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of 15a (0.7 g, 1 mmol) in THF (10 mL) was added, and the mixture
was stirred for an additional 18 h. The mixture was poured into
water, and the aqueous mixture was extracted with CHyCl,. The
organic extracts were dried and evaporated and the residue
chromatographed (hexane/EtOAc 3/1) to give the product (0.3
g, 37%) as an oil: IR (film) 2980, 2940, 1700, 1415, 1390, 1370,
1250, and 1155 cm™; NMR (CDCl,) 5.95 (bs, 2 H), 4.1 (s, 4 H),
3.8 (s, 4 H), 3.1 (bs, 4 H), 2.8 and 2.87 (s, 6 H total), 1.4 (s, 40
H), and 1.35 (s, 6 H); MS (CI/CH,) 779 (M + H). Anal. (Cgzs-
HgCI,N,Og) C, H, N.

Similarly prepared was 19b (oil): IR (film) 2976, 2932, 1698,
1479, 1457, 1414, 1392, 1367, 1250, and 1152 cm™; NMR (CDCl,)
5.95 (s, 2 H), 4.12 (s, 4 H), 3.82 (s, 4 H), 3.1 (bs, 4 H), 2.8 and 2.85
(s, 6 H), 1.48 (s, 40 H), and 1.35 (s, 6 H); MS (CI/CH,) 765 (M
+ H). Anal. (Cs7H“ClgN405) C, H, N.

Deprotection of 19a and 19b (methanolic HCI) as previously
described gave compounds 20a and 20b, respectively. Compound
20a: mp 210-212 °C; IR (KBr) 2920, 2780, 2680, 2430, and 1460
cm™}; NMR (D,0) 7.05 (s, 2 H), 4.0 (s, 4 H), 3.9 (s, 4 H), 3.2-3.05
(m, 4 H), 2.8 and 2.73 (s, 6 H), 1.7 (bs, 4 H), and 1.4 (s, 8 H); MS
(CI/CH4) 378 (M + H). Anal. (ClsHssClzN"4HCl'H20) C, H,
N; Cl: caled, 39.16; found, 38.53. Compound 20b: mp 228-230
°C; IR (KBr) 2940, 2854, 2754, 2690, 2510, 2456, 2412, 1608, 1468,
and 824 cm™; NMR (D,0) 7.05 (s, 2 H), 4.0 (s, 4 H), 3.9 (s, 4 H),
3.15-3.1 9 (m, 4 H), 2.8 and 2.75 (s, 6 H), 1.7 (bs, 4 H), and 1.4
(s, 6 H): MS (CI/CH,) 365 (M + H). Anal. (C;;H;,CI;N4HCl)
C,H,CLN.

By utilizing conditions similar to those used in the synthesis
of 19, compound 15b was reacted with ethyltriphenyl-
phosphonium bromide to give compound 21b as an oil: IR (film)
1696, 1456, 1416, 1392, 1366, 1250, 1172, 1148, 936, 880, and 758
cm™; NMR (CDCl,) 5.4 (bs, 2 H), 3.92 (s, 4 H), 3.7 (s, 4 H), 3.08
(s, 4 H), 2.82 and 2.72 (s, 6 H), 1.7 (d, J = 7.5 Hz, 6 H), 1.45 (s,
40 H), and 1.25 (s, 6 H); MS (CI/CH,) 725 (M + H). Anal.
(C3gH7sN,Og!/,PhCH,) C, H, N.

Deprotection (methanolic HCI) gave 22b: mp 224-226 °C; IR
(KBr) 2982, 2940, 2852, 2786, 2688, 2582, 2434, 1598, 1468, and
1456 cm™'; NMR (D,0) 6.4-6.3 (m, 2 H), 3.85 (s, 4 H), 3.75 (s,
4 H), 3.1-3.0 (m, 4 H), 2.75 and 2.73 (s, 6 H), 1.85 (d, J = 7.5 Hz,
6 H), 1.7 (s, 4 H), and 1.4 (s, 6 H); MS (CI/CH,) 325 (M + H).
Anal. (C;;H,N,4HC)) C, H, N, CL

Materials and Methods. HeLa Growth Inhibition Studies.
HeL.a cells were seeded in 60-mm tissue culture dishes at an initial
density of 1 X 10° cells/dish. After 2 days growth, the average
number of cells per dish was determined and this number was
used as the baseline from which growth was calculated. Polyamine

analogues were added to cells in complete medium and incubated
for 2 days. At the end of this time, cells were counted, and the
increase in cell number in drug-treated cultures was compared
to that in untreated control cultures. The ICy was that drug
concentration that resulted in a 50% decrease in cell growth
relative to controls.

Ethidium Bromide Displacement Assays. Measurement
of polyamine analogue binding to calf thymus (CT) DNA by
displacement of bound ethidium bromide was conducted as
previously described.” Briefly, ethidium bromide (1.6 uM final
concentration) (Sigma Chemical Co., St. Louis, MO) was added
to 3 mL of buffer (2 mM HEPES, 10 uM EDTA, 9.4 mM NaCl,
pH 7.0), and the fluorescence was recorded on an SLM-Aminco
SPF-500C spectrofluorometer. Emission and excitation wave-
lengths were 598 and 546 nm, respectively. Upon the addition
of calf thymus DNA, poly(dG-dC)-poly(dG-dC), or poly(dA-
dT)-poly(dA-dT) (final concentration 2 uM, DNA phosphate),
fluorescence increased on average 8-fold. Polyamine analogue
was added in 10-uL aliquots and the decrease in fluorescence
recorded. The ICs, value was defined as the concentration of
polyamine required to decrease the fluorescence of the ethidi-
um-DNA complex to 50%. None of the compounds tested ab-
sorbed or fluoresced at the critical wavelengths. Variability of
multiple trials was generally less than 5%.

Aggregation of HeLa DNA. HeLa cell DNA was radioactively
labeled by treatment of cultures with 4 uCi [*H]thymidine (ICN,
60 Ci/mmol) for 3 days. DNA was then isolated by phenol/
chloroform extraction and washed and the labeling quantitated.
To 100 uL of assay buffer (25 mM Tris, 4.5 mM KCl, 3 mM MgCl,,
pH 7.6) were added 1.5 ug (10 uL) of HeLa DNA (approximately
20000 cpm) and 10 uL of polyamine analogue at various con-
centrations. The mixture was incubated at 37 °C for 10 min, spun
in an Eppendorf centrifuge for 2.5 min, and 50 uL of the resulting
supernatant was counted for radioactivity. The ICy value was
defined as that concentration of polyamine analogue required to
cause 50% of the radioactivity to aggregate and thus sediment
out of the mixture. Due to cooperative binding of polyamines,
aggregation profiles were very steep, the concentrations showing
no aggregation and complete aggregation usually spanning only
about 100 uM. For this reason, the error associated with ICg,
determinations is estimated to be £25%.

Supplementary Material Available: Preparation and
analytical data for compounds 3, 4, 12a,b, 13a,b, 14a, and 23-40
(6 pages). Ordering information is given on any current masthead
page.
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Syntheses of several new analogues of lyngbyatoxin A from a single common intermediate are described. These
compounds bear a carbon chain at the 7-position of the indolactam V (ILV) nucleus which contains either a hydrophilic
or a lipophilic group. The effect of these minor structural alterations on the ability of the ILV analogues to activate
the enzyme protein kinase C (PKC) was determined by measuring the extent of phosphorylation of calf thymus
histone (III-S). Introduction of a hydroxyl group on the C-7 appendage was found to dramatically decrease compound
3’s ability to activate PKC. This result is interpreted in terms of the decreased ability of 3 to associate with the

membrane bilayer.

The enzyme protein kinase C (PKC) was discovered in
1977.1  Over the intervening years, PKC was found to be
a Ca?*-activated, phospholipid-dependent enzyme? and was
shown to play an important role in signal transduction.

*Mayo Clinic Jacksonville.
! University of Pittsburgh.

When a ligand binds to certain receptors on the cell surface
thereby stimulating the cell, inositol phospholipids are

(1) Inoue, M.; Kishimoto, A.; Takai, Y.; Nishizuka, Y. Studies on
a Cyclic Nucleotide-independent Protein Kinase and Its Pro-
enzyme in Mammalian Tissues. J. Biol. Chem. 1977, 252,
7610-7616.
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hydrolyzed to diacylglycerol and an inositol phosphate,
both of which are known to act as second messengers in
signal transduction. Inositol 1,4,5-trisphosphate plays an
important role in mobilizing intracellular Ca?*; these Ca?*
changes trigger in turn a series of intracellular events. On
the other hand, the primary effect of diacylglycerol is to
activate PKC thereby increasing the affinity of PKC for
Ca?*3 Depending upon the precise nature of the tissue,
fully activated PKC plays an important role in secretion
and exocytosis, ion conductance modulation, signal
transduction apparatus regulation, gene expression, and
cell proliferation. Additionally, the activation of PKC may
underlie the phenomenon of synaptic plasticity and the
expression of long term potentiation, processes funda-
mental to memory function.*

More specifically, PKC is activated when an extracel-
lular signal binds to its receptor and causes the activation
of phospholipase C (PLC), an enzyme that catalyzes the
degradation of phosphatidylinositol 4,5-bisphosphate to
myo-inositol 1,4,5-trisphosphate and diacylglycerol. Full
activation of PKC requires its translocation to the inner
membrane surface and the binding of Ca?*, phosphati-
dylserine, and the diacylglycerol released by the action of
PLC. Tumor promoters, for instance, the phorbol esters®
and indole alkaloids such as lyngbyatoxin A and the tel-
eocidins® can also activate PKC. These substances are able

(2) Takai, Y.; Kishimoto, A.; Iwasa, Y.; Kawahara, Y.; Mori, T.;
Nishizuka, Y. Calcium-dependent Activation of a Multifunc-
tional Protein Kinase by Membrane Phospholipids. . Biol.
Chem. 1979, 254, 3692-3695.

(3) For recent reviews, see: (a) Nishizuka, Y. The Role of Protein
Kinase C in Cell Surface Signal Transduction and Tumor
Promotion. Nature 1984, 308, 693. (b) Nishizuka, Y. The
Molecular Heterogeneity of Protein Kinase C and Its Impli-
cation for Cellular Regulation. Nature 1988, 334, 661-665. (c)
Berridge, M. J. Inositol Trisphosphate and Diacylglycerol As
Second Messengers. Biochem. J. 1984, 220, 345-360. (d)
Berridge, M. J.; Irvine, R. F. Inositol Trisphosphate, a Novel
Second Messenger in Cellular Signal Transduction. Nature
1984, 312, 315-321. (e) Marx, J. L. Polyphosphoinositide Re-
search Updated. Science 1987, 235, 974-976.

(4) (a) Lovinger, D. M.; Wong, K. L.; Murakami, K.; Routtenberg,
A. Protein Kinase C Inhibitors Eliminate Hippocampal Long-
term Potentiation. Brain Res. 1987, 436, 177-183. (b) Murray,
A. W.; Fournier, A.; Hardy, S. J. Proteolytic Activation of
Protein Kinase C: a Physiological Reaction? TIBS 1987, 12,
53-54. (c) Burgoyne, R. D. A Role for Membrane-inserted
Protein Kinase C in Cellular Memory. TIBS 1989, 14, 87-88.
(d) Reymann, K. G.; Brademann, R.; Kase, H.; Matthies, H.
Inhibitors of Calmodulin and Protein Kinase C Block Different
Phases of Hippocampal Long-term Potentiation. Brain Res.
1988, 461, 388-392. (e) Malenka, R. C.; Kauer, J. A.; Perkel,
D. J.; Mauk, M. D.; Kelly, P. T.; Nicoll, R. A.; Waxham, M. N.
An Essential Role for Postsynaptic Calmodulin and Protein
Kinase Activity in Long-term Potentiation. Nature 1989, 340,
554-557.

(5) (a) Yamamoto, S.; Gotch, H.; Aizu, E.; Sasakawa, N.; Hiai, H.;
Kato, R. Differential Effects of Diacylglycerols and 12-O-
Tetradecanoylphorbol-13-acetate on Protein Phosphorylation
and Cell Proliferation of Tumor Promoter-dependent Leuke-
mia Cell Line A65T. Carcinogenesis 1988, 9, 1857-1862. (b)
Castagna, M.; Takai, Y.; Kaibuchi, K.; Sano, K.; Kikkawa, U.;
Nishizuka, Y. Direct Activation of Calcium-activated, Phos-
pholipid-dependent Protein Kinase by Tumor-promoting
Phorbol Esters. J. Biol. Chem. 1982, 257, 7847-7851. (c)
Wender, P. A.; Koehler, K. F.; Sharkey, N. A.; Dell’Aquila, M.
L.; Blumberg, P. M. Analysis of the Phorbol Ester Pharmaco-
phore on Protein Kinase C as a Guide to the Rational Design
of New Classes of Analogs. Proc. Natl. Acad. Sci. U.S.A. 1986,
83, 4214-4218.
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to mimic the effect of diacylglycerol in activating PKC,
but unlike diacylglycerol, they cause a persistent activation
of the enzyme. The persistent activation of PKC by these
tumor promoters appears to be linked to the down regu-
lation of the enzyme, a process which may be related to
the tumor-promoting action of these substances.’

