Tetrahedron Vol. 49, No. 47, pp 10831-10842, 1993

Printed in Great Bntain Pergamon Press Lid

Parallel B-Sheet Conformation in Macrocycles
G. Wagner and M. Feigel*

Institut fur Organische Chemie, Universitiit Erlangen-Niirnberg, Henkestr. 42, D-91054 Erlangen,
Germany.
(Received in Germany 9 August 1993; accepted 24 September 1993)

Abstract: Amino acids (Val, Phe) are combined with two rigid spacers phenoxathiin-4,6-dicarboxylic
acid (§) and 2.8-dimethyl-4,6-bis(aminomethyl)phenoxathiin-10,10-dioxide (6) to synthesize the
cyclic structures 1 (3-Val/Val-6) and 2 (5-Phe/Phe-@). The diacid and diamino spacers 5 and 6
provide a distance between the attached short peptides which allows hydrogen bonding similar to that
found in a paraliel B-sheet. The B-sheet conformation of ] and 2 is proved by NMR measurements at
low temperatures. The derived dihedral angles and NOE distances are compared to the most stable
conformations of 1 calculated with MM3 and AM1,

Introduction

The structural motifs found in proteins are B-sheets, a-hiclices and f-tums. Several research groups
have tried to induce such structures also in smaller units, as in cyclopeptides! or peptides containing
additional conformationally rigid structures.2-4 Surrogates for the amino acids are investigated in this
context,2 but also completly artificial spacer units were designed to induce helical® or B-sheet
conformations.4 The interest in this research is enhanced by the biological activity of structural parts
of peptide hormones,> antibiotics® or models of active proteins.7 It is surprising that in all of these
studies no attempt has been made to induce the conformation of a parallel B-sheet. Here, we report on
cyclic structures where two short peptide chains, fixed between a diacid- and a diamino-compound,
are able to adopt the hydrogen bonding pattern of a parallel B-sheet.

A schematically drawn model of a paraliel
B-sheet is shown in scheme 1. Two peptide
chains are held together by spacer units.
Dihydroanthracene compounds substituted
in 4,6-position with diamino- or dicarboxy-
late functions will provide in models the
appropriate distance for hydrogen-bonding
in the attached peptides

We report on the realization and conformational analysis of such structures, compounds 1 and 2
(scheme 2). Phenoxathiin derivatives 5 and § serve here as spacers. In addition the conformations of
3 and 4 which contain only the phenoxathiin spacer 6 are investigated.
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Synthesis

The spacer 5 is obtained from phenoxathiin8 by deprotonation with n-butyllithium and quenching
with solid C029 (scheme 3). The diamino compound § is prepared from 2,8-dimethylphenoxathiin-
10,10-dioxide (8) by substitution with hydroxymethylphthalimide,10 followed by reaction with
hydrazine.11 The methylesters of valine and phenylala.nine12 were attached to 3 and 7 with standard
methods.13 the cyclisation with 6 to 1, 2, 3 and 4 was successful with the azide method in low
yields.14 The macrocycles were purified by preparative TLC. Their molecular mass was proved by

DCI mass spectrometry.
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Conformational analysis
Two identical peptide chains, held together by the described spacer molecules 3, ¢ and 7, will be
chemically different if they build a parallel B-sheet as shown in figure 1.

Figure 1: Degenerate exchange
proposed for the parallel B-sheet
CHsy  conformation of 1.

However, the process shown in figure 1 is only observable by NMR techniques, if the interconversion
between the two forms is not too fast. The NMR spectra of the macrocycles ] and 2 show at
temperatures below 0°C the distinct signals of two different peptide chains (figure 2, similar spectra
are observed for compound 2). Coalescence of signals is seen at higher temperatures.
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Figure 2: Parts of the 400 MHz !H-NMR spectrum of ] in CDCl3 at various temperatures. Two
different peptide chains are observed below 0°C; the NH-signals are marked.
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Standard NMR techniques (COSY, ROESY)15 were used to analyze the signals of 1 and 2 confirming
that two different peptide chains are present at low temperature.16 In contrast, the macrocycles 3 and
4 exhibit sharp signals at room temperature which broaden at very low temperatures (-40°C and -60°C
resp.) but never split into two sets.

Whereas the exchange phenomenon shown in figure 1 is in accordance with the NMR data, the
conformation of the different peptide chains in ] or 2 remains unknown. A few NMR data may serve
as indicators. The coupling constants JNH-oH are measured to 7.6 and 8.0 Hz indicating trans
orientation at the dihedral angle ¢. The ROESY spectrum of 1 (fig. 3) contains some conformational
significant cross peaks. The connection I between an aromatic-H and one of the valine NH protons
determines the local orientation between one of the peptide chains and the spacer 5. The NOE II from
the o-H of one valine to the B-H of the corresponding residue in the other chain is only possible if a
geometry as in figure 4 is maintained. There, one of the a-protons is directed to the inside of the ring,
the other one to the outside. The connections I and IV indicate an U-type arrangement of NH- and
o-proton within the peptide chains. All these informations support a B-sheet conformation as shown
in figure 4. However, additional information is needed to support the existence or dominance of one
specific conformation. Calculations may serve for this purpose.

