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carbon monoxide (100 psi) in pentane. The carbonyl stretching
frequency (1440 cm™) and the '3C NMR shift of the carbonyl
carbon for 2 are similar to corresponding values for Cp,Zr(5*-
COSiMe;)Cl.* A possible explanation for the greater reactivity
of 1 over Cp,Zr[Si(SiMe;);]Cl toward carbon monoxide is that
increased steric interactions about the metal center promote CO
insertion in 1. A similar effect has been observed for Cp,Zr-
[CH(SiMe;),]Me, insertion of CO occurring exclusively into the
more sterically hindered Zr—C bond.*

The formylsilane 3 was prepared by addition of anhydrous HC]
gas (1 equiv) to a cold (-78 °C) toluene solution of 2 (0.60 g,
1 mmol), followed by warming to room temperature (eq 1).

Cl

H
CPCP‘ZrVO Cl, loluene

CpCp Z:Cl
-78°C - RT prpicrtly

(Me,S#),SICHO (1

3
2 Si(SiMes)s

Removal of volatiles under vacuum and extraction of the residue
with pentane allowed separation of 3 from CpCp*ZrCl,, which
was isolated in 90% yield. Pentane was removed from the resulting
filtrate to afford reasonably pure 3 (295% by 'H NMR) as a
colorless oil in 55% yield. Compound 3 may be further purified
by distillation under vacuum (70 °C, 102 mmHg, ca. 80% yield),
but this is not necessary for most purposes. Low yields (20~30%)
of 3 are also obtained, among other uncharacterized products, by
reaction of ethyl formate and (THF),LiSi(SiMe,); in pentane at
-78 °C (by 'H NMR).

The 'H NMR spectrum of 3 consists of singlets at 4 0.20 and
12.36 (benzene-d). Labeled ['3C]-3, prepared from CpCp* Zr-
[7*-BCOSi(SiMe;,);]Cl ([1*C]-2), gave a doublet at § 12.36. The
1Jcy coupling constant of 147 Hz for 3 is rather low for an
aldehyde but is consistent with the expected substituent effect of
the electropositive silyl group.'® The carbonyl carbon of ['*C]-3
was observed at 8 243.01 in the *C NMR spectrum, in the region
expected for a —-COSi(SiMej); group.'® For comparison,
Me;Si'3CHO exhibited a peak at § 11.77 ({Jcy = 141 Hz) in its
'H NMR spectrum and a *C NMR chemical shift at 248.9 ppm.*
In addition, *Si NMR resonances for 3 were observed at —74.68
((Me;S1),SiCHO) and -11.41 ((Me;Si);SiCHO) ppm (benz-
ene-dg). The »(CO) infrared stretching frequency for compound
3 (1633 cm™) is slightly higher than values found for acylsilanes
(Me;Si);SiCOR (1613-1620 cm™),'2 and the »(CH) stretching
frequency (2585 e¢m™) is unusually low for an aldehyde. The
corresponding infrared stretches for (Me;Si);SiCDO, prepared
from 2 and DCI, were observed at 1625 and 1950 cm™, respec-
tively. Mass spectral analysis of 3 using electron ionization
techniques gave m/z fragments corresponding to M — Me* (261
m/z) and M - SiMe;* (203 m/z) but no parent ion as was
observed for some analogous acylsilanes.'®

Compound 3 decomposes instantly and exothermically upon
exposure to air. This may account for the lack of success of some
other, more standard attempts to prepare formylsilanes. For-

(9) Lappert, M. F.; Luong-Thi, N. T.; Milne, C. R. C. J. Organomet.
Chem. 1979, 174, C35.

(10) (a) Rock, S. L.; Hammaker, R. M. Spectrochim. Acta Part 4 1971,
27,1899. (b) Mooney, E. F.; Winson, P. H. Ann. Rev. NMR Spectrosc. 1969,
2, 176.
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mylsilane 3 is thermally stable for weeks under nitrogen. At 100
°C in benzene-d;, decomposition of 3 is first-order with a half-life
of 53.3 h (k = 3.61 = 0.06 X 10 s7!). A number of unchar-
acterized decomposition products were observed, including small
amounts of (Me;Si),SiH (ca. 10-15%).

