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analysis of Fisher et al.'* for protein-protein complexes.
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Note Added in Proof. After acceptance of this manuscript for
publication, Rodgers et al. (Science, (Washington, D.C.) 1988,
240, 1675) published similar studies on the interaction of re-
combinant rat cytochrome b5 with horse heart cytochrome ¢. Our
results differ from theirs in one important respect: the changes
in volume on complex formation that we observe are approximately
50% of the values they report. In the absence of a precise account
of the methods employed by Rodgers et al., we temporarily ascribe
this difference to our use of different proteins, recombinant rat
cytochrome bs versus trypsin-solubilized bovine liver microsomal
cytochrome b5 and native cytochrome ¢ versus porphyrin cyto-
chrome ¢. We note that the recombinant rat cytochrome b itself
is reported to be sensitive to pressure and that the volume changes
calculated by Rodgers et al. may include a contribution arising
from heme solvation as well as from the cytochrome bs-cytochrome
¢ interaction.

(21) (a) Kauzmann, W. Adv. Protein. Chem. 1959, 14, 1. (b) Weber, G.;
Tanaka, F.; Okamoto, B. Y.; Drickamer, H. G. Proc. Natl. Acad. Sci. U.S.A.
1974, 71, 1264,

(22) (a) Osheroff, N.; Borden, D.; Koppenol, W. H.; Margoliash, E. J.
Biol. Chem. 1980, 255, 1689. (b) Poulos, T. L.; Finzel, B. C. In Peptide and
Protein Reviews; Hearn, M. T. W., Ed.; Marcel Dekker: New York, 1986;
Vol. 4, p 11.
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The didemnenones—recently discovered, densely functionalized,
and biologically active—are marvelous synthetic targets.! We
have recently completed an efficient enantiospecific total synthesis
of didemnenones A (1) and B (2) and established the absolute
configurations shown in structures 1-3.

1 Ry=H,
2 Ry=OH, Rzs H

Rz = OH

3 Ry=H, RzsOCH;

The Caribbean tunicate Trididemnum cf. cyanophorum pro-
duced didemnenones A (1) and B (2), while halfway around the
world, the South Pacific tunicate Didemnum voeltzkowi produced
didemnenones C and D.! The relative stereostructures of the
didemnenones were established by an X-ray diffraction analysis
of the acetal 3 derived from 1 and 2 followed by chemical and
spectral correlations.!

Our approach to didemnenones A (1) and B (2) is shown in
Scheme I. The most difficult issues were forming the C6-C7
bond and controlling the stereochemistry at C8. The C6-C7 bond
could be formed by using a mercuric chloride induced cyclization?

(1) Lindquist, N.; Fenical, W. H.; Sesin, D. F,; Ireland, C. M.; Van Duyne,
G. D.; Forsyth, C. J.; Clardy, J. J. Am. Chem. Soc. 1988, 110, 1308-1309.

(2) Drouin, J.; Boaventura, M. A.; Conia, J. M. J. Am. Chem. Soc. 1985,
107, 1726-1729.
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of acetylenic silyl enol ether i. This transformation would be
followed by the stereospecific conversion of the resultant vinyl
mercurial i to the corresponding halide and formation of the
C8-C9 bond by using the recently reported palladium-catalyzed
coupling of alkenyl halides and vinyl tin reagents.> Since re-
placement of the mercury and formation of the C8-C9 bond were
both expected to proceed with retention, the E-diene would be
formed.** Allylic oxidation would provide the proper oxidation
level at C11. The configuration at C6 in the cis-fused cyclization
product ii would be defined by the configuration at C2 in cy-
clization precursor i. The configuration at C2, in turn, could be
established in iii via 1,3-chirality transfer in a diastereofacial
selective nucleophilic addition to the chiral enone 4.5 Since both
antipodes of 4 were available,® both enantiomers of 1 and 2 could
be prepared.

The synthesis began with the addition of the hydroxymethyl
anion equivalent fert-butoxymethyllithium’ (1.4 equiv in tetra-
hydrofuran(THF)/tert-butyl methyl ether, =78 °C, § min) to
(R)-4-(tert-butyldimethylsilyloxy)-2-cyclopentenone (4)? to afford
(15,4R)-1-(tert-butoxymethyl)-4-(zert-butyldimethylsilyloxy)-2-
cyclopentenol (5)? (74.5% yield, []p?' + 79.6° (¢ 0.950, CHCI,)).
The desired (1S5,4R) adduct was readily separated from the
(1R,4R) adduct (7:1 ratio of diastereomers) by silica gel chro-
matography (hexane-ethyl acetate, 4:1). The stereochemistry of
the individual isomers of 5 was established by '"H NMR analysis
(see Supplementary Material). As anticipated, nucleophilic attack
occured predominantly from the face trans to the silyloxy group
of 4 and established the key stereocenter in 5. Ether formation
(propargy! bromide, NaH, THF, 96.0%) gave 6, which was de-
silylated (nBu,NF, THF, 96.2%) to 7 and oxidized to enone 8
(pyridinium dichromate, CH,Cl,, 94.3%). Silyl enol ether for-

(3) Stille, J. K.; Groh, B. L. J. Am. Chem. Soc. 1987, 109, 813-817.