Mf ® .
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Figure 3: Parts of a 400 MHz
1H-NMR ROESY spectrum of
1l in CDCI3 at -61°C. The
connectiviies I - IV are
described in fig. 4 and in the
text.
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Figure 4: Conformational relevant NOE connectivities I - IV of ].

A systematic search of all possible ring conformations of 1 was performed by Still’s method.17 For
this purpose, the dihedral angles of six conformationally relevant backbone bonds in ] were rotated
systematically in increments of 60°. 27 ring structures were found and optimized with the MM3 force
field18 (a few new parameters were added to the force field to describe the phenoxathiin residue, see
ref. 16). Only four of these structures were found in a narrow region of low energy (AAE <6
kcal/mol). All other structures are associated with energies at least 20 kcal/mol higher than the global
minimum found. The four structures were used as starting points for a systematic rotation of the
valine side chains to get all possible staggered conformations (4 x 9). The subsequent force field
optimizations yield 36 structures within a range of 12 kcal/mol. All geometries belong to only two
different backbone conformations. The two structures of lowest energy of each class are shown in
figure 5. [ kf %)

B (MM3)

Figure 5: Low energy structures A and B of 1 calculated with MM3 and AM1.
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Both forms, A and B in figure 5, contain the hydrogen bonding pattern of a parallel B-sheet. In
addition, form B has developed one y-loop in one of the chains. The form A is obviously stabilized by
intramolecular Coulomb and van der Waals attractions which result in a very compact folded
geometry. Especiaily the aromatic units are packed very tightly. Such giobular structures are often
seen if force field programs calculate flexible polar molecules in the gas phase. The energy difference
between the forms A and B decreases when MM3 calculations are performed with increasing
dielectric constant of the solvent (table 1).

Table 1: Relative MM3-energies (kcal/mol) of the forms A and B (fig. 5) calculated with
different dielectric constants (€).
geometry € 1.5 2.0 25 5 10 20 40 80 AMI

A AHf(rel.) 0 0 0 0 0 0 0 0 0

B AHf(rel.) 6.02 4.9 44 305 3.7 413 438 452 03

Structure B is nearly identical when calculated with MM3 or AM1. A(AM1) differs from
A(MM3) (see text). The AM1-energies are given in the last column (gasphase).

The energy difference vanishes, if the semiempirical program AMI 19 js used to optimize the
structures A and B (see table 1). However this comparison is not completely correct because the AM1
optimized structure of A differs from the original MM3 geometry. An additional H-bond is formed in
one chain and the packing of the two aromatic spacers is somewhat released ( see figure 5).

In summa, the calculations strongly support two basic structures (A and B) for the ring conformation
of 1. The force field and semiempirical calculations are not sufficient to decide which form is
energetically preferred in solution. However, the geometries of A and B may serve as the base to
discuss the conformational conclusions of NMR experiments. The conformationally relevant dihedral
angles in A and B are compared with the experimental values in table 2. The data of a NMR spectrum
of 1 in CDCI3 at -61°C are used in the Karplus analysis.20

Table 2: Dihedral angles ¢ (NH-CHo) of different geometries of ] calculated with MM3 and
AM]1, corresponding coupling constants and experimental values SJNH-CHq-

chain  dihedral angle calculated angle / coupling constants (Hz)3) experimentC)

o AMM3) AAMID) B(MM3) B(AMI)  J(exp)
1 HN-CHo: 1434/7.0 1609/9.0 147.1/75 1588/8.6 8.0
1 HN-CHp (proR) 2.1/95 300/74 161.8/88 176.6/9.6 <2
1 HN-CHy (proS) 118.8/23 147.6/7.2 -81.0/05 -660/1.6 <2
2 2HN-CHo -160.2/8.8 -147.2/7.2 -1554/88 -149.7/82 1.6
2 HN-CHy (proR) 94.6/0.6 802/06 -137.0/8.5 -1448/74 68
2 HN-CHy (proS) -148.5/75 -163.0/9.2 -208/5.6 -21.7/75 638

a) The graphical Karplus equationzo) permits deviations of up to 0.8 Hz from the given
values. b) AM1 geometries were obtained using the MM3 forms of A and B as starting point
and optimizing all coordinates. Whereas B(AM1) is jdentical in shape to B(MM3) the
geometries of A (MM3) and A(AM1) differ. c) Errors in 3J(exp.) are approx. +0.5 Hz.
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The experimental coupling constants are completely reproduced only by structure B. The NH-CH3
(pro-R) value (chain 2) is outside of the experimental range in the forms A(MM3) and A(AM1). This
is supported by the NOE data in table 3.21 The conformational characteristic short distances I - IV
(see fig. 4) are reproduced by the structure B and by A(AM1). The U-type connection III does not
exist in AMMS3). The NOE data compiled in table 3 are alone not conclusive. However, together with
the dihedral information of table 2 the occurrence of the form B is manifested.

