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10,10",12,12"-Tetrahydrosegoline B (18). Compound 18 was
prepared in the same manner as described for 12 as an amorphous
powder: 'H NMR (CDCl;) 6 8.62 (d, 1 H, J = 4.8 Hz, H-2), 7.86
(d,1H,J=179Hz H-7),7.40 (d, 1 H, J = 4.8 Hz, H-3), 7.30 (d,
1H,J =179Hz H-4),692 (t,1 H, J = 7.9 Hz, H-6), 6.97 (t, 1
H, J =17.9 Hz, H-5), 6.78 (s, 1 H, H-14), 3.72 and 2.12 (AB quartet,
2 H, J = 12.2 Hz, H-10, 10’), 3.18 and 2.45 (an ABX, 2 H, J,
=11.6, Jux = 2.0, Jpx = 1.5 Hz, H-12, 12),2.69 (d, 1 H, J = 2.0
Hz, H-13), 2.20 (s, 3 H, N(11)-Me), 1.88 (q, 1 H, J = 6.9 Hz, H-16),
1.69 (s, 3 H, Me-17), 0.74 (d, 3 H, J = 6.9 Hz, Me-18); EI MS,
m/e (l'el intensity) 371 (M+, Cg4H25N30, 100)

Sodium Borohydride Reduction of 13 To Afford Com-
pounds 19 and 20. Compounds 19 and 20 were prepared in the
same manner as described for compounds 10 and 11.

19: an oil; 'H NMR (CDCly) 6 8.70 (d, 1 H, J = 4.8 Hz, H-2),
797(d,1H,J =179 Hz, H-7),7.52 (d, 1 H, J = 4.8 Hz, H-3), 7.40
(d,1H,J =178Hz H-4),7.33 (t,1 H, J = 7.9 Hz, H-6), 6.95 (t,
1H,J =179 Hz, H-5), 6.87 (s, 1 H, H-14), 5.70 (s, 1 H, H-12), 4.05
(s, 3 H, Me-19), 363 (d, 1 H, J = 1.5 Hz, H-13), 2.97 (s, 3 H,
N(11)-Me), 2.30 (dq, 1 H, J = 6.9, 1.5 Hz, H-16), 1.65 (s, 3 H,
Me-17), 0.75 (d, 3 H, Me-18); EI MS, m/e (rel intensity) 401 (M*,
Cy Hy3N304, 4), 149 (100).

20: an oil; IR (CHCl,), 2900, 1660, 1580, 1400, 1280 cm™; H
NMR (CDCly) 6 8.13 (brs, 1 H, N(11)-H), 7.83 (d, 1 H,J = 4.8
Hz, H-2),7.85(d, 1 H,J = 7.9 Hz, H-7), 7.35 (d, 1 H, J = 4.8 Hz,
H-3),7.10(d, 1 H,J = 6.9 Hz, H-4), 7.05 (t, 1 H, J = 7.9 Hz, H-6),
7.02 (t,1 H, J = 6.9 Hz, H-5), 6.97 (s, 1 H, H-14), 4.47 and 4.12
(AB quartet, 2 H, J = 12.0 Hz, H-12, 12'), 3.92 (s, 3 H, Me-19),
2.84 (d, 3 H, Me-19), 2.84 (d, 3 H, J = 4.6 Hz, N(11)-Me), 2.76
(d, 1H,J =11.5 Hz, H-13), 2.41 (dq, 1l H, J = 11.5, 6.5 Hz, H-16),
1.63 (s, 3 H, Me-17), 1.25 (d, 3 H, J = 6.5 Hz, Me-18), (assignment
of H-12 and H-12’ was deduced from a COSY experiment); EI

MS, m/e (rel intensity) 403 (M*, Cy,Hy5N303, 4), 149 (100).

N(12)-Methylisosegoline A (21). Compound 21 was prepared
in the same manner as described for 8 as an amorphous powder:
IR (CHCly) 2940, 1730, 1620, 1460 cm™’; 'H NMR (CDCl,) § 8.69
(d,1H,J = 4.8 Hz, H-2), 7.89 (d, 1 H, J = 7.9 Hz, H-7), 7.44 (d,
1H,J=48Hz H-3),741 (t,1 H, J = 7.9 Hz, H-6), 7.39 (d, 1
H, J = 7.9 Hz, H-4), 7.18 (s, 1 H, H-15), 5.08 (g, 1 H, J = 6.5 Hz,
H-9), 4.07 (s, 3 H, Me-19), 3.72 (s, 1 H, H-14), 2.88 (s, 3 H,
N(12)-Me), 1.49 (s, 3 H, Me-18), 1.16 (d, 3 H, J = 6.5 Hz, Me-17);
CI MI, m/e (rel intensity) 399 (M* C,H;N;O3, 100).