As part of an effort to turn one of Nature’s toxins,
lyngbyatoxin A, into selective antagonists of PKC, agents
which may offer new approaches to cancer chemotherapy,
we have recently developed an efficient synthetic pathway
to the simplified lyngbyatoxin analogues 1 and 2.8 These
analogues were found to activate PKC in the same way as
lyngbytoxin A, and most interestingly, the n-hexyl ana-
logue 2 has recently been shown to increase the mean
survival time of tumor-bearing mice by at least 2-fold.?

(6) (a) Cardelina, J. M., IL.; Marner, F. J.; Moore, R. E. Seaweed
Dermatitis: Structure of Lyngbystoxin A. Science 1979, 204,
193-195. (b) Irie, K.; Hagiwara, N.; Hayashi, H.; Arai, M,;
Tokuda, H.; Koshimizu, K. Isolation and Biological Activities
of N13.Desmethyl Analogues of Tumor Promoter Teleocidin
from Streptoverticillium blastmyceticum. Agric. Biol. Chem.
1988, 52, 3193-3195. (e) Irie, K.; Funaki, A.; Koshimizu, K.;
Hayashi, H.; Arai, M. Structure of Blastmycetin E, A New
Teleocidin-related Compound, from Streptoverticillium
blastmyceticum. Tetrahedron Lett. 1989, 30, 2113-2116. (d)
Sugimura, T. Potent Tumor Promoters Other Than Phorbol
Ester and Their Significance. Jpn. J. Cancer Res. 1982, 73,
499-507. (e) Hagiwara, N.; Irie, K.; Funaki, A.; Hayashij, H.;
Arai, M.; Koshimizu, K. Structure and Tumor-promoting Ac-
tivity of New Teleocidin-related Metabolites (Blastmycetins)
from Streptoverticillium blastmyceticum. Agric. Biol. Chem.
1988, 52, 641-648. (e) Sugimura, T.; Fujiki, H.; Mori, M,;
Nakayasu, M.; Terada, M.; Umezawa, K.; Moore, R. E. Teleo-
cidin: New Naturally Occurring Tumor Promoter. Carcino-
genesis 1982, 7, 69-73. (f) Fujiki, H.; Mori, M.; Nakayasu, M.;
Terada, M.; Sugimura, T.; Moore, R. E. Indole Alkaloids:
Dihydroteleocidin B, Teleocidin, and Lyngbyatoxin A as
members of a New Class of Tumor Promoters. Proc. Natl.
Acad. Sci. U.S.A. 1981, 78, 3872-3876. (g) Takashima, M,;
Sakai, H. A New Toxic Substance, Teleocidin, Produced by
Streptomyces, Part I. Production, Isolation and Chemical
Studies. Bull. Agric. Chem. Soc. Jpn. 1960, 24, 647-651. (h)
Takashima, M.; Sakai, H. A New Toxic Substance, Teleocidin,
Produced by Streptomyces, Part II. Biological Studies of
Teleocidin, Bull. Agric. Chem. Soc. Jpn. 1960, 24, 652-655. (i)
Takashima, M.; Sakai, H.; Arima, K. A New Toxic Substance,
Teleocidin, Produced by Streptomyces. Part III. Production,
Isolation and Chemical Characterization of Teleocidin B.
Agric. Biol. Chem. 1962, 26, 660-668. (j) Heikkila, J.; Aker-
man, K. E. O. (-)-Indolactam V Activates Protein Kinase C
and Induces Changes in Muscarinic Receptor Functions in
SH-SY5Y Human Neuroblastoma Cells. Biochem. Biophys.
Res. Commun. 1989, 162, 1207-1213. (k) Heikkila, J. S.; Hi-
totsuyanagi, Y.; Aimi, N.; Fujiki, H.; Suganuma, M.; Sugimura,
T.; Endo, Y.; Shudo, K. Absolute Configuration of Lyngbya-
toxin A (Teleocidin A-1) and Teleocidin A-2. Tetrahedron
Lett. 1986, 27, 5219-5220. (1) Hitotsuyanagi, Y.; Fujiki, H.;
Suganuma, M.; Aimi, N.; Sakai, S.; Endo, Y.; Shudo, K.; Sug-
imura, T. Isolation and Structure Elucidation of Teleocidin
B-1, B-2, B-3, and B-4. Chem. Pharm. Bull. 1984, 32,
4233-4236.

(a) See ref 3b. (b) Schlessinger, J. Allosteric Regulation of the
Epidermal Growth Factor Receptor Kinase. J. Cell Biol. 1986,
103, 2067-2072. (c) Cantrell, D. A.; Davies, A. A.; Crumpton,
M. J. Activators of Protein Kinase C Down-regulate and
Phosphorylate the T3/T-cell Antigen Receptor Complex of
Human T Lymphocytes. Proc. Natl. Acad. Sci. U.S.A. 1985,
82, 8158-8162. (d) Favaron, M.; Manev, H.; Bertolino, M.;
Szekely, A. M.; DeErausquin, G.; Guidotti, A.; Costa, E. Proc.
Natl. Acad. Sci. U.S.A., in press.

Kozikowski, A. P.; Sato, K.; Basu, A.; Lazo, J. S. Synthesis and
Biological Studies of Simplified Analogues of Lyngbyatoxin A:
Use of an Isoxazoline-based Indole Synthesis. Quest for Pro-
tein Kinase C Modulators. J. Am. Chem. Soc. 1989, 111,
6228-6234.
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R = +Bu, 7-tert-butylindolactam V (1)

R = nHex, 7-n-hexylindolactam V (2)

R = (CH3)4OH, 7-(4-hydroxybutyl)indolactam V (3)

R = (CH3)3CH=C(CHjy)3, 7-(5-methylhex-4-enyl)indolactam V (4)

As the difference in potency among the simplified
analogues of lyngbyatoxin A and lyngbyatoxin A itself
relates to the precise nature of the hydrophobic moiety at
the 7-position of the indole ring, we believe that this hy-
drophobic moiety plays a crucial role in the activation as
well as, perhaps, the down regulation of PKC. Struc-
ture—activity studies by various workers have linked the
presence of a larger hydrophobic moiety to enhanced ac-
tivity, a fact that may be related to the interaction of this
hydrophobic moiety with the membrane lipid bilayer.!°
By the same token, the down-regulation of PKC may also
be related to the interaction of the same lipophilic moiety
with the membrane lipid bilayer. As PKC is known to
exert negative-feedback control on some membrane re-
ceptors and, consequently, down regulation of the enzyme
may be deleterious to this process, the investigation of
lyngbyatoxin analogues bearing altered appendages at the
7-position may lead to new research tools for probing the
biological significance of the negative-feedback loop.

Herein, we report the synthesis and PKC activating
abilities of several analogues of lyngbyatoxin A (com-
pounds 3, 4, and 32).! Compound 3 contains a four-
carbon chain bearing a polar hydroxyl group which is at-
tached to the 7-position of the indole ring, while com-
pounds 4 and 32 contain modified lipophilic moieties.
These analogues were synthesized from one common in-
termediate 5, which can be prepared efficiently starting
from 1,5-pentanediol. The presence of the hydroxy group

A HL NI(OMQ

0O

|
N

H
+BDMS-O(CH,),
5

in the C-7 appendage of 3 makes it an attractive inter-

(9) Rusnak, J.; Kozikowski, A. P.; Sato, K.; Lazo, J. S. Unpub-
lished findings.

(10) (a) Irie, K.; Hagiwara, N.; Takoda, H.; Koshimizu, K. Struc-
ture-Activity Studies of the Indole Alkaloid Tumor Promoter
Teleocidins. Carcinogenesis 1987, 8, 547-552. (b) Bazzi, M.
D.; Nelsestuen, G. L. Properties of Membrane-inserted Protein
Kinase C. Biochemistry 1988, 27, 7589-7593.

(11) For recent synthetic studies in this field, see footnote 5 of ref
8.
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Scheme I. Retrosynthetic Analysis of 7-Substituted ILV
Analogues
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mediate for the synthesis of other analogues and homo-
logues. Furthermore, this hydroxyl function can serve as
an important linker for the incorporation of various re-
porter groups.

The examination of the PKC activity of indolactam V
(ILV) analogues containing a polar group located in the
C-7 appendage at some distance from the indole ring has
not been studied in any detail. The only other compounds
to be tested are those containing an aminoethyl group or
a 3-(carbomethoxy)propanoy! group.!?

Our synthetic scheme makes use of a new indole syn-
thesis developed specifically for these molecules and is
based upon annelation of an aromatic ring to a preformed
pyrrole ring system.!® A retrosynthetic analysis of these
molecules is presented in Scheme I.  Although other routes
to ILV analogues have been developed including the direct
functionalization of natural ILV, these routes are not any
more efficient than the methods detailed herein.}*

Synthetic Chemistry

1,5-Pentanediol was monosilylated and oxidized by the
Swern procedure to give the silyl ether of 5-hydroxy-
pentanal 11!5 (Scheme II). Aldehyde 11 was converted
to oxime 12 by hydroxylamine hydrochloride in the

(12) Irie, K.; Koshimizu, K. Structure-Activity Studies of Indole
Alkaloid Tumor Promoters Mem. Coll. Agric., Kyoto Univ.
1988, 132, 1-59.

(13) (a) Kozikowski, A. P.; Cheng, X.-M. A Model Study for the
Synthesis of the Tumor Promoting Agents Lyngbyatoxin A
and Teleocidin B--- Further Aspects of a New Isoxazoline-
based Indole Synthesis. Tetrahedron Lett. 1985, 26,
4047-4050. (b) Kozikowski, A. P.; Cheng, X.-M. Use of a
Thermally Stable, Optically Active Nitrile Oxide in the Syn-
thesis of a Lyngbyatoxin A Intermediate. Tetrahedron Lett.
1987, 28, 3189-3192.

(14) Kogan, T. P.; Somers, T. C.; Venuti, M. C. A Regio- and
Stereocontrolled Total Synthesis of (-)-Indolactam-V. Tetra-
hedron 1990, 46, 6623-6632.

(15) (a) Marx, M.; Tidwell, T. T. Reactivity-Selectivity in the
Swern Oxidation of Aleohols Using Dimethyl Sulfoxide-Oxalyl
Chloride. J. Org. Chem. 1984, 49, 778-788. (b) Mancuso, A.
J.; Huang, S.-L.; Swern, D. Oxidation of Long-chain and Re-
lated Alcohols to Carbonyls by Dimethyl Sulfoxide “Activated”
by Oxalyl Chloride. J. Org. Chem. 1978, 43, 2480-2482.
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Scheme II. Synthesis of Key Intermediate 5°
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¢Reagents and Conditions: (a) i, -BDMSCI, imidazole, DMF (88%); ii, Swern oxidation (87%); (b) NH,OH-HCIl, Na,CO;, H,0 (96%); (c)
i, NCS, DMF; ii, H,C=CHCH(OMe),, TEA, CH,Cl, (78%); (d) i, 10% H,S0,/H,0, DME (90%); ii, t-BDMSC], imidazole, DMF (66%); (e)
L-valine methyl ester, MgSO,, PhH; (f) 3-bromo-1-(triisopropylsilyl)pyrrole (16), ¢-BuLi, THF (40%); (g) AcOCHO (neat) (76%); (h) n-
Bu,NF, THF (88%); (i) H,, Raney Ni, MeOH/H,0/AcOH (50%); (j) t-BDMSOTY, CH,Cl, (54%); (k) t-BDMSC], imidazole, DMF (91%);

() BHyMe;,S, THF (82%).

presence of sodium carbonate, and this oxime was treated
in turn with N-chlorosuccinimide to give the corresponding
hydroximic acid chloride.!® In the presence of triethyl-
amine the nitrile oxide derived from the hydroximic acid
chloride underwent [3 + 2] cycloaddition with acrolein
dimethyl acetal to give the A%-isoxazoline 13. Attempts
to cleave the dimethyl acetal of 13 with trimethylsilyl
iodide!” to the corresponding aldehyde 14 without re-
moving the silyl ether protecting group were not successful;
thus, isoxazoline 13 was treated with 10% sulfuric acid in
dimethoxyethane to hydrolyze the dimethyl acetal and to
remove the t-BDMS protecting group. The hydroxyl group
was then reprotected as the corresponding silyl ether 14.
While some attempts were made to synthesize compound
14 in a more direct manner by reacting the nitrile oxide
derived from 12 with acrolein, the yields obtained for this
reaction were disappointing (10-20%).