Table 3: Internuclear distances (A) derived from NOE data®) and corresponding values
in calculated structures of ].

NOED) AMM3)  A(AMID) B(MM3) B(AMI]) exp.©)

I 2.08 250 2.23 2.49 24
1t 229 2.44 249 248 3.0
m 3.43 2.40 2.46 242 24
v 227 2.31 2.24 2.31 25

a) Other observed NOE cross signals correspond also to short distances in A and B but
are not conformational relevant. b) See figure 4. c) Error limits estimated to £0.3A.

Outlook

The experimental and theoretical data presented in this paper let us conclude that the spacer 5 induces
in two attached parallel peptide chains a conformation which resembles the arrangement of a parallel
B-sheet. This behaviour is observed in the compounds ] and 2 in solution. Obviously, the hindered
aryl-CO bond rotation in 3 contributes to the kinetic stability of the B-sheet. If the aryl-CO groups in 5
are replaced by aryl-CH2-CO units, the two chains are not observed to be different anymore in the
temperature region between 0 and -20°C.16

The question is open what geometry will be induced if the peptide chains are elongated. First attempts
are made by the synthesis of the cycles 5-(ValPhe/ValPhe)-6 and 5-(PheVal/PheVal)-6. Their NMR
spectra are characterized by a dynamical behavior similar to that found in 1.16

The way is open for the construction of artificial peptidic surfaces based on the spacer 5 or similar
units. The side chains of the amino acids should be located here in defined chiral positions. The
structures can be used in many fields of chemistry where preorganization of groups, functions and
charges is desired.22

Experimental section

NMR spectra and distance calculations: IH.NMR spectra at 400 MHz (COSY and ROESY) were
recorded on a Jeol-GX400 instrument. The 400MHz-ROESY spectrum in figure 3 serves as the basis
of the distance evaluation. The spectrum was obtained on a degassed sample of 1 (6mg in 0.8 ml
CDCl3) at -61°C. The following measuring parameters were used: Pulssequency: 90°-Cw-spinlock
(32°-1)x-FID, 90°-puls = 20 psec, 32°-puls = 7usec, T =-70 psec, x = 4866 adding up to a total
mixing time of 375 msec. The lock field of 1.25 kHz strength was centered at 5.2 ppm; spectral width
4.4 kHz; 2K points in f2, 128 f1 wansients (16 scans each) zero filled to 512 data points in f1. The 2D
matrix was transferred to an Iris-INDIGO workstation and processed with the FELIX 2.0 software.23



10838 G. WAGNER and M. FEIGEL

An exponential window function (Ib = 0.73Hz) was used in f2; f1 was multiplied by a sine square
function shifted by 90° (zero filling to 2K). The first 2 data points in f1 were constructed by linear
prediction. The ratios sij (= Iij/lii) of cross to diagonal peak volume integrals were divided by sinZo: to
correct for off resonance effects according to A. Bax<> (« is the off resonance angle of spin j to the
lock field). The corrected ratios sij were finally used to obtain distances rij by calibration with the
distance ArHArMe (2.98A) according to rij/fH-Me = (sH-Me/sij)1/6. The experimental distances in
table 3 are averaged over rij and rji if the volume integrals of both cross peaks are accessible. The
correlation of the derived distances (NOE) with distances calculated by force field techniques is
relatively good (see table 3) despite the fact that the method described above has severe limitations
(isolated spin pair approximation, uniform correlation time, neglect of scalar coupling, referencing to
only one "virtual” distance). ROESY spectra with shorter mixing times (100 msec) do not improve the
correlation but noise and J-artefacts are significantly enhanced. Cross peaks due to chemical exchange
were not observed at -61°C. DCI-mass spectra (direct chemical ionisation) were recorded on a MAT
8222 spectrometer. Melting points are uncorrected.

2,8-Dimethylphenoxathiin-10,10-dioxide (8)

70 ml of glacial acetic acid and 85 ml of hydrogen peroxide (30%) are added to 109 mmol (25 g) of
dimethylphenoxathiin® giving a precipitate. The mixture is refluxed for 2 h and stirred ovemight at
room temperature. The white precipitate is separated and washed with water, through more product
precipitates from the mother-lye. The combined crude product is dried under vaccuum and
recrystallized from acetic acid or methanol giving colourless needles. Yield: 26.1 g (90%); m.p. 178°.
IH-NMR (25°C, CDCl3): 7.9ppm, d, 2H, aryl-H; 7.0ppm, AB, 4H, aryl-H; 2.27ppm, s, 6H, CHj3.
Anal. (C14H12038) calc. C, 64.59; H, 4.65; found C, 64.43; H, 4.76%.

