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Abstract: The cobalt mediated [2+2+2]-cycloaddition of ene-
diynes 13 and 18 affords linear annelated polycycles such as the
hexahydro naphthalene 14 and the decahydro anthracene 19. This
latter compound can be transformed into the enantiomerically pure
anthracene derivative 21 in only two reaction steps. 1,9,10-Trihy-
droxy octahydro anthracene (21) represents the ABC-framework of
many anthracycline antibiotics such as the antitumor active dauno-
mycine.
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Generdly, the cobalt mediated intramolecular [2+2+2]-
cycloaddition? of enediynes such as 1 and 3 affords angu-
lar annel ated polycycles such as 2° and 4 (Scheme 1).* For
the synthesis of linear annelated polycycles the intermo-
lecular co-cyclization of diynes with olefines was used
until now.®> This intermolecular approach appears to be
problematic due to a lack of chemo- and regioselectivity

of the [2+2+2]-cycloaddition.
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Scheme 1
In our hands the reaction of diyne 5 with 1.5 equivalents
of olefin 8inthe presence of CpCo(CO), under irradiation
afforded exclusively the cyclobutadiene cobalt complex 7
in 76% yield (Scheme 2).5 None of the regioisomeric tri-
cycles 9a or 9b could be detected. In the first reaction step
the cobaltacyclopentadiene 6 is formed. Obviously, the

rate of irreversible rearrangement of this complex into the
unreactive cyclobutadiene cobalt complex is much faster

than a Diels-Alder type cycloaddition. This undesired
side reaction might be suppressed by using olefin 8 as a
solvent or by adding the diyne slowly to a solution con-
taining an excess of olefin 8 in a suitable solvent. For an
application of thisreaction in natural product synthesis by
using valuable olefins such as 8, both reaction pathways
did not seem to be suitable due to economical reasons and
from the point of view of regioselectivity and the overall
yield.

Therefore, the following approach was chosen: prior to
cyclization the diyne and the olefin should be linked viaa
temporary silicon oxygen tether.” In this casethe[2+2+2]-
cycloaddition can be performed in an intramolecular man-
ner which proceeds much faster and with a complete regi-
oselective control. After the [2+2+2]-cycloaddition this
tether can be cleaved hydrolytically or oxidatively.

Consequently, 1-trimethylsilyl-octa-1,7-diyne (10) was
deprotonated by n-BuLi and allowed to react with
Me,Si(NEt,)Cl to form the disilylated octadiyne deriva-
tive 11. Thiswastreated in situ with allylic alcohols 12 or
178 to form enediynes 13 and 18 (Scheme 3) under liber-
ation of diethyl amine, which was removed from the reac-
tion mixture under anitrogen stream. After distillation the
enediynes 13 and 18 were isolated in 80-96% yield in an-
ayticaly pure form. Subsequent CpCo(CO), mediated
[2+2+2]-cycloaddition followed by oxidative demetalla-
tion using FeCl; afforded dienes rac-14a—d and 19 in
yields up to 81% (Scheme 3, Table 1). The [2+2+2]-cy-
cloaddition was completed within 2.5 h. The cyclization
could be scaled up to 3.00 g without any loss of regio-,
chemo- and stereoselectivity or decrease in yield. The
configuration of dienes rac-14b and 19 could be deter-
mined by NOESY NM R-spectroscopy. Moreover, an X-
ray structure of rac-14b could be obtained,® which isin
agreement with the NOESY spectroscopic determination
of the structure of rac-14b.

Tablel Synthesisand [2+2+2]-Cycloaddition of the Enediynes 13

12 R! R? R3 Yieldof  Yield of
13 (%) rac-14 (%)

a H H H 80 63

b CH, H H 81 53

c H CH, H 82 <5

d H H CH, 85 81
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The cyclization of enediyne 13c is unusual. Starting from
this trans-enediyne the formation of less than 5% of the
corresponding  trans-octahydronaphthofurane rac-14c
was observed. Instead 7% of cis-octahydronaphthofurane
rac-14b, 35% of the corresponding cobaltacyclobuta-
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diene complex 15 and some starting material were iso-
lated in reproducible experiments (Scheme 4).

This result is in agreement with the following proposed
reaction mechanism: In the first step, the n-complex
between Cp—Co and the triple bonds of the octadiyne unit
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of 13, which proceeds via ‘Cp—Co’ or more likely via
‘Cp—Co(CO)’, which is liberated by photochemical re-
moval of the CO-ligands, is formed which undergoes an
oxidative addition towards a cobalt(l11)cyclopentadiene
of type 6 (Scheme2). This compound reacts in an in-
tramolecular Diels —Alder type cycloaddition to cobalthi-
cycloheptene which isomerizes to a thermodynamically
more stable cobalt(l)cyclohexadiene complex of type 9
(Scheme 2).

