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Abstract: A novel family of aromatic-bridged cystine cyclic peptides (cystinophanes) has been synthesized
by a single-step procedure involving condensation of 1,3 aromatic (Ph or Pyr unit) dicarbonyl dichloride with
either the simple-cystine dimethyl ester to provide cystinophanes of 26-, 39-, and 52-membered rings through
2+2, 3+3, and 4+4 cyclization, respectively, or with cystine bis-peptidesNFXaa-Cyst-Xaa-NH) leading

to a variety of #-1 cystine-based peptidocyclophanésl NMR and CD studies have shown these cystinophanes

to adopt g3-turn-like structure in solution. X-ray crystal structure of a representative mer@@ecqntaining

two aromatic rings has shown a collapsed ring conformation with a near parallel face-to-face orientation of
aromatic rings-a feature also suggested by NMR studies. The propensity of cystinocyclophanes to adopt
B-turn-type conformation is attributed to the presence-e83inkage and the need to maintain a near orthogonal
value of its torsion angle. The potential of cystinophanes to serve as artificial receptors in molecular recognition
and host-guest complexation studies has been demonstrated with 26-membered, pyridine-bridged macrocycle
3b, which binds fH NMR) to a number of Iy-alkane dicarboxylic acids [(CHH(COOH), n=1, ..., 4] and

shows maximum affinity Kassoc= 3.69 x 10? M~1) and selectivity for glutaric acidn(= 3) dicarboxylate.
Crystal parameters f@aare as follows: GHzgN4012S4°H20-2C4HsO,, sSpace group2;2:2; with a= 11.748-

(1) A, b=17.317(1) A, anct = 24.306(2) A.

Introduction conformatior? A wide spectrum of molecular frameworks

ranging from simple glucose to more complex polycyclic

Modification of peptides by introducing conformational gieroids has been used as scaffoldings to fix the conformation
constraints in the backbone is an area of intense current interest. of, otherwise flexible, linear peptides in a well-defined secondary

In recent years, particular interest has been shown in the designyycture?
of peptidomimetics that may adopt a bioactigeturn-type

Cyclic peptide$ have a built-in conformational restraint and

* Address correspondence to this author. offer attractive alternatives to linear peptidomimetics in design-
‘:Biomolecular Research Unit. ing simple models for studying biological interactions. The
Laboratory for the Structure of Mater. ; il ; ;
(1) For reviews see: Spatola, A. Ghemistry and Biochemistry of Amino conformational flexibility of a cyclic peptide can be further
Acids, Peptides and Proteind/einstein, B., Ed.; Marcel Dekker: New York,
1983; Vol. 7, p 267. Gante, Angew. Chem., Int. Ed. Endl994 33, 1699 (2) Rizo, J.; Gierasch, L. MAnnu. Re. Biochem.1992 61, 387 and
and references therein. references therein.
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Scheme 1. One-Step Condensation of 1,3 aromatic{oN or CH) Dicarbonyl Dichlorides and Cystine Dimethyl Ester To

Give Cystino Cyclophanes
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restricted by incorporating-amino acid®, b-amino acid$,
disulfide linkages, or semirigid aromatic unifsnto the cyclic
backbone.

Introduction of multiple constraints, for example, a combina-
tion of S—S linkages and rigid aromatic units, into the cyclic

cyclic peptides that may show a locked-in, well-defined second-
ary structure and serve as useful models for studying biological
interactions.

We provide herein the first illustration of this concept, report
on the construction of a novel family of aromatic-bridged cystine

backbone was considered an exciting possibility by us to designcyclic peptides with the general structure cyclo(Ar-CONH-Cyst-

(3) For reviews see: Giannis, A.; Kolter, Angew. Chem., Int. Ed. Engl.
1993 32, 1244. Lawrence, D. S.; Jiang, T.; Levett, @hem. Re. 1995
95, 2229.

(4) Ovchinikov, Y. A.; Ivanov, V. T.; Shkrob, A. MMembrane-Actie
ComplexonesElsevier: Amsterdam, The Netherlands, 1974. Ovchinikov,
Y. A,; lvanov, V. T.Tetrahedron Report No,Pergamon Press: New York,
1976. Pressman, B. @nnu. Re. Biochem1976 45, 501. Marrone, T. J.;
Merz, K. M., Jr.J. Am. Chem. Socl992 114, 7542. Sprengard, U.;
Schudok, M.; Schmidt, W.; Kretzschmar, G.; Kunz,Ahgew. Chem., Int.
Ed. Engl.1996 35, 321.

(5) Karle, I. L.; Handa, B. K.; Hassall, C. HActa Crystallogr 1975
B31, 555.

(6) Chiang, C. C.; Karle, I. LInt. J. Pept. Protein Re€.982 20, 133.
Ghadiri, M. R.; Granja, J. R.; Milligan, R. A.; McRee, D. E.; Khazanovich,
N. Nature 1993 366, 324. Ghadiri, M. R.; Granja, J. R.; Buehler, L. K.
Nature 1994 369 301. Hartgerink, J. D.; Granja, J. R.; Milligan, R. A,;
Ghadiri, M. R.J. Am. Chem. S0d.996 118 43. Struthers, M. D.; Cheng,
R. P.; Imperiali, B.Sciencel996 271, 342. Awasthi, S. K.; Ragothama,
S.; Balaram, PBiochem. Biophys. Res. Comm@f95 216 375. Yan, Y.;
Erickson, B. W.Protein Sci.1994 3, 1069.