Some preliminary reactivity studies of 3 are shown in Scheme
I. 3 is readily reduced by NaBH, to give the alcohol 4!! in 90%
isolated yield. Reaction with [Cp,ZrHCI], forms zirconium
alkoxide 5'? quantitatively (by '"H NMR in benzene-d¢). Com-
pound § was independently prepared in 92% isolated yield from
Cp,ZrMeCl'3 and 4. Finally, alkylation of 3 with MeMgBr
affords the alcohol 6,'* isolated in 89% yield by vacuum subli-
mation (100 °C, 1072 mmHg).

Acknowledgement is made to the Air Force Office of Scientific
Research, Air Force Systems Command, USAF, for support of
this work under Grant no. AFOSR-85-0228.

(11) Brook, A. G.; Chrusciel, J. J. Organometallics 1984, 3, 1317.

(12) For 8: mp 145-147 °C; '"H NMR (benzene-dg, 22 °C, 300 MHz)
5 0.32 (s, 27 H, SiMe;), 4.49 (s, 2 H, OCH,S1i), 6.00 (s, 10 H, C;Hs); '*C{'H}
NMR (benzene-d, 22 °C, 75.5 MHz) 6 1.39 (SiMe,), 67.59 (ZrOCH,Si),
113.38 (Cp); ¥Si{'H} NMR (benzene-d;, 22 °C, 59.6 MHz) ¢ -80.42 (Si-
(SiMe,);), ~12.97 (Si(SiMes);). Anal. (C,oH34ClOSiyZr) C, H.

(13) Surtees, J. R. J. Chem, Soc., Chem, Commun. 1965, 567.

(14) For 6: IR (Nujol) »(OH) = 3460 br; 'H NMR (benzene-d;, 22 °C,
300 MHz) 6 0.27 (s, 27 H, SiMe;), 0.60 (brs, 1 H, OH), 1.31 (d, J=7.2
Hz, 3 H, CH,), 3.82 (g, J = 7.2 Hz, 1 H, SiCHO). Anal. (C, H;,08i,) C,
H.
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Oxidative phenolic coupling comprises the key step in the
biosynthesis of a wide variety of natural products.? The three
main structural types of the Amaryllidaceae alkaloids, represented
by oxomaritidine (2), lycorine (3), and narwedine (4), are all
formed in vivo by intramolecular phenolic coupling of norbelladine
derivatives 1a and 1b.}

OoH

1a; R=H
16} R=CH,

0 A
i1
<o’ﬂ\)\/N
3

4;Ry=R;=0
5; Ry=OH, RysH

The first successful laboratory emulation of these processes was
reported in 1962 by Barton and Kirby, who obtained narwedine

(1) Present addresses: (a) Department of Chemistry, North Dakota State
University, Fargo, ND 58105; (b) Department of Chemistry, University
College, Cork, Ireland.

(2) (a) For a recent review see: Dhingra, O. P. In Oxidation in Organic
Chemistry, Trahanovsky, W. S., Ed.; Part D, p 207. Academic Press, New
York, 1982. (b) McDonald, P. D.; Hamilton, G. A. Ibid. Part B, p 97, 1973.