N(1),N(8)-Dimethylnorsegoline (22). Compound 22 was
prepared in the same manner as described for 9 as an amorphous
powder: IR (CHCl;) 2940, 1680, 1620 cm™'; H NMR (CDCL) &
9.40 (d,1 H, J = 5.0 Hz, H-2), 8.34 (d, 1 H, J = 8.7 Hz, H-7), 8.15
(d,1 H, J = 5.0 Hz, H-3), 8.03 (s, 1 H, H-10), 7.87 (t, 1 H, J =
8.7 Hz, H-6), 7.54 (d, 1 H, J = 8.7 Hz, H-4), 7.50 (t, 1 H, J = 8.7
Hz, H-5), 4.73 (s, 3 H, N(1)-Me), 4.08* (s, 3 H, OMe-11), 4.06*
(s, 3H, OMe-12), 3.70 (s, 3 H, N(8)-Me); CI ML, m/e (rel intensity)
335 (M*, CyoH;sN,05, 100).
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The conformational properties of ulithiacyclamide, a highly cytotoxic cyclic peptide from an ascidian, have
been investigated by usine one- and two-dimensional NMR spectroscopy, molecular modeling based on the NMR
data, and molecular mechanics energy minimization. The temperature dependence of the NH protons and the
nuclear Overhauser enhancements between the backbone and side-chain protons indicated that ulithiacyclamide,
in its major form, assumes two kinds of conformations, which are highly dependent on the solvent. While the
four NH bonds of the peptide linkages are all located in the interior of the ring structure in CDCl; and CgDs,
two, which are related to each other by C, symmetry, protrude to the outer part of the ring structure in (CD;),SO.
Utilizing NMR parameters in conjunction with model building, extensive energy minimization calculations essentially
led to two C, symmetric saddle-shaped conformations that best satisfied all of the NMR criteria. The two differed
primarily in the direction of the NH bonds and the sign of the disulfide helicity. The sulfide linkage affects

the molecular conformation of ulithiacyclamide.

Introduction
There is increasing interest in the biochemistry of ma-
rine tunicates because a high incidence of biological activity
has been ascribed to their metabolites.! Lipophilic cyclic

(1) (a) Bakus, G. J.; Targett, N. M.; Schulte, B. J. Chem. Ecol. 1986,
12, 951-987. (b) Carr, W. E. S.; Derby, C. D. J. Chem. Ecol. 1986, 12,
989-1011. (c) Endo, M.; Nakagawa, M.; Hamamoto, Y.; Ishihara, M. Pure
Appl. Chem. 1986, 58, 387-397. (d) Rittschof, D.; Bonaventura, J. J.
Chem. Ecol. 1986, 12, 1013-1023.

peptides that contain unusual amino acid moieties in-
volving thiazole and oxazoline rings have been isolated
from marine tunicates;? two representative structures are
shown in Figure 1. These cyclic peptides, which exhibit
potent cytotoxic activities,? all have a common or very

(2) Sesin, D. F.; Gagkell, 8. J.; Ireland, C. M. Bull. Soc. Chim. Belg.
1986, 95, 853-867.

(8) Ireland, C. M.; Durso, A. R., Jr.; Newman, R. A.; Hacker, M. P. J.
Org. Chem. 1982, 47, 1807-1811.
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Figure 1. Chemical structures of representative cyclic peptide
from ascidian: 1, ulithiacyclamide; 2, ascidiacyclamide. Atomic
numbering used in this study is also shown in 1.

similar ring structure. This suggests a close relationship
between ring conformation and the cytotoxic activity,
although to date little is known about the mechanism of
their biological action.

Ulithiacyclamide (1 in Figure 1), which was originally
isolated and structurally characterized by Ireland and
Scheuer* and Biskupiak and Ireland,® has a unique dimeric
structure containing a disulfide bridge; the structure and
absolute configuration were reassigned as the result of
synthetic work.? Recent studies on structure—activity
relationships have shown’ that the high cytotoxic activity
of ulithiacyclamide compared with the related cyclic
peptides from tunicates is due to the presence of the ox-
azoline ring and the disulfide bond. Thus, we believe that
a study of the molecular conformation of ulithiacyclamide
and the effect of the oxazoline ring and disulfide bond on
its conformation will provide the basic information needed
to consider its biochemical function.

This paper deals with possible conformations of uli-
thiacyclamide on the basis of TH NMR studies, molecular
modeling, and molecular mechanics energy minimization
calculations. Previously, we reported the solution and
solid-state conformations of ascidiacyclamide (2 in Figure
1).8 Since this compound has the same ring structure as
ulithiacyclamide, the structural parameters were helpful
in molecular modeling of the latter molecule.

Results and Discussion

Ring Conformation of Ulithiacyclamide in Solu-
tion. All proton resonances were readily assigned by 2D
COSY measurements; the assignments for CDCl; at 27 °C
are shown in Figure 2. Similar tH NMR spectra were also
obtained for CgDg and (CD3),SO solutions. The peak as-
signments were essentially the same as those reported by
Sesin et al.,? except for the D-Leu C@ protons; a detectable
chemical shift difference between these protons was ob-
served in the present spectra, although they have been
reported as multiplets. All resonances in the CDCl;, C¢Dg,
and (CD;),S0 solutions showed that the dominant form
of ulithiacyclamide had C, symmetry on the NMR time
scale. Similar to the related cyclic peptides,2® homoallylic

(4) Ireland, C. M.; Scheuer, P. J. J. Am. Chem. Soc. 1980, 102,
5688-5691.