(7) O'Neil, K. T.; Hoess, R. H.; Jackson, S. A.; Ramachandran, N. S;
Mousa, S. A.; DeGrado, W. Proteins1992 14, 509. Garcia-Echeverria,
C.; Albericio, F.; Giralt, E.; Pons, Ml. Am. Chem. S04993 115 11663.
Kishore, R.; Kumar, A.; Balaram, B. Am. Chem. Sod.985 107, 8019.
Karle, I. L.; Kishore, R.; Ragothama, S.; Balaram,JPAm. Chem. Soc.
1988 110, 1958.

(8) Bach, A. C., Il; Eyermann, C. J.; Gross, J. D.; Bower, M. J.; Harlow,
R. L.; Weber, P. C.; DeGrado, W. B. Am. Chem. S0d.994 116, 3207.
Jackson, S.; Degrado, W. F.; Dwivedi, A.; Parthasarathy, A.; Higley, A.;
Krywko, J.; Rockwell, A.; Markwalder, J.; Wells, G.; Wexler, R.; Mousa,
S.; Harlow, R.J. Am. Chem. S0d.994 116, 3220. Haubner, R.; Schmitt,
W.; Holzemann, G.; Goodman, S. L.; Jonczyk, A.; Kessler).H-Am. Chem.
Soc 1996 118 7881.

NHCO-), and cyclo (Ar-CONH-Xaa-Cyst-Xaa-NHCE) (Ar

= Ph or Pyr; Cyst= L-cystine dimethyl esten = 2, 3, 4, and

Xaa = amino acid X), and demonstrate B4 NMR and
crystallographic studies that in solution, as well as in the solid
state, these peptides prefer to adopttarn-like structure with
near-parallel, face-to-face orientation of aromatic units. The
novel macrocyclic peptides named as cystinophanes represent
the first examples of chiral cyclophanes containing cystine in
their cyclic framework.

The present strategy is flexible with respect to the nature of
the aromatic (Ar) unit and the amino acid (Xaa) and apart from
providing a new class of-SS containing peptidocyclophanes,
useful as conformationally constrained models for studying
structure-activity relationships in biological interactions or in
selective hostguest chemistry, as demonstrated here with
pyridine-bridged cystinophargb, which serves as an effective
host for a number of &-alkane dicarboxylates with maximum
affinity and selectivity for glutaric acid substrates. The design
should also lead to attractive models with an extensive
network of multiple aromatic rings useful for studying nonco-
valent aromatict—x interactions that are known to play an
important role in stabilizing protein folding patterhsAn
additional attractive feature is the presence of built-in handles
(as protected COOH groups) that can be ligated via peptide

(9) Burley, S. K.; Petsko, G. AAdv. Protein Chem.1988 39, 125.
Serrano, L.; Bycroft, M.; Fersht, A. Rl.. Mol. Biol. 1991, 218 465.



Synthesis of Cystinophanes

Scheme 2. One-Step Synthesis of Peptido Cyclophanes
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chemistry to a variety of subunits providing attractive models
for novel artificial protein desigh or peptidomimetic drugst

Discussion and Results

The single-step synthetic strategy for cystinophanes involves

the condensation of 1,3 aromatic (Ph or Pyr) dicarbonyl
dichloride either with the simple.-cystine dimethyl ester
(Scheme 1) to provide cystinophanes of 26-, 39-, and 52-
membered rings through+2, 3+3, and 4t4 cyclization,
respectively, or with cystine bis-peptides,{#Xaa-Cyst-Xaa-
NH,; Xaa= amino acid X) leading to a variety oftil cystine-
based peptidocyclophariégScheme 2).

Thus, treatment af-cystine dimethyl ester with isophthaloyl
dichloride in the presence of triethylamine under high dilution
conditions afforded the 26-membered-2 macrocycle3a in
52% yield. Under similar conditions 2,6 pyridine dicarbonyl
dichloride yielded a mixture of three products with similar TLC
behavior which were separated by chromatography on silica ge
with CHCIly/MeOH (95:5) as eluent. The products isolated in
yields of 51% 8b), 12% @), and 4% 5) were fully characterized
(Experimental Section).

A noteworthy feature in the cyclization reaction of cystine
dimethyl ester with aromatic dicarbonyl dichlorides (Scheme
1) was the formation of 22 macrocycles3a and 3b as the
major product £50% vyield), as also observed earlier by-us
in the reaction of cystine dimethyl ester with 1,3-adamantanedi-
carbonyl dichloride under similar experimental conditions. This
may be because the 13-memberedlinacrocycle is much too
constrained to accommodate the rigid aromatic (Ph or Pyr) or
nonaromatic (adamantane) templeThis notion was sup-
ported by the fact that 19-memberedt 1l macrocycle¥a and
7b were the exclusive products isolated from the reaction of
chain-extended cystine-bispeptidizsand6b, respectively, with

(10) Carey, R. T.; Mutter, M. IMolecular Conformation and Biological
Interactions Balaram, P., Ramaseshan, S., Eds.; Indian Academy of
Sciences: Bangalore, 1991; pp 45468. Grove, A.; Mutter, M.; Rivier, J.

E.; Montal, M.J. Am. Chem. Sod 993 115 5919. Zhang, I.; Tam, J. P.
J. Am. Chem. S0d.997 119, 2363.