2,8-Dimethyl-4,6-bis(phthalimidomethyl)-phenoxathiin-10,10-dioxide (83)

10 mmol (2.6 g) of 8 and 30 mmol of N-hydroxymethylphthalimidelO are suspended in 40 ml of
sulfuric acid (cc), stirred overnight and let stand for 7 days at room temperature. The reaction mixture
is poured on ice, the precipitate separated and treated with boiling acetone. Filtration and drying in
vacuo gives a colourless powder. Yield: 5.14 g (89%). C32H2oN207S. 1H-NMR (DMSO-dg):
7.9ppm, AA'BB', 8H, aryl-H; 7.8 and 7.5ppm, s, 2H, aryl-H; 5.2ppm, AB, 4H, CHj3; 2.35ppm, s,6H,
CH3. IR (cm1): 1670 (s), 1350 (s), 1120 (m).

2,8-Dimethyl-4,6-bis(aminomethyl)-phenoxathiin-10,10-dioxide (§)

To a stirred solution of 22.92 mmol (13.25 g) of 8a in 500 ml of ethanol and 350 ml of dioxane are
added 250 mmol (12.15 ml) hydrazine hydrate (100%). The mixture is refluxed for 48 h and let stand
at room temperature for 12 h, through phthalhydrazide precipitates quantitatively. The separated
filtrate is concentrated and diluted with water giving a white precipitate. It is separated and dried
under vacuo. Yield: 3.94 g (54%); m.p. 220 - 224°C. 1H-NMR (25°C, DMSO-dg): 7.5ppm, s, 4H,
aryl-H; 4.0ppm, s, 4H, CHp; 2.5ppm, s, 6H, CH3; 3.0ppm, s, 4H, NHj. Anal. (C1H18N203S) calc.
C, 60.36; H, 5.7; N 8.8; found C, 59.7; H, 5.8; N, 8.8%. MS: EI (70 eV) m/z(%): 318 (6), 302 (19.4),
301 (100)

Phenoxathiin-4,6-dicarboxylic acid (8)

62.5 mmol (12.5 g) of pht:noxathiin8 are dissolved under nitrogen in 200 ml of tetrahydrofuran, 100
ml of n-butyllithium (1.6 m in hexane) are added and the mixture is stirred for 1 h at -40°. Cooling is
removed, the mixture allowed to warm up at room temperature, stirred for 4 h and poured onto an
excess of solid carbon dioxide. The residue obtained after evaporation of CO3 is suspended in water.
A yellow product precipitates when the solution is acidified with cc HCl to pH=1. The material is
separated and suspended in 600 ml of water. Adding solid sodium hydroxide to pH=10 gives a yellow
solution which is filtrated over Celite. By adding cc HCl the purified product precipitates again. It is
recrystallized from butanone. Yield: 10.6 g (59%); m.p. 269 - 271°. 1H-NMR (DMSO-dg): 7.49 -
7.64ppm, m, 4H, aryl-H; 7.23 - 7.19ppm, t, 2H, aryl-H. I13C-NMR (DMSO-dg): 165.99, 149.32,
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129.66, 128.63, 125.2, 124.28, 121.1. Anal. (C14HgOsS) calc. C, 58.33; H, 2.8; found C, 58.65; H,
2.84%. MS: EI (70 eV) m/z(%): 288 (100).

methylester

10 mmol of 5 or 7 and 25 mmol of the amino acid methylester!2 are suspended in dry methylene
chloride. The mixture is cooled with ice/NaCl. At -15° 55 mmol of N-methylmorpholine are added at
once. The coupling reagent PPA13 is added dropwise. The mixture is allowed to warm up to room
temperature and stirred for 2 days. The solvent is removed under vacuo and the residue is dissolved in
ethyl acetate. The solution is washed with aqueous sodium hydrogencarbonate, sodium chloride and
sodium hydrogensulfate. The organic layer is separated, dried over MgSOy4, filtrated and
concentrated. After adding petroleum ether the product precipitates at low temperature.

5-(ValOCH3)2 )

Yield: 3.044 g (59%); m.p. 138°C. lH-NMR (25°C, DMSO-dg): 8.65ppm, d, 2H, -NH; 7.35ppm, d,
2H, aryl-H; 7.4ppm, d, 2H, aryl-H, 7.2ppm, t, 2H, aryl-H; 4.25ppm, m, 2H, o-H; 3.65ppm, s, 6H,
-OCH3; 2.2ppm, m, 2H, B-H; 0.9ppm, 2d, 12H, -CH3. Anal. (CogH3gN207S) calc. C, 60.68; H,
5.88; N, 5.44; found C, 60.49; H, 5.89; N 5.37%.

S-(PheOCH3), (10)

Yield: 3.55 g (58%); m.p. 90 - 92°. IH-NMR (25°, DMSO-dg): 9.0ppm, d, 2H, -NH; 7.4ppm, m, 4H,
aryl-H; 7.15 - 7.25ppm, m, 12H, aryl- and phenox.-H; 4.7ppm, m, 2H, a-H; 3.6ppm, s, 6H, -OCH3;
3.2ppm, m, 4H, -CHj. Anal. (C34H3gN2078) calc. C, 66.87; H, 4.95; N, 4.59; found C, 66.48; H,
5.33; N, 4.59%.

