JACS

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

Subscriber access provided by University of Birmingham | http://www.library.bham.ac.uk
Synthesis of [I-Ala-1]RA-VII, [d-Ala-2]RA-VII, and
[d-Ala-4]RA-VII by Epimerization of RA-VII, an Antitumor
Bicyclic Hexapeptide from Rubia Plants, through Oxazoles
Yukio Hitotsuyanagi, Shin-ichi Sasaki, Yuji Matsumoto, Kentaro Yamaguchi, Hideji Itokawa, and Koichi Takeya

J. Am. Chem. Soc., 2003, 125 (24), 7284-7290+ DOI: 10.1021/ja021131y « Publication Date (Web): 23 May 2003
Downloaded from http://pubs.acs.org on March 29, 2009

N™*
MeO Me * * . . e
N H o \/Q o epimerized position
N

More About This Article

Additional resources and features associated with this article are available within the HTML version:

Supporting Information

Access to high resolution figures

Links to articles and content related to this article

Copyright permission to reproduce figures and/or text from this article

View the Full Text HTML

ACS Publications

High quality. High impact. Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036


http://pubs.acs.org/doi/full/10.1021/ja021131y

A\C\S

ARTICLES

Published on Web 05/23/2003

Synthesis of [ L-Ala-1]RA-VII, [ b-Ala-2]RA-VII, and
[D-Ala-4]RA-VII by Epimerization of RA-VII, an Antitumor
Bicyclic Hexapeptide from  Rubia Plants, through Oxazoles
Yukio Hitotsuyanagi,” Shin-ichi Sasaki,! Yuji Matsumoto," Kentaro Yamaguchi,*
Hideji Itokawa,’ and Koichi Takeya*

Contribution from the School of Pharmacy, Tokyo u#nsity of Pharmacy and Life Science,
1432-1 Horinouchi, Hachioji, Tokyo 192-0392, Japan, and Chemical Analysis Center,
Chiba Unversity, Yayoi-cho, Inage-ku, Chiba 263-8522, Japan

Received August 29, 2002; E-mail: takeyak@ps.toyaku.ac.jp

Abstract: Three epimers of a natural cyclic hexapeptide RA-VII were prepared via formation of oxazoles
from thioamides or thioimidates of RA-VII followed by hydrolysis. They are the epimers at L-Ala-1, p-Ala-2,
and p-Ala-4, respectively. The one having L-Ala-1 adopted trans-cis-trans-trans-trans-trans (t-c-t-t-t-f) amide
configurations in the crystal, a type-VI -turn for residues 1—4 stabilized by one intramolecular hydrogen
bond between Ala-4 NH and L-Ala-1 C = O, and in CDClIs existed as a mixture of six conformers, of which
the major conformer was very similar to that in the crystal, but quite different from that of RA-VII in solution.
The second epimer, having p-Ala-2 had in the crystalline state t-t-t-t-c-t amide configurations, a y-turn at
Tyr-3 stabilized by two intramolecular hydrogen bonds between p-Ala-2 NH and Ala-4 C = O and between
Ala-4 NH and p-Ala-2 C = O, and existed in CDCl; as a single conformer, the structure of which was very
similar to its crystal structure, and to the crystal structure of peptide 25 except for the backbone and the
side chains at residues 1 and 2. The third epimer, having p-Ala-4 had t-c-t-t-c-t amide configurations in the
crystal, a type-VI S-turn for residues 1—4 as observed in the first epimer, and in CDClI; existed in three
conformers, of which the major one was similar to that in the crystal but different from that of RA-VII in
solution. The three epimers showed very weak cytotoxicity on P-388 leukemia cells, which may be because

of their conformational differences from the active conformation of RA-VII.