In the transition state A (Figure 1) for the [4+2]-cycload-
dition of cobalt(ll1)cyclopentadiene, a sterically disfa-
vored interaction between the methyl group at the trans-
double bond and the sterically demanding trimethyl silyl
group can take place which will inhibit the [4+2]-cycload-
dition to rac-14c. Instead the trans-double bond isomeriz-
es photochemically to the cis-double bond or a
rearrangement into the unreactive cyclobutadiene cobalt
complex takes place. In the transition state B (Figure 1) a
fast [4+2]-cycloaddition takes placelikein the case of 13b
and after isomerization and oxidative demetallation the
cis-octahydronaphtofurane rac-14b wasisolated.

In order to prove the synthetic utility of this reaction the
cleavage of the Si—O tether by protodesilylation and oxi-
dative desilylation wasinvestigated next. Octahydronaph-
thofurane rac-14d was treated with trifluoroacetic acid
(2.2 equiv) in benzene and after aqueous work up the
hexahydronaphthaene 16 was isolated in 65% vyield
(Scheme 5).
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Scheme5

Prior to oxidative cleavage of the Si—-O tether, diene 19
was dehydrogenated by using DDQ to afford aromatic oc-
tahydroanthracene 20 in 81% yield (Scheme 6).1° Oxida-
tive desilylation of 20 was carried out by using lead(IV)
trifluoroacetate in TFA—CCl, to afford 72% of 1,9,10-tri-
hydroxyoctahydroanthracene (21).1*

The method for the synthesis of linear annelated
polycycles'? presented herein will allow a simple and e&f-
ficient approach towards many carbo- and heterocyclic
natural products. For example 1,9,10-trihydroxyocta-
hydroanthracene (21) represents the ABC-framework of
many anthracycline antibiotics. A pharmacologically im-
portant member of this class of antibioticsisthe antitumor
active daunomycine.'® Consequently, a total synthesis of
daunomycineis under current investigation.
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Figurel Proposed transition states A and B for the [4+2]-cycloaddition of the cobaltacyclopentadiene derived from enediyne 13c.
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Typical Experimental Procedure:

Toasolution of 1-trimethylsilyl-octa-1,7-diyne (10) (1.10 g,
6.2 mmol) in THF (30 mL) was added a solution of n-BuL.i
in hexane (1.6 M, 4.05 mL, 6.5 mmol) at —78 °C within 20
min. The reaction mixture was allowed to warm to —30 °C
and stirring was continued for 45 min. A solution of
Me,Si(NEt,)Cl (DDSCI) (1.12 g, 6.8 mmol) in THF (5 mL)
wasadded at —78 °C and the reaction mixturewasallowed to
warm to r.t. within 12 h. A solution of the allylic alcohol 12
or 17 (7.4 mmol) in THF (3 mL) was added at —78 °C, the
reaction mixturewas allowed to warm tor.t. and the reaction
was monitored by TLC anaysis. When none of the
temporarily formed enyne diethyl amino dimethyl silane
was detectable by TLC analysis (after ca 12 h) the solvent
was removed in vacuo (35 °C, 12 torr). The residue was
dissolved in Et,O (10 mL) and the inorganic components
were removed by filtration over silicagel (deactivated by
silylationwithHMDS) or celite. The solvent wasremovedin
vacuo (20 °C, 12 torr) and the residue was purified by bulb-
to-bulb distillation to afford enediynes 13 or 18.

A solution of enediyne 13 or 18 (1.1 mmol) iniso-octane (30
mL) was cooled to —70 °C and the apparatus was evacuated
for 15 min (0.5 torr). The flask was allowed to warm to r.t.
and Ar wasallowed tofill up the apparatus. The solution was
cooled again to—70 °C and the procedure wasrepeated twice
as described above. CpCo(CO), (0.41 g, 2.3 mmol) was
added and the reaction mixture was refluxed under
irradiation with visible light until no starting material could
be detected by TLC analysis (afte ca 2 h). The reaction
mixture was cooled down to r.t. and volatile components
were removed in vacuo (30 °C/0.1 torr). The red brown
residue was dissolved in degassed pentane (30 mL) and
filtered through celite under an Ar atmosphere. Ferrous
chloride hexahydrate (1.54 g, 5.7 mmol) was dissolved in
MeCN (12 mL) and the solution cooled to —30 °C. At this
temperature thefiltrate was added under stirring and stirring
was continued for 30 min. The reaction mixture was cooled
to—70 °C and the pentanelayer wasremoved from thefrozen
MeCN layer. The MeCN layer was allowed to warm to —30
°C, pentane (20 mL) was added and the procedure was
repeated three times as described above. The pentane layers
were combined, the solvent was removed in vacuo (30 °C,
12 Torr) and the residue purified by chromatography on
silica gel with Et,O-petroleum ether—Et;N (1:20:0.01) to
afford dienes 14 or 19.