(5) Biskupiak, J. E.; Ireland, C. M. J. Org. Chem. 1983, 48, 2302-2304.

(6) (a) Kato, S.; Hamada, Y.; Shioiri, T. Tetrahedron Lett. 1986, 27,
2653-2656. (b) Schmidt, U.; Wetter, D. Tetrahedron Lett. 1986, 27,
3495-3496.

(7) Shioiri, T.; Hamada, Y.; Kato, S.; Shibata, M.; Kondo, Y.; Naka-
gawa, H.; Kohda, K. Biochem. Pharmacol. 1987, 36, 4181-4185.

(8) (a) Ishida, T.; Inoue, M.; Hamada, Y.; Kato, S.; Shioiri, T. J. Chem.
Soc., Chem. Commun. 1987, 370-371. (b) Ishida, T.; Tanaka, M.; Nabae,
M.; Inoue, M,; Kato, S.; Hamada, Y.; Shioiri, T. JJ. Org. Chem. 1988, 53,
107-112.
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Table I. NMR Parameters of NH Resonances

-dé/dT X
proton solvt 8 {at 31 °C) 104, ppm/°C
HI CDCl, 8.190 2.4
CeDs 8.445 2.7
(CDy),S0 8.700 7.9
H13 CDCl, 7.545 2.3
CeDe 7.618 2.2
(CDy),S0 7.859 4.5

coupling between the H15 and H21 protons was observed.
Thus, the occurrence of five-bond coupling through the
oxazoline ring appears to be a general phenomenon.
For estimating the entire ring structure of ulithiacy-
clamide, knowledge of the NH proton chemical shifts is
very advantageous, because it is very sensitive to the en-
vironment. The temperature dependence of the amide
proton chemical shift in various solvents has been used to
distinguish between “exposed” and “buried” NH groups
of peptides;® the exposed proton is affected more strongly
than the buried one. The results for ulithiacyclamide are
given in Table I. The characteristics of these amide
protons can be summarized as follows: (a) the temperature
coefficients (-d3/dT) of two amide protons are not sig-
nificantly different and are within <0.003 ppm/°C in C¢Dg
and CDCl,, while those in (CD3),SO exhibit a high tem-
perature dependence (>0.004 ppm/°C), especially for the
NH1 proton; (b) the rate of H-D exchange is very slow in
CDCl; and C¢Dg (t;/2 = ca. 2 days, upon addition of
methanol), while that in (CD;),SO shows a relatively short
half-life (¢;/, = ca. 18 min for H1 and 30 min for H13, upon
addition of D,0); (¢) the NH13 resonance in the CCl,
solvent shows a relatively small downfield shift with in-
creasing concentration of (CD3),SO (7.761 ppm for 50%
CDCl3~(CD4),S0), while the NH1 proton moves further
downfield (8.449 ppm for a 50% mixture); (d) approxi-
mately 3-fold dilution of each solution causes no significant
change in the chemical shifts of both amide protons. When
the behavior of the NH protons is compared with that in
related peptides,®® it appears that the ring conformation
of ulithiacyclamide in CDCl; or C¢Dg is different from that
in (CD;),S0O. The d§/dT values in CDCl; and CDg in-
dicate that both NH protons are located in the interior of
the ring structure. Generally, the dé/dT value of the NH
proton that is shielded from the solvent is on the order of
0-0.003 ppm/°C.1%t11 The shielding of these NH protons
from the solvent is also suggested from (b). On the other
hand, the NH1 proton in (CD;),SO solution is character-
ized by a large dé/dT value (a), a fast H~D exchange (b),
and a large shift toward the downfield side by a polar
solvent (c¢). These are typical features indicative of the
exposure of the NH1 proton to the solvent. The NMR
data for the NH13 proton in (CDj),SO show an interme-
diate behavior between the shielded and unshielded pro-
tons from the solvent molecule. The observation of (d)
implies that the phenomena of (a)—(c) are due to the
character of the ulithiacyclamide molecule itself rather

(9) Withrich, W. NMR in Biological Research: Peptides and Protein;
North-Holland: Amsterdam, 1976.

(10) (a) Hruby, V. In Chemistry and Biochemistry of Amino Acids,
Peptides and Proteins; Weistein, B., Ed.; Dekker: New York, 1974; Vol.
3, pp 1-188. (b) Mauger, A. B.; Stuart, O. A,; Highet, R. J.; Silverston,
J. V. J. Am. Chem. Soc. 1982, 104, 174-180. (c) Ravi, A.; Prasad, B. V.
V.; Balaram, P. J. Am. Chem. Soc. 1983, 105, 105-109. (d) Balaram, H.;
Prasad, B. V. V.; Balaram, P. J. Am. Chem. Soc. 1983, 105, 4065-4071.
(e) Degelaeu, J. P.; Pharm, P.; Blout, E. R. J. Am. Chem. Soc. 1984, 106,
4882-4890. (f) Rose, G. D.; Gierasch, L. M,; Smith, J. A. Adv. Protein
Chem. 1985, 37, 1-109. (g) Hruby, V. J.; Kao, L. F; Pettitt, B. M,;
Karplus, M. J. Am. Chem. Soc. 1988, 110, 3351-3359.