Introduction

RA-VII (1) is an antitumor bicyclic hexapeptide isolated from
Rubia akaneNakai andR. cordifolia L.22 with structural
homology to bouvardin (NSC 2599682)(from Bowardia
ternifolia (Cav.) Schlecht.Both cyclic peptides show potent
antitumor activity, and their mode of action is considered to be
inhibition of protein synthesis through interaction with eukary-
otic 80S ribosome$?® Peptidel exists as a mixture of two to
three stable conformers in soluti®he major conformer has
been characterized in thens-trans-trans-trans-cis-trang-t-
t-t-c-t) amide configurations and proposed to be the active
conformer! The configuration of the amino acid residues in
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cyclic peptides is known to affect their conformatibBecause
the conformation of RA-VII may determine its ability to interact
with the ribosome and exhibit biological activity, the roles of
the configuration of each alanine residue on the conformation
and biological activity of peptidé have been explored by the
preparation of three epimers of [L-Ala-1]RA-VII ( 3), [D-Ala-
2]RA-VII (4), and p-Ala-4]RA-VII (5). Their crystal and
solution structures were examined by X-ray and NMR studies
and their cytotoxicities were also assayed.

Total synthesis of analogues bfs difficult due to the highly
strained 14-membered cycloisodityrosine 8miit and the 18-
membered cyclopeptide ring. A more efficient method for
preparing epimeric analogues of cyclic peptides was investigated
using selective epimerization df via oxazole intermediates
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8 MeH H Me H Me H, H Me Me S S 1, because the amide carbonyl group of Tyr-3 was more reactive
9 MeH H MeH Me Hb H Me Me O S toward the thionating reagent than that of Tyr-6. Thioanfide
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14 MeH H MeH Me Hy Ac Me Me O O followed by reaction with hydroxylamine hydrochloride, tri-
25 MeH H Me H Me H, H Me H O O ethylamine and Hg(OAe) and subsequent treatment of hy-
26 MeH H Me H Me H, HpBBzMe O O droxylamidinell (88%) with nitrous acid, which afforde@lin

83% vyield. A more effective alternative involved oxidation of
. 6: R= OOMe 8 with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) in
S’é 10: R = SMe agueous dioxane to giv&in 79% yield.

Preparation of Oxazoles from Thionopeptides. When
followed by partial hydrolysis and chromatographic separation thionopeptides are treated with a thiophilic reagent, condensation
of the desired epimeric peptidé&s. of the thioamide group with an adjacent peptide bond may occur
to produce an oxazole ring as shown in Scheme 1. For example,
oxazolesl2 and 13 were formed on treating thioamidewith
two molar equivalents of a thiophilic reagent, AgBer
Hg(OAc), in THF under an argon atmosphere at room temper-
ature for 20 h, and the products were separated by HPLC (Table
1). Different thiophilic reagents gave different results. Reaction
of thioamide7 with AgBF, in THF gave oxazolel2 in 24%
yield (entry 1), and with Hg(OAg)in the same solvent afforded
oxazolel3 as a major product (45%) along with acetimitié
(14%) and oxazolé2 (3.9%) (entry 5). Yields were also greatly
influenced by the reaction solvent employed when AgBi@&s
used as a thiophilic reagent. Better yields were obtained in THF