Next, aldehyde 14 was condensed with L-valine methyl
ester to give the crude imine 15, which was immediately
condensed with N-(triisopropylsilyl)-3-lithiopyrrole!® to

(16) Stevens, R. V.; Beaulieu, N.; Chan, W. H.; Daniewski, A. R.;
Takeda, T.; Waldner, A.; Williard, P. G.; Zutter, U. Studies
on the Synthesis of Vitamin B;,. 4. J. Am. Chem. Soc. 1986,
108, 1039-1049.

(17) Jung, M. E.;; Andrus, W. A.; Ornstein, P. L. Non-aqueous
Conversion of Ketals to Ketone via Treatment with Tri-
methylsilyl lodide. Tetrahedron Lett. 1977, 18, 4175-4178.

(18) (a) Kozikowski, A. P.; Cheng, X.-M. A Synthesis of 3-Substi-
tuted Pyrroles through the Halogen-Metal Exchange Reaction
of 3-Bromo-1-(triisopropylsilyl)pyrrole. J. Org. Chem. 1984,
49, 3239-3240. (b) Muchowski, J. M.; Solas, D. R. 3-Substi-
tuted Pyrrole via Electrophilic Substitution of N-Triiso-
propylsilylpyrrole. Tetrahedron Lett. 1983, 24, 3455-3456.

Scheme III. Introduction of the Unsaturated C-7 Hydrocarbon
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give amine 17. Amine 17 was formylated with acetic formic
anhydride?® to afford the corresponding formamide 18, and
the triisopropylsilyl protecting group was selectively re-
moved with tetra-n-butylammonium fluoride to provide
pyrrole 19. Treatment of the (isoxazolylmethyl)pyrrole 19

(19) (a) Krimen, L. . Acetic Formic Anhydride. Org. Synth. 1970,
50, 1-3. (b) Krishnamurthy, S. A Highly Efficient and General
N-Monomethylation of Functionalized Primary Amines via
Formylation—Borane:Methyl Sulfide Reduction. Tetrahedron
Lett. 1982, 23, 3315-3318.
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Scheme IV. Completion of the ILV Analogues
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with Raney nickel and hydrogen transformed the isoxa-
zoline ring to the 8-hydroxy ketone 20. Intermediate 20
was cyclized in turn to the corresponding indole 21 by
using tert-butyldimethylsilyl triflate as the Friedel-Crafts
catalyst. Since the t-BDMS protecting group was lost in
the cyclization step, a consequence presumably of the
generation of triflic acid during the reaction, reprotection
of the hydroxyl group was required. The N-formyl group
of 22 was now reduced to give the corresponding methyl-
amine 5 by use of the borane dimethylsulfide complex.?°
Some deformylated indole (approximately 10% based
upon 'H NMR analysis) was also isolated from this reac-
tion. The optical rotation of indole 5 was found to be
similar in sign and magnitude to the rotation displayed
by related analogues which have been synthesized in our
laboratories.

Scheme III shows the method of conversion of the 4-
hydroxybutyl group at the 7-position of indole 5 to the
5-methylhex-4-enyl group. Indole 5 was firstly desilylated
by treatment with tetra-n-butylammonium fluoride to give
indole alcohol 23. Attempts to oxidize alcohol 23 by Swern
oxidation or DMSO/acetic anhydride gave low yields of
the desired indole aldehyde 24. PDC and PCC, on the
other hand, caused decomposition of indole alcohol 23.
Fortunately, oxidation by SOg-pyridine-DMSO-triethyl-
amine gave the desired product 24 in good yield.?! Al-
dehyde 24 was then converted to the corresponding di-
methyl olefin 25 by Wittig reaction.?

(20) (a) Brown, H. C.; Heim, P. Selective Reductions. XVIII. The
Fast Reaction of Primary, Secondary, and Tertiary Amides
with Diborane. A Simple, Convenient Procedure for the Con-
version of Amides to the Corresponding Amines. J. Org.
Chem. 19783, 38, 912-916. (b) Also see ref 19b.

(21) Parikh, J. R.; Doering, W. von E. Sulfur Trioxide in the Oxi-
dation of Alcohols by Dimethyl Sulfoxide. J. Am. Chem. Soc.
1967, 89, 5505-5507.

(22) Greenwald, R.; Chaykovsky, M.; Corey, E. J. The Wittig Re-
action Using Methylsulfinyl Carbanion-Dimethyl Sulfoxide. J.
Org. Chem. 1963, 28, 1128-1129.

NOH
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Gilchrist’s reagent, ethyl 3-bromo-2-ketopropionate ox-
ime,? was employed to introduce the three-carbon frag-
ment at the C-3 position of the indole nucleus. Indole 5
reacted with Gilchrist’s reagent in the presence of sodium
carbonate to give a-oximino ester 26 (Scheme IV). Small
amounts of the undesired 5-substituted and 3,5-disubsti-
tuted indoles were also obtained. The oxime group of 26
was reduced to amine by aluminum amalgam,? and the
less hindered ester group was selectively reduced to the
amino alcohol 28 by sodium borohydride and lithium
chloride. The final cyclization was achieved by refluxing
amino alcohol 28 with triethylaluminum? in toluene under
an anhydrous oxygen-free atmosphere for 15-16 h to give
the diastereomeric indolactams 30 and 31. The pair of
diastereomeric indolactams could be readily separated by
silica gel flash chromatography. Indolactam 4 and epi-
indolactam 32 were obtained from indole 25 in the same
manner as described above. Indolactam 3 and epi-indo-
lactam 33 were obtained in quantitative yields by simply
treating 30 and 31 with tetra-n-butylammonium fluoride.

'H NMR spectra of epi-indolactams 30, 32, and 33 reveal
that these compounds exist in a single conformation, as

(23) (a) Gilchrist, T. L.; Lingham, D. A.; Roberts, T. G. Ethyl 3-
Bromo-2-hydroxyiminopropanoate, a Reagent for the Prepa-
ration of Ethyl Esters of a-Amino Acids. J. Chem. Soc., Chem.
Commun. 1979, 1089-1090. (b) Ottenheijm, H. C. J.; Plate, R.;
Noordik, J. H.; Herscheid, J. D. M. N-Hydroxytryptophan in
the Synthesis of Natural Products Containing Oxidized Di-
oxopiperazines. An Approach to the Neoechinulin and Spo-
ridesmin Series. J. Org. Chem. 1982, 47, 2147-2154.

(24) Drinkwater, D. J.; Smith, P. W. G. Synthesis of Unsaturated
a-Amino Acids. J. Chem. Soc., Chem. Commun. 1971,
1305-1307.

(25) (a) Woodward, R. B.; Heusler, K.; Gosteli, J.; Naegeli, P.; Op-
polzer, W.; Ramage, R.; Ranganathan, S.; Vorbruggen, H. The
Total Synthesis of Cephalosporin C. J. Am. Chem. Soc. 1966,
88, 852-853. (b) Cainelli, G.; Giacomini, D.; Panunzio, M.;
Martelli, G.; Spunta, G. A Synthetic Approach to 4-Oxo-4-
thio-acetoxy Azetidin-2-ones. Tetrahedron Lett. 1987, 28,
3593-3596.
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Table I. Effects of Various Synthetic Analogues of
Lyngbyatoxin A on the Activation of Protein Kinase C

protein kinase C
activity,? pmol min!
(mg of protein)™!

addition, 1 uM

none 107 £ 5.0
TPA 899 + 104
(=)-ILV 454 + 32

(-)-n-hexylindolactam V 606 £ 80

4 763 + 68

32 415 £ 15

31 703 + 12

30 403 £ 7

3 256 = 48

33 163 + 14

8 Protein kinase C activity was determined in the presence of 1
uM TPA or lyngbyatoxin A analogues as described in the Experi-
mental Section.

only one N-methyl signal is observed. On the other hand,
indolactams 2, 3, 4, and 31 exist in two conformations, twist
and sofa. Two N-methyl signals in an approximately 1:1
ratio are observed in the 'H NMR (CD;0D) spectra of
these compounds. The nature of the substituents at the
(6),7-positions of the indole nucleus may possibly affect
the conformer ratio. For example, the ratio of twist to sofa
conformations of oliveroretin A, oliveroretin D, blast-
mycetin D, blastmycetin E, and lyngbyatoxin A are 12:1
(CDCly), 7:1 (CDCly), 5:1 (CDCly), 1:2.4 (CDCly), and 5:1,%8
respectively. The ratio of conformations of these com-
pounds in solution is solvent dependent. Although a re-
ceptor-model study based upon the structural superposi-
tion of the teleocidins and the phorbol esters favors the
sofa form as the biologically active conformation of the
former,?” more stringent experiments are needed to de-
termine which of the two conformations of the teleocidins
is important to their biological activity.

Biological Results

The abilities of these newly synthesized analogues to
activate PKC were assayed by using enzyme partially
purified from cultured HeLa cells. The enzyme activity
was determined by measuring the incorporation of 32P from
[v-32P)ATP into calf thymus histone (III-S). The abilities
of these six compounds together with those of 12-O-tet-
radecanoylphorbol 13-acetate (TPA), (-)-ILV, and (-)-n-
hexylindolactam V to activate PKC are displayed in Table
I. As expected based upon hydrophobicity parameters
as well as stereochemical considerations, the 5-methyl-4-
hexenyl analogue 4 and the [(tert-butyldimethylsilyl)-
oxy]butyl analogue 31 are somewhat more potent than
n-hexyl-ILV in activating PKC. The olefin 32 and silyl

(26) (a) Endo, Y.; Shudo, K.; Okamoto, T. Molecular Requirements
for Epigenetic Modulators. Synthesis of Active Fragments of
Teleocidins and Lyngbyatoxin. Chem. Pharm. Bull. 1982, 30,
3457-3460. (b) Irie, K.; Kajiyama, S.-I.; Funaki, A.; Koshimizu,
K.; Hayashi, H.; Arai, M. Biosynthesis of Indole Alkaloid Tu-
mor Promoters Teleocidins (I) Possible Biosynthetic Pathway
of the Monoterpenoid Moieties of Teleocidins. Tetrahedron
1990, 46, 2773-2788.

(27) (a) Itai, A.; Kato, Y.; Tomioka, N.; Iitaka, Y.; Endo, Y.; Hase-
gawa, M.; Shudo, K.; Fujiki, H.; Sakai, S.-I. A Receptor Model
for Tumor Promoters: Rational Superposition of Teleocidins
and Phorbol Esters. Proc. Natl. Acad. Sci. U.S.A. 1988, 85,
3688-3692. (b) Also see: Jeffrey, A. M.; Liskamp, R. M.
Computer-assisted Molecular Modeling of Tumor Promoters:
Rationale for the Activity of Phorbol Esters, Teleocidin B, and
Aplysiatoxin. Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 241-245.
Thomson, C.; Wilkie, J. The Conformations and Electrostatic
Potential Maps of Phorbol Esters, Teleocidins and Ingenols.
Carcinogenesis 1989, 10, 531-540.
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Figure 1. Effects of varying concentrations of the lyngbyatoxin
A analogues on the activation of PKC. The PKC activity was
determined in vitro in the presence of compounds 4 (0), 32 (@),
31 (a), 30 (a), 3 (O), or 33 (W) as described in the Experimental
Section.

ether 30 of “unnatural” stereochemistry at the hydroxy-
methyl bearing center are both less effective than their
“natural” stereoisomers when tested at 1.0 uM concen-
trations. When tested at higher concentrations (10.0 uM)
the differences among these five compounds become less
apparent as seen in the complete concentration-response
curve shown in Figure 1.

Rather interestingly, the 4-hydroxybutyl analogues 3 and
33 are only weak activators of PKC even at concentrations
of 1.0 uM. However, at 10 uM, compound 3 is capable of
activating PKC moderately. Compounds 3 and 33 were
found to be incapable of antagonizing PKC stimulation
caused by the physiological activator, diacylglycerol (1,2-
diolein, Avanti Polar Lipids, Inc., Alabastar, AL).