(11) (a) Urry, D. W.; Long, M. M. CRC Crit. Rev. Biochem. 1976, 6,
1-45. (b) Zetta, L.; Cabassi, F. Eur. J. Biochem. 1982, 122, 215~222,
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Figure 2. The 500-MHz 'H NMR spectrum of ulithiacyclamide in CDCl, solution at 27 °C. The numbers correspond to those shown
in Figure 1.
Table II. Possible Torsion Angles Estimated from Jygca and J¢ nc,z Coupling Constants at 31 °C
solvt residue JInu-c . Hz ¢, deg Jo,n-can” Hz x1,% deg
CDCly L-Cys 9.31 60, ~112, -128 6.17 +9, £81, £111, £159
D-Leu 9.64 ~60, 120 6.26 +21, £81, £99, £159
CeDg L-Cys 8.57 60, -100, -140 6.29 +9, £82, £111, £158
D-Leu 10.11 -60, 120 6.59 +11, £84, 109, £156
(CDy),SO L-Cys 8.02 60, 94, —146 6.59 +11, £84, £109, 156
D-Leu 8.98 -60, 105, 135 5.93 +7, £79, £103, £161

¢The possible x! angle was calculated by using the most reliable coupling constant between Joucen and Je p g values. Thus, eight

different values are possible.

than its molecular assembly.

As judged from the above-mentioned results, it is quite
reasonable to imagine that the ring conformation of uli-
thiacyclamide predominantly assumes the type 1 form
shown in Figure 3 in CDCl; or CgDy solution and a type
2 form in (CDg);SO solution. As regards the latter form,
the intramolecular N13-H-.02 hydrogen bond would be
rather weak and readily broken by interaction with the
solvent environment.

In addition to these NMR data of the amide protons,
Jxn-c,1 and Je y-c,u coupling constants and 'H NOE ex-
periments further provide a variety of parameters that can
be used to construct reasonable conformations of ulithia-
cyclamide in solution. The possible ¢ and x! torsion an-
gles, in which the notation corresponds to that of bio-
chemical nomenclature,!? of the L-Cys and D-Leu residues
were estimated from the equations

JInu-c,u = 7.9 cos? § - 1.55 cos 8 + 1.35sin> §  (ref 13)

Je-cu = 11.0 cos? §— 1.40 cos 8 + 1.6 sin? §  (ref 14)

where 6 represents the torsion angle of the H-N-C_~H or
H_C"‘_CFITH bond sequence, respectively. The results are

given in Table II. Among the torsion angles obtained from
the calculations, a range of possible ¢ and x! angles can

(12) IUPAC-IUB Commission on Biochemical Nomenclature, Bio-
chem. J. 1971, 121, 577-585.

(13) Ramachandran, G. N.; Chandrasekaran, R.; Kopple, K. D. Bio-
chemistry 1971, 121, 577-585.

(14) Kopple, K. D.; Wiley, G. R.; Tauke, R. Biochemistry 1973, 12,
627-636.

Type 1
e Type 2

Figure 3. Schematic diagrams based on NMR data in CDCly
(type 1) and (CD;),S0O (type 2) solutions.

Table I11. 'H NOE (percent) of Ulithiacyclamide in CDCl,
and (CD,),SO Solutions at 31 °C

irradiation proton (NOE?)
CDCl; Solution
H1 H21 (9.40), H22 (0.90)
H8 H9, 9’ (1.36), H10 (1.65), H11, 12 (1.04), H13 (2.82)
H13 H8 (6.23), H15 (7.18)
Hi5 H13 (2.90), H16 (5.05), H17 (0.93)
H21 H1 (2.47), H22 (3.80), H22’ (2.62)
(CD3),SO Solution
H1 H4 (3.89), H21 (5.29)
H8 H9, 9’ (1.56), H10 (1.66), H11, 12 (0.82), H13 (2.19)
H13 HS8 (4.30), H15 (4.72), H9, 9’ (1.51)
H15 H13 (2.14), H16 (2.91), H17 (1.92)
H21 H1 (2.24), H22 (2.82), H22' (1.14)

¢The value corresponds to the NOE per proton. The averaged
error is 0.1%.
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Table IV. Estimated Torsion Angles (degrees) of
Ulithiacyclamide in CDCl; and (CD;),SO Solutions®

residue CDCl,q (CD4),80

L-Cys ¢ ~-112, -128 60

v -30 -30

w 180 180

x! +9, %81 +11, 84

x2 +130 +130
oxazoline I 120 120

v 30 30

w 180 180
D-Leu ¢ 120 105

¥ 60 60

w 180 180

x! 81, 99, =159 79, 103, £161

x* 100 100
thiazole o3 180 180

¥ 0 180

w 180 180

4The definition of torsion angles for oxazoline and thiazole rings
is as follows: oxazoline, ¢ = C19-N20-C15-C14, ¢ = N20-C15-
C14-N13, w = C15-C14-N13-C8; thiazole, ¢ = C6-N7-C3-C2, ¢y =
N7-C3-C2-N1, « = C3-C2-N1-C21’, where C21’ represents C21
related by C, symmetry.