7-(valOCH3) (1D

Yield: 2.912 g (69%); m.p. 110°C. IH-NMR (25°C, DMSO-dg): 8.4ppm, d, 2H, -NH; 7.25 - 7.1ppm,
AA'BB), 4H, aryl-H; 4.15ppm, m, 2H, o-H; 3.6ppm, s, 6H, -OCH3; 3.35ppm, s, 4H, -CHy; 2.0ppm,
m, 2H, B-H; 0.85ppm, 2d, 12H, -CH3 Val. Anal. (Cp2H37N70g) calc. C, 62.84; H, 7.67; N, 6.66;
found C, 62.44; H, 7.67; N, 6.64%.

7-(PheOCH3)2 (12)

Yield: 4.54 g (88%); m.p.: 114°C. IH-NMR (25°C, DMSO-dg): 8.5ppm, d, 2H, -NH; 7.2ppm, m,
10H, aryl-H Phe; 6.9-7.1ppm, AA'BB', 4H, aryl-H; 4.45ppm, m, 2H, o-H; 3.35ppm, d, 4H, -CH»;
3.45ppm, s, 6H, -OCH3; 2.9 and 3.1ppm, 2m, 4H, -CH2 Phe. Anal. (C30H32N20¢) calc. C, 69.75;
H, 6.24; N, 5.42; found C, 68.34; H, 6.23; N, 5.42%.

1 mmol of the corresponding methylester is suspended in 20 - 30 ml of methanol and heated in a
water-bath. 10 mmol of hydrazine hydrate (100%) is added, the mixture is refluxed for a few hours
and stirred overnight. The solvent is removed in vacuo. Methanol is added again and removed in
vacuo. The procedure is repeated three times to remove excess hydrazinehydrate. The product is dried
in vacuo and used in the next step without further purification.

7,10,20,23-Tetraaza-30,37-dioxa-2,15-dithia-28,32-dimethyl-2,21-bisisopropyl-heptacyclo-
(32.3.1.33,5.312,14,316,18 113,17, 14,26).cetraconta-1(26),3,5,12(34),13,16(28),17,25,28,31,35,39-
dodecaen-2,2,8,11,19,22-hexoxid (cyclo-53-(Val/Val)-6) (1)

0.85 mmol 5-(VaINHNH3)> are dissolved in 10 ml of dry DMF and cooled with ice/NaCl to -15°.
20.4 mmol cc HCI and 5.1 mmol of NaNO7 (aqueous solution 14%) are added and the mixture is
stirred for 30 - 45 min. 23.8 mmol of N-methylmorpholine are added. The diamine 6 is dissolved in
15 ml of dry DMF and dropped in very slowly to the reaction mixture at room temperature of 4°C.
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The mixture is stirred for 5 - 7 days at 4°C. The solvent is removed in vacuo, the residue suspended in
ethylacetate and washed carefuily with saturated sodiumhydrogencarbonate (two times), saturated
sodiumchloride, sodiumhydrogensulfate (5% aqueous solution) and saturated NaCl. The organic layer
is separated, dried over MgSO4 and concentrated. A crude product (171 mg, 26%) precipitates on
adding petrolether. The material was purified in two steps by thin layer chromatography. A first
chromatography with chloroform/methanol 95/5 gives a broad, intensive fraction of Rg=0.86 which
contains 1 besides impurities (NMR). This material was aFain purified by TLC (chloroform). The
fraction with Rg=0.12 yielded 25 mg (4%) of pure 1. *H-NMR (-61.5°C, 400 MHz, CDClI3):
9.35ppm, d, 1H, -NH Val; 8.75ppm, t, 1H, -NH'-6; 8.35ppm, t, 1H, -NH-6; 8.05ppm, d, 1H, H-§;
7.8ppm, d, 1H, H-§; 7.5ppm, d, 1H, H-§; 7.35ppm, d, 1H, H-§; 7.2 - 7.1ppm, m, 4H, H-§; 6.8ppm, d,
1H, -NH' Val; 5.1ppm, m, 2H, -CHa-phenox. and -CH7'-phenox.; 4.85ppm, m, 1H, o-H'; 4.35ppm,
m, 1H, -CHy'-phenox.; 4.2ppm, m, 1H, a-H; 3.8ppm, m, 1H, -CHp-phenox.; 2.95ppm, m, 1H, B-H’;
2.4ppm, 2s, 6H, -CH3-phenox.; 2.05ppm, m, 1H, B-H; 1.0ppm, m, 3H, -CH3-Val; 0.8ppm, m, 3H,
-CH3-Val. Anal. (C4oH40N40gS)) calc. C, 62.48; H, 5.24; N, 7.29; S, 8.34; found C, 59.2; H, 5.43;
N, 6.36; S, 7.35%. MS: DCI (NH3, pos.), m/z(%): 769(100), 515(15), 358(20), 306(35), 177(25), DCI
(NH3, neg.):768(100); EI (70 eV): 768(100), 423(35), 395(30), 324(18).