Apparently, the simple introduction of a polar hydroxyl
group on the C-7 appendage of ILV decreases the com-
pound’s ability to interact with the membrane bilayer. The
decreased association of the analogue with the membrane
could compromise, in turn, formation of the ternary com-
plex with PKC, thus leading to only weak activation of the
enzyme. The failure of 3 to antagonize the action of
diacylglycerol may relate to the lower relative affinity of
3 for PKC compared to DAG.

The present results indicate that it will be important
to test the action of ILV analogues bearing a polar
(charged) group in the C-7 appendage which is located at
a distance of greater than four carbon atoms from the
indole nucleus. Such analogues may still permit efficient
binding to the phorbol ester recognition site of the PKC
molecule, but may lead to the disruption of the association
of PKC with the membrane lipids.®® Such structural
modifications may possibly lead to the discovery of se-
lective PKC antagonists.

Experimental Section

All reactions were carried out in oven- or flame-dried glassware
under an anhydrous argon atmosphere unless otherwise stated.
Distilled, reagent-grade solvents were used for chromatography
and extraction. Tetrahydrofuran (THF) was distilled over sodium
benzophenone ketyl. Benzene and toluene were distilled over
calcium hydride. Methylene chloride was distilled over calcium
hydride and stored over molecular sieves (4 A). Dimethylform-
amide (DMF) was distilled over calcium hydride under reduced
pressure and stored over molecular sieves (4 A). Triethylamine

(28) Epand, R. M.; Lester, D. S. The Role of Membrane Biophy-
sical Properties in the Regulation of Protein Kinase C Activity.
Trends Pharmac. Sci. 1990, 11, 317-320.
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(TEA) was distilled over calcium hydride and stored over po-
tassium hydroxide. Dimethyl sulfoxide (DMSO) was distilled over
calcium hydride and stored under argon. All other reagents were
used as supplied unless otherwise stated.

Infrared spectra (neat film) were obtained on an IBM IR/32
FTIR spectrophotometer. 'H and *C NMR were recorded at 300
MHz and 75 MHz (Bruker WH-300), respectively, in the solvent(s)
noted. 'H chemical shifts (5) were reported with Me,Si (6 = 0.00
ppm) or CHC), (3 = 7.26 ppm) as internal standards. *C chemical
shifts (5) were reported with CHCI; (central peak, § = 77.00 ppm)
as internal standard. The following abbreviations are used: br
= broad, d = doublet, m = multiplet, @ = quartet, s = singlet,
t = triplet. Low- and high-resolution mass spectra were deter-
mined on a VG 70-SE double focusing magnetic sector spec-
trometer.

Silica gel 60 (Merck, 230-400 mesh for flash chromatography)
was used for column chromatography. Thin-layer chromatography
(TLC) was performed on Merck Silica Gel 60 F-254 (0.25 mm,
precoated on glass). Visualization of compounds on TLC was
accomplished by UV illumination, or by staining with a solution
prepared from 25 g of ammonium molybdate and 1 g of ceric
sulfate in 500 mL of 10% sulfuric acid, followed by heating.

5-[[(1,1-Dimethylethyl)dimethylsilyl Joxy]-1-pentanol. To
a solution of 1,5-pentanediol (50 mL, 662.4 mmol) and imidazole
22.54 g, 331.2 mmol) in DMF (50 mL) was added dropwise t-
BDMSCI (25.00 g, 165.6 mmol) in DMF (100 mL). The reaction
mixture was stirred at room temperature overnight, then diluted
with water, and extracted with ethyl acetate (3X). The combined
extracts were washed with water and brine, dried over MgSO,,
and concentrated in vacuo. The residual oil was loaded onto a
silica gel column, and the column was eluted with ethyl ace-
tate-hexane (10% to 25%) to give 32.06 g (88%) of the desired
product and 3.57 g (6%) of the disilylated product: IR (film) 3339,
2932, 2859, 1463, 1256, 1101, 836, 775 cm™; 'TH NMR (CDCl;) &
0.05 (s, 6 H), 0.90 (s, 9 H), 1.30-1.66 (m, 7 H), 3.51-3.71 (m, 4 H);
13C NMR 4§ -5.36, 14.12, 18.31, 20.99, 21.97, 25.92, 32.42, 62.73,
63.10; MS (m/z) 161 (M* - 57), 143, 115, 105, 75, 69; HRMS caled
for C;H,,0,8i (M* - C,Hy) 161.0998, found 161.0998.

5-[[(1,1-Dimethylethyl)dimethylsilyl Joxy]pentanal (11).
A solution of oxalyl chloride (6.7 mL, 76.8 mmol) in methylene
chloride (120 mL) was placed in a three-necked round-bottomed
flask equipped with two pressure-equalizing addition funnels
containing DMSO (10 mL, 140.8 mmol) in methylene chloride
(60 mL) in one of the funnels and the monosilylated pentanediol
(14.0 g, 64 mmol) in methylene chloride (150 mL) in the other.
After the solution was cooled to —78 °C, the DMSO solution was
added (ca. 1 min). After bubbling ceased, the alcohol solution
was added slowly (ca. 5 min). After being stirred for another 15
min, the reaction was quenched with TEA (45 mL, 320 mmol).
The cooling bath was removed, and the reaction mixture was
allowed to warm to room temperature. The mixture was diluted
with water and extracted with methylene chloride (2x). The
combined extracts were washed with water and brine, dried over
MgSO,, and concentrated in vacuo. The oil residue was loaded
onto a silica gel column, and the column was eluted with ethyl
acetate-hexane (10%) to yield 12.07 g (87%) of the desired
product: IR (film) 2929, 2858, 1728, 1256, 1102, 836, 776 cm™;
IH NMR (CDCl,) § 0.02 (s, 6 H), 0.86 (s, 9 H), 1.47-1.61 (m, 2
H), 1.61-1.76 (m, 2 H), 2.44 (dt, 2 H, J = 1.5, 7.3 Hz), 3.60 (t, 2
H,J =6.2 Hz), 9.74 (t, 1 H, J = 1.5 Hz); }*C NMR 4§ -5.39, 18.26,
18.57, 25.89, 32.05, 43.57, 62.53, 202.61; MS (m/z) 201, 189, 159
(M* - 57), 141, 101, 75; HRMS caled for C;H,;0.Si (M* - C;H,)
159.0841, found 159.0841.

5-[[(1,1-Dimethylethyl)dimethylsilylJoxy]pentanal Oxime
(12). The protected aldehyde 11 (8.35 g, 38.5 mmol) was sus-
pended in water (30 mL). Hydroxylamine hydrochloride (3.21
g, 46.2 mmol) neutralized by sodium carbonate (2.65 g, 25 mmol)
in water (50 mL) was added slowly to the above suspension. After
being stirred at room temperature for 1 h, the reaction mixture
was extracted with diethyl ether (3X). The combined extracts
were washed with brine, dried over MgSO,, and concentrated in
vacuo. The crude oil was loaded onto a silica gel column, and
the column was eluted with ethyl acetate-hexane (10% to 25%)
to yield 8.54 g (96%) of the desired product as a mixture of anti
and syn isomers: IR (film) 3279, 2930, 2859, 1463, 1256, 1101,
814, 775 em™; 'H NMR (CDCly) syn oxime & 0.03 (s, 6 H), 0.87
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(s, 9 H), 1.54 (m, 4 H), 2.19 (m, 2 H), 3.60 (m, 2 H), 7.40 (t, 1 H,
J = 6.1 Hz), 9.20 (br, 1 H); anti oxime é 0.04 (s, 6 H), 0.88 (s, 9
H), 1.55 (m, 4 H), 2.39 (m, 2 H), 3.62 (m, 2H),6.71(t,1H,J =
5.4 Hz), 9.44 (br, 1 H); 3C NMR syn oxime § -5.36, 18.29, 22.94,
25.91, 29.19, 32.03, 62.63, 151.92; anti oxime & -5.36, 18.29, 22.39,
24.68, 25.92, 32.36, 62.61, 152.56; MS (m/z) 214, 174 (M* - 57),
156, 105; HRMS caled for C;H,gNO,Si (M* - C,Hy) 174.0950,
found 174.0950. Anal. (C,;H;NO,Si) C, H, N.

(%)-3-[4-[[(1,1-Dimethylethyl)dimethylsilyl]Joxy]butyl]-
5-(dimethoxymethyl)-4,5-dihydroisoxazole (13). To a solution
of the oxime 12 (0.20 g, 0.86 mmol) in DMF (5 mL) was added
NCS (0.13 g, 1.00 mmol). The reaction mixture was stirred at
40-45 °C for 3 h, then diluted with water and extracted with
diethy! ether (3%). The combined extracts were washed with
brine, dried over MgSO,, and concentrated in vacuo to yield a
greenish oil. The crude hydroximic acid chloride was used im-
mediately in the next step without further purification.

To a solution of acrolein dimethyl acetal (1 mL, 8.4 mmol) and
TEA (1 mL, 7.2 mmol) in methylene chloride (5 mL) was added
the crude hydroximic acid chloride (from the above reaction) in
methylene chloride (5 mL). After being stirred at room tem-
perature overnight, the reaction mixture was diluted with water
and extracted with methylene chloride (2X). The combined
extracts were washed with brine, dried over MgSO,, and con-
centrated in vacuo. The oily residue was loaded onto a silica gel
column, and the column was eluted with ethyl acetate-hexane
(20%) to yield 0.22 g (78% ) of the desired product: IR (film) 2931,
2858, 1463, 1255, 1095, 837, 776 cm™}; 'H NMR (CDCl,) § 0.02
(s, 6 H), 0.86 (s, 9 H), 1.47-1.69 (m, 4 H), 233 (t, 1 H, J = 2.8
Hz), 3.42(d, 6 H, J = 1.7 Hz), 3.60 (t, 2 H, J = 6.1 Hz), 4.27 (d,
1 H, J = 4.6 Hz), 5.45 (m, 1 H); 13C NMR 4 -5.40, 18.22, 22.69,
25.85, 27.13, 32.07, 55.12, 55.99, 62.42, 104.51, 158.97; MS (m/z)
316, 274 (M* - 57), 258, 242, 202, 156, 89, 75, 55; HRMS caled
for C,;Hy,NO,Si (M* - C,H,) 274.1475, found 274.1475. Anal.
(C,gH33NO,Si) C, H, N.

(£)-3-[4-[[(1,1-Dimethylethyl)dimethylsilyl]oxy]butyl]-
4,5-dihydro-5-isoxazolecarboxaldehyde (14). Dimethyl acetal
13 (14.4 g, 0.043 mol) was dissolved in 200 mL of 1,2-dimeth-
oxyethane-water—concentrated sulfuric acid (7.0/2.7/0.3). The
reaction mixture was refluxed at 90 °C for ca. 3-4 h. After cooling
to room temperature, it was neutralized by the addition of solid
sodium bicarbonate. The solid residue was removed by filtration,
and the filtrate was concentrated in vacuo. The oily residue was
purified by silica gel chromatography with 5% methanol-ethyl
acetate used as eluent to yield 7.69 g (30%) of 3-(4-hydroxy-
butyl)-2-isoxazoline-5-carboxaldehyde.

To a solution of this compound (501.5 mg, 2.65 mmol) and
imidazole (433.0 mg, 6.16 mmol) in DMF (25 mL) was added
t-BDMSCI (479.3 mg, 3.18 mmol) under an anhydrous argon
atmosphere. After being stirred at room temperature overnight,
the reaction was quenched with water and extracted with ethyl
acetate. The combined extracts were washed with brine, dried
over MgSQ,, and concentrated in vacuo. The oily residue was
purified by silica gel chromatography by using ethyl acetate-
hexane (50% to 67%) to yield 531.6 mg (66%) of the desired
product as a mixture of the aldehyde and its hydrate: IR (film)
3394, 2929, 2859, 1738, 1629, 1463, 1256, 1103, 837, 776 ecm™; 'H
NMR (for aldehyde) (CDClg) § 0.02 (s, 6 H), 0.87 (s, 9 H), 1.57
(m, 4 H), 2.34 (m, 2 H), 3.00 (m, 2 H), 3.59 (t, 2 H, J = 3.7 Hz),
4.52 (m, 1 H), 9.69 (s, 1 H); a good *C NMR spectrum could not
be obtained for the mixture; MS (for aldehyde) (m/z) 285 (M*),
270, 256, 228, 156, 128, 75; HRMS caled for C,,HyNO;3Si (M*)
285.1760, found 285.1760.