be, to some extent, predicted by the rough conformation
shown in Figure 3. However, more accurate information
concerning the realistic ¢ and x! values was obtained from
the NOE experiments. From the NOE results, further-
more, we elicited information about the whole backbone
and side-chain conformations, including ¥ torsion angles
of the L-Cys and D-Leu residues, because they reflect the
spatial proximity of pairs of protons in solution. Among
the proton pairs that showed strong interaction in the 2D
NOESY experiments, the exact NOE values (in percent)
were measured by 1D H NOE experiments. The results
in CDCl; and (CDgy),SO solution are listed in Table III.

It is interesting to note that the stereochemical rela-
tionship among the H22 and H22’ atoms of L-Cys C8
protons can be deduced from the NOE measurements.
Irradiation of the H21 proton produced different NOEs
for H22 and H22’ in CDCl; and (CD5),SO solution. This
is very useful as it limits the x! torsion angles of the L-Cys
in Table II to a few values. On the other hand, the greater
NOE of H10 as compared with those of H9,% and H11,12
produced by irradiation of the H8 proton yields informa-
tion about x2 torsion angles of the D-Leu residue; the di-
rection of the C8-H bond should be approximately parallel
to that of the C10-H bond. Similarly, the NOE in H15
produced by irradiation of H13, which was somewhat larger
than that in H8, gives a clue to the possible torsion angle
of the oxazoline ring (¢ = N20-C15-C14-N13).

When the H1 proton was irradiated, an NOE was ob-
served for the thiazole H4 proton in (CD,),SO solution.
Since an NOE was not observed in CDCl; solution, this
observation is in harmony with the ring conformation
derived from the temperature dependence of the NH
protons (see Figure 3): type 1 for the CDCI; solution and
type 2 for the (CD3),SO solution.

Molecular Building of Ulithiacyclamide Solution
Conformation. Combination of the above-mentioned
NMR data permitted deduction of possible molecular
conformations of ulithiacyclamide in solution. On the
other hand, ascidiacyclamide has shown nearly the same
temperature dependences as ulithiacyclamide in CDCl,
and C¢Djg solution,® and its conformation has proved to
be almost the same in solution and in the solid state.®®
Therefore, the bonding parameters of its ring structure
were used to construct the molecular conformation of
ulithiacyclamide in CDCl, solution. The construction of
the conformation in (CD;),SO solution was then derived

Ishida et al.

Table V. Torsion Angles (degrees) and Intramolecular
Hydrogen Distances (angstroms) of the Most Energetically
Stable Conformations in CDCl, and (CD;),SO Solutions

CDCl,4 (CDy),SO
Torsion Angle

L-Lys I -148.1 70.7

¥ -38.8 -44.5

w -177.6 -166.5

x! 58.9 ~-58.0

x? ~-89.4 151.7

oxazoline ¢ 130.8 105.0

v -8.9 62.6

2] 179.2 -173.9

D-Leu ¢ 147.7 84.8

v 60.6 54.6

w ~177.3 -177.1

x! 173.1 174.2

x2 79.4 83.1

thiazole ¢ 175.7 176.3

" 2.4 -178.1

w -165.7 161.7

CDCly (CDy),S0

Distance

H1-H4 4.57 1.99
H1-H21 2.95 2.15
H1-H22 3.43 4.07
H8-H9, & 2.52 2.47
3.12 3.10
H8-H10 2.49 2.45
H8-H11, 129 3.47 3.56
H8-H13 2.95 2.96
H13-H9, ¢ 2.84 2.46
3.23 2.66
H13-H15 3.42 2.55
H15-H16 3.07 2.89
H15-H17® 2.53 2.55
H21-H22 2.50 2.52
H21-H22’ 2.51 3.10

¢The shortest value among six different distances is listed.
®The shortest value among three different distances is listed.

from its conformation in CDCl,.

In building the model, the assumption was made that
the peptide group neighboring the L-Cys residue is co-
planar with the thiazole ring. This is based on the reso-
nance effect in planar aromatic rings and has also been
observed in the related ascidiacyclamide® and nosiheptide
molecules.'® The possible torsion angles built up by the
conjunction with space-filling models and the NMR pa-
rameters are given in Table IV. The major difference
between the conformations in the CDCl; and (CDg),SO
solutions is in the ¢(L-Cys) and ¥(thiazole) torsion angles.