7,10,20,23-Tetraaza-30,37-dioxa-2,15-dithia-2,21-dibenzyl-28,32-dimethyl-heptacyclo-
(23.3.1.33,5,312,14,316,18,113,17 14,26). tetraconta-1(26),3,5,12(34),13,16(28),17,25,28,31,35,39-
dodecaen-2,2,8,11,19,22-hexoxid (cyclo-53-(Phe/Phe)-6) (2)

The compound 2 is prepared in the same procedure as 1. 1 mmol of 5-(PheNHNH3), 1 mmol of the
diamine 6, 24 mmol of cc HCl, 6 mmol of NaNO7 (14% aqueous solution), 28 mmol of N-
methylmorpholine were used. The material is purified by thin layer chromatography with
CHCl3/methanol 95/5. Yields crude: 305 mg (35%), fine: 112 mg (13%), m.p. 230°. R¢-value: 0.84.
1H-NMR (-20°C,400 MHz, CDCI3): 9.2ppm, d, 1H, -NH Phe; 8.6ppm, t, 1H, -NH'-6; 8.25ppm, t,
IH, -NH-6; 7.85ppm, d, 2H, H-5; 7.75 and 7.25ppm, each 1s, 4H, H-¢; 7.35 - 7.0ppm, m, 14H,
CgHs-Phe and H-5; 6.85ppm, d, 1H, -NH'-Phe; 5.5ppm, m, 1H, a-H'; 4.9 and 3.9ppm, 2m, 2H,
-CHy-phenox.; 4.8ppm, m, 1H, a-H; 4.75 and 4.25ppm, 2d, 2H, -CHy'-phenox.; 3.55ppm, m, 2H,
-CHy-Phe; 3.1ppm, m, 2H, -CH»'-Phe; 2.4ppm, 2s, 6H, -CH3-phenox.; Anal. (C4gH4oN40gS?) caic.
C, 66.67; H, 4.63; N, 6.48; S, 7.41; found C, 64.46; H, 4.67; N, 6.25; S, 6.92%. MS: DCI (NH3, pos.)
m/z(%): 865 (100), 120(95); DCI (NH3, neg.): 864(100); EI (70 eV): 864(100), 773(5), 520(8),
491(13), 417(21).

7,10,21,24-Tetraaza-31-oxa-2-thia-29,33-dimethyl-9,22-bisisopropyl-pentacyclo-
(24.3.1.33,5,14,27,013,18). tetratrioconta-1(27),3,5(32),13,15,17,26,29,33-nonaen-8,11,20,23-
tetroxid (cyclo-7-(Val/Val)-6) (3

The material was prepared analoguous to 2 using 1 mmol of 7-(VaINHNHj);. Yields crude: 137 mg
(20%), fine: 26 mg (4%), R¢-value: 0.31; m.p. 160° (decomp.). C36H42N407S. 1H-NMR (25°C, 400
MHz, CDCI3): 7.8ppm, s, 2H, H-6; 7.65ppm, t, 2H, -NH-6; 7.45ppm, s, 2H, H-§; 7.25 and 7.15ppm,
2m, 4H, AB H-7; 7.1ppm, d, 2H, -NH Val; 4.85 and 4.25ppm, 2m, 4H, -CH2-6; 4.1ppm, m, 2H, o-H
Val; 3.65 and 3.5ppm, m, 4H, -CH3-7; 2.4ppm, s, 6H, -CH3-§; 2.05ppm, m, 2H, B-H Val; 0.85 and
0.75ppm, 2d, 12H, -CH3-Val. MS: DCI (NH3, pos.) m/z(%): 692(60), 675(100), 398(70), 361(50),
307(90), 132(95), 88(45), 72(55); DCI (NH3, neg.): 674(100); EI (70 eV): 674(100), 631(5),
329(8%). 287(15), 230(19).

7,10,21,24-Tetraaza-31-oxa-2-thia-9,22-dibenzyl-29,33-dimethyl-pentacyclo-

(24.3.1.33:5.14,27 013,18). tetratriaconta-1(27),3,5(32),13,15,17,26,29,33-nonaen-8,11,20,23-
tetroxid (cyclo-7-(Phe/Phe)-6) (4

The material was prepared in the same way as 2 using 1 mmol of 1—(PheNHNH%)2. Yields crude: 245
mg (32%), fine: 70 mg (9%); m.p. 195°. Re-value: 0.47. (C44H42N407S). 'H-NMR (27°C, 400
MHz, CDC13): 7.75ppm, s, 2H, H-6; 7.35ppm, t, 2H, -NH-6; 7.2ppm, s, 4H, aryl-H; 7.15ppm, s, 2H,
H-6; 7.0ppm, m, 12H, H-Phe and NH-Phe; 4.75ppm, m, 2H, -CH2-6; 4.65ppm, m, 2H, o-H; 4.0ppm,
m, 2H, -CH3-6; 3,65 - 3,5ppm, m, 4H, -CH3-7; 3.0ppm, m, 4H, -CH3-Phe; 2.4ppm, s, 6H, -CH3-6.
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MS: DCI (NH3, pos.) m/z(%): 788(100), 771(55), 120(45); DCI (NH3, neg.): 770(100); EI (70 eV):
770(100), 742(7), 679(22), 636(5), 504(6), 447(5), 357(16).