N-[{[4-[[(1,1-Dimethylethyl)dimethylsilyl]loxy]butyl]-
4,5-dihydro-5-isoxazolyl][1-[tris(1-methylethyl)silyl]-1H-
pyrrol-3-yl}methyl)-L-valine Methyl Ester (17). The aldehyde
14 (2.86 g, 9.41 mmol), L-valine methyl ester (1.23 g, 9.41 mmol),
and anhydrous MgSO, (excess) were suspended in benzene (30
mL). After being stirred at room temperature for 1 h, the reaction
mixture was filtered. The filtration cake was washed quickly with
benzene, and the filtrate was concentrated in vacuo. The oily
residue was redissolved in benzene and concentrated to dryness
in vacuo (repeated 3%). The crude imine 15 was used immediately
in the next reaction step.

To a solution of 3-bromo-1-(triisopropylsilyl) pyrrole (16) (4.28
g, 14.1 mmol) in THF (20 mL) at -78 °C was added tert-butyl-
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lithium (1.7 M in pentane, 16.6 mL, 28.2 mmol). After being
stirred at -78 °C for 20 min, the solution was added by cannula
to a solution of the crude imine 15 (from above) in THF (30 mL)
at -78 °C.

After 1 h, the reaction was quenched with saturated aqueous
ammonium chloride, and the cooling bath was removed. The
reaction mixture was diluted with water, extracted with brine,
dried over MgSO,, and concentrated in vacuo. The crude oil was
loaded onto a silica gel column, and the column was eluted with
ethyl acetate-hexane (10% to 25%) to yield 2.34 g (40%) of the
title compound as a diastereomeric mixture. More polar isomer:
IR (film) 3321, 2957, 2888, 1738, 1464, 1256, 1101, 836, 776 cm™;
1H NMR (CDCls) 4 0.03 (s, 6 H), 0.82-0.97 (m, 15 H), 1.07 (d, 18
H, J = 7.3 Hz), 1.40 (m, 3 H), 1.48-1.63 (m, 4 H), 1.90 (m, 1 H),
2.20 (m, 1 H), 2.26 (t, 2 H, J = 6.6 Hz), 2.70 (m, 2 H), 3.11 (d,
1H,J =6.2 Hz), 3.48 (s, 3 H), 3.58 (m, 3H),4.70 (dt, 1 H,J =
7.2,9.8 Hz),6.21 (dd,1 H,J = 14,26 Hz),662(d, 1 H,J =13
Hz), 6.65 (t, 1 H, J = 2.6 Hz); 3C NMR 4 -5.37, 11.56, 17.75, 18.26,
18.73, 18.87, 22.66, 25.89, 27.41, 31.34, 32.22, 40.18, 51.09, 59.46,
62.49, 65.74, 83.89, 109.99, 122.65, 123.40, 124.26, 158.86, 175.18;
MS (m/z) 564 (M* - 57), 522, 491, 475, 433, 365, 305; HRMS calcd
for CooHg,N30,8i; (M* - C H,) 564.3653, found 564.3653.

N-[[[4-[[(1,1-Dimethylethyl)dimethylsilyl]loxy]butyl]-
4,5-dihydro-5-isoxazolyl][1-[tris(1-methylethyl)silyl]-1H-
pyrrol-3-yllmethyl]-N-formyl-L-valine Methyl Ester (18).
A diastereomeric mixture of amine 17 (4.41 g, 7.09 mmol) and
acetic formic anhydride (5 mL) were stirred at room temperature
for 30 min. The reaction was quenched with saturated aqueous
sodium bicarbonate, and the solution was extracted with ethyl
acetate (3X). The combined extracts were washed with brine,
dried over MgSO,, and concentrated in vacuo. The crude product
was loaded onto a silica gel column, and the column was eluted
with ethyl acetate-hexane (10% to 30%) to give 3.50 g (76%) of
the formylated product. Less polar isomer: IR (film) 2952, 2867,
1742, 1667, 1101 em™; 'H NMR (CDCl,) 6 0.03 (s, 6 H), 0.47 (d,
3H,J=6.7Hz),0.80(d,3H,J =6.5Hz), 0.87 (s, 3 H), 1.07 (d,
18 H, J = 7.4 Hz), 1.47 (m, 3 H), 1.52-1.67 (m, 4 H), 1.95-2.12
(m, 1 H), 2.25-2.42 (m, 2 H), 2.69-2.94 (m, 2 H), 3.61 (m, 2 H),
3.72 (s, 3 H), 3.82 (d, 1 H, J = 10.2 Hz), 4.93 (m, 1 H), 5.77 (d,
1H,J = 3.8 Hz), 6.31 (s, 1 H), 6.69 (s, 1 H), 6.92 (s, 1 H), 8.50
(s, 1 H); ®C NMR 6 -5.41, 11.44, 17.64, 18.22, 19.29, 19.77, 22.59,
25.85, 27.25, 31.16, 32.19, 40.61, 52.17, 52.38, 62.43, 81.25, 112.74,
116.96, 124,08, 125.14, 159.01, 163.23, 173.31; MS (m/z) 592 (M*
- 57), 574, 491, 474, 433, 393, 365; HRMS calcd for CaoHgsN30:Si;
(M* - C,H,) 592.3602, found 592.3602. Anal. (CgHgsN304Sis)
C,H,N.

N-[[[4-[[(1,1-Dimethylethyl)dimethylsilylJoxy]butyl]-
4,5-dihydro-5-isoxazolyl]-1H -pyrrol-3-ylmethyl]-N-
formyl-L-valine Methyl Ester (19). To a solution of the for-
mylated amine 18 (416.7 mg, 0.64 mmol) in THF (30 mL) at 0
°C was added dropwise tetra-n-butylammonium fluoride hydrate
(45 mg, 0.13 mmol) in THF. The reaction was carefully monitored
by TLC to avoid the removal of the ¢t-BDMS protecting group.
As soon as all the starting material disappeared, the mixture was
poured into water and extracted with diethyl ether (2X). The
combined organic layers were washed with brine, dried over
MgSO,, and concentrated in vacuo. The crude product was loaded
onto a silica gel column, and the column was eluted with ethyl
acetate-hexane (30% to 50%) to yield 263.9 mg (83%) of the
desired product. Less polar isomer: IR (film) 2931, 2853, 1740,
1661, 1253, 1105, 837 ecm™}; *H NMR (CDCly) § 0.04 (s, 6 H), 0.52
(d, 3 H, J = 6.7 Hz), 0.82 (d, 3 H, J = 5.4 Hz), 0.89 (s, 9 H),
1.51-1.69 (m, 1 H), 2.05 (m, 1 H), 2.24-2.42 (m, 2 H), 2.82 (m,
2H),3.63(t,2H,J =6.0Hz),3.73 (s,3H),3.82(d,1 H,J = 10.1
Hz), 4.98 (m, 1 H), 5.76 (d, 1 H, J-= 4.4 Hz), 6.25 (m, 1 H), 7.03
(m, 1 H), 8.53 (s, 1 H); 13C NMR & -5.37, 18.26, 19.38, 19.86, 25.89,
27.54, 31.10, 32.26, 40.35, 50.94, 52.40, 62.54, 63.76, 81.27, 109.75,
117.91, 118.20, 118.96, 160.08, 163.92, 172.83; MS (m/z) 448, 436
(M* - 57), 403, 357, 334, 319; HRMS caled for C,H3N;O:Si (M*
- C,H;) 436.2268, found 436.2268.