(11) Goodman, M.; Ro, SBurger's Medicinal Chemistry and Drug
Discovery; Wollf, M. E., Ed.; Wiley: New York, 1995; Vol. 1, pp 803
861. Hirschmann, R.; Nicolaou, K. C.; Pietranico, S.; Salvino, J.; Leahy,
E. M.; Sprengeler, P. A.; Furst, G.; Smith, A. B.; Strader, C. D.; Cascieri,
M. A.; Candelore, M. R.; Donaldson, C.; Vale, W.; Maechler,JL.Am.
Chem. Soc1992 114, 9217. Hruby, V. J.; Gehring, AMed. Res. Re
1989 9, 343.

(12) For a recent overview on cyclophanes seggtién F.Cyclophane
Chemistry Wiley: Chichester, 1993. Diederich, F. Cyclophanes. In
Monographs in Supramolecular Chemistrgtoddart, J. F., Ed.; Royal
Society of Chemistry: Letchworth, UK, 1991. @omprehensie Supramo-
lecular ChemistryAtwood, J. L., Davies, J. E. D., Macnicol, D. D., ytbe,

F., Eds.; Pergamon Press: New York, 1996; Vol. 2, Odashima, K., Koga,
K., pp 143-209; Vigtle, F., Seel, C., Windscheif, P.-M., pp 21265.
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isophthaloyl dichloride (Scheme 2). In principle, the ring size
of the cyclophanes can be controlled by adjusting the length of
the cystinyl bispeptidé?

A comparison of 26-membered{2] cyclization products
of cystine dimethyl ester with aromatic (Ph or Pyr) and
nonaromatic (Adm) templates has brought out interesting
features. Thus, while the aromatic-bridged cystinophanes clearly
exhibited the presence gfturn-type features in their structure
(vide infra), the adamantane analogue was practically devoid
of any such characteristics (ROESY NMR submitted as Sup-
porting Information). Of the three analogues, only the pyridine-
bridged macrocycleb had all its amide NHs locked in an
intramolecular hydrogen bonding (NHN ring)—a unique
feature attributed to the receptor propertieStofor dicarboxylic
acids.

The adamantane analogue was found to be relatively more
soluble in nonpolar solvents and showed the capability of

Ipenetrating the lipid bilayer membranes very effectivélyin

contrast, the aromatic-bridged cystinophanes exhibited practi-
cally no affinity for interaction with lipid bilayers.

The solution state conformation of cystinopha®es’ was
examined by*H NMR, FT-IR, and CD studies. The presence
of only a single set of resonances for the cystine and isophthaloyl
units in theH NMR spectrum of3a indicated the highly
symmetrical nature of the macrocycle. In the ROESY NMR
spectrum, strong cross-peaks were observed between NH and
the aromatic singlet and aromatic doublet, indicating anti
orientation of isophthaloyl carbonylsAf. A particularly
diagnostic feature that signifies the formation gf-éurn-type
structure in peptides was the presence of a strong cyst NH-
CPH, cross-peak in the ROESY spectrunBaf The interaction
of NH with only one GH; and a strong cross-peak between
NH and CH were additional noteworthy features in the
spectrum (Figure 1). Further support fopdurn-like confor-
mation was provided by the presence of a prominent broad
positive band at 229 nm in the CD spectrunBaf(Supporting
Information). Interestingly, althoughH NMR VT (variable
temperature) studies (conducted in DMSO over the temperature
range 293-363 K, Supporting Information) showed relatively
high-temperature coefficients§@IT = —5.28 ppb/K) for amide
NHs, thus ruling out any intramolecular hydrogen bonding in
3a, presence of a strong (concentration independent) band at

(13) 2+2 cyclization product was also found to be the major product in
the reaction of cystine dimethyl ester with adamantane template (Ranga-
nathan, D.; Haridas, V.; Madhusudanan, K. P.; Roy, R.; Nagaraj, R.; John,
G. B.; Sukhaswami, M. BAngew. Chem., Int. Ed. Endl996 35, 1105).

(14) Cystinyl pentapeptides [(Xaalyst-(Xaa)] afforded 25-membered
macrocyclic peptides as the exclusive products through tyclization
with template dichlorides (Ranganathan, D.; Haridas, V. Unpublished
results).
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Figure 1. 300 MHz ROESY spectrum @ain DMSO. The prominent Flgurfe 3. 300 MHz ROESY spectrum ofa in DMSO4s. The
prominent ROE cross-peaks Leu NH-Cyst NH, Leu NH-Ar (s), Leu

ROE cross-peaks cyst NH-Ar(s), Cyst NH-Ar(d), Cyst NH-Cy8&HC

Cyst NH-Cyst @H, are denoted by the letters a, b, ¢, and d, respectively, NHd-Ar (d)'N L:u NH'%St GHo’I LeuN dHt')Le;’] (fIHZ' Cyst I\l‘)H'L%U G}}" g

in parentheses. Ar(s) and Ar(d) refer to aromatic singlet and doublet, and Cyst . -Cy_st 2 are denoted by the letters a, b, ¢, d, e, T, an
g, respectively, in parentheses.

respectively.

O__OMe 4, and5 on the other hand showed low-field NHs (downfield
shifted by~1.2 ppm) and relatively low &dT values ¢ —1
to —2 ppb/K), suggesting involvement of amide NHs in

S H,,” © MeO intramolecular hydrogen bondingBY. The intramolecular
/ / \ '/_\H o] NH---N hydrogen bonding in macrocycl&b, 4, and5 was
S N also supported by FT-IR and by the syn orientation of amide
H NHs as indicated by the absence of any cross-peaks between
IS amide NHs and aromatic protons in their ROESY NMR spectra.
o] @ S The presence of only one set of resonances for Pyr and Cyst
OMe /§ units at almost identical chemical shifts3h, 4, and5 suggested
o]

similar conformation for these macrocycles. Like their iso-

phthaloyl analogu8a, the Pyr-bridged macrocycles also showed
MeO a prominent broad positive band-a217 nm in their CD spectra

(TFE) (Supporting Information) indicating /gturn-type con-

n*\ formation.

