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is set in the Diels—Alder reaction used to produce 7.

For the purposes of this synthesis, direct alkylation of the
tosylate 6 with a cyclopentadienyl anion was the most efficient
route (Scheme I). Because alkylations with the cyclopentadienyl
anions of lithium and sodium resulted in base-catalyzed intra-
molecular conjugate addition of the functionalized cyclo-
pentadiene,'! the reagent of choice was the cyclopentadienyl
Grignard reagent.’2

The preparation of the tosylate 6 was achieved starting from
lactone 4.7 Reduction of 4, followed by treatment of the cor-
responding lactol with the anion of (EtO),POCH,CO,C(CHj,);,
resulted in condensation with the aldehyde and subsequent in-
tramolecular conjugate addition to produce ester 5 in 89% isolated
yield. Deprotonation of 5 by LDA, followed by the addition of
p-TsCl, resulted in formation of 6 in 83% isolated yield.

Alkylation of 6 proceeded smoothly in THF, using CpMgCl
to produce the corresponding functionalized cyclopentadiene.
Intramolecular cycloaddition was complete within 2 h at 75 °C
in benzene to produce 7 (81% isolated yield). Through this single
cycloaddition reaction, the relative stereochemistry of all four
asymmetric centers of 14 was established.

The generation of 1, by the addition of a solution of Tebbe
reagent to a solution of 4-(dimethylamino)pyridine, in the presence
of 7, resulted in the formation of the metallacycle 8. Heating of
this mixture to 90 °C initiated ring opening to the alkylidene 9.
Subsequent intramolecular trapping of 10 resulted in the complete
conversion of 7 to 9. Due to the sensitivity of the cyclobutene
enol ether to hydrolysis and upcoming reaction conditions, the
cyclobutanone functionality was protected and isolated as the
1,3-dioxolane 11. The ketal was isolated in 81% yield based on
7. This rearrangement established the skeletal framework of
capnellene without affecting the asymmetric centers established
during the cycloaddition. Completion of the synthesis required
only the manipulation of existing functionality.

Transformation of the vinyl substituent to a methyl group was
achieved through the use of standard techniques. Cleavage of
the olefin using ozonolysis removed the excess carbon and workup
with NaBH," reduced the angular substituent to a hydroxyl
methyl group. Further reduction to the methyl group was achieved
by using a reported procedure involving lithium reduction of the
tetramethylphosphorodiamidate ester of the alcohol.!* Unfor-
tunately, even at —50 °C, reduction of the protected cyclobutanone
functionality occurred to a small extent producing the corre-
sponding cyclobutanol of 12. After removal of the protecting group
from the desired product, the mixture was treated with pyridinium
dichromate (0.15 equiv) to produce a single organic product, 12,
isolated in 68% yield based on 11.

Ring expansion of the cyclobutanone to the cyclopentanone
resulted in the known capnellene ketone precursor. Although this
system appeared similar in nature to that reported to exhibit 100%
regiochemical ring expansion,!® we were able to obtain only a 83:17
ratio of 13 to that of its regiochemical isomer. The use of ethyl
diazoacetate, catalyzed by boron trifluoride etherate,!” produced
optimal results. Following decarbonylation,!® 13 was isolated by
flash chromatography in 73% overall yield from 12. Methylenation
of 13 using the Tebbe reagent produced a 93% yield of cap-
nellene.!” The Tebbe reagent, which can be isolated as a solid*
or prepared in situ,? provides an attractive alternative to Ph;PCH,

(11) (a) Sternbach, D. D.; Hughes, J. W.; Burdi, D. F. J. Org. Chem. 1984,
49, 201. (b) Snowden, R. L. Tetrahedron Lett. 1981, 97.

(12) Mironov, V. A,; Sobolev, E. V.; Elizarova, A. N. Tetrahedron 1963,
1939.

(13) Baas, J. L.; Davies-Fidder, A.; Huisman, H. O. Tetrahedron 1966,
285.
(14) (a) Becker, D.; Kalo, J.; Brodsky, N. C. J. Org. Chem. 1978, 43, 2562.
(b) Veysoglu, T.; Mitscher, L. A.; Swayze, J. K. Synthesis 1980, 807.

(15) (a) Ireland, R. E.; Muchmore, D. C.; Hengartner, U. J. Am. Chem.
Soc. 1972, 94, 5098. (b) Muchmore, D. C. Ph.D. Thesis, California Institute
of Technology, Pasadena, 1971.

(16) Liu, H. J.; Ogino, T. Tetrahedron Lett. 1973, 49, 4937.

(17) Tai, W. T.; Warnhoff, E. W. Can. J. Chem. 1964, 42, 1333.