N-[8-[[(1,]1-Dimethylethyl)dimethylsilylJoxy]-2-hydroxy-
4-o0x0-1-(1H-pyrrol-3-yl)octyl)-N-formyl-L-valine Methyl
Ester (20). A mixture of the desilylated pyrroles 19 (51.7 mg,
0.105 mmol) and W-2 Raney nickel (2 spatula tips) in MeOH (2.5
mL), water (0.7 mL), and glacial acetic acid (4 drops) were stirred
under a hydrogen-filled balloon for 4 h. The nickel catalyst was
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filtered off, and the filtrate was concentrated in vacuo. The residue
was diluted with water and extracted with ethyl acetate (3X). The
combined extracts were washed with brine, dried over MgSO,,
and concentrated in vacuo. The oily residue was loaded onto a
silica gel column, and the column was eluted with ethyl ace-
tate-hexane (40% to 50%) to give 25.8 mg (50%) of the desired
hydroxy ketone as a mixture of isomers: IR (film) 3328, 2954,
2930, 2858, 1742, 1716, 1653, 1252, 1100, 836, 776, 657 cm™; 1H
NMR (CDCly) 4 0.02 (s, 12 H), 0.26 (d, 3 H, J = 7.0 Hz), 0.47 (d,
3H,J =6.7Hz),0.81(d, 3 H,J = 6.5 Hz), 0.86 (s, 21 H), 1.48-1.66
(m, 8 H), 2.00-2.20 (m, 2 H), 2.39 (t, 5 H, J = 7.1 Hz), 2.47-2.72
(m, 4 H),3.31(d, 1 H,J = 3.8 Hz), 3.56 (t,4 H, J = 6.3 Hz), 3.72
(s, 3 H), 3.75 (s, 1 H), 3.79 (s, 3 H), 4.38-4.57 (m, 3 H), 4.72 (br,
1 H), 56.53 (d, 1 H, J = 6.6 Hz), 6.10 (br, 1 H), 6.18 (br, 1 H),
6.67-6.79 (m, 3 H), 6.92 (br, 1 H), 8.27 (s, 1 H), 8.50 (s, 2 H), 8.67
(br, 1 H); 13C NMR 4 -5.45, 18.19, 18.85, 18.99, 19.69, 19.77, 21.58,
25.82, 27.35, 30.76, 31.97, 43.22, 43.62, 46.30, 46.73, 52.09, 52.77,
53.64, 60.50, 60.97, 61.01, 62.63, 62.71, 63.33, 67.23, 68.82, 107.99,
108.96, 117.41, 117.79, 117.94, 118.02, 118.22, 118.83, 163.49, 163.80,
172.89, 173.04, 209.35, 212.05; MS (m/z) 478, 464, 448, 432. Anal.
(CysH N,OgSi) C, H, N.
N-Formyl-N-[7-(4-hydroxybutyl)-1H-indol-4-yl]-L-valine
Methyl Ester (21). To a solution of hydroxy ketone 20 (1.45
g, 2.98 mmol) in methylene chloride (150 mL) was added tert-
butyldimethylsilyl triflate (1.18 mL, 4.47 mmol). The reaction
mixture was stirred at room temperature for 5 min, then quenched
with saturated aqueous sodium bicarbonate, and extracted with
ethyl acetate (3%). The combined extracts were washed with brine,
dried over MgSO,, and concentrated in vacuo. The crude oil was
purified by silica gel chromatography with ethyl acetate-hexane
(40% to 90%) used as eluent to give 0.50 g (48%) of the desired
product and 76 mg (6% ) of 22: IR (film) 3301, 2937, 2874, 1744,
1661, 1367, 1285, 1207, 735 cm™; 'H NMR (CDCly) é 0.98 (d, 3
H, J = 7.0 Hz), 1.59 (br, 1 H), 1.69 (m, 2 H), 1.88 (m, 2 H), 2.45
(m, 1 H), 291 (t,2 H, J = 7.4 Hz), 3.67 (s, 3 H), 3.80 (t, 2 H, J
=6.1 Hz),4.74(d, 1 H, J = 9.4 Hz), 6.54 (dd, 1 H, J = 2.0, 2.9
Hz),7.07 (d, 1 H, J = 7.7 Hz), 7.23 (t, 1 H, J = 2.5 Hz), 8.45 (s,
1 H), 8.91 (br, 1 H); 1*C NMR 4 19.90, 20.03, 26.08, 28.24, 30.55,
31.58, 51.86, 62.12, 64.45, 99.53, 118.02, 121.17, 125.32, 125.60,
125.75, 129.33, 136.06, 164.31, 170.78; MS (m/z) 346 (M*), 318,
287, 275, 259, 232, 215; HRMS caled for CigHxN,O, (M*) 346.1892,
found 346.1892. Anal. (CIQH”NQOO C, H, N.
N-[7-[4-[[(1,1-Dimethylethyl)dimethylsilylJoxy]butyl]-
1H-indol-4-yl]-N-formyl-L-valine Methyl Ester (22). To a
solution of the indole alcohel 21 (0.62 g, 1.78 mmol) and imidazole
(0.35 g, 5.08 mmol) in DMF (25 mL) was added t-BDMSCI (0.35
g, 2.31 mmol). After being stirred at room temperature overnight,
the reaction mixture was diluted with water and extracted with
ethyl acetate (3%). The combined extracts were washed with brine,
dried over MgSO,, and concentrated in vacuo. The crude oil was
loaded onto a silica gel column, and the column was eluted with
ethyl acetate-hexane (40% to 50%) to give 0.75 g (91%) of the
desired product: [«}Z, -72° (¢ = 2.62 mg/mL, CH,Cly); IR (film)
2937, 2860, 1746, 1664, 1256, 1101, 836, 777 cm™; *H NMR (CDCly)
6 0.11 (s, 6 H), 0.93 (s, 9 H), 0.98 (d, 3 H, J = 6.7 Hz), 1.01 (d,
3H,J =6.7Hz), 1.61 (m, 2 H), 1.85 (m, 2 H), 2.45 (m, 1 H), 2.91
(t,2 H,J = 7.4 Hz), 3.67 (s, 3 H), 3.78 (t, 2 H, J = 5.9 Hz), 4.72
(d,1H,J =94Hz),6.54(dd, 1 H,J = 2.2,3.2 Hz),6.98 (d, 1
H,J=1.7Hz),7.07 (d,1H, J = 7.7 Hz), 8.45 (s, 1 H), 8.90 (br,
1 H); 13C NMR 6 -5.26, 18.44, 20.00, 20.16, 25.98, 26.47, 28.31,
30.45, 31.43, 51.89, 63.37, 64.34, 100.20, 118.34, 121.51, 124.91,
125.59, 125.69, 129.70, 136.21, 164.18, 170.82; MS (m/z) 460 (M*),
445, 432, 403, 389, 373, 329, 288; HRMS caled for CysHoN;0,Si
(M*) 460.2747, found 460.2747.
N-[7-[4-[[(1,1-Dimethylethyl)dimethylsilylJoxy]butyl]-
1H-indol-4-y1]-N-methyl-L-valine Methyl Ester (5). To a
solution of the formamide 22 (0.39 g, 0.84 mmol) in THF (60 mL)
at 0 °C was added borane—-dimethyl sulfide complex (2.0 M, 1.05
mL, 2.1 mmol). After being stirred at 0 °C for 3-5 min, the
reaction mixture was warmed to 45-50 °C for 2 h and then cooled
to room temperature, and methanol (1 mL) was added. After 10
min, the mixture was diluted with saturated aqueous sodium
bicarbonate and extracted with ethyl acetate (3X). The combined
extracts were washed with brine, dried over MgSO,, and con-
centrated in vacuo. The residue was loaded onto a silica gel
column, and the column was eluted with ethyl acetate-hexane
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(10% to 20%) to give 0.31 g (82%) of the desired product and
30.4 mg (8% of the deformylated product: [«}2p-130° (c = 2.89
mg/mL, CH,CLy); IR (film) 2932, 2858, 1718, 1504, 1255, 1101,
836 cm™}; 'H NMR (CDCl,) 6 0.09 (s, 6 H), 0.92 (s, 9 H), 0.93 (d,
3 H,J =8.7Hz), 1.07 (d, 3 H, J = 6.6 Hz), 1.62 (m, 2 H), 1.81
(m, 2 H), 2.38 (m, 1 H), 2.81 (t, 2 H, J = 7.3 Hz), 3.00 (s, 3 H),
3.64 (s,3H),3.74 (t,2 H,J = 6.1 Hz), 4.07 (d, 1 H, J = 10.9 Hz),
643(d,1H,J=17.7Hz),6.73 (t,1H,J = 2.5 Hz), 6.86 (d, 1 H,
J =1.7Hz),7.13 (t,1 H, J = 2.8 Hz), 8.68 (br, 1 H); 13C NMR
6 -5.24, 18.45, 19.45, 19.87, 26.02, 26.47, 28.07, 30.33, 31.78, 33.98,
50.96, 63.33, 70.59, 101.91, 107.72, 118.57, 120.25, 121.84, 122.00,
136.36, 143.90, 172.59; MS (m/z) 446 (M*), 403, 387, 199; HRMS
caled for CysH,oN,O4Si (MY) 446.2965, found 446.2965.
N-[7-(4-Hydroxybutyl)-1 H-indol-4-y1}- N-methyl-L-valine
Methyl Ester (23). To a solution of the silylated alcohol 5 (140.5
mg, 0.314 mmol) in THF (30 mL) was added (n-Bu)NF (1.0 M
in THF, 1.57 mL, 1.57 mmol). After the reaction mixture had
been stirred at room temperature for 2 h, it was diluted with water
and extracted with ethyl acetate (2x). The combined extracts
were washed with brine, dried over MgSO,, and concentrated in
vacuo. The crude product was loaded onto a silica gel column,
and the column was eluted with ethyl acetate-hexane (50% to
60%) to give 99 mg (95%) of the desired product: [a}®p -147°
(c = 2.1 mg/mL, CH,Cly); IR (film) 3406, 2953, 2872, 1732, 1505,
1374, 1196, 1007, 735 cm™}; 'H NMR (CDCl,) 6 0.95 (d, 3 H, J
= 6.5 Hz), 1.09 (d, 3 H, J = 6.7 Hz), 1.62 (m, 2 H), 1.77 (m, 2 H),
2.37 (m, 1 H), 2.77 (t, 2 H, J = 7.4 Hz), 3.01 (s, 3 H), 3.62 (s, 3
H), 3.67 (t,2 H, J = 6.2 Hz), 4.09 (d, 1 H, J = 10.8 Hz), 6.55 (d,
1H,J=17.7Hz),672(t,1H,J=23Hz),68 (d,1H,J="177
Hz), 7.04 (t, 1 H, J = 2.8 Hz), 8.77 (br, 1 H); 13C NMR 4 19.35,
19.77, 26.02, 27.98, 30.38, 31.80, 33.88, 50.92, 62.40, 70.53, 101.58,
107.54, 118.40, 120.22, 121.67, 122.28, 136.11, 143.77, 172.63; MS
(m/z) 332 (M*), 289, 273, 215; HRMS caled for CygH»N,0; (MY)
332.2100, found 332.2100.
N-Methyl-N-[7-(4-0xobutyl)-1H -indol-4-yl]-L-valine
Methyl Ester (24). To a solution of indole alcohol 23 (86.66 mg,
0.261 mmol) and TEA (1 mL) in DMSO (10 mL) and CH,Cl, (10
mL) was added SOg-pyridine (207 mg, 1.31 mmol). After being
stirred at room temperature for 3-4 h, the reaction mixture was
quenched with saturated sodium bicarbonate and extracted with
ethyl acetate (3X). The combined extracts were washed with brine,
dried over MgSO0,, and concentrated in vacuo. The crude product
was purified by silica gel chromatography with ethyl acetate—
hexane (40%) and as eluent to give 59.9 mg (69%) of the desired
aldehyde: [a]}?p-181° (¢ = 11.6 mg/mL, CH,Cly); IR (film) 3395,
2957, 1725, 1505, 1194 cm™; 'H NMR (CDCl;) 6 0.97 (d, 3 H, J
= 6.5 Hz), 1.10 (d, 3 H, J = 6.7 Hz), 1.97 (m, 2 H), 2.41 (m, 2 H),
2.59 (t,2 H, J = 6.3 Hz), 2.75 (t, 2 H, J = 7.4 Hz), 3.03 (s, 3 H),
3.66 (s, 3H),4.13(d, 1 H,J = 10.8 Hz), 6.564 (d, 1 H, J = 7.7 Hz),
6.74 (t,1H,J =26 Hz),6.84 (d,1 H,J = 7.7 Hz), 7.20 (t, 1 H,
J = 2.8 Hz), 9.12 (br, 1 H), 9.83 (s, 1 H); 13C NMR 4 19.38, 19.79,
21.87, 28.02, 30.34, 33.89, 43.17, 50.93, 70.47, 101.72, 107.28, 117.46,
120.22, 121.71, 122.42, 136.23, 144.18, 172.55, 203.53; MS (m/z)
330 (M*), 312, 287, 269, 253; HRMS caled for C;3HzN,0; (M*)
330.1939, found 330.1939.
N-Methyl-N-[7-(5-methyl-4-hexenyl)-1 H-indol-4-yl]-L-
valine Methyl Ester (25). To washed NaH (72 mg, 3.00 mmol)
was added DMSO (5 mL). The suspension was heated at 75-80
°C for ca. 45 min. After the mixture was cooled to 0 °C, 2-
propyltriphenylphosphonium iodide (1.3 g, 3.00 mmol) in DMSO
(5 mL) was added via cannula. After 1 h, the resulting ylide (4.8
mL, 1.44 mmol) was added to a solution of indole aldehyde 24
(94.76 mg, 0.287 mmol) in THF (10 mL). The reaction mixture
was stirred at room temperature for 1 h, and then it was diluted
with water and extracted with ethyl acetate (3%). The combined
extracts were washed with brine, dried over MgSO,, and con-
centrated in vacuo. The crude product was loaded onto a silica
gel column, and the column was eluted with ethyl acetate-hexane
(10% to 15%) to give 42.2 mg (41%) of the desired product: [a}%p
-154° (¢ = 6.01 mg/mL, CH,Cly); IR (film) 3408, 2962, 2929, 1734,
1504, 1375, 1195, 1008, 727 em™; 'H NMR (CDCl;) § 0.93 (d, 3
H, J = 6.5 Hz), 1.07 (d, 3 H, J = 6.6 Hz), 1.58 (s, 3 H), 1.72 (s,
3 H), 1.75 (m, 2 H), 2.05 (m, 2 H), 2.37 (m, 1 H), 2.74 t,2H,J
= 7.5 Hz), 2.99 (s, 3 H), 3.62 (s, 3 H), 4.06 (d, 1 H, J = 10.9 Hz),
518 (t,1 H,J = 7.3 Hz),6.54 (d, 1 H, J = 7.8 Hz), 6.72 (s, 1 H),
6.86 (d, 1 H,J = 7.7 Hz), 7.09 (t, 1 H, J = 2.8 Hz), 8.13 (br, 1 H);
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13C NMR 6 17.77, 19.41, 19.84, 25.74, 27.76, 28.02, 29.70, 30.13,
33.93, 50.93, 70.62, 102.01, 107.83, 118.31, 120.18, 121.77, 121.96,
124.34, 132.08, 143.80, 172.56; MS (m/z) 356 (M*), 313, 297, 240;
HRMS caled for CyHgoN,0, (M*) 356.2438, found 356.2438.

(8)-7-[4-[[(1,1-Dimethylethyl)dimethylsilylJoxy]butyl]-
a-(hydroxyimino)-4-[[1-(methoxycarbonyl)-2-methyl-
propyllmethylamino]-1H-indole-3-propanoic Acid Ethyl
Ester (26). To a mixture of indole 5 (297.5 mg, 0.666 mmol) and
sodium carbonate (282 mg, 2.66 mmol) in methylene chloride (60
mL) was added ethyl 3-bromo-2-ketopropionate oxime (143 mg,
0.679 mmol). The resulting mixture was stirred at room tem-
perature overnight. The reaction was diluted with water and
extracted with ethyl acetate (3X). The combined extracts were
washed with brine, dried over MgSO,, and concentrated in vacuo.
The crude product was chromatographed on silica gel with ethyl
acetate-hexane (25% to 60%) as eluent to give 284.7 mg (75%)
of the desired product: IR (film) 3376, 2954, 2859, 1728, 1257,
1201, 1098, 1021, 837 cm™; 'H NMR (CDCly) é 0.07 (s, 6 H), 0.90
(s,9H),094 (d,3H,J =6.7Hz),1.12(d, 3 H, J = 6.7 Hz), 1.25
(t,3H,J =17.1 Hz), 1.59 (m, 3 H), 1.77 (m, 2 H), 2.30 (m, 1 H),
2.77 (m, 2 H), 2.91 (s, 3 H), 3.57 (s, 3 H), 3.69 (m, 3 H), 4.25 (q,
2H,J=172Hz),441(d,1H,J =174 Hz),452(d, 1 H,J =
17.4 Hz), 6.75 (d, 1 H, J = 2.0 Hz), 6.84 (s, 2 H), 8.34 (br, 1 H),
9.39 (br, 1 H); MS (m/2) 575 (M*), 558, 532, 516, 502, 460; HRMS
caled for CgoHsN30gSi (M*) 575.3391, found 575.3391.