H 0 d
05 ~— i =

N
4R | |
NHA’\ K o) N}i (@) ;N‘,LL‘ (0]
H 0 NH—: O _NH HN
H Ho N =

Meo—4 S—s N @ ®)

(®) 0 OMe The Leu- and Phe-containing cystinophan&s and 7b
Figure 2. (a) Solution conformation o8a. NOE interactions [NH- (Scheme 2) showed striking similarity with each other and with
Ar(s); NH-Ar(d); NH-C*H; NH-C’H;] are indicated by double-headed  3awith respect to conformation in DMSO. Thus, the ROESY
arrows. (b) Solution conformation @&,b. NOE interactions irfa[Leu spectra of botfraand7b exhibited strong cross-peaks between

NH-Ar(s); Leu NH-Ar(d); Leu NH-Cyst NH; Leu NH-Cyst @; Cyst i ;

NH-Leu & Cyst NI—E—()Iyst @t and in7b [Phe NH-Ar(s): Phe NH- "&e‘gP.hZTNH. and aromatic ?'ng'?t A(gs) a“?) arolmat_:_chdouli"et

Ar(d): Phe NH-Cyst €H: Cyst NH-Phe €H: Cyst NH-Cyst CH] _r( _)_|n icating anti orientation of amide carbonyls. The other

are indicated by double-headed arrows. significant ROESY cross-peaks ira (Figure 3) suggesting

[-turn features were Cyst NH-Leu NH, Cyst NH-Leu/PH&HC

3378 cntlin FT-IR (CHCE, 298 K) indicated internal amide  Cyst C*H-Leu/Phe NH, and Cyst NH/Ef,. VT studies (carried

to ester hydrogen bonding. On the basis of the above data, theout with 7a and 7b over the temperature range 29363 K in

solution structure o8a can be represented as shown in Figure DMSO) showed the absence of any solvent shielded Nis (d

2a. dT > —5 ppb/K). The presence of a prominent negative band
The cyclic oligomers of Pyr-bridged cystine macrocy@bs at ~227 nm in the CD spectrum (Supporting Information) of
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7ais consisterdf with a3-turn-type conformation. On the basis
of the above data, the solution state structure of cystinophanes
7a and 7b can be represented as shown in Figure 2b. The
propensity of cyclophanes to adopfaurn-like structure may
be attributed to the presence ofS linkage and the need to
maintain a near orthogonal value for the-S dihedral angle.
This notion was supported by the observation that replacement
of cystine residue iBa/3b with a serine or a tyrosine unit led
to cyclophanes totally devoid ¢@#-turn features>

The presence of intramolecular NN (ring) hydrogen bonds
positioning the four amide NH groups into the interior of the
ring suggested that the pyridine-bridged cystinophaimenay
serve as a tailor-made receptor for dicarboxylic aéids.

The binding of3b with a range of tetrabutylammonitfh Figure 4. The proposed tetrahydrogen-bonded structure for the

(TBA) salts of 1e-alkane dlc.arbo.xyhc a.CIdS [(C%(COOH)Z;. molecular recognition complex of recept8io and glutaric acidr{ =
n=1, ..., 4] ando-ketoglutaric acid (an important intermediate 3) bis-TBA salt.

in Kreb's cycle) was examined 44 NMR studies. Addition
of 1 equiv of the dicarboxylate guest to a C@&blution of3b Table 1. Torsional Angles in the Crystal (deg)
resulted in considerable downfield shift of the host amide angle value angle value

protons (Supportmg Inforr_nauor_]). Interestingly, the NH shift C2P—C1P-CO1-N1 17 C8P-COP_CO3—N3 1
(~0.4 ppm) in the glutaric acid complex was found to be cip co1-N1-C1A wo —179 COP-CO3-N3—C3A wes —175
maximum and almost double the value(Q.2 ppm) observed  co01-N1-C1A-CI ¢ —100 CO3—-N3-C3A-C3 ¢3 —73
for succinic and adipic acids at the same (1:1) concentration. N1-C1A-CI'-~O1IM y; 55 N3-C3A-C3-03M y3 145

The a-ketoglutaric acid showed a similar profile of binding as C1A~CI-OIM—CIM w; 178 C3A-C3—-0O3M-C3M w3 178
« 9 P 9 N1-Cl1A-C1B-S1  y11 —159 N3-C3A—C3B-S3  yau —171

OMe

OMe

glutaric acid. o o CIA-C1B-S1-S2  y1» 65 C3A-C3B-S3-S4 3 46
With use of the NMR titration metho¥, the association  c1B-s1-S2-C2B 96 C3B-S3-S4-C4B 92
constant Ky) for glutaric acid bis-TBA salt was measured as C8P-C7P-C02-N2 —150 C2P-C3P-C04—N4 —164

3.69x 1® M~L. The proposed bis-bidentate or tetrahydrogen- C7P-CO2-N2=C2A  wo, —178 C3P-CO4-NA=C'AA wos 174
bonded structure (Figure 4) for the glutarate complex is ﬁgfggi:g;ﬁ_‘gczfﬂ 2 _5’7 Cof_N‘l:C“,A__C“ ¢a 84

4 . : P2 2 N4-C4A-C4—-04M s 175
supported by the maximum NH shift at a mole ratio of 1:1. coa c2—02M—C2M w, —172 CAA-CA—O4M—CAM w, —179
The observed spectral changes in titea@id & methylenes of N2—C2A—C2B—S2  y21 —62 N4-C4A—C4B-S4  yu —49
the glutarate guest in tHél NMR of 1:1 complex (Supporting ~ C2A-C2B-S2-S1  y2» —65 C4A-C4B-S4-S3 x4 —69
Information) are also consistent with the proposed structure.

