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to contain the unusual dolapyrrolidone (Dpy, 2), 2-hydroxyiso-
valeric acid (Hiva, 3), dolavaline (Dov?*), proline, valine, and
N-methylvaline units. The paucity of natural product prevented
us from determining the absolute configuration of dolastatin 15.
On the assumption that the dolastatin 15 amino acids most
probably possessed the common L configuration (S used in the
sequel) found in dolastatin 10,2 the total synthesis was initiated
on that basis.

Synthesis of the key Dpy (2) intermediate 6 was achieved as
summarized in Scheme I. The hydroxyisovaleric acid (Hiva)
component was obtained from (S)-Val via a diazotization se-
quence.* Condensation of unprotected (S)-Hiva with (S)-Phe-
OMe, employing diethyl phosphorocyanidate, proceeded well to
afford (60%) (S)-Hiva-(S)-Phe-OMe (4a) as needles from tolu-
ene—hexane, melting at 70 °C: [a]p —45° (c, 0.002). Protection
(4a — 4b, oil, 87% yield)* employing tert-butyldimethylsilyl
chloride, saponification (4b — 4c), and reaction of the resulting
carboxylic acid (4¢, mp 87-8 °C from hexane, 90% yield) with
pentafluorophenyl trifluoroacetate followed by Meldrum'’s ester®
gave pyrrolidone Sa as a viscous oil. Methylation with dimethyl
sulfate provided (21% overall from d4¢) the corresponding methyl
ether (5b). Cleavage of the silyl group with pyridinium poly-
hydrogen fluoride gave (90%) (S)-Hiva-(S)-Dpy (6) as an oil:
[a]p +285° (¢, 0.002). Esterification’ of alcohol 6 with Boc-
(S)-Pro gave (74% yield) depsipeptide 7 [(mp 157-158 °C, [a]p
+96.2° (¢, 1.85, CHCI3)]. In order to unequivocally establish
the absolute configuration of depsipeptide 7, a specimen crys-
tallized from acetone-hexane was subjected to X-ray crystal
structure analysis (see the supplementary material).®!!  Absolute
stereochemical assignments (Figure 1, supplementary material)
to the three chiral centers were made, based upon the known
stereochemical configuration of (§)-Pro. The stereochemical
designations for the three chiral centers were determined to be
C-4(S), C-7(S), and C-10(S).

Tetrapeptide 10 was prepared by starting with dipeptide 8
[(77%, needles from ethyl acetate-hexane, mp 100-2 °C, [a]p
-144.6° (¢, 2.04, CHCI,)] using the procedure outlined in Scheme
1. Hydrogenolysis followed by a pivaloyl mixed anhydride peptide
bond forming step gave tripeptide 9 [83%, oil [a]p —~145° (¢, 2.56,
CHCl,)]. Subsequent hydrogenolysis and in situ reaction with
(S)-Dov-OPfp led to tetrapeptide 10 [(84%, amorphous powder
from acetone-hexane, mp 137-40 °C, [a]p —180° (c, 2.08,
CHC,)]. Finally, the carboxylic acid obtained by saponification
of methyl ester 10 was condensed with the amine derivative of
proline 7 to give, following separation on Sephadex LH-20
(2:2.5:7.5, hexane-methylene chloride-methanol), natural (-)-
dolastatin 15 (1, 68% yield as an amorphous powder from ace-
tone-hexane), mp 112-4 °C, [a]p -48.2° (¢, 0.11, CH;0H),
identical by TLC and 'H and '*C NMR with an authentic sample.
Synthetic dolastatin 15 gave the same (EDs, 107 ug/mL) potent
activity against the P388 lymphocytic ieukemia routinely obtained
with the natural product.

The first total synthesis of natural (-)-dolastatin 15 herein
summarized has firmly established the overall absolute configu-
ration (all chiral centers ). Synthesis of potentially useful
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structural and chiral modifications of (-)-dolastatin 15 (1) and
a broad evaluation of biological properties are in progress.
Presently (—)-dolastatin 15 is undergoing preclinical development
as a potential anticancer drug.
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The marine bryozoan Bugula neritina has been found to contain
a unique series of closely related macrocyclic (22-membered)
lactones now known as the bryostatins.»* Because of their very
selective antineoplastic and cytostatic activity, potent influence
on protein kinase C biochemical pathways, antitumor promoter
effects, and stimulation of bone marrow progenitor cells to form
colonies (GM-CSF activity), bryostatin 1 (1)* has been selected
for clinical evaluation. Discovery and study of bryostatin bios-
ynthetic precursors or degradation products has been considered
necessary to gain further mechanistic and structure/activity in-
sights, We now report the isolation and structural elucidation
of the first such example, herein designated neristatin 1 (2).

