvit, C.; Widmer, H.; Bovermann, G.; Breckenridge, R.; Metter-
nich, R. Eur. J. Biochem. 1991, 202, 315.
(13) Saudek, V.; Atkinson, R. A.; Pelton, J. T. Biochemistry 1991, 30,

7369.
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L. M. In Proceedings of the 11th American Peptide Symposium; Escom:
Leiden, The Netherlands, 1989; pp 699-701.

(17) Mizutani, R.; Shimada, I.; Ueno, Y.; Yoda, M.; Kumagai, H.; Arata,
Y. Biochem. Biophys. Res. Commun. 1992, 182, 966.

(18) Bogusky, M. J.; Naylor, A. M.; Pitzenberger, S. M.; Nutt, R. F,;
Brady, S. F.; Colton, C. D.; Sisko, J. T.; Anderson, P. S.; Veber, D. F. Int.
J. Pept. Protein Res. 1992, 39, 63.

(19) Rose, G. D.; Gierasch, L. M.; Smith, J. A. Adv. Protein Chem. 1988,
37, 1.
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chains of a S-turn, respectively, and that 1a (n = m = 1) provides
the proper side chain lengths for best overlap. Nevertheless, the
synthetic plan permitted construction of chain-extended versions
of 1a (i.e., 1b—d, Figure 1).

38-Hydroxy-AS-androsten-7-one acetate (2)2° served as our
point of departure for the syntheses of 1a-d. Its conversion to
(+)-6?! (Scheme I) was straightforward; the stereochemistry of
the 78 and 5a centers was confirmed by single-crystal X-ray
analysis. Horner-Emmons olefination?6 with methyl (diethyl-
phosphono)acetate then gave ester 72! as a 1:1 mixture of isomeric
olefins. Attempts to reduce the ester directly resulted in mixtures
at the 3-position, but the corresponding acid smoothly reduced?’
in nearly quantitative yield to the desired 33 isomer (+)-9,2! which
served as the common intermediate for 1a-d. Completion of the
construction of (+)-1a?! (Scheme I) was again unremarkable.

The homologated isomers of 1a (1b—d)2! were prepared in a
similar fashion employing hydroboration for the elaboration of
the 78 side chain and the photochemical Arndt-Eisert protocol®
for the 38 side chain.’

Steroid RGD mimetics 1a—d were tested in an ELISA GP
IIb/IITa—fibrinogen receptor assay.’! Compound 1a was found
to bind to the GP IIb/IIla receptor with an ICs, of ca. 100 uM
using fibrinogen as the ligand. The dose response curve of 1a
resembled that of members of a series of RGD-containing cyclic
peptide analogs,?! with 1a completely displacing the ligand.
Compounds 1b—d did not bind at 100 uM, thus serving as negative
controls. The latter result suggests that 1a possesses the appro-
priate distance between the guanidine and acid functionalities.
The low binding affinity of 1a indicates that, although a type |
B-turn may be involved, glycine probably does not occupy the i
+ 1 position in the bioactive conformation of peptides which bind
to the GP IIb/IlIa receptor.

Recent NMR studies of potent, highly constrained peptides
from several laboratories suggest that the RGD sequence assumes
a geometry32-34 which is not mimicked by any of our compounds.
The design and synthesis of other steroids to test this proposal
are now in progress.

After the completion of this work, Venepalli et al.> described
the isolation of a steroidal natural product which is a substance
P antagonist. Taken together, these results show that the steroid
nucleus can indeed serve as a scaffold for the attachment of mimics
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of peptide side chains and that the synthesis of peptidomimetics
can provide information about the conformation of the natural
ligands.
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w-Stacking interactions between aromatic rings have received
a great deal of attention! due to their importance in such diverse
areas as molecular recognition,? stereocontrol of organic reactions,?
structure of biological molecules,* and solid-state packing of or-
ganic molecules.’ Specific details on the nature of these inter-
actions, especially regarding the contributions of various nonco-
valent bonding forces, remain unclear. Although substituents on
the r-systems are known to strongly influence stacking tendencies,
these effects cannot always be explained in terms of simply do-
nor-acceptor interactions.'8 Here we would like to report on the
self-association of phenylacetylene macrocycles (PAMs) in so-
lution. These compounds should be useful as models for quan-
titatively studying substituent effects on #—= interactions.
Moreover, depending on the geometry of the aggregate, self-as-
sociation of toroidal-shaped macrocycles represents the initiation

*Nanoarchitectures. 3. Part 2: see ref 8b.
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Table I. Thermodynamic Data for Dimerization of 1-5 in
Chloroform-d

Koo AG AH AS
compd (M™1)* (kcal mol™)* (kcal mol™) (cal mol™ K™)
1 60 =24 -5.0%£0.2 -92+£0.8
2 18 -1.7 -56+£0.3 -136£1.0
3 26 -1.9 -5.1%£0.3 -108£1.0
4 b b b b
5 b b b b

9At 293 K. ?No evidence for dimerization was observed.

of a noncovalently bound molecular channel. Thus, a better
understanding of these interactions may be useful for designing
novel, tubular mesophases,® porous organic solids, and molecular
monolayers for controlling transport properties at surfaces.’

1; Ri=R;=R3=Ry=Rs=Rs=C0O0"Bu
2:R;=R3=R5=CO0"Bu, Ry=Rs=Rs=0"Bu
3:Ry=R;=R3=CO0"Bu, Ry= Rs=Rs=0"Bu
4:Ry=Ry=R3=R4=Rs=Re=0"Bu
§:Ry=Ry=R3=R4=Rs=Rg= CH,0"Bu

Using our previously reported synthetic methods,® we have
synthesized compounds 1-5.° It was found that the chemical shifts
(8) of the aromatic protons of 1 depended strongly on concen-
tration. At ambient temperature, the chemical shifts (in CDCl,)
of the two aromatic protons of 1 varied from 8.12 to 7.23 ppm
and from 7.81 to 6.79 ppm, respectively, as the concentration
changed from 0.83 to 106 mM. This indicates that PAM 1
self-associates in solution.!%!! If we assume that monomer—dimer
equilibrium is the predominant process of this self-association,?
'H NMR measurements at different concentrations can be used
to determine the dimerization constant, K. using a reported
procedure.!* By this method, K, was found to be 60 M! at
20 °C, which is of the same order as porphyrin dimerization in
CDCl,.'*  Since 1 has no functionality to engage in hydrogen
bonding, we believe that the observed behavior results from =-
stacking interactions. This idea is supported by the observation
that only the protons directly attached to the aromatics show
significant concentration-dependent chemical shifts. It is also
consistent with the fact that we observed no evidence for self-
association in benzene-dq.!1* We suspect that the well-defined,
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