Suitable crystals for X-ray diffraction could only be obtained Table 2. Hydrogen Bonds in the Crystal &a

for 3a. The solid-state structure of cystinophedeis shown type donor  acceptor PA(R) H-A(A)
in Figure 5. Some important features of the crystal structure ool N1 o1e 3.004 > 14
are the following: (i) all trans amide bonds, (ii) anti-arrangement pepL-—Sol. : ’
8 A intermol. N2 03 3.038 2.15
of isophthaloyl carbonyls, _and (iii) all ester groups oriented  intermol. N3 04 3.036 217
outward. The collapsed ring structure 8& with a curved pept—solv. N4 wy 2.896 211
architecture (Figure 6) has a cavity 3.6 A across (phenyl plane solv.—pept. w1 002 2.916
to phenyl plane) and 12.8 A long (S54). The two meta- solv.—pept. wi 004 2.7117
(15) Ranganathan, D.; Haridas, V.; Madhusudanan, K. P.; Roy, R; * Carbonyl oxygen of ethyl acetateSymmetry equi\_/alent of
Nagaraj, R.; John, G. B. Unpublished results. reported coordinates aix, %/ +y, %, — z ¢ Symmetry equivalent of
(16) Woody, R. W. InPeptides: Analysis, Synthesis, Biolpgyden- reported coordinatesat'/> + x, %> —y, 2 — z  Symmetry equivalent

friend, S., Meienhofer, J., Eds.; Academic Press: New York, 1985; Vol. 7, of reported coordinates & + x, Y2 —y, 2 — z
pp 16-115.

(17) Although several examplles of acyclic rece.ptors for dicarboxylic acids linked aromatic rings irBa display intramolecular face-to-face
are reported (for example, see: Hosseini, M. W.; Lehn, JJ.Mm. Chem. . . .
Soc.1982 104, 3525. Breslow, R.: Rajagopalan, R.; Schwartz).JAm. orientation. The angle between the planes of the two aromatic

Chem. Soc1981 103 2905. Kimura, E.; Sakonaka, A.; Yatsanami, T.; rings is 0.7, very close to parallel (Figure 7). The distances

Kodami, M.J. Am. Chem. Sod.981, 103 3041. Rebek, J., Jr.; Nemeth, of 4.726 and 4.298 A between the two pairs &fafoms (GlA—
D.; Ballester, P.; Lin, F. TJ. Am. Chem. S0d.987 109 3474. Tanaka,

Y. Kato, Y.; Aoyama, Y.J. Am. Chem. Sod99q 112, 2807. Garcio- C“z{\ and C34—C%4p, respectively) indicate turn features. The
Tellado, F.; Geib, S. J.; Goswami, S.; Hamilton, A.DAm. Chem. Soc.  torsion angles for StS2 and S3S4 are+96° and +92°,
1991, 113 9265. Geib, S. J.; Vincent, C.; Fan, E.; Hamilton, A Ahgew. respectively. Table 1 presents all the torsion angle3ain

Chem., Int. Ed. Engll993 32, 119. Karle, I. L.; Ranganathan, D.; Haridas, . . . . .

V. J. Am. Chem. S0d997 119, 2777), the reports on the cyclic receptors There is no internal hydrogen bondingdain the solid state.
for dicarboxylic acids are still scarce (Garcia-Tellado, F.; Goswami, S.; However, molecules of the cyclophaBaare connected to each
Chang, S.K.; Geib, S. J.; Hamilton, A. D. Am. Chem. S0d99Q 112 other by intermolecular hydrogen bonds througsOHas the

7393). . ) P . :
(18) Carboxylates being charged hydrogen-bond acceptors offer an bridge into infinite chains parallel to tha axis of the cell

additional advantage and exhibit increasing binding strength with amide (Figures 7 and 8). Interestingly, six molecules3af form a
NHs. (Kelly, T. R.; Kim, M. H.J. Am. Chem. Sod.994 116, 7072. Fan, cavity large enough to encapsulate two ethyl acetate molecules.

Egg\a/alnlér?%%nj S. A; Kincaid, S.; Hamilton, A. D Am. Chem. So¢.  The cavities are shown in Figure 8 in which the ethyl acetate

(19) The association constarit was obtained by using the following ~ Molecules were omitted for clarity. The cavities are bounded,
equation:Kassoc= o/[(1 — o)([G] — a[H])], where o. = (6 — J0)/(Imax — for example, by S1f, S2f, Nl1e, S4h, and S3h. The carbonyl

00), 0o is the initial chemical shift (host alone), is the chemical shift at ;
each titration point, an@max is the chemical shift when the receptor is oxygen of one ethyl acetate molecule is the receptor for a

entirely bound (Kelly, T. R.; Kim, M. HJ. Am. Chem. Sod.994 116, hydrogen bond from N1H moieties (N1le in Figure 8, for
7072 and references therein). example), Table 2.
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Figure 5. The conformation oBain the crystal, shown in a stereodiagram.