Results and Discussion

Preparaion of Cyclic Thionopeptides.Thionopeptides may
be suitable precursors for oxazole intermediates and readily
prepared by treating cyclic peptides with a thionating reagent,
such as Lawesson’s reager®).(Normally only one or two
particular peptide bonds are thionated on the basis of their
structural and conformational featurésTreatment of RA-VII
(2) with 6 in dioxane at 5CC afforded thioamid& in which
Tyr-3 was thionated and bis(thioamid@)n which both Tyr-3
and Tyr-6 were thionated in yields of 80% and 3%, respec-
tively.15
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1993 115 3420-3430. (c) Boger, D. L.; Patane, M. A.; Zhou,Jl.Am.
Chem. Socl994 116 8544-8556. (d) Boger, D. L.; Zhou, J. Am. Chem.
Soc.1995 117, 7364-7378. (e) Boger, D. L.; Zhou, J.; Borzilleri, R. M.;
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Zhou, J.J. Org. Chem1996 61, 3938-3939. (g) Boger, D. L.; Zhou, J.;
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Table 1. Reaction of Thioamide 7 with Thiophilic Reagents Table 2. Reaction of Thioimidates 18a,b and 19a,b with Thiophilic
- Reagents?
yield (%)
entry  reagent solvent 1 12 13 14 ™ time yield (%)
entry substrate reagent® solvent  (h) 1 12 13 14 20
1 A THF 23 24 0 0 9.1
2 A DME 24 24 1.0 0 18 1 18a A DME 12 7.5 87 0.8 0 0
3 A MeCN 7.7 1.0 0 0 81 2 18a A DMF 24 16 61 6.1 0 0
4 A CHCl, 35 73 0 0 41 3 18a A MeCN 24 25 32 1.0 0 0
5 B THE 9.3 3.9 45 14 0 4 18a A CH.Cl, 24 4.2 24 19 0 0
6 B DME 14 8.7 42 8.2 0 5 18a B DME 12 7.6 1.6 41 18 0
7 B MeCN 22 26 32 4.2 0 6 18a B DMF 24 14 48 32 28 0
8 B CHCh 29 4.1 44 6.2 0 7 18a B MeCN 24 12 68 12 0 0
8 18a B CHXCl, 24 18 5.2 38 17 0
aTwo molar equiv of reagent were used. A: AgBB: Hg(OAc). 9 18 A DME 12 6.1 84 11 0 0
b Recovered starting material. 10 18b B DME 12 7.5 305 21 0
11 19a A THF 24 9.4 9.8 11 0 0
- . . 12 19a A DME 24 6.6 84 98 0 8.7
(entr_y 1) and in DME (entry 2_) relative to in MeCN (entry_ 3) 13 19a A MeCN 24 no reactioh
and in CHC} (entry 4) from which 81% and 41% of the starting 14  19p A THE 20 0 88 13 0 19
material 7 was recovered, respectively. On the other hand, 12 132 A DMCE 224 C(J) 15 3.0 (? 60
i P i ; ; 1 1 A MeCN 1 N
solvent composition had little influence on the reaction with 7 1ob A MeCN 15 0 0 41 0 29

Hg(OAc), (entries 5-8).

The formation of oxazole$2 and13 was established by the
observation of the quasi-molecular ion peakdfM]* at m/z
753 in the FABMS and of a singlet methyl signal assignable to
the alanine methyl group incorporated in the oxazole ring in
their lH NMR spectra. The position of the oxazole ringla
and 13 was determined by the observation of HMBC correla-
tions between C-5 of the oxazole and tienethyl protons of (path b)!317 Although the formation of oxazol&3 via this route
Tyr-5 and Tyr-3, respectively. The structure of acetimide may be unusual, the tertiary amide between Ala-2 and Tyr-3
was elucidated by the analysis of its HMBC spectra. Further- may hamper the formation of an oxazole between these residues
more, the production df whenl14was treated with methanolic ~ (path a in Scheme 1) and thus favor formationl8f
sodium hydroxide at room temperature suggested acetylation Preparation of Oxazoles via ThioimidatesTo enhance the
of an amide nitrogen. reactivity of the substrate, thioamidé was converted into

Possible mechanisms for the formation of oxazdigsand S-methyl- andSpropylthioimidates18aand18b, on treatment
13from 7 are shown in Scheme 2. The amide oxygen of Ala-4 with K,CO; and iodomethane or 1-iodopropane, respectively.
may attack the carbon atom of the thioamide group to produce Without further purification, these thioimidates were reacted
oxazolinel5, which on isomerization affords oxazdl® (path
a). The attack of the amide oxygen of Ala-2 on the carbon atom
of the thioamide group may produce oxazolit@which may

aThis table continues in Table S1. See Supporting Informafidiwo
molar equiv of reagent were used. A: AgBB: Hg(OAc). ¢ Two-step
yields from thioamide7 or 9. 988% of the starting material9a was
recovered® 56% of the starting materidl9b was recovered. The reaction
was carried out at 48C. 9 30% of the starting materidl9b was recovered.

then convert into oxazolé3 via spirocyclic intermediatd. 7

(17) Involvement of spirocyclic intermediates in the hydrolysis of 5-amino-
oxazoles has been reported. Zhao, G.; Sun, X.; Bienaymezhu, J.J.
Am. Chem. So001, 123 6700-6701.