(18) (a) Krapcho, A. P,; Lovey, A. J. Tetrahedron Lett. 1973, 957. (b)
Krapcho, A. P.; Jahngen, E. G. E.; Lovey, A. J. Ibid. 1974, 1091.

in the final step. Previous use of this tempermental reagent for
the transformation of 13, formed by hydrogenation of «,3-un-
saturated 13, to 14 has led to inconsistent product yields of 36-80%
for these two combined steps.® This efficient synthesis (20% overall
from 4) demonstrates the utility of the multifunctional reactivity
of titanaethylene in synthetic transformations.
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Because of their varied physiological activity, steroids are im-
portant testing grounds on which to explore the utility of novel
synthetic methodology.! We have used cobalt, in the form of
CpCo(CO),, as a matrix around which to assemble natural and
unnatural polycyclic products, including the steroid nucleus.? In
this way, the total synthesis of A-ring aromatic systems of the
estrone type was achieved via the D — ABCD? and A —~ ABCD
strategies.* We now report an approach in which all four rings
are assembled (0 — ABCD) in one step to give B-ring aromatic
derivatives with complete control of the crucial stereochemistry
of the C,D-ring juncture. To our knowledge, this strategy has
been accomplished previously only by employing biomimetic cy-
clizations® and not en route to the rare® target class of compounds
which has never been constructed by total synthesis.

Our retrosynthetic analysis is shown in Scheme I and relies in
the first step on a previously unexplored? intramolecular alkyne
cyclization to form a cyclobutahydronaphthalene 2, in turn to be
converted to product by an intramolecular Diels-Alder cyclo-
addition via 3. On the basis of a model study,’ the C,D-ring
junction was hoped to emerge trans. The convergent and efficient
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Organic Chemistry of Drug Synthesis”; Wiley-Interscience: New York, 1977,
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Scheme 119 Table I. Cyclization of Enetriyne 1 in the Presence of CpCo(CO),
E")\- 1, 2, 4,
= a o = " enetriyne a, % yield L % yield?
(CH3z)3Si— = (CH;);si—Ej\/\Hj\/ 1a 36 93¢
oR! b 90 95 (87)
1¢ (79
1d (92)

5a (R'= CHzOCH2CHzO0CH3, RZ2=H),47.6%
5b (R'= CHy, R*= H), 44.6%
5¢ (R'= R% = CHz),57%

OR'
b, ¢, d /CEW r?
R30 = i

la (R'=R2:R¥:H) 7(.9%

15 (R'= CHy,R*=R3:H),73.7%

le (R'= CHy, R%=H,R3s 0CCHg),73%
0

1d (R'=R%zCHy,R%H),80%

@ (a) 1. CH,CH,CH,CH,Li (2 equiv), (CH,),NCH,CH,N(CH,),
(1 equiv), THF, -78 °C; 2. BrCH,CH,C(OR! HC(=CH, )CH, R?,
6a (R' = CH,0CH,CH, OCH,, R* = H), 6b (R' = CH, R* = H), 6b
(R'=R*= CH,), 23 °C; 3. 3-iodopropanal ethylene acetal; (b)
HCOOH, petroleum ether, 23 °C; (c) HC=CCH,MgBr, ether,

-78 - 23 °C; (d) K, CO,, CH,OH, 23 °C (for Ic this was followed
by CH,C(=0)OC(=0)CH,-pyridine).

synthesis of various cyclization precursors 1 is shown in Scheme
11} 3,6-Dilithio-1-(trimethylsilyl)-1,5-hexadiyne’ was converted
to § by the sequential addition of various protected bromoalkenols
67 and 3-iodopropanal ethylene acetal' with complete regiose-
lectivity. Deprotection (including R! for 5a), 3-propynyl-
magnesium bromide addition, and desilylation then furnished
enetriynes 1.

The results of the cobalt-catalyzed cyclizations are listed in
Table I. The complete transformation could be performed in one
step as in the cases of 1b—d or interrupted at the benzocyclobutene
stage 2a,b. Yields in all cases were good to excellent.? The
stereochemistry at the C,D-ring junction was 100% trans.”!!
Although the cyclizations proceeded in a stereorandom manner
at C-3 and C-17, this result is of no consequence to their ultimate
utility, since these centers are controllable after oxidation to the

(8) All isolated new compounds gave satisfactory analytical and/or spectral
data (see ref 12 and supplementary material).

(9) Compound 6b was obtained from 2-methylpropenal (55% overall yield)
and 6¢ from 2-ethylpropenal (44%) as described in ref 7.

(10) Stowell, J. C; King, B. T.; Hauck, H. F., Jr. J. Org. Chem. 1983, 48,
5381,

(11) Jackman, L. M.; Sternhell, S. “Application of NMR Spectroscopy in
Organic Chemistry”, 2nd ed.; Pergamon Press: New York, 1969; p 243.