The solution conformation @aarrived at from théH NMR

data shows good agreement with the solid-state structure. The

parallel face-to-face orientation of the two meta-linked phenyl
rings was also indicated in tHé¢d NMR of 3a by noticeable
upfield shift (~0.15 ppm) of the aromatic proton meta to the
amide carbonyls as compared to the model compouadsd
7b containing only one phenyl ring. The alternate possibility
of edge-to-face conformer is ruled out since the upfield shift is
relatively smaller than expected for the aromatic proton in edge-
to-face orientation and the aromatic proton ortho to both the
substituents (appearing as a sharp singléHNMR) shows
almost the sam@ value as in model compound& and 7b.
Conclusion. A simple one-step strategy for the synthesis of
aromatic-bridged cystine macrocycles (cystinophanes) is de-
scribed. The ring size can be controlled through22 3+3,
and 4+4 cyclizations. The design also permits the incorporation
of a variety of amino acids into the ring as illustrated with the
preparation of cyclophané& and7b. 'H NMR studies have
shown that these cystinophanes tend to adopktarn-like
structure in solution. CD studies have supported the NMR
results. A near-parallel face-to-face orientation of the two
phenyl rings was also shown by modest upfield shift of the
aromatic protons iBa. These results were confirmed by single-
crystal X-ray studies or8a which showed a collapsed ring
conformation with near-parallel orientation of the two phenyl
rings. The macrocyclic rings &a are connected to each other
through HO bridges. Six molecules &aaggregate to form a
cavity large enough to encapsulate two molecules of ethyl
acetate. Thes-turn features of cystinophanes are noteworthy
and may be due to the presence ofSlinkage, which needs
to maintain a near orthogonal value of its torsion angle. The

Figure 6. Side view of3a showing the curvature of the molecule.
The stacked aromatic rings are parallel to each other.

IR spectra were recorded on Perkin-Elmer 580/1600 and 882/1600 FT
spectrometers either in chloroform solution or as KBr pellets, and
prominent peaks are expressed in reciprocal centimeters. The circular
dichroism (CD) spectra were recorded in a JASCO J20 spectropola-
rimeter in quartz cells of 1 mm path length atZ5. 'H NMR spectra
were obtained on a Bruker WM-400 spectrometer. The chemical shifts
are recorded i, with TMS at 0.00 as internal reference. FAB mass
spectra were recorded on a JEOL SX-120/DA-6000 instrument with
m-nitrobenzyl alcohol as the matrix. Silica gel G (Merck) was used
for TLC and column chromatography was done on silica gel {100
200 mesh) columns which were generally made from a slurry in hexane
or ethyl acetate or chlorofom. Reactions were monitored wherever
possible by TLC.

Preparation of Cystinophanes Listed in Schemes 1 and 2. (1)

promise of py_ridin_e-bridged cystinophanes as a_rtificial receptors General Procedure (a) Preparation of Cystino-Bispeptides Boc-
for dicarboxylic acids has been demonstrated with 26-memberedxaa-Cyst-Xaa-Boc (Xaa= Leu or Phe, Cyst= Cystine Dimethyl

macrocycle3b. The cystinophan8b with all the four amide
NHs locked in an intramolecular NHN (ring) hydrogen bond
and pointing into the center of the cavity serves as an effective
host for bis-TBA salts of Iy-alkane dicarboxylic acids with
maximum affinity Kassoc= 3.69 x 102 M~1) and selectivity

for glutaric acid substrates.

Experimental Section

All amino acids used were of L-configuration. Melting points are
uncorrected. Optical rotations were measured with an automatic
JASCO digital polarimeter; concentrations are given in gram/100 mL.

Ester). A well-stirred and ice-cooled solution of cystine dimethyl ester
(generated in situ from 5 mmol of cystine dimethyl ester dihydrochloride
and 10 mmol of triethylamine in'50 mL of dry CHCl,) was admixed
with the activated ester of Boc-Xaa (prepared separately from 10 mmol,
each, of Boc-Xaa, DCC, anN-hydroxysuccinimide i~ 50 mL of

dry CH.CI;). The combined reaction mixture was stirred at room
temperature for 24 h, the precipitated DC urea filtered, and the filtrate
was washed with 20 mL each of ice-dol N H,SO,, water, and
bicarbonate solution, dried (anhydrous Mg$hCand evaporated in
vacuo. The residue was purified on a short column of silica gel with
ethyl acetate/hexane as eluents to give cystino-bispepidesd 6b

in ~60—65% vyields.
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ester (5 mmol, prepared by N-deprotection of the bis-Boc derivative
with 25% TFA in 15 mL of dry CHCI,, followed by neutralization
with saturated sodium carbonate, extraction with,Chl and drying

of the organic layer with anhydrous Mg®0O The reaction mixture
was further diluted with~150 mL of dry CHCI, and left stirred at
room temperature for 12 h, and washed with 20 mL, each, of ice-cold
2 N H;SO,, water and bicarbonate solution, and the organic extract
was dried (anhydrous MgSPand evaporated in vacuo. The residue
was chromatographed on a column of silica gel and products eluted
with CHCly/MeOH (95:5) eluent.