A 1000-kg (approximate damp weight) re-collection (1986, Gulf
of Mexico coast of Florida) of B. neritina Linnaeus was extracted
with 2-propanol. Initial solvent partitioning and steric exclusion
chromatographic procedures were conducted as previously de-
scribed for the closely related bryozoan Amathia convoluta.’
Separation was guided by bioassay employing the P388 lym-
phocytic leukemia cell line with a combination of gel permeation
(and partition on Sephadex LH-20) and partition (silica gel)
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1, BRYOSTATIN 1

2, NERISTATIN 1

chromatography, high-speed countercurrent distribution,® and
HPLC techniques to afford 8.0 mg (8.0 X 1077% yield) of colorless
neristatin 1 (2): mp 214-216 °C; [a]p = +98° (CH,Cly, ¢ =
0.26); R,0.62 (silica gel, toluene—ethyl acetate-methanol, 3:1:1);
HPLC retention times, 11 min (RP C-8 column, 10 mm X 2§
cm, 80% methanol-water, 0.8 mL/min) and 9 min (normal-phase
column, 10.0 mm X 25 cm, hexane-methylene chloride-methanol,
14:8:1, with UV detection at A = 254 nm); HRFABMS (with Lil)
found 799.4090, calcd for C,HgO;sLi 799.4092; EIMS 70 eV,
m/z, M* 792 (33%) caled 792 for C4HggOs, 774 (100%) [M
- H,0]* and 756 (8%) [774 - H,0]*. The NMR data have been
entered in ref 8.

o (6) Schaufelberger, D. E.; Pettit, G. R. J. Lig. Chromatogr. 1989, 12,
1909.

(7) Pettit, G. R.; Kamano, Y.; Schaufelberger, D. E.; Herald, C. L.;
Blumberg, P. M.; May, S. W. J. Lig. Chromatogr. 1989, 12, 553.

(8) Pettit, G. R,; Herald, C. L.; Kamano, Y.; Gust, D.; Aoyagi, R. J. Nat.
Prod. 1983, 46, 528. The NMR 'H, *C, and HMBC assignments for ner-
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(dd, 3.7, 13, H-2a), 2.37 (dd, 11, 13, H-2b), 4.35 (m, became ddd, 3.7, 11,
11 upon the addition of D,O; H-3), 1.84; 1.38 (m, H-4a,b), 3.67 (m, H-5),
1.65; 1.50 (m, H-6a,b), 4.81 (dd, 5, 12, H-7), 2.08 (br d, 13, H-10a), 2.04
(dd, 11, 13, H-10b), 3.85 (br t, 11, H-11), 2.29 (br t, 12, H-12a), 2.11 (br
d, 12, H-12b), 4.00 (br d, 15, H-14a), 1.90 (br dd, 14, 15, H-14b), 3.95 (br
dd, 6, 14, H-15), 5.63 (dd, 6, 15.8, H-16), 6.42 (d, 15.7, H-17), 3.54 (ddd,
11,7.1,7.1 H-21), 1.82; 1,72 (m, H-22a,b), 4.69 (br ddd, 5, 10.5, 11, H-23),
1.52; 1.38 (m, H-24a,b), 3.47 (ddd, 6.5, 9.7, 9.7, became t, 9.7, following
addition of D,0, H-25), 4.87 (dq, 9.7, 6.5, H-26), 1.09 (d, 6.5, H-27), 0.94;
0.95 (s, H-28,29), 5.82 (brs, H-30), 1.28; 1.27 (s, H-32,33), 2.87 (dd, 11, 18.5,
H-34a), 2.40 (dd, 7, 18.5, H-34b), 3.70 (s, OMe), 1.16 (s, H- 3’4’5’) 6.09
(s, C-9 OH), 4.92 (d 6.3, C-25 OH). 3C (100 MHz): 169.13 (C-1), 44.87
(C-2), 66.27 (C-3), 42.94 (C-4), 66.50 (C-5), 32.94 (C-6), 73.62 (C-T7), 42.31
(C-8), 101.52 (C-9), 35.42 (C-10), 74.93 (C-11), 42.08 (C-12), 155.52 (C-13),
36.18 (C-14), 77.80 (C-15), 127.50 (C-16), 136.40 (C-17), 47.99 (C-18),
203.32 (C-19), 115.20 (C-20), 40.41 (C-21), 37.24 (C-22), 77.70 (C-23),
38.25 (C-24), 71.58 (C-25), 73.86 (C-26), 16.93 (C-27), 20.94 (C-28), 14.71
(C-29), 115.20 (C-30), 166.87 (C-31), 24.83 (C-32), 26.71 (C-33), 34.19
(C-34), 174,19 (C-35), 51.16 (C-36, OMe), 178.00 (C-1"), 39.00 (C-2/), 27.11
(C-3,4,5"). HMBC (500 MHz): H2a to C-1, C-3; H-7 to C-29; H-12a to