(3) (a) Barton, D. H. R.; Cohen, T. Festschrift A. Stoll, Birkhauser, Basel,
1957. (b) Wildman, W. C,; Fales, H. M.; Battersby, A. R. J. Am. Chem. Soc.
1962, 84, 681. (c) Barton, D. H. R.; Kirby, G. W.; Taylor, J. B.; Thomas,
G. M. J. Chem. Soc. 1963, 4545. (d) Paton, J, M.; Pauson, P. L.; Stevens,
T. S. J. Chem. Soc. C. 1969, 1309.
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(4) in 1.4% yield from potassium ferricyanide oxidation of 1b.*
Since that time, the development of new oxidizing agents has led
to efficient laboratory syntheses of alkaloids having the oxo-
maritidine skeleton.® However, lack of regiocontrol in the cy-
clization has remained a problem, and more recent syntheses of
galanthamine (5) (which requires coupling with the ortho—para
regiochemistry) have utilized blocking groups to prevent the
undesired, but more facile, para—para coupling mode.*6

Our approach to this problem involved the regiospecific acti-
vation of 3,4-dioxygenated benzylic amines at either C-2 or C-6,
followed by the intramolecular replacement of activating func-
tionality by a carbon moiety. Almost 10 years ago we reported
the realization of the first of these goals in the form of ligand-
directed aromatic orthopalladation.” We now report the biom-
imetic synthesis of narwedine with use of this strategy.

The synthesis of an appropriate norbelladine derivative was
straightforward. The methylthiomethyl (MTM) ether of iso-
vanillin® (6) was reductively aminated® with phenethylamine 7
(CH;0H, 25°C, 2 h; 0°C, 0.5 h; NaBH,, 0 °C, 1 h) to give 8
quantitatively. Methylation of 8 (CH,0, MeOH, NaBH;CN)’

oH
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° |
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8 7 H

8
o
o
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g Cl CH, 3
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10

proceeded to give the MTM ether 9'° of 0, N-dimethylnorbelladine
in ca. 90% overall yield from isovanillin. Amino sulfide 9 reacted
rapidly with lithium tetrachloropalladate (LTP) in methanol in
the presence of diisopropylethylamine at -78 °C7 to give palla-
docycle 10'° as an ca. 1:1 mixture of diastereomers in 95% yield.

We had planned to induce palladocycle 10 to undergo an in-
tramolecular palladation by exploiting the nucleophilic character
of the corresponding phenolate. However, we soon found that
both the sodium (NaH) and potassium (KH) salts of 10 were
unreactive even at temperatures exceeding 150 °C.

We then turned our attention to the oxidation of 10 with the
hope of producing a more electrophilic Pd(IV) species. A variety
of oxidizing agents (CAN, CuBr,, FeCl;, VOCIl,) were found
either to be unreactive with 10 or to produce an intractable mixture

o]
e @
10 —_—— Ok
Pd_N
s

= Cl cH
/c»-@ :

"

(4) Barton, D. H. R.; Kirby, G. W. J. Chem. Soc. 1962, 806.

(5) (a) Reference 2a. (b) Schwartz; M. A.; Rose, B. F.; Vishnuvajjala,
B. J. Am. Chem. Soc. 1973, 95, 612. (c) Schwartz, M. A,; Rose, B. F.;
Hotton, R. A.; Scott, S. W.; Vishnuvajjala, B. Ibid. 1977, 99, 2571.

(6) (a) Abramovitch, R. A.; Takahashi, S. Chem. Ind. 1963, 1039. (b)
Franck, B.; Lubs, H. J. Annalen. 1968, 720, 131. (c) Franck, B.; Lubs, H.
). Angew. Chem., Int. Ed. Engl. 1968, 7, 223. (d) Kametani, T.; Yamaki,
K. Yagi, H.; Fukumoto, K. J. Chem. Soc. C 1969, 2602. (e) Kametani, T.;
Seino, C.; Yamaki, K.; Shibuya, S.; Fukumoto, K.; Kigasawa, K.; Satoh, F.;
Hiiragi, M.; Hayasaka, T. J. Chem. Soc. C 1971, 1043, (f) Kametani, T ;
Shishido, K.; Hayashi, E.; Seino, C.; Khono, T.; Shibuya, S.; Fukumoto, K.
J. Org. Chem. 1971, 36, 1295.

(7) (a) Holton, R. A_; Davis, R. G. J. Am. Chem. Soc. 1977, 99, 4175. (b)
Holton, R. A.; Nelson, R. V. J. Organomet. Chem. 1980, 201, C35.