(2). Selected Data of Cystinophanes. 3aYield 52%; mp 132-
134°C; [0]?% —36.33 € 1.94, CHC}); IR (KBr) 3385, 3072, 2959,
1750, 1680, 1671 (sh), 1648, 1586 (sh), 1556, 1538, 1515, 1481, 1442
cm%; 'H NMR (300 MHz, DMSO¢g) ¢ 2.88 (4H, dd,J = 5.1, 8.7
Hz), 3.19 (4H, ddJ = 6.3, 7.5 Hz), 3.59 (12H, s), 4.74 (4H, m), 7.31
(2H, t,J = 7.8 Hz), 7.71 (4H, dJ) = 7.8 Hz), 7.95 (2H, s), 8.99 (4H,

d, J = 7.5 Hz); FAB-MSmz (%) 797 (95) [M+ H]*.

3b: Yield 51%; mp 102-104 °C; [0]% +177.92 € 4.0, CHCE);

IR (KBr) 3404, 2959, 1751, 1689, 1559 (sh), 1528, 1443, 1354'cm
H NMR (300 MHz, CDC}) 6 3.31 (4H, dd,J = 4.5, 15 Hz), 3.51
(4H, dd,J = 4.5, 14.4 Hz), 3.73 (12H, s), 5.09 (4H, m), 8.08 (2H, t,
J = 7.5 Hz), 8.37 (4H, dJ = 7.8 Hz), 8.82 (4H, dJ = 8.1 Hz);
FAB-MS miz (%) (100) 799 [M+ H]*.
St 4: Yield 12%; semisolid; ¢]%%; —28.80 € 1.70, CHC}); 'H NMR

S2a (300 MHz, CDC}) 6 3.27 (12H, m), 3.72 (18H, brs), 4.97 (6H, m),
Figure 7. The hydrogen bond environment about the water molecule 8.04 (3H, t,.J = 7.5 Hz), 8.36 (6H, d,) = 7.8 Hz), 8.84 (6H, d) =
W1 and the symmetry related W1a. The cystinophane molecules are5.1 Hz); IR (KBr) 3361, 2962, 2934, 1751, 1681, 1559 (sh), 1524,
connected into an infinite chain by the water molecules. The orientation 1444, 1355 cmt; FAB-MS m/z (%) 1198 (100) [(M+ H)*], 799 (80)

of 3a on the left shows the parallel planes near which most of the [M* — 3b + H].
backbone atoms lie. 5. Yield 4%; mp 136-138°C; [(X.]DZ6 —65.29 C 1.1, CHC!;), IR

(KBr) 3360, 2959, 1749, 1681, 1534, 1444, 1355 émH NMR (300
MHz, CDCl) 6 3.29 (16H, m), 3.71 (24H, brs), 4.97 (8H, m), 8.03
(4H, t,J = 7.5 Hz), 8.33 (8H, dJ = 7.5 Hz), 8.88 (8H, dJ = 8.1
Hz); FAB-MS miz (%) 1597 (60) [M+ H]*, 1198 (43) [M' — 3b +
H], 799 (100) [MF — 2 x 3b + H].

6a Yield 62%; mp 7172 °C; [a]2% +26.32 € 4.40, CHCY): IR
(KBr) 3332, 2967, 1751, 1718, 1687, 1661, 1533, 1514'cAH NMR
(90 MHz, CDCE) & 0.93 (12H, dJ = 5 Hz), 1.46 (18H, m), 1.67 (6H,
m), 3.18 (4H, m), 3.77 (6H, s), 4.25 (2H, m), 4.88 (2H, m), 5.39 (2H,
d, J = 7.5 Hz), 7.62 (2H, brd): FAB-MS$n'z (%) 717 (8) [M+ NaJ*,
695 (20) [M+ H]*, 595 (44) [M—Boc + H]*, 495 (100) [M—2 x
Boc + H]*.

6b: Yield 65%; mp 119-121°C; IR (KBr) 3354, 2986, 2937, 1744,
1694, 1671, 1534 crm; *H NMR (90 MHz, CDCE) 6 1.42 (18H, s),
3.18 (8H, m), 3.81 (6H, s), 4.63 (2H, m), 4.92 (2H, m), 5.54 (2H, d,
J = 7.5 Hz), 7.06-7.55 (12H, m); FAB-MSmz (%) 763 (16) [M+
H]*, 663 (62) [M—Boc + HJ*, 563 (100) [M—2 x Boc + H]*.

7a Yield 42%; mp 254-256°C; [o]%, —147.02 € 3.85, CHC);
IR (KBr) 3292, 2964, 1749, 1650, 1534 ct'H NMR (300 MHz,
DMSO-d) 0.90 (12H, m), 1.62 (6H, m), 2.93 (2H, dd,= 9.9, 12
Hz), 3.18 (2H, dd,) = 4.2, 13.8 Hz), 3.63 (6H, S), 4.55 (4H, m), 7.49
(1H, t,J = 7.8 Hz), 7.75 (2H, dJ = 7.8 Hz), 7.99 (1H, s), 8.18 (2H,
d, J = 7.8 Hz), 8.59 (2H, dJ = 8.7 Hz); FAB-MSm/z (%) 625 (88)
M + H]*.