Conformational Refinement by Energy Minimiza-
tion. To obtain more realistic and reliable solution con-
formations than those listed in Table IV, the energetically
stable conformations were surveyed by an energy mini-
mization technigque using a molecular mechanics program,
MMFF. All combinations of torsion angles listed in Table
IV (64 sets for the CDCl; solution and 32 sets for the
(CD3),S0 solution) were used as the starting conformations
for energy minimization, and the resulting conformations
were examined for their compatibility with the NMR pa-
rameters,

It is interesting to note that all of the starting conformers
more or less converged into two kinds of conformations,
which have been classified as types 1 and 2 in Figure 3.
The most energy-refined torsion angles for the confor-
mations are given in Table V, and their stereoscopic views
are shown in Figures 4 and 5. These conformations agree

(15) Pascard, C.; Ducruix, A.; Lunel, J.; Prange, T. J. Am. Chem. Soc.
1977, 99, 6418-6423.
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Figure 4. Stereoscopic views of ulithiacyclamide proposed as the most stable conformation in CDCl; solution, viewed along the C,

symmetry axis (a) and perpendicular to this axis (b).

well with the NMR parameters; as is shown in Table V,
the proton pairs showing large NOE values are all within
a short distance (<4.0 %), and the C, symmetry of the
molecule itself is maintained.

The characteristics of these conformations can be de-
scribed as follows. For the type 1 conformation in CDCl,
solution (see Figure 4), the ring structure is cylindrically
curved with the top line joining two S23 atoms related by
C, symmetry. The radius of the curvature is about 3.4 A.
The peptide group adjacent to the L-Cys is almost coplanar
with the thiazole ring and forms a slightly warped plane
between the thiazole and oxazoline rings. The ring
structure as a whole assumes a rectangular shape with a
long axis of ca. 8 A and a small axis of ca. 6 A. The type
2 conformation, however, which corresponds to the form
in (CD,),S0 solution (see Figure 5), slants toward the
corner at which the oxazoline ring is located. The angle
between the directions of the C6—C15 and C19—-C3’ bonds
is 76°. Thus, the width between the two oxazoline-L-
Cys—thiazole backbone chains related by C, symmetry
becomes narrower by ca. 1 A as compared with the type
1 conformation. As with the type 1 conformation, this ring
structure also forms a cylindrically curved conformation.
As is obvious from the comparison of Figure 5b with Figure
4b, however, the bottom of the former curvature is rather
shallow, and the side is considerably wider (the radius of
the curvature = ca. 4.5 A).

The essential difference between the conformations of
type 1 and type 2 is in the thiazole ¥, oxazoline ¥, and
L-Cys ¢, x!, and x2 torsion angles. While four NH bonds
in the type 1 conformation are all directed toward the

interior of the ring structure, two NH bonds, which are
adjacent to the thiazole rings, are directed away from the
ring structure in the type 2 conformation. Furthermore,
the difference in the L-Cys x! and x? torsion angles con-
verts the left-handed helicity (type 1) of the disulfide
linkage to a right-handed one (type 2). Since the molecular
conformations shown in Figures 4 and 5 have nearly the
same total energy (-12.5 kcal/mol for type 1 and -11.8
kcal/mol for type 2), it may be that interconversion be-
tween these conformations can occur quite readily upon
an environmental change such as a solvent, as actually
observed in the NMR experiments.

The total energy for each conformer is mainly deter-
mined by van der Waals interactions. The contribution
of intramolecular hydrogen bonds was not important; the
distance between the N13 and O2 atoms in the type 2
conformation was 5.004 A. This is in agreement with the
relatively large d6/dT value of the H13 atom (see Table
I).

As stated in the Introduction, many lipophilic cyclic
peptides isolated from marine tunicates exhibit potent
antineoplastic and/or cytotoxic activities. Among them,
ulithiacyclamide possesses the highest activity. Since the
activity is very likely related to the molecular conforma-
tion, it is important to know the actual spatial form for
considering the biological function. Two kinds of major
conformations were elucidated for ulithiacyclamide by
NMR and energy minimization studies; these conforma-
tions were highly dependent on the character of the sol-
vent. The type 1 conformation was the predominant form
in a relatively nonpolar solvent such as CgHg or CHCl,
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Figure 5. Stereoscopic views of ulithiacyclamide proposed as
the most stable conformation in the (CD3),SO solution, viewed
along the C, symmetry axis (a) and perpendicular to this axis (b).

whereas the type 2 conformation predominates in polar
solvents, such as (CH,),SO and probably H,0.16

It is of interest that the type 1 conformation of ulithi-
acyclamide is very similar to the solution and solid-state
conformations of ascidiacyclamide;® the latter molecule,
in its major form, has a type 1 conformation irrespective
of the solvent. This was somewhat surprising because
formation of the disulfide bridge in ulithiacyclamide was
thought to confer additional rigidity to the ring confor-
mation. Judging from the present results, however, we may
conclude that the presence of the disulfide bond in uli-
thiacyclamide lends greater flexibility to the molecular
conformation; in other words, t* » conformational adapt-
ability is caused as a result of t : disulfide linkage. The
oxazoline ring appeared to be important for removing any
constraint produced by the conformational change. Com-
pared with the type 1 conformation of ulithiacyclamide,
the type 2 conformation provides a more accessible in-
terface with which a bimolecule may interact. There is also
a characteristic difference between the spatial arrange-
ments of the polar atoms within the ring structure; while
in the type I conformations the NHs of peptides and the
Ns of the thiazole and oxazoline rings, representing the
donor and acceptor atoms, respectively, are alternately
arranged around the ring structure at nearly the same
intervals, the interior of the type 2 ring conformation is
fully occupied by the acceptor atoms, except for two
N13-H bonds. Although the detailed mechanism by which
ulithiacyclamide exerts its biological action requires further
study, the conformational flexibility and different ar-
rangement of the polar atoms, which would be important
for the interaction with biomolecules, may be closely re-
lated to its biological activity.