1CpCo(CO),, o-xylene, A, hv (GE-ENH 250-W slide projector
lamp), 1 h. ®Decane, A, 20 h. ‘Compound 2 in a mixture of decane
and o-xylene was heated at reflux for 4 days. ¢Yields in parentheses
refer to direct conversion of 1 to 4. The reaction was carried out in
boiling decane for 20 h; the light source was turned off after 1 h.

diketones. Thus, treament of 1a with pyridinium chlorochromate
(CH,Cl,) gave cleanly the corresponding known 5,7,9(10)-es-
tratriene-3,17-dione 7a (91.7%)%*12 providing a chemical proof
for the authenticity of the framework of the precursor. Similarly,
4d was 3-acetylated (CH;C(=0)OC(=0)CHy;, pyridine, 98%),
deprotected at C-17 [CH,CN, Nal, (CH,),SiCl, 63%], turned
into the 3,17-diol (K,CO,;, CH;O0H, not isolated), and oxidized
(PCC, CH,Cl,, 88%) to the single 18-methyl-5,7,9(10)-estra-
triene-3,17-dione 7d.%!? Since 4a and related compounds can be
reduced selectively by electrochemical means®® to the 6,9«-di-
hydroderivatives, their facile synthesis reported in this paper opens
up access to many other known and, more importantly, novel
steroids. Finally, correlation of 7a with a readily available natural
product, equilenin, was achieved by A-ring oxidation (CuBr,, LiBr,
CH,CN),! identical in its spectral data with authentic material.
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(12) 7a: colorless crystals (ether) mp 93-94 °C (lit.!' mp 94.5-96.5 °C);
MS, m/e (relative intensity) 268.1452 (calcd 268.1463, M*, 100%), 253 (7.4),
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Hz, 2 H), 2.65 (dd, J = 2.8, 8.8 Hz, 1 H), 2.52 (1, J = 6.7 Hz, 2 H), 2.37
(m, 2 H), 2.08 (ddd, J = 3.4,5.9, 10.8 Hz, 1 H), 1.92 (m, 2 H), 0.75 (s, 3
H); '*C NMR (CDCl,, 77.0 ppm) & 219.80, 210.68, 136.35, 134.80, 133.28,
131.63, 126.04, 123.80, 47.04, 46.72, 45.22, 37.82, 36.49, 29.05, 24.46, 24.43,
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We recently described the coupling of liquid chromatography
(LC) with fast atom bombardment mass spectrometry (FABMS)
via a moving belt interface.’ While successful in dealing with
peptides to molecular weight 1900, the interface showed consid-
erable breakup in the total ion current (TIC) trace, so that sep-
arations were difficult to follow and the limit of the spectrometer’s
sensitivity was nearly reached. In that version of the LC/FAB
interface, the sample was deposited from a column onto the moving
belt via a jet spray.* We have now modified our interface to
include a frit in place of the jet at the end of the liquid chro-
matograph, and we now use microbore (1-mm i.d.) columns at
flow rates up to 100 L /min. With these modifications, com-
ponent peak shapes resemble much more closely those from the
LC/UV detector and sensitivity is no longer a problem. Additional
improvement in the peak shape can be effected by measuring the
TIC only above a preset mass, which eliminates most of the
background ions arising from the belt. One advantage of coupled
LC/FAB over isolation of components from the liquid chroma-
tograph and subsequent analysis by FABMS is that no matrix
need be included with the effluent (since the moving belt presents
the atom beam with a continuously changing surface) and no
matrix peaks are observed. We describe here the use of LC/FAB
in the identification of a number of new components of the peptide
antibiotics leucinostatin and CC-1014.
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Figure 1. Top trace: limited reconstructed ion chromatogram of leuci-
nostatin mixture. Solvent conditions: methanol:2-propanol:water:
acetonitrile:carbon dioxide/diethylamine, 40:30:20:10:0.1. Flow rate:
100 gL /min, 1-mm id. Cig column, 5 ug injected. Middle trace: sin-
gle-ion trace of m/z 1235 (leucinostatin E). Bottom trace: single-ion
trace of m/z 1135 (leucinostatin F).

The structures of leucinostatins A and B were recently assigned
by Fukushima et al.,* as shown in Scheme I.  Our studies carried
out on very limited samples of CC-10145%7 suggested that CC-1014
might be very closely related to or perhaps identical with leuci-
nostatin A, and the latter appears to be identical with P168® and
1907.° Consequently, the two antibiotics were reinvestigated by
LC/FABMS and the TIC trace of leucinostatin is shown in Figure
1. Components A and B were identified as leucinostatins A and
B, respectively, from their FAB spectra, that of leucinostatin A
from the LC/FAB experiment being shown in Figure 2. The
remaining components of the leucinostatin mixture, however, had
not been previously reported. They were identified as the new
leucinostatins C and D and assigned the structures shown in
Scheme I on the basis of their FAB spectra. Two more compo-
nents, leucinostatins E and F, were observed in such low abundance
that only molecular weight information was obtained and the
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