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Figure 1. A working model derived from molecular mechanics
(MMX).12

stereomers to the NMR spectrum of the 2-methyl deriv-
ative, which was subjected to X-ray single-crystal structure
analysis. In all cases the dihydropyridones (3) prepared
from (-)-8-phenylmenthyl chloroformate were crystalline
compounds. Purification of the crude products by re-
crystallization can give high yields of diastereomerically
pure dihydropyridones 3 (entries h and n).1°

(10) All new compounds have been characterized by NMR and IR
spectroscopy and elemental analysis.

The chiral auxiliary can be removed and recovered as
shown in Scheme III. Treatment of recrystallized 3f (R
= {-Bu) (100% de) with sodium methoxide in methanol
(4 equiv, reflux, 16 h) gave a 92% yield of dihydropyridone
7 [[@)®p +216.6° (c 1.34, CHCly); mp 150152 °C (hexane)]
and a mixture of 8a and 8b after radial preparative-layer
chromatography. The mixture (8a and 8b) was treated
with K,COj; in aqueous methanol (room temperature, 2 h)
to give a 95% yield of (-)-8-phenylmenthol. The di-
hydropyridone 7'! was deprotonated with n-BuLi in THF
(~78 °C, 15 min), and the resulting anion was added to
(-)-8-phenylmenthyl chloroformate (THF, -78 °C to room
temperature) to give 3f (98%, 100% de), demonstrating
that no racemization occurred on removal of the chiral
auxiliary.

A working model that rationalizes the formation of 3f
as the major diastereomer is depicted in Figure 1. Attack
by a Grignard reagent at C6 on the more accessible face
of the pyridinium ring in 9 leads to the observed formation
of diastereomer 3f as the major product. It is not known
at this time whether the in situ formed N-acyl salt exists
mainly in the reaction medium as a nonequilibrating ro-
tamer, i.e. 9, or if equilibration between rotamers is oc-
curring. Additional studies on the mechanism and scope
of this novel asymmetric synthesis and its application to-
ward the enantioselective synthesis of natural products will
be reported in due course.
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(11) Optically active dihydropyridones of this type have been prepared
from chiral imines and Danishefsky’s diene. Kunz, H.; Pfrengle, W.
Angew. Chem., Int. Ed. Engl. 1989, 28, 1067; 1989, 28, 1068. Pfrengle,
W.; Kunz, H. J. Org. Chem. 1989, 54, 4261. Also see: Danishefsky, S.;
Kerwin, J. F. Tetrahedron Lett. 1982, 23, 3739.

(12) MMX version by K. E. Gilbert and J. J. Gajewski based on MM2
g\llsingler, QCPE 395) and MMP1 Pi (Allinger, QCPE 318) modified by

. Steliou.
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Summary: The title compounds were synthesized through
thiosulfenylation. Exposure of the trisulfides to benzyl
mercaptan induced reductive cycloaromatization.

Prevailing theory concerning the mode of action of the
enediyne antibiotics envisions initial noncovalent binding
to double-stranded DNA.! It is further assumed that

(1) (a) Zein, N.; Sinha, A. M.; McGahren, W. J.; Ellestad, G. A. Science
1988, 240, 1198. (b) Long, B. H.; Golik, J.; Forenza, S.; Ward, B.; Rehfuss,
R.; Dabrowiak, J. C.; Catino, J. J.; Musial, 8. T.; Brookshire, K. W.; Doyle,
T. W. Proc. Natl. Acad. Sci. U.S.A. 1989, 86, 2. (c) Zein, N.; Poncin, M.;
Nilakantan, R.; Ellestad, G. A. Science 1989, 244, 697. (d) Hawley, R.
C.; Kiessling, L. L.; Schreiber, S. L. Proc. Natl. Acad. Sci. 1989, 86, 1105.