(S)-a-(Hydroxyimino)-4-[[1-(methoxycarbonyl)-2-
methylpropyllmethylamino]-7-(5-methyl-4-hexenyl)-1H-
indole-3-propanoic Acid Ethyl Ester (27). In a similar manner
as described for the synthesis of 26, 36.5 mg (70%) of oxime ester
27 was obtained from indole 25 (38 mg, 0.107 mmol), sodium
carbonate (50 mg, 0.476 mmol), and ethyl 3-bromo-2-keto-
propionate oxime (27.5 mg, 0.131 mmol): IR (film) 3389, 2964,
2933, 1727, 1434, 1201, 1021, 771 ¢m™; 'H NMR (CDCl,) § 0.94
(d,3H,J=66Hz),1.12(d,3H,J=6.6 Hz),1.25(t,3 H,J =
7.1 Hz), 1.58 (s, 3 H), 1.70 (s, 3 H), 1.75 (m, 2 H), 2.05 (m, 2 H),
2.31 (m, 1 H), 2.71 (t, 2 H, J = 7.4 Hz), 2.90 (s, 3 H), 3.57 (s, 3
H), 367 (d,1 H, J =85 Hz),4.25 (q, 2 H, J = 7.1 Hz), 4.40 (d,
1H,J=151Hz),452(d,1H,J=151Hz),515(,1H,J =
7.0 Hz), 6.74 (s, 1 H), 6.85 (s, 2 H), 7.97 (br, 1 H), 9.72 (br, 1 H);
MS (m/z) 485 (M*), 469, 442, 426, 410.

(RS)-N-[3-(2-Amino-3-hydroxypropyl)-7-[4-[[(1,1-di-
methylethyl)dimethylsilylJoxy]butyl)-1H-indol-4-yl)-N-
methyl-L-valine Methyl Ester (28). To a solution of oxime ester
26 (36.5 mg, 0.063 mmol) in THF-water (9:1, 10 mL) was added
aluminum amalgam (in excess). The reaction mixture was stirred
at room temperature for 3—4 h and then filtered through Celite,
and the filter cake was washed thoroughly with ethyl acetate. The
filtrate was diluted with water and extracted with ethyl acetate
(3%). The combined extracts were washed with brine, dried over
MgSO,, and concentrated in vacuo to give 29.2 mg (82%) of the
crude product, which was used in the next step without further
purification.

To a suspension of the amino ester from above (73 mg, 0.125
mmol) and lithium chloride (42.2 mg, 1.00 mmol) in THF-ethanol
(2:1, 15 mL) was added sodium borohydride (37.8 mg, 1.00 mmol).
After the suspension had been stirred at room temperature for
ca. 56 h, it was filtered through a medium-pore sintered-glass
funnel. The filtrate was concentrated, and the oily residue was
chromatographed on silica gel with methanol-methylene chloride
(10% to 30%) as eluent to give 53 mg (82%) of the desired
product: IR (film) 3366, 3255, 2953, 2858, 1732, 1511, 1463, 1255,
1099, 836, 775 ecm™}; 'H NMR (CDCl;-CD;0D, 4:1) § -0.09 (s, 6
H),0.75 (s, 9H),091(d,3H,J=7.0Hz),097(d,3H,J =17.0
Hz), 1.49 (m, 2 H), 1.61 (m, 2 H), 2.28 (br, 1 H), 2.58 (s, 3 H), 2.68
(t,2H, J = 8.3 Hz), 2.89 (dd, J = 6.0, 12.0 Hz) and 3.02 (dd, J
= 6.0, 12.0 Hz, total 1 H), 3.20 (m, 2 H), 3.39 (s) and 3.44 (s, total
4 H), 3.54 (t, 2 H, J = 6.2 Hz), 3.64 (dd, J = 3.0, 12.0 Hz) and
3.75 (dd, J = 3.0, 12.0 Hz, total 2 H), 3.64 (m, 1 H),6.72 (d, 1 H,
J =17.6Hz),7.03(d,1H, J =55 Hz); MS (m/z) 519 (M*), 502,
486, 460, 417, 401.

(RS)-N-[3-(2-Amino-3-hydroxypropyl)-7-(5-methyl-4-
hexenyl)-1H-indol-4-yl}- N-methyl-L-valine Methyl Ester
(29). In the same manner as described above, 21 mg (79%) of
29 was obtained from the corresponding oxime ester 27 (30 mg,
0.06 mmol): IR (film) 3395, 2931, 1733, 1471, 1447, 1171 em™};
'H NMR (CD,0OD) 5 1.07 (t, 6 H, J = 6.0 Hz), 1.57 (s, 3 H), 1.67
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(s, 3H), 1.71 (m, 2 H), 2.02 (m, 2 H), 2.41 (m, 1 H), 2.72 (s, 3 H),
2.79 (t,2 H, J = 7.7 Hz), 3.05 (dd, J = 6.2, 14.6 Hz) and 3.18 (dd,
J = 4.7, 14.4 Hz, total 1 H), 3.37 (m, 2 H), 3.52 (s) and 3.55 (s,
total 3 H), 3.64 (d, 1 H, J = 7.2 Hz), 3.82 (m, 2 H), 5.14 (t, 1 H,
J very small), 6.81 (s, 2 H), 7.18 (d, J = 10.0 Hz, 1 H); MS (m/z2)
429 (M), 412, 386, 370, 353, 327.

[2S-(2R*,5R*)]-9-[4-[[(1,1-Dimethylethyl)dimethyl-
silylloxy]butyl]-1,2,4,5,6,8-hexahydro-5-(hydroxymethyl)-1-
methyl-2-(1-methylethyl)-3H-pyrrolo[4,3,2-gh]-1,4-benzo-
diazonin-3-one (30) and [2S-(2R*,58*)])-9-[4-[[(1,1-Di-
methylethyl)dimethylsilylJoxy]butyl]-1,2,4,5,6,8-hexa-
hydro-5-(hydroxymethyl)-1-methyl-2-(1-methylethyl)-3H-
pyrrolo[4,3,2-gh]-1,4-benzodiazonin-3-one (31). To a solution
of amino alcohol 28 (22.32 mg, 0.043 mmol) in toluene (50 mL)
under an anhydrous argon atmosphere was added triethyl-
aluminum (1.9 M, in toluene, 0.249 mL, 0.47 mmol). After being
stirred at room temperature for 45 min, the reaction mixture was
refluxed at 125 °C (oil bath temperature) for 14-16 h. The
reaction mixture was cooled to room temperature, and methanol
(1 mL) was added. After being stirred for an additional 10 min,
the reaction mixture was diluted with saturated sodium bi-
carbonate and extracted with ethyl acetate (3X). The combined
extracts were washed with brine, dried over MgSO,, and con-
centrated in vacuo. The crude oil was loaded onto a silica gel
column, and the column was eluted with ethyl acetate-hexane
(50% to 100% in 10% increments) to give 3.65 mg (17%) of the
more polar indolactam 31 and 3.72 mg (18%) of the less polar
epi-indolactam 30.

Indolactam 31: [«]*p -93° (¢ = 3.17 mg/mL, methanol); IR
(film) 3310, 2930, 2857, 1653, 1558, 1389, 1257, 1100, 837 cm™};
1H NMR (CDy0D) twist form 4 0.08 (s, 6 H), 068 (d, 3 H, J =
6.5 Hz), 0.94 (s, 12 H), 1.69 (m, 2 H), 1.78 (m, 2 H), 2.61 (m, 1
H), 2.92 (m, 2 H), 2.93 (s, 3 H), 3.13 (m,2H),349(d,1 H,J =
9.3 Hz), 3.71 (m, 3 H), 4.30 (m, 1 H), 4.48 (d, 1 H, J = 10.1 Hz),
6.45(d, 1 H, J = 7.7 Hz), 6.94 (s, 1 H), 7.00 (s, 1 H); sofa form
60.08 (s, 6 H), 0.94 (s, 12 H), 1.29 (d, 3 H, J = 6.6 Hz), 1.69 (m,
2 H), 1.78 (m, 2 H), 2.35 (m, 1 H), 2.75 (s, 3 H), 283 (t,2 H, J
= 7.5 Hz), 2.91 (m, 1 H), 3.04 (m, 1 H), 3.13 (m, 1 H), 3.29 (d,
1H,J=4.1Hz), 3.36 (m, 1 H), 3.71 (m, 1 H), 4.30 (m, 1 H), 6.81
(d,1H,J=6.2Hz),6.94 (s,1 H),7.17(d, 1 H,J = 1.8 Hz); MS
(m/z) 487 (M%), 444, 401, 357; HRMS calcd for CH,sN,0,8i (M*)
487.3230, found 487.3230.

epi-Indolactam 30: [«]®p-100° (¢ = 1.11 mg/mL, methanol);
IR (film) 3310, 2930, 2857, 1653, 1509, 1453, 1258, 1100, 837 cm™;
1H NMR (CD3;0D) 6 0.07 (s, 6 H), 0.76 (d, 3 H, J = 7.0 Hz), 0.79
(d, 3 H, J = 6.7 Hz), 0.93 (s, 9 H), 1.62 (m, 2 H), 1.79 (m, 2 H),
2.63 (m, 1 H), 2.83 (m, 2 H), 3.11 (s, 3 H), 3.37 (m, 2 H), 3.69 (t,
2H,J = 6.5 Hz), 3.80 (m, 3 H), 4.02 (d, 1 H, J = 15.0 Hz), 6.70
(d,1H,J =177Hz),6.80(d,1H,J =17.7Hz),6.99 (s, 1 H); 3C
NMR 6 -5.13, 19.17, 20.71, 20.89, 26.43, 27.20, 29.17, 31.46, 33.05,
33.57, 33.96, 58.31, 64.36, 65.48, 70.19, 110.14, 114.64, 120.79, 121.81,
121.98, 123.83, 138.84, 146.93, 176.53; MS (m/z) 487 (M*), 486,
444, 401, 357; HRMS caled for CoH sNsO,5Si (M*) 487.3230, found
487.3230.

[2§-(2R*,56R*)])-1,2,4,5,6,8-Hexahydro-5-(hydroxy-
methyl)-1-methyl-2-(1-methylethyl)-9-(5-methyl-4-hexe-
nyl)-3H-pyrrolo[4,3,2-gh]-1,4-benzodiazonin-3-one (32) and
[2S-(2R*,58%))-1,2,4,5,6 8-Hexahydro-5-(hydroxymethyl)-1-
methyl-2-(1-methylethyl)-9-(5-methyl-4-hexenyl)-3H -
pyrrolo[4,3,2-gh )-1,4-benzodiazonin-3-one (4). In the same
manner as described above, 2.39 mg (18%) of the more polar
indolactam 4 and 2.73 mg (20%) of the less polar epi-indolactam
32 were obtained from the corresponding amino alcohol (14.77
mg, 0.034 mmol).

Indolactam 4: [a]??p -93° (¢ = 1.01 mg/mL, methanol); IR
(film) 3306, 2922, 2857, 1649, 1508, 1445, 1036, 737 cm™; 'H NMR
(CD4OD) twist form 6 0.64 (d, 3 H, J = 6.7 Hz), 0.90 (d, 3 H, J
= 6.1 Hz), 1.61 (s, 3 H), 1.71 (s, 3 H), 1.73 (m, 2 H), 2.07 (m, 2
H), 2.57 (m, 1 H), 2.84 (m, 2 H), 2.89 (s, 3 H), 3.10 (s, 2 H), 3.59
(d, 1H, J =9.3 Hz), 3.64 (dd, 1 H, J = 4.7, 10.8 Hz), 4.28 (m,
1H),444(d,1H,J =10.1Hz),519(m, 1H),642(d, 1 H,J
= 7.9 Hz), 6.90 (s, 1 H), 6.97 (s, 1 H); sofa form 6 0.90 (d, 3 H,
J =6.1 Hz), 1.25 (d, 3 H, J = 6.6 Hz), 1.57 (s, 3 H), 1.71 (s, 3 H),
1.73 (m, 2 H), 2.07 (m, 2 H), 2.31 (m, 1 H), 2.72 (3, 3 H), 2.76 (m,
2 H), 2.84 (m, 1 H), 3.01 (m, 1 H), 3.10 (s, 1 H), 3.27 (m, 1 H),
3.33 (m,1 H),4.28 (m,1 H),5.19(m,1 H),6.77(d, 1 H,J =177
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Hz), 6.90 (s, 1 H), 7.13 (s, 1 H).

epi-Indolactam 32: [a]®p -104° (¢ = 1.26 mg/mL, methanol);
IR (film) 3308, 2926, 2855, 1553, 1508, 1456, 1373, 1030, 737 cm™;
'H NMR (CD,0D) 5 0.73 (d,3 H,J = 6.6 Hz), 0.76 (d, 3 H, J =
6.6 Hz), 1.56 (s, 3 H), 1.69 (s, 3 H), 1.71 (m, 2 H), 2.04 (m, 2 H),
2.58 (m, 1 H), 2.75 (m, 2 H), 2.95 (d, 1 H, J = 13.1 Hz), 3.06 (s,
3H),314(d, 1 H,J =151Hz),3.77 (m,3H),400(d, 1 H, J
=10.5 Hz), 5.18 (t,1 H, J = 7.1 Hz), 6.67 (d, 1 H, J = 7.7 Hz),
6.75 (d, 1 H, J = 7.6 Hz), 6.96 (s, 1 H).