7286 J. AM. CHEM. SOC. = VOL. 125, NO. 24, 2003



Epimerization of RA-VII

Scheme 3

with a thiophilic reagent in different solvents (DME, dioxane,
THF, DMF, MeCN, and CHCl,, Tables 2 and S1). The reaction
proceeded efficiently; no substraedanor 18b, was recovered

in any run. As in the case of thioamide the reaction ofl8a
and18b with AgBF, tended to produce oxazole rather than
13. When DME was used as a solvent, the yieldd®fia 18a
and 18b (entries 1 and 9) were 87% and 84%, respectively.
Oxazolel2 was also formed from the reaction b8ain MeCN

in 32% vyield (entry 3), in contrast to the 1.0% yieldi& when
thioamide7 was used as a substrate (Table 1, entry 3). When
Hg(OAc), was used in ethers and G@El,, 18a and 18b
produced oxazol&3 as the major product (entries 5, 8 and 10).
The best yield of 55% fofl3 was obtained when the reaction
was carried out in DME (entry 10). On the contrary, in DMF
and MeCN, oxazold2 was obtained as a major product using
Hg(OAc), in yields of 48% and 68%, respectively (entries 6
and 7). Similarly, the proportion ol2 relative to 13 was
increased in MeCN when thioamidewas used as a substrate
(Table 1, entry 7).

Analogously, thioamid®, in which Tyr-6 was thionated, was
converted intd&s-methyl- andS-propylthioimidates19aand19b,
and reacted with AgBFin THF, DME, and MeCN (Table 2).
Oxazole yields were generally low witl9 relative to18 and
influenced by the structure of the thioimidate. OxazZ2levas
best prepared by reactiriPb with AgBF, in MeCN at 40°C
albeit in 27% yield (entry 17).

A mechanism to explain the formation of oxazolE3and
20 from 19a and 19b involves the amide oxygen af-Ala-1
attacking the carbon atom of the thioimidate group to produce
oxazoline21 (Scheme 3). Tautomerization would afford oxazole
20 (path a). Oxazold3 may be formed via oxazolin22 (path
b), and oxazolel2 may be produced through sequential
formations of three oxazoline intermediaS; 24, and15 (path
C).

Table 3. Hydrolysis of Oxazoles 12, 13, and 20

ARTICLES
Me. I OMe Ve, T OMe
N N
HN Me o HN Me o
0  HN o HN
Me' Me Me+ i, Me
N fo) P N o
RS—4~_9Q  N-Me (& Q) Ney
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1‘9/ gt Ne
(]
BFa Me
o o)
OMe OMe
23
_ o e —
Me, N OMe
HN
0o 9 “\H
PP L M
13 15 | —0n NH e
0\®
o= (0
" N-Me
Ne
Me
12
o
OMe
24

entry oxazole catalyst solvent? temp. (°C) product (yield, %)
1 12 p-TsOH A 50 5(13),1(74)
2 12 BF3OE®L B rt 5(16),1(64)
3 12 BF3OE®L B 50 5(26),1(74)
4 12 C 90 no reaction
5 13 BF3:OE®L B 50 4(24),1 (60)
6 13 C 90 4(50),1(38)
7 20 BF3-OEb B rt 3(61),1(33)
8 20 C 90 3(45),1(38)

aA: THF—HO (9:1); B: MeCN-H;O (9:1); C: THF-AcOH—H20
(5:2:1).