reductive cleavage of the allylic trisulfide initiates a cascade
which generates a diyl species strategically disposed to
effect cutting of the duplex DNA.2® Recently we have
simulated the diyl priming process by recourse to an allylic
thioacetate trigger. Actuation involved an S — O acetyl

(2) (a) Golik, J.; Dubay, G.; Groenewold, G.; Kawaguchi, H.; Konishi,
M.; Krishnan, B.; Ohkuma, H.; Saitoh, K.; Doyle, T. W. J. Am. Chem.
Soc. 1987, 109, 3462. (b) Lee, M. D.; Dunne, T. S.; Chang, C. C.; Ellestad,
G. A.; Siegel, M. M.; Morton, G. O.; McGahren, W. J.; Borders, D. B. J.
Am. Chem. Soc. 1987, 109, 3466. (c) Zein, N.; McGahren, W. J.; Morton,
G. O.; Ashcroft, J.; Ellestad, G. A. J. Am. Chem. Soc. 1989, 111, 6888.

(3) Nicolaou, K. C.; Ogawa, Y.; Zuccarello, G.; Kataoka, H. J. Am.
Chem. Soc. 1988, 110, 7247.
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Scheme I
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migration. Herein we describe for the first time the
chemistry of systems which contain both structural ele-
ments, i.e., the bridgehead enone and the allylic trisulfide
employed by the naturally occurring antibiotics.

Magnus and co-workers had communicated their efforts
pertinent to the preparation of a [7.3.1] enediyne skeleton
bearing the trisulfide group but lacking a bridgehead
Michael acceptor. In this work, convenient recourse was
made to the phthalimido disulfide reagents of a type or-
iginally developed by Harpp and others.® However, the
preparation of the allylic trisulfide was complicated by the
formation of significant amounts of disulfide.>® We also
used the Harpp reagents, initially for the generation of
des-ureido aglycon prototypes, and subsequently in the
first total synthesis of the calicheamicin aglycon.” The
present paper describes the elaboration of allylic trisulfides
in the des-ureido series and provides the first demon-
stration of activating the Bergman® cascade via the tri-
sulfide trigger in the aglycon series.

Thioacetate 2, previously obtained from the corre-
sponding primary mesylate,* has subsequently been pre-
pared directly in 50-60% yield from triol 1 using the
conditions of Volante (DIAD, PPhy, HSA¢).? Deacylation
(DIBAL, CH,Cl,, -78 °C) followed by treatment with
methyl phthalimido disulfide (CH,Cl,, THF, room tem-
perature)® or benzyl phthalimido disulfide®® gave the
corresponding alkyl trisulfides, 5'° and 6,'° in 84 and 61%
yields, respectively. Deprotection of the bridgehead enone
in the presence of the trisulfide moiety was approached
with some concern. However, in the event exposure of 5

(4) Haseltine, J. N.; Danishefsky, S. J.; Schulte, G. J. Am. Chem. Soc.
1989, 111, 7638.

(5) Magnus, P.; Lewis, R. T.; Bennett, F. Chem. Commun. 1989, 916.

(6) (a) Harpp, D. N.; Ash, D. K. Int. J. Sulfur Chem. A 1971, 1, 57.
(b) Sullivan, A. B.; Boustany, K. Ibid. 1971, 1, 207. (c) Harpp, D. N.; Ash,
D. K. Ibid. 1971, 1, 211.

(7) Cabal, M. P.; Coleman, R. S.; Danishefsky, S. J. J. Am. Chem. Soc.
1990, 112, 3253.

(8) (a) Bergman, R. G. Acc. Chem. Res. 1973, 6, 25. (b) For related
exploration in this area, see: Darby, N.; Kim, C. U,; Salaiin, J. A.; Shelton,
K. W.; Takada, S.; Masamune, S. Chem. Commun. 1971, 1516.

(9) Volante, R. P. Tetrahedron Lett. 1981, 22, 3119.