Acknowledgment: We thank Prof. Dr. D. Leibfritz, Dr. P. Schulze and I. Erxleben for the DCI-MS
spectra and appreciate the help of Dipl. Chem. M. Stadelmann in preparing the manuscript. The
financial support by the Deutsche Forschungsgemeinschaft (DFG) and the Fonds der Chemischen
Industrie is gratefully acknowledged. G. Wagner thanks the DFG for a grant.

References and Notes

1. a) Ovchinnikov, Y. A.; Ivanov V.T. Tetrahedron 1975, 31, 2177. b) Kessler, H. Angew. Chem.
1982, 94, 509-520; c) Gierasch, L. M.; Deber, C. M.; Madison, V.; Niu, C.-H.; Blout, E. R. Biochem.
1981, 20, 4730-4738; d) Karle, L. L.; Kishore, R.; Raghotham, S.; Balaram, P. J. Am. Chem. Soc.
1988, 110, 1958-1963; ¢) Veber, D. F.; Saperstein, R.; Nutt, R. F.; Freidinger, R. M.; Brady, S. F.;
Curley, P.; Perlow, D. S.; Palveda, W. J.; Colton, C. D.; Zacchei, A. G.; Tocco, D. J.; Hoff, D. R,;
Vanden, R. L.; Gerich, J. E.; Hall, L.; Mandarino, L.; Cordes, E. H.; Anderson, P. S.; Hirschmann, R.
Life Sci. 1984, 34, 1371.

2. a) Spatola, A. F. Chemistry and Biochemistry of Amino Acids, Peptides and Proteins, B. Weinsein
Ed., Marcel Dekker, New York 1983, 7, 267-357; b) Spatola, A. F.; Anwer, M. K.; Rockwell, A. L.;
Gierasch, L. M. J. Am. Chem. Soc. 1986, 108, 825; c) Jackson, D. Y.; King, D. S.; Chmielowski, J.;
Singh, S.; Schuitz, P. G. J. Am. Chem. Soc. 1991, 113, 9391-9392; d) Brady, S. F.; Palveda, W. J.;
Arison, B. J.; Saperstein, R.; Brady, E. J.; Raynor, K.; Reisine, T.; Veber, D. F.; Freidinger, R. M.
Tetrahedron 1993, 49, 3449.

3. Kemp, D. S.; Curran, T. P.; Davis, W. M,; Boyd, J. G.; Muendel, C. J. Org. Chem. 1991, 56 (23),
6672-6682.

4. a) Kemp, D. S.; McNamara, P. E. J. Org. Chem. 1985, 50, 5834-5838; b) Nagai, U.; Sato, K.
Tetrahedron Lett. 1988, 26, 647-650; c) Feigel, M.; J. Am. Chem. Soc. 1986, 108, 181-182; d) Sato,
K.; Nagai, U.; J. Chem. Soc. Perkin Trans. 1986, 1231-1234; e¢) Kahn, M.; Wilke, S.; Chen, B ;
Fujita, K. J. Am. Chem. Soc. 1988, 110, 1638-1639; f) Feigel, M.; Liebigs Ann. Chem. 1989, 459-468;
g) Kemp, D. S.; Bowen, B. R.; Muendel, C. J. Org. Chem. 1990, 55, 4650-4657; h) Olson, G. L,;
Voss, M. E.; Hill, D. E.; Kahn, M.; Madison, V. S.; Cook, C. M. J. Am. Chem. Soc. 1990, 112, 323-
333; i) Diaz, H.; Kelly, J. W. Tetrahedron Lert. 1991, 32, 5725-5728; j) Emest, 1; Kalvoda, J.; Rihs,
G.; Mutter, M. Tetrahedron Lert. 1990, 31, 4011-4014; k) Diaz, H.; Espina, J. R.; Kelly, J. W. J. Am.
Chem. Soc. 1992, 114, 8316-8318; for recent review, see: 1) H6lzemann, G. Kontakte 1991, 3-12; m)
Hélzelmann, G. Kontake 1991, 50; n) Miiller, K.; Obrecht, D.; Knierzinger, A.; Chuck, S.; Spiegler,
C.; Bannwarth, W.; Trzeciak, A.; Englert, G.; Labhardt, A. M.; Schénholzer, P. Trends in Medicinal
Chemistry 1993, chapter 33, p. 515-531, VCH-Publishers, New York.; o) Nagai, U.; Sato, K;
Nakamura, R.; Kato, R. Tetrahedron 1993, 49, 3547.