(4) Jensen, F. R.; Rickborn, B. Electrophilic Substitution of Organo-
mercurials; McGraw-Hill: New York, 1968; pp 64 and 89.

(5) For related additions to 4-hydroxy-2-cyclopentenone and a derivative
see; Hua, D. H.; Venkatarama, S. Tetrahedron Letz. 1985, 26, 3765-3768.
Nagoaka, H.; Miyakoshi, T.; Yamada, Y. Tetrahedron Lett. 1984, 25,
3621-3624.

(6) For some of the methods that are available for the preparation of either
enantiomer of 4 see: (a) Kitamura, M.; Kasahara, I.; Manabe, K., Noyori,
R.; Takaya, H. J. Org. Chem. 1988, 53, 708-710. (b) Noyori, R.: Tomino,
I.; Yamada, M.; Nishizawa, M. J. Am. Chem. Soc. 1984, 106, 6717-6725.
(c) Gill, M.; Rickards, R, W. Tetrahedron Lett. 1979, 1539-1542. (d) Ok-
amoto, Y.; Aburatani, R.; Kawashima, M.; Hatada, K.; Okamura, N. Chem.
Lett. 1986, 1767-1770. (e) Laumen, K.; Schneider, M. Tetrahedron Lett.
1984, 25, 5875-5878. (f) Asami, M. Tetrahedron Lett. 1985, 26, 5803-5806.
(g) Ogura, K.; Yamashita, M.; Tsuchihashi, G. Tetrahedron Lett. 1976,
759-762. (h) Additional references cited in: Noyori, R.; Suzuki, M. Angew.
Chem., Int. Ed. Engl. 1984, 23, 847-876.

(7) Corey, E. J.; Eckrich, T. M. Tetrahedron Lett. 1983, 24, 3165-3168.

(8) (R)-4 ([a]p®! +62.8° (¢ 2.50 g/100 mL, MeOH, ca. 94% ee) (lit.5
[a]p? +66.6° (¢ 1.0, MeOH) for enantiomerically pure (R)-4)) was prepared
by silylation (TBDMSCI, (iPr),(Et)N, DMAP, CH,Cl,) of (R)-4-hydroxy-
2-cyclopentenone obtained from (-)-(25,3.5)-tartaric acid according to ref 6g.
(S)-4 ([@]p* —43.6° (c 0.184 g/100 mL, MeOH, ca. 65% ee)) was similarly
prepared from (+)-(2R,3R)-tartaric acid.

(9) All reactions involving air-sensitive compounds were performed under
argon or nitrogen. All new compounds gave satisfactory spectral and ana-
lytical data, which are included in the supplementary material.
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mation (zert-butyldimethylsilyl trifluoromethanesulfonate, tri-
ethylamine (Et;N), CH,Cl,, 0 °C to 23 °C, 1 h)!® coupled with
a non-aqueous workup gave the cyclopentadiene 9, which was
submitted directly to mercuric chloride cyclization? (1.0 equiv of
HgCl,, 0.2 equiv of hexamethyldisilazane, CH,Cl,, 30 °C, 70
min). The cyclized vinyl mercurial was subjected without isolation
to iodine mediated electrophilic substitution®!! (1.0 equiv of
N-iodosuccinimide, 2 equiv of Nal, 0 to 23 °C, 4 h) to give, after
workup and chromatography, the crystalline E-vinyl iodide 102
(90.6% from 8, mp 94-96 °C).

OR, o OTBDMS
018y OtBu O1Bu
5 R;=TBDMS, Rp=H 8 9

6 Ry=TBDMS, Rzs CH2CCH
7 Ry=H, Ra=CH;CCH

1 1, 1
QW g Q H g e B
018u -+ OCH;y
o o o]
OR OAC OH
12 13

10 R=1tBu
11 Rs AC

With the successful formation of 10, three tasks remained to
complete the synthesis: vinyl coupling, allylic oxidation, and
unmasking of the primary alcohol. Treatment of 10 with acetic
anhydride—ferric chloride!> (0 °C, 1 h) provided acetate 11 (88.0%,
mp 63 °C). Selenium dioxide oxidation'* of 11 (0.7 equiv of SeO,,
4.0 equiv of tBuOOH, 1,2-dichloroethane, 83 °C, 8 h) yielded
an E,Z mixture of tert-butoxy acetal anomers 12 (81% combined
yield, E:Z ca. 1:1), which, after methanolysis (catalytic TsOH,
MeOH, 21-23 °C, 4 days) and chromatography, gave methoxy
acetal 13 (24% yield from 11) as the major E-vinyl iodide ariomer.
Coupling of 13 with tri-n-butylvinylstannane (catalytic
(Ph,P),PdCl,, N,N-dimethylformamide, 23-24 °C, 18 h)? gave
stereospecifically the (E)-diene 3 (72%, mp 127-128 °C, [a]p?!
+346.9° (¢ 0.179, CHCl;)) which matched ('H NMR, 13C NMR,
IR, UV, EIMS, TLC, mp, sign of specific rotation, and unit cell
constants) acetal 3 derived from naturally occurring didemnenones
A (1) and B (2). The acetal enriched in the opposite enantiomer!’
was obtained from (S)-4° by the same route. Hemiacetals 1 and
2 (1:1 mixture, [a]p? +514.8° (¢ 0.081, DMSO)) were obtained
by hydrolysis of 3 (catalytic HCI, THF-H,0, 2:1, 0-23 °C, 2.75
h, 69.9%) and were indistinguishable from the natural product
mixture by 'H NMR, IR, UV, EIMS, TLC, and sign of specific
rotation.