(10) The structure of this compound is consistent with its infrared and
250-MHz 'H NMR spectra as well as parent identification by high-reso-
lution mass spectroscopy.
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and 6 to the action of camphorsulfonic acid in THF/H,0
at room temperature provided the derivative enones 81°
and 9 in quantitative yield. The calicheamicin aglycone,
10 was obtained in similar fashion from 4 as previously
described.’

Interestingly, the syntheses of trisulfides 5, 6, and 7 are
apparently not complicated by formation of any corre-
sponding disulfide. The factors responsible for the dif-
ference between our findings and those reported by
Magnus have not been fully clarified. It might be that
subtle differences in the nature of the substrate undergoing
thiylation determine the course of cleavage of the Harpp
disulfides. Alternatively the difference might arise from
the method in which the reagents are prepared and used.!!

With these allylic trisulfides in hand, it was of interest
to study their ability to potentiate the diyl-forming cas-
cade. Treatment of either 8 or 3 with benzyl mercaptan,
triethylamine, and 1,4-cyclohexadiene in methanol for 2
h at room temperature resulted in the formation, in each
instance, of an approximately 50% yield of cyclo-
aromatized tetracycle 11.1° In addition to routine char-
acterization, the structure of 11 was corroborated through
acetylation of the secondary alcohol (Ac,0, pyridine, room
temperature) to provide the previously identified ester 12.4
Similarly, the cycloaromatization of 10 with the intact
urethane afforded a 16% yield of 13 (wherein the stereo-
chemistry at C;, has not been rigorously determined.!?

In summary we have demonstrated the clean introduc-
tion of the trisulfide trigger in extensively functionalized
versions of the calicheamicin/esperamicin antibiotics.
Moreover, thiol-induced cleavage in these systems (a model
for the possible action of glutathione) initiates the cascade
which culminates in Bergman cyclization. Thus, the ur-
ethane functionality is not crucial for the activation cas-
cade.

(11) A detailed procedure for the preparation of methyl phthalimido
disulfide is provided in the supplementary material.

(12) 'H NMR data in hand are consistent with a structural assignment
for 13 in which the urethane function is of the « configuration. The same
stereochemistry has been suggested for the Bergman product derived
from calicheamicin v,!. See: Ellestad, G. A.; Hamann, P. R.; Zein, N,;
Morton, G. O.; Siegel, M. M.; Pastel, M.; Borders, D. B.; McGahren, W.
J. Tetrahedron Lett. 1989, 30, 3033.
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Summary: The o/-lithiations and electrophilic substitu-
tions of selected Boc piperidines provide single or separable
diastereoisomeric 2-substituted, 2,4-disubstituted, and
2,4,6-trisubstituted Boc piperidines which are readily hy-
drolyzed to the substituted piperidines.

Previous studies of the formation of «’-lithioamine
synthetic equivalents from secondary amines have shown
that piperidines provide an informative and demanding
test of the methodology.!® We have recently reported that
the tert-butoxycarbonyl (Boc) group is an effective acti-
vating group for directing o’-lithiation of piperidines.? In
this paper we provide preliminary results which show that
diastereomeric 2-substituted, 2,4-disubstituted, and
2,4,6-trisubstituted piperidines can be prepared readily by
this approach.

The reactions we have carried out are shown for the
general conversions of 1 to 2 to 3, with the specific reac-
tants shown as 4-23 and the separated products shown as
7,9, 11, and 12-42 in Table I. Structures are shown in
the first column for reactants for the lithiation—substitution
step while reactants for the hydrolysis step are designated
by compound number. The stereochemistries are assigned
to the products on the basis of !H NMR spectra which
distinguish the alternatives by molecular symmetry and/or
characteristic coupling constants of the C, and Cq protons
to the adjacent methylene group. The assignments to the
erythro:threo isomer pairs, including 26 and 27, are based
on the larger couplings found between the C, and exocyclic
protons for the threo isomer in established systems.> The
assignments were confirmed for 28 by direct comparison
of the corresponding benzamides with authentic material,