(16) Ulithiacyclamide is insoluble in water.

Ishida et al.

Experimental Section

Materials. Ulithiacyclamide was chemically synthesized ac-
cording to ref 6a. The purity was checked by the elution profile
of high-pressure liquid chromatography and the 'H NMR method.
All other materials used were commercial preparations (reagent
grade) and were used without further purification.

'H NMR Measurements. 'H NMR experiments were con-
ducted on a Varian XL-200, XL-300, or XL-500 NMR spec-
trometer. The sample concentration was gravimetrically adjusted
to ca. 7.6 mg/0.5 mL (~20 mM). The solvents used were CDCl;,
CgDg, and (CD;),SO (each of 99.5% isotopic purity). The proton
chemical shifts () were measured as a downfield shift from in-
ternal tetramethylsilane (TMS); the margins of error were within
£0.001 ppm and 0.1 Hz.

The temperature dependence of the amide proton resonances
was determined by six measurements over a range of 20-70 °C
for (CDj),S0, 10-50 °C for CDClg, and 10-60 °C for C¢Dj solution
by using a saturating pulse at TMS resonance; the tempera-
ture-controlled unit has an error within 1 °C. For the nuclear
Overhauser enhancement (NOE) experiments, the sample solu-
tions were completely degassed with four freeze-pump-thaw cycles
directly into the NMR tubes, which were then sealed.

One-dimensional 'H NOE difference spectra were acquired
automatically by using both on- and off-resonance spectra. In
the experiments, a series of decoupler frequencies were chosen,
one for each line, four lines at maximum for the multiplet to be
irradiated, and the decoupler was cycled through this series of
frequencies during the irradiation period (10-20 s), resulting in
efficient saturation at low decoupler power levels. Then data
acquisition occurred with the decoupler gated off. Each free
irradiation decay (FID) corresponding to each irradiation was
acquired. Difference spectra were obtained in the FID stage prior
to the Fourier transformation by the subtraction of the control
(off-resonance irradiation) from every other spectrum. The total
number of scans acquired for each spectrum was typically 400.

Two-dimensional correlated spectroscopy (COSY) experiments
employed a spectral width of ca. 4000 Hz in both columns w; and
wg. A total of 1024 points were recorded in t,, 128 points in ¢,
with zero filling to 1024. A total of 128 increments was used for
t,. The pulse sequence used was £5-90°(¢1)~t;-90° (¢)-FID, where
to is the pulse delay, and ¢, is the evolutionary time. Two-di-
mensional 'H NOE spectroscopy (NOESY) experiments were
performed using the States-Haberkorn method (2D hypercomplex
method).”” FIDs were acquired (48 scans, 8 dummy scans) over
4000 Hz into a 2K data block for 512 incremented values of the
evolution time t;. The raw data were zero-filled to a 2K X 2K
matrix. The mixing time (t,,) of 0.45 s was used, and the relaxation
delay, D,, was 2.0 s. The applied pulse sequence was t,—
90° (¢1)_t1_90°—(¢2)—tm—90° (¢3)—FID.

Energy Minimization Calculations. All energy calculations
were carried out with the molecular mechanics force field (MMFF)
program!® within the CHEMLAB-II system!® operating on a
MicroVAX II computer. The empirical energy functions used
to obtain the energy-minimized structures included harmonic
potential energy terms for bond lengths, bond angles, bond di-
hedral angles, torsion angles, and van der Waals and electrostatic
terms for nonbonded interactions and a hydrogen bonding po-
tential. The computational methodology and the general forms
of the potential functions correspond to those described by
Pearlstein.2

The atomic coordinates of the ulithiacyclamide ring structure
were constructed by using the bond lengths and angles of asci-
diacyclamide evaluated by the X-ray analysis.2? The L-cystine
moiety was constructed by using the X-ray data of the L-cystine
crystal® in which the molecule takes an approximate C, symmetry

(17) States, D. J.; Haberkorn, R. A.; Ruben, D. J. J. Magn. Reson.
1982, 48, 286-292.

(18) Hopfinger, A. J.; Pearlstein, R. A. J. Comput. Chem. 1984, 5,
486-499.

(19) Chemical Modeling Laboratory-II (CHEMLAB-II); Molecular
Design Limited, San Leandro, CA, 1986.

(20) Pearlstein, R. A. In CHEMLAB-II Reference Manual; Childress,
T., Ed.; Chemlab. Inc.; Molecular Design Limited: San Leandro, CA,
1986.