Hydrolysis of Oxazoles. Oxazoles12, 13, and 20 were
hydrolyzed under mild acidic conditions to afford epimérs
4, and3, respectively (Table 3). The stability of each oxazole
in solution appears to be different. Although oxazal&sand
20 were slowly degraded on standing in aqueous solution at
room temperature, oxazolE2 was stable in a THFAcCOH—
H,O mixture at 90°C (entry 4)18.19

Conformation of Epimers 3—5 in the Crystalline State.
X-ray analyses of epimer3, 4, and5 as well as RA-II £5),
another cyclic hexapeptide from the same plant sotfred,
were successful (Figure 1, Table 4); however, RA-\) did
not give crystals suitable for analysis. The backbone structures
of epimers3—5 were compared with that &5 which should
be essentially the same as thatlpfbecause their differences
resided only at thpara substituent of the phenyl ring. The data

(18) 5-(Acylamino)oxazoles were used as a dipeptide precursor for the synthesis
of a naturally occurring cyclopeptide analogue. (a) Lipshutz, BChem.
Rev. 1986 86, 795-819. (b) Lipshutz, B. H.; Huff, B. E.; McCarthy, K.
E.; Miller, T. A.; Mukarram, S. M. J.; Siahaan, T. J.; Vaccaro, W. D.;
Webb, H.; Falick, A. M.J. Am. Chem. S0d.990 112, 7032-7041.

(19) A similar approach towards an epimeric analogue of a cyclodepsipeptide
has been reported. Oberhaauser, B.; Baumann, K.; Grohmann, B.; Sperner,
H. Synlett.1999 893-896.

(20) Itokawa, H.; Takeya, K.; Mori, N.; Sonobe, T.; Mihashi, S.; Hamanaka, T.
Chem. Pharm. Bull1986 34, 3762-3768.
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Figure 1. Crystal structures of RA-1145) and epimers8—5.

Table 4. Backbone Torsion Angles (deg) in the X-ray Crystal
Structures of Bouvardin (2), [L-Ala-1]RA-VII (3), [D-Ala-2]RA-VII
(4), [p-Ala-4]RA-VII (5), RA-II (25), and Deoxybouvardin
p-Bromobenzoate (26)

torsion

residue angle 22 3 4 5 25 260
p-Ala-1 ¢ 134 -—-172 140 67 148 138
(L-Ala-1) P —164 162 —42 148 -175 -—170

o —176 169 —-179 -—172 166 —175
Ala-2 ¢ —87 —65 147 97 —70 —83
(p-Ala-2) P 117 126 —79 121 119 121
) =177 -9 170 7 174 —-178
Tyr-3 ¢ 56 —127 —93 -—124 57 54
P 37 59 52 69 41 39
) —-172 180 -—-168 167 -—-166 —168
Ala-4 ¢ —156 —159 —180 153 —-160 —159
(p-Ala-4) P 164  —53 151 -75 166 171
w 179 -171 172 -164 171 174
Tyr-5 ¢ —-121 -134 -—-117 -—127 —-138 —137
P 101 93 102 110 108 102
3} -8 171 4 -32 —-12 2
Tyr-6 ¢ -84 50 —90 -72 -79 —-92
P 165 39 164 -—176 157 163
o 176 177 164 171 177 171

aTaken from ref 3 Taken from ref 6.

for deoxybouvardip-bromobenzoate (RA--bromobenzoate)
(26)126 and bouvardin Z) whose crystal structures are very
similar to that of25 are also presented in Table 4 to show that
differences in side chains had little effect on the peptide

Figure 2. Superposition of the crystal structures of RA2E] (black) and
[p-Ala-2]RA-VII (4) (blue).

N-terminal to a proline residue situated at the 2 position of
the peptide bend.

backbone. The most distinctive feature which characterizes the Peptide25 and epimer4 both adopted thé-t-t-t-c-t amide
structure of cyclic peptides is their backbone amide configura- configurations despite their configurational difference atdhe
tions. Peptide25 and 3—5 possess thre&l-methyltyrosine ~ carbon of residue 2. Peptid25 adopted a type I5-turn
residues at positions 3, 5 and 6, the amides of which can adoptcomprising residues-14. On the other hand, epiméradopted

both cis and trans isomers. Peptig® possessesans-trans-
trans-trans-cis-trangt-t-t-t-c-t) amide configurations between
p-Ala-1/Ala-2, Ala-2/Tyr-3, Tyr-3/Ala-4, Ala-4/Tyr-5, Tyr-5/
Tyr-6, and Tyr-6b-Ala-1, respectively. Epimers3—5 possess
t-c-t-t-t-t, t-t-t-t-c-t, andt-c-t-t-c-t configurations, respectively.