(1) (a) Beak, P.; Zajdel, W. J.; Reitz, D. B. Chem. Rev. 1984, 84, 471.
(b) Seebach, P.; Wykypiel, W.; Lubosch, D.; Kalinowski, H. 0. Helv.
Chim. Acta 1978, 61, 3100. (c) Beak, P.; Zajdel, W. J. J. Am. Chem. Soc.
1984, 106, 1010. (d) Meyers, A. L; Edwards, P. D.; Rieker, W. F.; Bailey,
T. R. Ibid. 1984, 106, 3270. (e) Gawley, R. E.; Hart, G. C.; Bartolotti, L.
d. J. Org. Chem. 1989, 54, 175 and references cited therein.

(2) Beak, P.; Lee, W.-K. Tetrahedron Lett. 1989, 1197.

(3) For previous uses of carbamates in sterically hindered or addi-
tionally activated systems, see: Hassel, T.; Seebach, D. Angew. Chem.,
Int. Ed. Engl. 1978, 17, 274. Hassel, T.; Seebach, D. Helv. Chim. Acta
1987, 61, 2237. Armande, J. C.; Pandit, U. K. Tetrahedron Lett. 1977,
897. MacDonald, T. L. J. Org. Chem. 1980, 45, 193. Comins, D. L.;
Weglarz, M. A. J. Org. Chem. 1988, 52, 4437,

(4) For recent and related chemistry of «-lithicamine synthetic
equivalents, see: Pearson, W. H.; Lindbeck, P. C. J. Org. Chem. 1989,
54, 5651, Comins, D. L.; LaMungon, P. H. Tetrahedron Lett. 1989, 5053.

(5) Stork, G.; Jacobson, R.; Levitz, R. Tetrahedron Lett. 1979, 771.
Hill, R. J. Am. Chem. Soc. 1958, 80, 1609. Pilard, S.; Vaultrer, M. Tet-
rahedron Lett. 1984, 1555. Hill, R.; Chan, T.; Joule, J. Tetrahedron 1965,
4, 147,
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for the amino alcohols 38 (dl-conhydrine), 39 (dIl-8-
conhydrine), and 12 by comparison with literature physical
properties and for 40 by an X-ray structure determination.®

As shown in the table, lithiation of the Boc piperidines
followed by reactions with aldehydes provides mixtures
of readily separable erythro and threo isomers in which
the threo isomer is often in a cyclized form. The sub-
stituents for the monosubstituted systems 12, 14, 16, and
19 are shown as equatorial because the proton at C, in 12
can be assigned as axial based on its couplings to the ad-
jacent methylene of 5 and 12 Hz. Axial disposition of the
methyl group in 6 is consistent with coupling constants of
2 and 3 Hz between the C, and the adjacent methylene
protons and with A, ; strain® The conformations assigned
to 41 and 42 are made to be consistent with those of the
monosubstituted systems.
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The stereochemistries of the products from 4-6 and 8
are consistent with equatorial o'-lithiation followed by
retention on electrophilic substitution as previously re-
ported.! The formations of both diastereoisomers on re-
actions with aldehydes and the beneficial effect of a sub-
stituent on the piperidine ring on the yields of the al-
kylation reaction are also consistent with experience with
the piperidine amides and formamidines.” However, the
axial substitutions in the formations of the trans 2,6-sub-
stituted isomers from the 2,4-disubstituted systems 7 and
9 are different from the previous pattern.?

(6) Johnson, F. Chem. Rev. 1968, 68, 375.

(7) Sanner, M. A. Tetrahedron Lett. 1989, 1909,

(8) Meyers and co-workers obtained the cis-2,6-dimethyl product from
the 4-tert-butylpiperidine formamidine by analogous chemistry.!d The
fact that the stereochemistry is influenced by the directing group on
nitrogen provides another approach for stereochemical control with this
methodology.
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