(21) Rosenfield, R. E., Jr.; Parthasarathy, R. Acta Crystallogr. 1975,
B31, 462-468.
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between the molecule halves. Solvent molecules were not included
in the calculations, but the effect was taken into account by
employing a dielectric constant of 5.0 for CHCl; and 78.0 for
(CH;);50;% the value for (CH,),SO corresponds to that for H,O.

The starting conformations for energy minimization calculations

(22) Weast, R. C.; Astle, M. J.; Beyer, W. H. CRC Handbook of
Chemistry and Physics, 69th ed.; CRC Press: Boca Raton, FL, 1988.

were built up by using the possible torsion angles estimated by
NMR experiments. Any structural constraints imposed while
building plausible starting conformations were relaxed during the
calculation, and the energy minimization was allowed to proceed
freely without any conformational constraints. The refined
conformers that were not consistent with the NMR results were
rejected from the consideration.

Registry No. 1, 74847-09-9.
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A new metabolite, spathulasin (1), is described as a natural product from Aeonium spathulatum. The structure
of the 14-membered lactone derivative 10 was determined by X-ray crystallographic analysis. Hydrolysis of
spathulasin and identification of the pentose portion as L-arabinose allowed the assignation of the absolute

configuration of all centers in 1.

Among the genera of Crassulaceae, Aeonium, which is
developed to a striking degree in the Canary Islands,! has
received scarce attention from the chemical point of view.2
We have investigated the constituents of Aeonium spa-
thulatum (Hornem.) Praeger and herein describe the
isolation and structure determination of a novel diterpene
glycoside.

Spathulasin (1) was isolated from the alcoholic extract
of A. spathulatum as an amorphous solid. Data from

1 Rl = R = H, R = (CH;),C=CHCO

2 R' = Me, R = H, R% = (CHy),C=CHCO
3 R = H, R = Ac, R = (CHy),C=CHCO
4 R=R=R=H

5 Rl=Me, R=R =H

high-resolution mass and 3C NMR spectrometry estab-
lished a molecular formula of C;H,40s. The IR spectrum
showed the presence of a carboxylic acid (3500-2400 and
1700 cm™) and a methylenic double bond (1640 and 895
cm™). The 'H NMR spectrum (Table I) exhibited reso-

(1) Praeger, R. L. An Account of the Sempervivum Group; The Royal
Horticultural Society: London, 1932.

(2) (a) Baker, A. J.; Eglinton, G.; Gonzélez, A. G.; Hamilton, R. J.;
Raphael, R. A. J. Chem. Soc. 1964, 4705. (b) Gonzalez, A. G.; Francisco,
C. G.; Freire, R.; Hernandez, R.; Salazar, J. A.; Sudrez, E. Phytochemistry
1976, 15, 344.
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nances that could be assigned to six methyl groups, one
singlet at 6 0.81, one doublet at § 0.89 (J = 5.8 Hz), and
four wide singlets at 6 1.68, 1.76, 1.87, and 2.13 that in-
dicated vinylic methyls. Furthermore, observation of the
d 4-5 region, together with the number of oxygens present
in the molecular formula, strongly suggested that spa-
thulasin (1) contains a sugar moiety. Six 13C NMR reso-
nances at § 114.02 (t), 115.86 (d), 121.96 (d), 136.15 (s),
147.80 (s), and 158.49 (s) pointed out the presence of three
olefinic bonds in the molecule, a signal at 6 103.18 (d) was
attributed to an anomeric sugar carbon, and two downfield
signals at 6 166.47 (s) and 178.71 (s) were assigned to
carboxylic groups.

Methylation of spathulasin (1, excess diazomethane in
diethyl ether) yielded methyl ester 2 in high yield. The
spectroscopic data of 2 confirm the aforementioned
structural features.

Treatment of spathulasin (1) with excess acetic anhy-
dride in pyridine at room temperature afforded diacetate
3 as shown by its 'H NMR spectrum where two new
methyl resonances at § 2.00 and 2.05, corresponding to the
esters formed, were observed.

Basic hydrolysis of spathulasin (1) gave 4, which was
characterized as its methyl ester 5. From high-resolution
mass spectrometry it was evident that the esterifying acid
had a molecular formula of C;HgO,. Comparison of the
'H NMR spectra of 1 and 5 showed that the latter lacks
the low-field methyl groups at 6 1.87 and 2.13 and the
olefinic proton at 6 5.75. Also when the 3C NMR spectra
of these compounds were compared, the absence in 5 of
five carbons at 6 20.56 (q), 27.60 (q), 115.86 (d), 158.49 (s),
and 166.47 (s) was observed. These results indicate that
the esterifying acid is 3,3-dimethylacrylic (senecioic) acid.®

Acid hydrolysis of methyl ester 5 produced cleavage of
the sugar moiety to yield aglycon 6. High-resolution mass

(3) (a) Pouchert, C. T.; Campbell, J. R. The Aldrich Library of NMR
Spectra; Vol. I, p 158B. (b) Breitmaier, E.; Haas, G.; Voelter, W. Atlas
of Carbon-13 NMR Data; Heyden & Sons: London, 1979.
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