The trans amide configuration between Tyr-5/Tyr-6 observed
in the crystal structure @& is not adopted in the natural peptides
of RA-series. The conformation &fwas also characterized by
a type-VI -turn comprising residues—4, stabilized by an
intramolecular hydrogen bond between the Ala#4 Bind the
L-Ala-1 C= O (N---O distance 2.92 A). This type of turn was
also observed by NMR spectroscopy in the minor conformer
of peptidel in solution. The type-V[3-turn is a relatively rare

ay-turn conformation centered at Tyr-3 stabilized by two weak
intramolecular hydrogen bonds between théla-2 NH and

the Ala-4 C= O (N---O distance 3.10 A) and between the Ala-4
NH and thep-Ala-2 C = O (N---O distance 3.06 A). Despite
different turn structures, the superposition of the crystal
structures oft and25 (Figure 2) showed that the backbone about
residues 3-6 and the locations of aromatic rings of the three
tyrosines were superimposable. Differences were noted in the
backbone structure about theAla-1 andp-Ala-2 residues and
the locations of their side chains. Such similarity of the backbone
structure and the topology of the three tyrosine aromatic rings
was not observed betweéb and 3 nor betweer25 and 5.2

Epimer5 possessed thec-t-t-c-tamide configurations, which

secondary structure usually featuring an amide cis isomer was observed as a minor conformer of natural RA-series
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Figure 3. Selected NOESY/ROESY correlations observed in the major conformedsdofand5.

Table 5. NOEs Observed in the Major Conformers of Epimers
3—5 in CDCl3; Which Characterize the Amide Configurations of the
Peptide Backbones

NOE intensity
proton(s) 3 4 5

Ala-1 Hy/Ala-2 NH medium weak medium
Ala-1 Me/Ala-2 NH medium weak weak
Ala-2 Hy/Tyr-3 Hy strong strong
Ala-2 Hy/Tyr-3 NMe strong
Tyr-3 NMe/Tyr-3 H, weak medium
Tyr-3 He/Ala-4 NH medium medium medium
Ala-4 Hy/Tyr-5 NMe medium strong strong
Ala-4 Me/Tyr-5 NMe medium medium medium
Tyr-5 Ha/Tyr-6 Hy strong strong
Tyr-5 Ho/Tyr-6 NMe strong
Tyr-6 NMe/Tyr-6 H, strong weak
Tyr-6 Hy/Ala-1 NH weak medium

peptides by NMR spectroscopy in solution. As in the case of
epimer3, this conformation exhibited a type-¥kturn compris-

ing residues 14 stabilized by an intramolecular hydrogen bond
between the-Ala-4 NH and thep-Ala-1 C= O (N---O distance
2.85 A).

Conformation of Epimers 3—5 in Solution. The parent
peptide1 has been studied by NMR spectroscbf?® and
shown to adopt two stable conformations in CR&blution in
a ratio of 89:11. The majort-t-t-c-t conformer is similar to
the conformation oB6 in the crystalline state. The mindic-

Tyr-5 NMe. The spacings between these pairs of protons were
calculated to be less than 2.8 A in the crystal. The methyl signal
of Ala-2 was also observed at 0.38, due likely to its close
proximity to the aromatic ring of Tyr-3, as observed in the
crystal (Figure 1). A similar upfield shift of the methyl signal
was also observed for the minor conformedpivhich exhibited

a cis amide bond between Ala-2/Tyr-3. These observations
indicated that the structure of the major conformer3oin
solution is very similar to that in the crystalline state. The
characterization of the minor conformers 8fby the NMR
analysis was not possible because of overlapping resonances.