a t

C-11, C-13, C-30; H-12b to C-13, C-30; H-14a to C-12, C-13, C-15; H-15

toC-ll,ClZ,ClSHl7toC15C18C19,C3 -28!0C7,C8C9

C29,H2910C7,C8,C9 C-28; H30!0C12,C 14, C-31: H-32 to C-17,

C-18, C-19, C-33; H-33 to C-17, C-18, C-19, C-32; H-34a to C-21, C-20,

g 35,CH -34b to C-35; H-36 to C-31; H-3’-5' to C-1/, C-2; C-9 OH to C-8,
-9, C-10.

Communications to the Editor

The possible relationship of neristatin 1 to the bryostatins was
first suggested by the characteristic color it displayed on a thin
layer chromatographic plate.* However, a detailed 2D NMR
study rapidly uncovered major structural differences. Only one
methoxy signal appeared in the 'H NMR spectrum, and signals
assigned by using '"H-'H COSY and 'H-13C correlated spectra
suggested that neristatin 1 did not possess a bryopyran ring.2 In
the 'H NMR spectrum, the H-26 signal was shifted downfield
at 6 4.87 and the H-25 signal shifted upfield at § 3.47 compared
with those of the bryostatins. More importantly, a doublet signal
at 6 4.92 (J = 6.3 Hz) was found coupled with the H-25 signal.
The former disappeared and the latter was simplified upon addition
of D,0. Such evidence suggested that a free hydroxy group was
present at C-25 and lactonization involved the C-26 position. The
presence of four 13C ester carbonyl signals at 4 169.13, 166.87,
174.19, and 178.00 combined with results of heteronuclear
multiple-bond correlation (HMBC) experiments also supported
the presence of a y-lactone. The two signals at § 2.87 and 2.40
correlated with a carbonyl signal at 8 174.19 (C-35) and a signal
at 6 40.41 (C-21). Interestingly the C-20~C-23 region of neristatin
1 proved refractory to rigorous (and convincing) 2D NMR in-
terpretation until the crystal structure analysis was in hand.

Unlike the very stable bryostatin series (except for bryostatin
3),? neristatin 1 proved sensitive to recrystallization attempts, and
a number of small samples rapidly degraded in various solvents
until it recrystallized unchanged from acetone—hexane. While
only relatively poor quality (cracked, vapor pockets and other
imperfections) crystals were available for the crystal structure
determination (see supplementary material),!%1? we were able to
surmount this difficulty and obtain an unequivocal structure for
neristatin 1 (2). The absolute stereochemical configuration as-
signed to neristatin 1 is based upon the known absolute stereo-
chemistry of the related bryostatins.” Stereochemical assignments
for the 10 chiral centers of neristatin 1 are as follows: 3(R), 5(R),
7(8), 9(S), 11(S), 15(R), 20(S), 21(S), 23(S), 25(R), 26(R).

The binding affinity of neristatin 1 for protein kinase C was
determined by competition for [26-3H]bryostatin 4 binding, under
the conditions previously developed for measurement of highly
potent bryostatins.!> The K; for neristatin was found to be 124
£ 10 nM (mean £ SEM, four experiments), compared to 1.3 nM
for bryostatin 4'3 and 12.3 nM for the typical phorbol 12,13-
dibutyrate.!3 Because of the relatively low affinity of neristatin,
it was again assayed under phorbol ester binding conditions.'*
Here, the X; of neristatin 1 was 21.2 £ 1.3 nM (mean £ SEM,
three experiments), compared to 0.53 nM for phorbol 12,13-di-
butyrate and K4 = 13 nM for bryostatin 4.!° Thus, neristatin
1 retains appreciable affinity for protein kinase C, albeit 1 order
of magnitude less than that of phorbol 12,13-dibutyrate and at
least 2 less than that of bryostatin 4.