(8) Holton, R. A,; Davis, R. G. Tetrahedron Lett. 1977, 533.

(9) Borch, R. F.; Bernstein, M. D.; Durst, H. D. J. Am. Chem. Soc. 1971,
93, 2897.

(10) Characterized by IR, NMR, and high resolution MS or combustion
analysis.
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of products. However, treatment of 10 with 2 mol equiv of thallic
trifluoroacetate™ (2:1 CH,Cl,/TFA) at —10 °C for 90 min gave,
upon quenching with water, a crystalline substance in 98% yield.
On the basis of extensive spectral data we have assigned this
substance the structure 11,0 and, although 11 is a single dia-
stereomer, we have not been able to obtain unambiguous evidence
to support our assignment of the relative stereochemistry at ni-
trogen and sulfur.

We soon found that, if, instead of quenching the above reaction
after 90 min at —10 °C, we allowed the mixture to warm to 25
°C for several hours, narwedine (4)'! was obtained. The best
conditions we have found for the formation of narwedine are (a)
treatment of a 2:1 CH,Cl,/TFA solution of 10 with 2 mol equiv
of TI(OCOCF,); at =10 °C for 1.5 h, followed by (b) addition
of 2 mol equiv of triphenylphosphine and warming the solution
to 25 °C for 14 h. From this reaction mixture narwedine could
be isolated by flash chromatography in 51% yield.!?

Our rationale for these observations is shown in Scheme I. At
low temperature we envision the formation of cationic intermediate
12. The addition of water at this stage then leads to the bis dienone
11. Alternatively, at higher temperature 12 slowly rearranges
to 13, which, through loss of Pd(II), would be converted to 14.
Palladium-mediated hydrolysis of the MTM ether, either before
or during workup, gives the phenolic dienone which subsequently
undergoes Michael addition to provide 4.

We have partially completed studies of this cyclization in which
other ligands have been substituted for chloride in 10. Although
this study is still incomplete, we have observed that the rate of
cyclization depends heavily on the ligand present on palladium.
The details of these studies and others involving the use of various
additives and solvent combinations will be reported at a later time.

It is interesting to note that the desmethoxy derivative 18 also
undergoes cyclization under the conditions described above to give
desmethoxynarwedine 16 in 31% yield. We believe that palladium
may play an active role in stabilizing various intermediates along
the reaction pathway. Other studies are currently underway which
we hope will more clearly define the role of palladium in these
events.

OH
o}
1 O
k Pd—N
s

§ cl éH;

15 16
This synthesis proceeds in four steps from isovanillin, and
racemic narwedine is produced in 44% overall yield. It is the first

(11) Identified by comparison of NMR and IR data with published
spectra, see ref 6.

(12) It should be noted that norbelladine derivatives not containing pal-
ladium do not cyclize to narwedine. Oxidation of 1b with TTFA led to an
intractable mixture of products which contained no narwedine. Oxidation of
derivatives of 1 in which the nitrogen was protected as an amide or carbamate
gave para-para coupling products but no trace of the ortho—para coupled
materials.>
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biomimetic synthesis of an Amaryllidaceae alkaloid which features
use of an “activating” group instead of a blocking group to direct
the regiochemistry of the cyclization step. It is our hope that
further investigation of the ideas set forth here will ultimately lead
to an even more efficient solution to this problem.