In CDCl;, epimer4 existed as a singlec-t-t-t-t conformer
as in the crystal (Table 5). A close relationship between the
conformation in solution and in the crystalline state was strongly
suggested by the fact that the NOESY correlations were
observed betweemAla-1 NH/p-Ala-2 NH, p-Ala-2 NH/Ala-4
NH, Tyr-5 NMe/Tyr-5 Hz,, Tyr-6 NMe/Tyr-6 Hg,, and Tyr-6
Hgo/D-Ala-1 NH in solution, and the spacings between the
protons of each pair were less than 2.7 A in the crystal.

Epimer 5 existed as a 91:5:4 mixture of three stable
conformers in CDG The structure of the major conformer
(91%) was analyzed by a ROESY experiment which indicated
that the major conformer of epimBpossessetic-t-t-c-tamide
configurations as in its crystalline state (Table 5). In the crystal,
the methyl of Ala-2 of5 is located just above the aromatic ring
of Tyr-3 as in the case @&. This explains the shielding effect

t-t-c-t conformer was characterized by NOESY experiments and of the Tyr-3 aromatic ring on the methyl signal at Ala-2 to give

computational methodsAnalogously, the solution forms of
epimers3—5 were examined by NOESY and ROESY expetri-
ments (Figure 3).

In CDCl;, epimer3 existed as a mixture of six conformers.
The major conformer (68%) showed NOESY correlations
consistent with thé-c-t-t-t-t amide configurations, as observed
in the crystal (Table 5). In addition, NOESY correlations were
also observed betweerAla-1 Me/Tyr-5 NMe, and Ala-4 NH/

(21) Superposition of the crystal structures3pb, and25is depicted in Figure
S1. See Supporting Information.

(22) Bates, R. B.; Cole, J. R.; Hoffmann, J. J.; Kriek, G. R.; Linz, G. S.; Torrance,
S. J.J. Am. Chem. S0d.983 105, 1343-1347.

(23) Boger, D. L.; Patane, M. A.; Zhou, J.Am. Chem. Sod995 117, 7357
7363.

it an upfield shift § 0.97). The similarity of the structures in
solution and in the crystal was further supported by the presence
of ROESY correlations between Tyr-5 NMe/Tyr-5ATyr-6
NMe/Tyr-6 Hg,, and Tyr-6 Hy/D-Ala-1 NH. The spacings
between the protons of each pairs in the crystal were calculated
to be less than 2.7 A.

Apparently, the methyl group of Ala residues plays a crucial
role in determining the conformation of the 18-membered cyclic
backbone of the peptide of this series. The inversion of the alanyl
chiral center induces steric repulsion between the alanyl methyl
group and the neighboring groups, which does not exist in the
original peptidel. For example, when epim8radopts the same
backbone conformation as that of the major conformed,of
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Table 6. Calculated Distances (A) between the Atoms relative to the parent methoxy compourit)RA-VII (1) and
Participating the Steric Repulsion its epimeric analogues {Ala-1]RA-VII (3), [p-Ala-2]RA-VII
compd relevant groups distance® A B c (4), and p-Ala-4]RA-VII (5) were evaluated using P-388 murine

314 6.90 5.37 lymphocytic leukemia cells and exhibitedsfalues of 0.0023,
5-2519 g}é i-gg 0.31, 8.5 and 8.Lg/mL, respectively. The reduced activity of
536 441 301 epimers3 and5 may be explained by theirc-t-t-t-t andt-c-
263 3.43 3.46 t-t-c-t amide configurations, respectively, which produce con-
251 439 324 formational features very different from that adoptedlbyhen