7b: Yield 45%; mp 216-218°C; [a]p?® —191.60 € 0.57, CHCY
MeOH; 3:1); IR (KBr) 3291, 2941, 2684, 1744, 1732, 1674, 1653,
Figure 8. Projection down thea axis of the cystinophane crystal. 1537, 1442 cm'; *H NMR (300 MHz, DMSO¢) 2.92 (4H,1,J = 9.6
Hydrogen bonds involving water molecules (darkened) are indicated Hz), 3.13 (4H, m), 3.62 (6H, s), 4.65 (4H, m), 7:18.28 (10H, m),
by dashed lines. Dotted lines indicate N2#D3 hydrogen bonds  7.46 (1H, t,J = 7.5 Hz), 7.59 (2H, dJ = 7.5 Hz), 7.99 (1H, s), 8.18
between the infinite chains of molecules. Ethyl acetate molecules have(2H, d,J = 7.5 Hz), 8.87 (2H, dJ = 8.7 Hz); FAB-MSm/z (%) 693
been omitted for clarity. They reside in the channels represented by (100) [M + H]*.
the open spaces such as between S1f, S2f and S3h, S4h. Preparation of Tetrabutylammonium Salts of 1®-Alkane Di-

carboxylic Acids.!® To a stirred solution of the dicarboxylic acid (1
(b) Condensation of Cystine Dimethyl Ester or N-Deprotected mmol) in dry methanol{2 mL) was added 2 equiv of a 0.1 N solution

Cystino Bispeptides with 1,3 Aromatic Dicarbonyl Dichlorides: of tetrabutylammonium hydroxide in methanol/toluene (SRL) in one
Preparation of Cystinophanes 3a,b, 4, 5, and 7a,bA solution of portion. The resulting mixture aft@ h of stirring at room temperature
1,3 aromatic dicarbonyl dichloridd(X = CH or N) (5 mmol) in dry was subjected to vacuum and the thick syrupy residue was dried for

CH,CI; (30 mL) was added dropwise (0.5 h) to a well-stirred and ice- 24 h over BOs in a vacuum desiccator. The dried bis-TBA salts were
cooled solution of cystine dimethyl ester (generated in situ &0 directly used for*H NMR titration experiments.

from 5 mmol of cystine dimethyl ester dihydrochloride and 10 mmol IH NMR Titration of 3b with the Bis-TBA Salt of Glutaric Acid

of triethylamine in 50 mL of dry ChkLCl,) or cystino bispeptide dimethyl in CDCl3. An initial NMR spectrum of the solution db (8 mg/0.5
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mL of CDCl;; 0.02 M) was taken, and the initial chemical shift) of water (W1). The water molecule was bound tightly by hydrogen bonds
the amide NHs was determined to be 8.825 ppm. The solution of the and had a relatively low thermal factor valugef = 0.09) while the
bis-TBA salt of glutaric acid (123 mg in 1.0 mL, 0.2 M) was then ethyl acetate molecules were rather mobile with, values ranging

added, initially in 10uL portions, and the chemical shifé) of the from 0.18 to 0.48. Full-matrix anisotropic least squares were performed
amide NH recorded after each addition. AfteR equiv (100uL) of with the hydrogen atoms placed in ideal positions and allowed to ride
guest had been added, the aliquot amount for each subsequent additiowith the C or N atoms to which each was bonded. The number of
was increased to 20, 30, 50, 100, and 200until a total of 500uL parameters refined was 586, using 2451 data meastde(F) out of

was added. The chemical shifi.(-) of the amide proton at saturation  a toal of 3745 independent data measured. The fhéctor was
point (~1:1 molar ratio) was 9.332 ppm. The association constt ( 10.6% for the data measuredio.
was then determined by using the equation mentioned under ref 19.

(a) X-ray Diffraction AnaIyS|s.. The crystallographic parameters Acknowledgment. We are most grateful to Professor S.
for the crystal of3a are the following: G;Q&H%N“OHS“'HzO:;C“Hst' Ranganathan (RRL, Trivandrum) and Professor D. Balasubra-
300y A o 6y B2 D a6 cr andF...  manian (CCMB, Hyderabad) for helpful discussions. Financial

. 1 - . ) - y Ycalc — . { 000 . . -
= 2080. The crystal habit was indistinct, approximately a prism, with assistance from DST’_ New Del_h" and from the office of Naval
dimensions of 0.45c 0.80 x 0.53 mm. X-ray data were collected on ~ Re€searh and the National Institutes of Health (U.S.A.), Grant
an automated Siemens diffractometer in (20 mode, constant scan ~ GM-30902, is acknowledged.
speed of 10 deg/s; bcan width and @q.«= 115’ with Cu Ko radiation
(/1_ = 1.541_78 A). The crystal was covered v_vith microscope immersion  Sypporting Information Available: CD spectra of3a
oil immediately aft_er rem_oval from mother liquor t_o prevent escape of (Figure 1S)4 and5 (Figure 2S), and’a (Figure 3S) in TFE;
solvent cocrystallized wittBa during data collection. Three check ROESY NMR of3b (Figure 4S), adamantane analogue3bf
reflections, monitored after every 97 measurements, indicated a fairly . 1 S -~ e .
smooth decrease in intensity, downt@3% at the end of the data gfjl%lijéeascisglsHwﬁmi-(g%(z?egssggjlﬁjs gg)glicg?:ﬁétgdlrj;?rézt:ng

collection. The measured intensities were corrected for the decay of ¢ . ; . .
scattering power. including coordinates, bond lengths, bond angles, anisotropic

The structure determination was straightforward with direct methods thermal parameters and coordinates of hydrogen atom3afor
as programmed in SHELXTL, Version 4.2 (Siemens Analytical X-ray (31 pages, print/PDF). See any current masthead page for
Instrument Co., Madison, WI). Two cocrystallized ethyl acetate ordering information and Web access instructions.
molecules were located in difference maps after several cycles of least-
squares refinement on the parameters for the principal molecule andJA9734915