Consistent with the binding results, neristatin was only weakly
active (EDsy = 10 ug/mL) against the P388 cell line. The reduced
but still significant potency of neristatin 1 compared to the
bryostatins was considered very important for further defining
structure/activity relationships and biochemical mechanisms
among this remarkable series of biosynthetic products.
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In allosteric receptors the binding of one substrate is influenced
by the binding of a second substrate at a remote site. Allosteric
effects play an important role in regulating biological processes
like oxygen transport and enzyme activity.! There are only a
few reports in literature on synthetic receptors in which binding
is regulated by the allosteric effect. Most of these reports concern
hosts with binding sites for metal ions.2 Very recently, Schneider
and Ruf have described a synthetic receptor which shows enhanced
binding of aromatic substrates in the presence of Cu?* or Zn?*,
due to an allosteric effect.’ We report herein a molecular receptor
(1), that can exist in different conformations, one of which is able
to bind 1,3-dinitrobenzene by == interactions. Moreover, we
describe a bis-crown ether analogue of this receptor (2) in which
a dinitrobenzene-binding conformation can be induced by addition
of a metal salt (Figure 1a).
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Compound 1b exists in CDCl, solution as a mixture of con-
formers, that interconvert slowly on the NMR time scale. This
process could be monitored with a two-dimensional 'H NMR
exchange experiment.* Inspection of CPK models and molecular

(1) Koshland, D. E. Jr. In The Enzymes; Boyer, P., Ed.; Academic Press:
New York, 1970; Vol. 1, p 341.
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C.; Onan, K. J. Am. Chem. Soc. 1985, 7481. (b) Beer, P. D. J. Chem. Soc.,
Chem. Commun. 1988, 52.

(3) Schneider, H.-J.; Ruf, D. Angew. Chem. 1990, 102, 1192.

(4) Perrin, C. L.; Gipe, R. K. J. Am. Chem. Soc. 1984, 106, 4036.
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Figure 1. (a) Induced binding of 1,3-dinitrobenzene in 2 by addition of
metal ions and (b) modeled structures of the three conformations of 1a.

mechanics calculations’ on 1a suggest that compounds 1 can exist
in three conformations of similar energy, designated as ss (syn
syn), sa (syn anti), and aa (anti anti), respectively (Figure 1b).
This feature is in accordance with the presence of four AB patterns
in the '"H NMR spectrum for the methylene protons of 1b, one
AB pattern for each of the aa and ss conformers, and two for the
less symmetric as conformer.® The NMR data show that at 25
°C, 91% of molecules 1b are in the as conformation, 4.7% in the
ss conformation, and 4.3% in the aa conformation. Compound
1c, of which an even lower proportion of the molecules is present
in the aa conformation, forms a complex with 1,3-dinitrobenzene
(DNB) in CHCl,, as can be concluded from the development of
a yellow color upon addition of this substrate. In the 'H NMR
spectrum of l¢, the intensity of the signals of the aa conformer
shift and increase in intensity when DNB is added, whereas the
signals of the other conformers decrease in intensity.” Therefore
this receptor has a higher affinity for DNB in its aa conformation,
leading to an induced fit type of binding mechanism. From a UV
titration in CHClI,, the association constant for DNB was cal-
culated to be K, = 4.2 £ 0.4 M.

Compound 2 is an analogue of 1, in which the naphthalene
moieties are bridged by two aza crown ether rings. Compounds
similar to 2 are strong binders of alkali-metal ions.® Like 1b and
1c, 2 exists predominantly in the sa conformation. In this con-
formation as well as in the ss form, the crown ether parts of the
molecule cannot effectively bind an alkali-metal ion due to in-
terference by the glycoluril part of the molecule. CPK models
show, however, that in the aa conformation each of the crown ether
moieties can wrap nicely around an ion. Addition of a potassium
salt to a solution of 2 leads to an increase in intensity of the 'H
NMR signals of the aa conformation. When a solution of 2 in
CDCl;/DMSO-dg (3:1 v/v) was titrated with potassium picrate,
initially 2.08 potassium ions were required to bring one molecule
of 2 in the aa conformer. This indicates that 2 binds potassium
ions in a 1:2 stoechiometry.

Since the aa conformer of 2 is expected to display the highest
affinity for 1,3-dinitrobenzene, we were tempted to assess the
ability of metal ions to induce substrate binding by an allosteric

(5) Molecular mechanics calculations with the MMP2(85) force field
parameters yield energies for the three conformers that are within 1.6 kcal
of each other.

(6) Peaks in the spectrum could be assigned on the basis of the fact that
in the ss and sa conformers the protons of the phenyl groups undergo an
upfield shift due to the proximity of the naphthalene rings and on the fact that
the signals from the nonequivalent sides of the sa conformer have the same
intensity.

(7) From the observed induced shifts on host and guest protons we conclude
that DNB is bound with its NO, groups pointing away from the cavity.

(8) K, = (0.4 - 2.0) x 10°* M~ in CHCI, for a related compound with
benzene instead of naphthalene walls, cf.: Smeets, J. W. H.; van Dalen, L.;
Kaats-Richter, V. E. M.; Nolte, R. J. M. J. Org. Chem. 1990, 55, 454,
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