] interacting with 80S ribosomes. Epiméihas the same amide

aA: The calculated values when epim&s5 are assumed to adopt the fi fi th . f band 25. t-t-t-t-c-t

same backbone structure as that of crystalline RA&8);(B: Actual distance conngurations as the major contormer bian '9' g
in the crystalline state; C: The distance between the corresponding atomsIn the crystal structures @fand?25, the backbones at residues
in crystalline RA-II @5). 3—6 place the tyrosine aromatic side-chains in similar positions.
The loss of activity o#t may thus be attributed to the difference

the spacings betweanAla-1 Me and Ala-4Me and between i the peptide structure about residues 1 and 2, which may hinder
L-Ala-1 Meand Tyr-6 C= O are calculated to be 3.14 A (€C) the interaction of the peptide with 80S ribosomes.

and 2.39 A (G:-0), respectively, by using the atomic coordi-
nates of RA-II @5) (Table 6). These values are much too short Conclusion

compared with the corresponding atom spacings in R248);( . .
which are 5.37 and 3.56 A, respectively. Thus, a strong steric . Three analogues of RA-VILl) were synthesized via oxazole

repulsion is expected to be induced between the relevantgroups!mermed'ates' Modification of peptidk by epimerization of

. . . alanine residues 1, 2, and 4, respectively, caused decreased
To avoid the steric repulsion, the molecule should go through . - . o )
. S ; . .~ cytotxic activity relative to the original peptide. X-ray crystal-
conformational changes, which include inversion of the amide

configuration between Ala-2 and Tyr-3 and between Tyr-5 and Iographlc_and N.MR spect_roscop|c ana_lyses Of. the conformation
. . . . of the epimers in the solid-state and in solution demonstrated
Tyr-6. Thus,3 takes the unique conformation nonexistent in

the natural peptidd. As shown in Table 6, in the conformer that the major conformer in solution corresponded to the

that3 assumes in the crystal, the spacings are 6.90 and 3.13 A’conformatlonal strugtures as thosg of th.e.reSpeCtlve ones in the
respectively. crystals. The reduction of cytotoxic activity was correlated to

Similarly, when epimerg and5 adopt the same backbone the configurational and conformational changes in these peptide

4 . . analogues. The active conformer of peptilevas shown to
conformation as that of the major conformerlpfstrong steric : ) . .
L o require thep, L, L-configurations for alanines 1, 2, and 4,
repulsion is expected betweenAla-1 C = O and b-Ala-2 respectively, as well as thet-t-t-c-t amide configurations.
Me (2.61 A) and between-Ala-2 Me and Tyr-3 NMe (2.36 '
A) for 4, and between Tyr-3 & O andp-Ala-4 Me (2.63 A) Supporting Information Available: Further discussion of the
and betweem-Ala-4 Me and Tyr-5 NVe (2.51 A) for5. These solvent effects on the oxazole formation, Table S1, experimental
repulsions make them take more stable conformations asdetails,"H NMR spectra and assignmentsf and13C NMR
observed in the crystal and in solution. signals for3—5, 11—14 and20, X-ray data of3—5 and25, and
Cytotoxicity of RA-VII (1) and Epimers 3 —5. The major superposition of the crystal structures 8f 5, and 25 are
conformer of peptidel havingt-t-t-t-c-t amide configurations  available free of charge via the Internet at http://pubs.acs.org.
has been identified as an active one. The methoxy group on
Tyr-3 residue is also known to be essential for expression of
activity In the, RA-series of cyclic peptldeg; ,hydrOgen and (24) ltokawa, H.; Kondo, K.; Hitotsuyanagi, Y.; Nakamura, A.; Morita, H.;
hydroxyl substituents cause reduced cytotoxicity (120000 Takeya, K.Chem. Pharm. Bull1993 41, 1266-1269.

3 L-Ala-1 CHg/L-Ala-4 CH3 C.--
L-Ala-1 CH3/Tyr-6 C=0 C-

4 p-Ala-2 CHy/p-Ala-1C=0 C-
D-Ala-2 CH3/Tyr-3 NCH3 Ce--

5 D-Ala-4 CHy/Tyr-3C=0 C-
D-Ala-4 CHy/Tyr-5 NCH3 C

AOHNOONH

JA021131Y
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