The excess enantiomers of synthetic 1, 2, and (+)-3 have the
same absolute configurations as their naturally derived counter-
parts.! The absolute configurations at C2 and C6 are defined
by the synthesis as 2R,6R for 1, 2, and (+)-3. On the basis of
the structural correlations reported in our earlier work,! it follows

(10) Emde, H.; Gotz, A.; Hofmann, K.; Simchen, G. Liebigs Ann. Chem.
1981, 1643-1657.

(11) Riediker, M.; Schwartz, J. J. Am. Chem. Soc. 1982, 104, 5842-5844,

(12) While subsequent allylic oxidation yields an E,Z mixture of vinyl
iodide isomers, assignment of the E configuration to 10 is supported by
protonolysis of the vinyl mercurial and assignment of the 'H NMR resonances
of the resulting exocyclic methylene protons as described in ref 3, as well as
by vinyl coupling to form the corresponding E-diene as for 13.

(13) Ganem, B.; Small, V. R,, Jr. J. Org. Chem. 1974, 39, 3728-3730.

(14) Umbreit, M. A.; Sharpless, K. B. J. 4m. Chem. Soc. 1977, 99,
5526—-5528.

(15) (-)-3: ([«]p* —245.9° (¢ 0.270 g/100 mL, CHCl,, ca. 66% ee)).

(16) The specific rotation of the natural products 1 and 2 (1:1 mixture)
is [a]p +576.1° (¢ 0.49, DMSO), while that for naturally derived 3 is [a]p
+371.8° (¢ 0.86, CHCI,).! The estimated optical purities of synthetic 1, 2,
and (+)-3 (ca. 89-93% ee) approximate that estimated for starting material
(R)-4 (ca. 94% ee) b
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that didemnenone C is 25,65 and didemnenone D, most plausibly,
is 25,6R.
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We have previously described the biosynthesis of the benz-
[b]carbazole skeleton of the kinamycin antibiotics 1-425 from
acetate via the benz[a]anthraquinone 5 (Scheme I).¢ The data
suggested excision from 5 of two carbons, C-5 and C-6, originally
derived from the same acetate unit. The only primary metabolic
precursor of kinamycin remaining to be identified was that of the
cyanamide unit. Efforts to identify the origin of this unusual
moiety’ were hampered by the apparent absence of its resonance
signal from the *C NMR spectra of the kinamycins.! We now
report experiments that uncovered the missing resonance as well
as experiments that reveal the source of the cyano carbon.

Fermentation of Streptomyces murayamaensis in a defined
medium!® containing (*’NH,),SO, as the sole nitrogen source
afforded ["*M]kinamycin D, 4a. The 40.5 MHz "N NMR
spectrum (Figure 1) showed two doublets (Jycn = 3.4 Hz)!! at
344.5 and 241.6 ppm relative to H¥NO; at 362.0 ppm, for the
two nitrogens. The 100.6 MHz '*C NMR spectrum of 4a (Figure
2) showed *N-coupled doublets for C-5" (6 131.7, Jon = 2.9 Hz),
C-6’ (6 128.0, Jon = 2.2 Hz), C-2 (6 132.2, Jon = 2.3 Hz), and
C-3 (6 128.4, Jon = 2.8 Hz). To our surprise and delight a doublet
of doublets was also observed at § 78.5, Jon = 21.2, 5.4 Hz.
Examination of all previously obtained '*C NMR spectra of 4
revealed the small singlet, almost overlapped by the CDCl; res-
onance, that had been ignored as an impurity. Although we cannot
unequivocally explain the large upfield shift (ca. 30 ppm).? its
observation has allowed us to determine the biosynthetic origin
of the cyanamide carbon.

Feedings with typical one-carbon precursors labeled with 1*C
led only to low incorporations ([**CH;]methionine, 0.08%; sodium
['*C]formate, 0.01%; sodium ['*C]cyanide, 0.01%; ['*C]urea,
0.01%; sodium ['*C]carbonate, 0.05%) except for {guanido-
14Clarginine, (0.61%),!2 [3-14C]serine (0.49 and 1.90%!3), and
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