[28-(2R*,58%)])-1,2,4,5,6,8-Hexahydro-9-(4-hydroxy-
butyl)-5-(hydroxymethyl)-1-methyl-2-(1-methylethyl)-3H -
pyrrolo[4,3,2-gh]-1,4-benzodiazonin-3-one (3). To a solution
of indolactam 31 (5.16 mg, 0.011 mmol) in THF (2 mL) at 0 °C
was added tetra-n-butylammonium fluoride (1.0 M, 4-5 drops).
After 30 min, the reaction mixture was diluted with water and
extracted with ethyl acetate (3%). The combined extracts were
washed with brine, dried over MgSO,, and concentrated in vacuo.
The crude product was dissolved in a minimal amount of meth-
anol. The solution was loaded onto a short silica gel column, and
the column was eluted with methanol-ethyl acetate (0% to 5%)
to give 4.17 mg (quantitative) of the desired product; [«]®p -86°
(c = 2.09 mg/mL, methanol); IR (film) 3307, 2920, 2865, 1650,
1490, 1025 em™; 'H NMR (CDsOD) twist form 4 0.63 (d, 3 H, J
= 6.7 Hz), 0.90 (d, 3 H, J = 6.3 Hz), 1.67 (m, 2 H), 1.75 (m, 2 H),
2.55 (m, 1 H), 2.89 (s, 3 H), 2.90 (m, 2 H), 3.09 (s, 2 H), 3.49 (d,
1H,J =10.0 Hz), 3.61 (m, 3 H), 426 (m,1 H), 444 (d, 1 H, J
= 10.1 Hz), 6.41 (d, 1 H, J = 7.7 Hz), 6.91 (s, 1 H), 6.97 (s, 1 H);
sofa form ¢ 0.90 (d, 3 H, J = 6.3 Hz), 1.28 (m, 3 H), 1.67 (m, 2
H), 1.75 (m, 2 H), 2.31 (m, 1 H), 2.71 (s, 3 H), 2.79 (t, 2 H, J =
7.2 Hz), 2.87 (m, 1 H), 3.03 (m, 1 H), 3.09 (s, 1 H), 3.26 (d, 1 H,
J = 6.7 Hz), 3.32 (m, 1 H), 3.61 (m, 2 H), 4.26 (m, 1 H), 6.79 (d,
1H,J =17.7Hz), 6.91 (s, 1 H), 7.13 (s, 1 H); MS (m/z) 373 (M*),
330, 287, 256, 243; HRMS calcd for CoyH3 N3O, (M*) 373.2365,
found 373.2365.

[2§-(2R*5R*)]-1,2,4,5,6,8-Hexahydro-9-(4-hydroxy-
butyl)-5-(hydroxymethyl)-1-methyl-2-(1-methylethyl)-3H-
pyrrolo[4,3,2-gh }-1,4-benzodiazonin-3-one (33). In the same
manner as described above, 6.29 mg (99%) of the indolactam
alcohol 30 was obtained from the corresponding indolactam silyl
ether 30 (8.22 mg, 0.017 mmol): [a]?, -102° (¢ = 1.15 mg/mL,
methanol); IR (film) 3307, 2930, 2868, 2806, 1650, 1498, 1033 cm™;
'H NMR (CD,0D) 5 0.72 (d, 3 H,J = 6.6 H2),0.76 (d, 3 H, J =
6.5 Hz), 1.61 (m, 2 H), 1.75 (m, 2 H), 2.59 (m, 1 H), 2.79 (m, 2
H), 295 (d,1H,J = 15.3 Hz), 3.07 (s, 3H),3.13(d, 1 H,J = 15.3
Hz), 3.59 (t, 2 H, J = 6.4 Hz), 3.76 (m, 3 H), 400 (d,1 H, J =
10.4 Hz),6.67 (d,1H,J = 7.7 Hz),6.77 (d, 1 H, J = 7.6 Hz), 6.96
(s, 1 H); 3C NMR 4 20.87, 21.05, 27.34, 29.25, 31.73, 33.14, 33.57,
34.07, 59.33, 62.92, 65.46, 70.18, 110.12, 114.61, 120.83, 121.77,
121.96, 123.95, 138.81, 146.93, 176.55; MS (m/z) 373 (M*), 353,
343, 330, 287, 243; HRMS caled for Cy)H; N30, (M*) 373.2365,
found 373.2365.

Isolation of Protein Kinase C. Protein kinase C was partially
purified from HeLa cells by using DE52-cellulose chromatogra-
phy.? Briefly, cells were harvested and cell pellets were washed
with ice-cold phosphate-buffered saline without any divalent
cations. All subsequent procedures were carried out at 4 °C. Cells
were homogenized in 20 mM Tris-HCI (pH 7.5), 0.25 M sucrose,
2 mM EDTA, 5 mM EGTA, 10 mM g-mercaptoethanol, 1 mM
phenylmethylsulfonyl fluoride, and 0.01% leupeptin (buffer A).
The total PKC was extracted by stirring for 30 min with 0.5%
Triton X-100 and centrifugated at 100000g for 1 h. The resulting
supernatant was subjected to DE-52 chromatography and eluted
with 0.1 M'NaCl in 20 mM Tris-HCI (pH 7.5), 0.25 M sucrose,
0.5 mM EDTA, 0.5 mM EGTA, and 10 mM g-mercaptoethanol.

Protein Kinase C Assay. The enzyme activity was deter-
mined by measuring the incorporation of 3P from [y-*2P]ATP
into calf thymus histone (III-S) (Sigma).* The reaction mixture

(29) Basu, A.; Teicher, B. A.; Lazo, J. S. Involvement of Protein
Kinase C in Phorbol Ester-induced Sensitization of HeLa Cells
to cis-Diamminedichloroplatinum (II). J. Biol. Chem. 1990,
265, 8451-8457.

(30) Vandenbark, G. R.; Kuhn, L. J.; Niedel, J. E. Possible Mech-
anism of Phorbol Diester-induced Maturation of Human Pro-
myelocytic Leukemia Cells. Activation of Protein Kinase C.
J. Clin. Invest. 1984, 73, 448-457.
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contained 20 mM Tris-HCl (pH 7.5), 20 mM ATP, 7.5 mM
magnesium acetate, 25 mg/mL phosphatidylserine, 0.1 mM
EGTA, 0.1 mM CaCl,, 1 nM to 10 uM lyngbyatoxin A analogues,
and 1 to 3 mg of enzyme preparation in a final volume of 0.1 mL.
The reaction mixture was incubated at 28 °C for 5. min and
stopped by spotting onto Whatman p8l1 filter papers. Under these
conditions the assay was linear with time and amount of protein.
The filters were washed four times in 75 mM phosphoric acid,
dried, and counted in a liquid scintillation counter. Calcium and
phospholipid-dependent protein kinase C activity was determined
by subtracting the activity determined in the absence of phos-
phatidylserine and DAG from that in the presence of phospha-
tidylserine and DAG. In the presence of either Ca’* or phos-
pholipid alone the enzyme activity was less than 5% of the activity
when both were present. Protein was determined by the method
of Bradford® with bovine serum albumin used as a standard.

One unit of protein kinase C activity is defined as that amount
of enzyme which catalyzes the transfer of 1 pmol of phosphate
from ATP to histone per minute at 28 °C.
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Pseudopeptide Analogues of Substance P and Leucine Enkephalinamide
Containing the ¥(CH,0) Modification: Synthesis and Biological Activity

Eli Roubini,! Ralph Laufer,} Chaim Gilon,! Zvi Selinger,} Bernard P. Roques,' and Michael Chorev**

Departments of Pharmaceutical Chemistry, Biological Chemistry, and Organic Chemistry, The Hebrew University of
Jerusalem, Jerusalem, 91120, Israel, and Departement de Chimie Organique, U 266 Institut National de la Sante et de la
Recherche Medicale, UA 498 Centre National de la Recherche Scientifique, Unite d’Enseignement et de Recherche des
Sciences Pharmaceutigues et Biologiques, 4 avenue de I'Observatoire, 75006 Paris, France. Received August 17, 1990

The isosteric methyleneoxy ¥(CH;0) function was employed as a novel peptide-bond surrogate and incorporated
into sequences of two neuropeptides, substance P (SP) and enkephalin. A pseudopeptide analogue
[pGlu®,Phe®¥(CH,0)Gly®1SP¢ ;, (7) of SP related C-terminal hexapeptide [pGlu?]SPg., and two pseudopeptide
analogues of [Leu®lenkephalinamide, [Tyr'¥(CH,0)Gly?Leu’]enkephalinamide (11) and [Gly*¥(CH,0)-
Gly? Leu®lenkephalinamide (17), were synthesized. The N*-protected pseudodipeptidic units were incorporated
in the appropriate peptide sequences by using conventional coupling methods in solution. Compound 7 was a potent
agonist (ECg, = 4.8 nM) of substance P as compared to the parent peptide [pGlut]SPg;; (ECy = 1.2 nM), in stimulating
contraction of the isolated guinea pig ileum (GPI). Analogue 7 was more potent on the neuronal (NK-3) than on
the muscular (NK-1) tachykinin receptors in the GPI as shown by the ratio of activities, EC5(NK-1) /ECyy(NK-3)
= 3.16, thus displaying an improved selectivity for the NK-3 tachykinin receptor subtype as compared to that of
[PGlu®}SPg.;, ECs(NK-1) /ECg(NK-3) = 0.44, In the rat vas deferens (RVD) assay, a typical NK-2 system, the
pseudopeptide analogue 7 was (ECyy = 2 uM) 10-fold more potent than the parent peptide and 20-fold less potent
than eledoisin, an NK-2 selective tachykinin. The pseudopeptide enkephalin analogue 17 had low biological activity
when tested in the electrically induced GPI (ECy = 2.3 uM) and was inactive in the mouse vas deferens (MVD)
assay. In the rat brain membrane (RBM) binding assay analogue 17 had low affinity (in the micromolar range)
for both the u and & binding sites. In contrast, analogue 11 was a potent enkephalin agonist (ECg = 30 nM), being
equipotent to [D-Ala? Leu’}enkephalinamide (DALE) in the GPI assay. In the MVD, analogue 11 showed a substantially
reduced activity (ECs, = 92 nM), being about 10-fold less potent than DALE. In the RBM binding assay analogue
11 showed high affinity (in the nanomolar range) for both the u and § binding sites with increased selectivity for
the 4 sites as shown by the ratio of the apparent affinities for both receptors, K;(6)/K;(u) = 2.1. The contribution
of the modified peptide bonds in the mode of interaction of SP and enkephalin at their corresponding receptors

is discussed.

Backbone modifications of peptide hormones and neu-
ropeptides play an important role in structure-activity
relationship studies and were found to affect potency,
enzymatic stability, solubility, and conformational prop-
erties. Peptide backbone modifications have been intro-
duced in an increasing number of biologically active pep-
tides.! Modifications such as ¥(NHCO)2* ¥(CONMe),’
¥(COCH,),%" ¥(CSNH),* ¥(CH,S),* ¥(CH,NH), ¥-
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(CH,CH,)," and E or Z ¥(CH=CH)!!12 have resulted in
several analogues with increased biological activity and

(1) Spatola, A. F. Chemistry and Biochemistry of Amino Acids,
Peptides and Proteins, Weinstein, B., Ed.; M. Dekker: New
York, 1983; Vol. 7, pp 267-357.

(2) Chorev, M.; Shavitz, R.; Goodman, M.; Minick, S.; Guillemin,
R. Science 1979, 204, 1210.

(3) Chorev, M.; Rubini, E.; Gilon, C.; Wormser, U.; Selinger, Z. J.
Med. Chem. 1983, 28, 129.

(4) Charpentier, B.; Durieux, C.; Pelaprat, D.; Dor, A.; Reiband,
M.; Blanchard, J. C.; Roques, B. P. Peptides 1988, 9, 835.

(5) Laufer, R.; Chorev, M.; Gilon, C.; Friedman, Z. Y.; Wormser,
U.; Selinger, Z. FEBS Lett. 1981, 123, 291.

(6) Almaquist, R. G.; Olsen, C. M.; Veno, E. T.; Toll, L. S. J. Med.
Chem. 1984, 27, 115.

(7) Ewenson, A.; Laufer, R.; Chorev, M.; Selinger, Z.; Gilon, C. J.
Med. Chem. 1986, 29, 295.

(8) Clausen, K.; Spatola, A. F.; Lemieux, C.; Schiller, P. W.;
Lawesson, S. O. Biochem. Biophys. Res. Commun. 1984, 120,
305.

0022-2623/91/1834-2430$02.50/0 © 1991 American Chemical Society