Acknowledgment. We thank the Public Health Service and the
Petroleum Research Fund, administered by the American
Chemical Society, for providing generous funding for this work.
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Extensive experiments employing stable isotope labeling support
the idea that partially reduced polyketides are assembled by a
process similar to fatty acid biosynthesis.! At many sites along
carbon chains the correct oxidation state and stereochemistry are
believed to appear as a result of the assembly process.">* In
a few cases intact six- or eight-carbon fatty acids have been
employed as chain starter or terminator units.> Very recently
Hutchinson, Cane, and co-workers demonstrated that functionally
and stereochemically correct “diketides” derived from two pro-
pionate units can be incorporated intact by Streptomyces species
into macrolides like tylactone and erythromycin A >* but this has
not yet been achieved with fungi (which generally utilize acetate
rather than propionate). A possible approach to examining the
relationship of polyketide and fatty acid biosyntheses in fungi
involves comparison of the cryptic stereochemistry of acetate-
derived hydrogens in both types of metabolites in a single or-
ganism. This may be especially useful since the stereochemistry
of the last reductive enzyme of fatty acid biosynthesis (enoyl thiol
ester reductase) varies with its source.»’ The present report and
the following paper® employ a new combination of methods,
namely incorporation of a '*C,2H doubly labeled precursor and
stereochemical analysis by 2H decoupled 'H,'*C heteronuclear
shift correlation NMR spectroscopy,” to examine this problem.

(1) For reviews, see: (a) Simpson, T. J. Nat. Prod. Rep. 19885, 2, 321-347.
(b) Vederas, J. C. Ibid. 1987, 4, 277-337.

(2) (a) Cane, D. E,; Liang, T. C,; Taylor, P. B.; Chang, C.; Yang, C. C.
J. Am. Chem. Soc. 1986, 108, 4957-4964, and references therein. (b) Moore,
R. N.; Bigam, G; Chan, J. K.; Hogg, A. M.; Nakashima, T. T.; Vederas, J.
C. Ibid. 1985, 3694-3701.

(3) A “triketide” can also be incorporated into tylactone: Yue, S.; Duncan,
J. 8.; Yamamoto, Y.; Hutchinson, C. R. J. Am. Chem. Soc. 1987, 109,
1253-1255.

(4) Cane, D. E.; Yang, C. C. J. Am. Chem. Soc. 1987, 109, 1255-1257.

(5) (a) Townsend, C. A.; Christensen, S. B.; Trautwein, K. J. Am. Chem.
Soc. 1984, 106, 3868~-3869. (b) Harrison, P. H.; Noguchi, H.; Vederas, J.
C. J. Am. Chem. Soc. 1986, 108, 3833-3834,

(6) (a) Hutchinson, C. R.; Shu-Wen, L.; McInnes, A. G.; Walter, J. A.
Tetrahedron 1983, 39, 3507-3513. (b) Gonzalez-De-La-Parra, M.; Hutch-
inson, C. R. J. Am. Chem. Soc. 1986, 108, 2448-2449.

(7) (a) Saito, K.; Kawaguchi, A.; Seyama, Y.; Yamakawa, T.; Okuda, S.
Eur. J. Biochem. 1981, 116, 581-586. (b) Sedgwick, B.; Morris, C. J. Chem.
Soc., Chem. Commun. 1980, 96-97. (c) Mclnnes, A. G.; Walter, J. A;
Wright, J. L. C. Tetrahedron 1983, 39, 3515-3522. (d) Anderson, V. E;;
Hammes, G. G. Biochemistry 1984, 23, 2088-2094. (e) Okuda, S. GC-MS
News 19858, 13, 94-100.

(8) Townsend, C. A ; Brobst, S., following paper in this issue.
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Figure 1. Acetate-derived bonds intact in cladosporin (1) and proposed
assembly cycle on fatty acid and polyketide synthases.
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Herein we show that the stereochemistries of cladosporin (1)
biosynthesis and fatty acid formation by Cladosporium clados-
porioides NRRL 5507 are opposite at several locations.
Cladosporin (1) is an antibiotic and plant growth regulator
produced by various fungal sources.'®!! Researchers at Merck

(10) (a) Cladosporin is also known as asperentin: Grove, J. F. J. Chem.
Soc., Perkin Trans. 1 1972, 2400-2406. (b) For a review, see: Scott, P. M.
In Mycotoxins—Production, Isolation, Separation and Purification; Betina,
V., Ed,; Elsevier: Amsterdam, 1984; pp 457-461.
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