5. Hirschmann, R.; Angew. Chem. 1991, 103, 1305-1330; Angew. Chem. Int. Ed. Engl. 1991, 30,
1278-1301.

6. a) Skelton, N. J.; Harding, M. M.; Mortishire-Smith, R. J.; Rahman, S. K.; Williams, D. H.; Rance,
M. J.; Ruddock, J. C. J. Am. Chem. Soc. 1991, 113, 7522-7530; b) Skelton, N. J.; Williams, D. H.;
Rance, M. J.; Ruddock, J. C. J. Am. Chem. Soc. 1991, 113, 3757-3765.

7. a) Mutter, M.; Vuilleumier, S. Angew. Chem. 1989, 101, 551; b) Akerfeldt, K. S.; Kim, R. M.;
Camac, D.; Groves, J. T.; Lear, J. D.; DeGrado, W. F. J. Am. Chem. Soc. 1992, 114, 9656-9657; c)
Grove, A.; Mutter, M.; Rivier, J. E.; Montal, M. J. Am. Chem. Soc. 1993, 115, 5919-5924; d) Hahn,
K. W.; Klis, W. A.; Stewart, J. M. Science 1990, 248, 1544-1548.

8. Tomita, M. J. Pharm. Soc. Jpn. 1938, 58, 510 [Chem. Abstr. 1938, 32, 7467]; b) Suter, C. M;
McKenzie, J. P.; Maxwell, C. E. J. Am. Chem. Soc. 1936, 58, 717.



10842 G. WAGNER and M. FEIGEL

9. a) Gilman, H.; Eidt, S. H. J. Am. Chem. Soc. 1956, 78, 2633; b) Manero, J. PhD.-Thesis, Erlangen
1990.

10. a) Zaugg, H. E.; Martin, W.B. Organic Reactions 1965, 14, 52; b) Sakellarios, E. J. J. Am. Chem.
Soc.1948, 70, 2822.

11. Curtius, T.; Hofmann, T. S. J. £ Prakt. Chem. (2) 1896, 53, 524.
12. Schwyzer, R.; Iselin, B.; Kappler, H.; Riniker, B.; Rittel, W. Helv. Chim. Acta 1958, 41, 1279.

13. Wissmann, H.; Kleiner, H. J. Angew. Chem. 1980, 92, 129; Angew. Chem. Int. Ed. Eng. 1980, 19,
133.

14. a) Klausner, Y. S.; Bodanszky, M. Synthesis 1974, 549; b) Medzihradszky, K.; Bruckner, V.;
Kajtar, M.; Low, M.; Bajusz, S.; Kisfaludy, L. Acta Chim. Acad. Sci. Hung. 1962, 30, 105.

15. a) Bothner-By, A. A.; Stephens, R. L.; Lee, J. T.; Warren, C. D.; Jeanloz, R. W. J. Am. Chem.
Soc. 1984, 106, 811; b) Bax, A.; Davis, D. G. J. Magn. Reson. 1985, 63, 207; c¢) Kessler, H.;
Griesinger, C.; Kerssebaum, R.; Wagner, K.; Emst, R. R. J. Am. Chem. Soc. 1987, 109, 607-608.

16. Wagner, G. PhD-Thesis, Erlangen 1993.
17. Lipton, M.; Still, W. C. J. Comp. Chem. 1988, 9, 343-355.

18. a) Allinger, N. L. J. Am. Chem. Soc. 1977, 99, 8127; b) Joergensen, W. L.; Tirado-Rives, J. J.
Am. Chem. Soc. 1988, 110, 1657; ¢) Allinger, N. L.; Yuh, Y. H.; Lii, J. H. J. Am. Chem. Soc. 1989,
111, 8551. d) Allinger, N. L. Quantum Chemistry Program Exchange, University of Georgia, Athens,
Georgia. e) Lipkowitz, K. B.; Allinger, N. L. QCPE Bull. 1987, 7.

19. Dewar, M. J. S,; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P. J. Am. Chem. Soc. 1988, 107,
3902.

20. Bystrov, V. F. Prog. Nucl. Magn. Reson. Spectrosc. 1976, 10, 41.

21. a) Neuhaus, D.; Williamson, M. P. The Nuclear Overhauser Effect in Structural and
Conformational Analysis, VCH-Publishers, New York, 1989; b) James, T. L.; Brandon, B.; Bianucci,
A. M.; Zhou, N. NMR and Biomolecular Structure, Bertini, I.; Molinari, H.; Niccolai, N., Eds., VCH
Publishers, New York, 1991, 87-111.

22. Lehn, J. M. Angew. Chem. 1988, 100, 91-116; Angew. Chem. Int. Ed. Engl. 1988, 27, 89-112.

23. a) Felix-NMR Data Processing Software, Vers. 2.0, Hare Research Inc., Woodinville, Washington
(1991); b) Bax, A. J. Magn. Reson. 1988, 77, 134-147,