Analytical data of selected compounds:

Compound 13a: R; = 0.44 (Et,O—petroleum ether, 1:20); bp
110-120 °C (0.05 torr). IR(film): 2160 (C=CSi), 1635
(C=C), 1240 (SIC) cm™*. 'H NMR (200 MHz, CDCly): § =
0.12[s, 9 H, Si(CH,)4], 0.22 s, 6 H, Si(CH,),O], 1.54-1.68
(m, 4H, CH,), 2.16-2.22 (m, 4 H, CH,C=C), 4.21 (dt, 3J =
5.0 Hz, 4= 1.3 Hz, 2 H, CH,0), 5.09 (ddt, J4 = 10.0 Hz,
2J=4J=1.3Hz, 1H, CH=CH,, H-cis), 5.25 (ddt, J;;zs = 17.0
Hz, 2J =4J=1.3 Hz, 1 H, CH=CH,, H-trans), 5.93 (ddit,
Jyans = 17.0 Hz, Js = 10.0 Hz, 3 = 5.0 Hz, 1 H, CH=CH,).
13C NMR (50.3 MHz, CDCl,): § = 0.11 [Si(CH,)], 0.21
[Si(CH,),Q], 19.21, 19.32 (CH,), 27.40, 27.56 (CH,C=C),
64.28 (CH,0), 82.46, 84.72 (C=CSi), 106.82, 107.55
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(C=CsS)), 114.85 (CH=CH,), 136.80 (CH=CH,). MS (70
eV): m'z(%) = 277 (2) [M* — CHy,), 133 (90) [CgH,Si*],
73(100) [C3HeSi*]. Anal. Calcd for CigH,50Si, (292.6): C,
65.68; H, 9.64. Found: C, 65.76; H, 9.51.

Compound rac-14a: R; = 0.19 (Et,O—petroleum ether,
1:20); mp 74 °C. IR(film): 1620 (C=C), 1240 (SiC) cm™. H
NMR (200 MHz, CDCl,): 8 =0.14[s, 9 H, Si(CH,)], 0.26,
0.28[2x s, 6 H, Si(CH,),0], 1.34-1.63 (m, 3H, CH,CH,),
2.05-2.24 (m, 2H, CH,C=C), 2.26-2.52 (m, 3H, CH,C=C),
2.58-2.76 (m, 1 H, CHC=C), 3.40 (dd,2J=3J=9.5Hz, 1 H,
SiMe,OCH,), 4.27 (dd, 2 =9.5Hz, 3] =7.6 Hz, 1 H,
SiMe,OCH,). BCNMR (50.3 MHz, CDCl,): § =-0.56, 0.16
[SI(CH,),Ql, 0.33[Si(CH3)4], 24.43, 24.60 29.73, 31.31,
33.11 (CH,), 40.06 (CHC=C), 72.40, (CH,0), 131.02,
135.37, 143.25, 145.49 (C=C). MS (70 eV): m/z (%) = 292
(6) [M*], 73 (70) [C3H,Si*], 57 (100) [CsHs0']. Andl. Caled
for C,6H,50Si, (292.6): C, 65.68; H, 9.64. Found: C, 65.85;
H 9.55.

Compound 18: R; = 0.47 (Et,O—petroleum ether, 1:20). bp
130-140 °C (0.005 torr). [a]?°, =-30.6 (c 1.0, CHCIy).
IR(film): 3005 (CH, akene), 2160 (C=CSi), 1640 (C=C),
1240 (SiC) cm™. 'H NMR (200 MHz, CDCl,): 6 =0.12[s, 9
H, Si(CHy)4], 0.22[s, 6 H, Si(CH,),Ql, 1.46-2.03 (m, 10 H,
CH,), 2.18-2.30 (m, 4 H, CH,C=C), 4.31-4.41 (m, 1 H,
CHO), 5.62-5.82 (m, 2 H, CH=CH). *C NMR (50.3 MHz,
CDCl): 3 =0.10[Si(CH3)4], 0.83, 0.89 [Si(CH;),Q], 19.21,
19.31, 24.92, 27.42, 27.55, 31.95 (CH,), 67.08 (OCH),

(13)

83.17, 84.68 (C=CSi), 106.84, 107.08 (C=CSi), 129.53,
130.44 (CH=CH). MS (70 eV): m/z(%) = 332 (1.1), [M"],
133(42) [CgHgSi*], 73(100) [C3HSI*]. Anal. Caled for
C,oH3,0Si, (332.6): C, 68.61; H, 9.70. Found: C, 68.58; H,
9.75.

Compound 19: R; = 0.22 (Et,O—petroleum ether, 1:20).
[a]®°, = —40.2 (c 0.8, CHCI,). IR(film): 1620 (C=C), 1240
(SiIC) cm™. *H NMR (200 MHz, CDCl,): § =0.14[s, 9 H,
Si(CH3)4], 0.21,0.35[s, 6 H, Si(CH,),0], 0.89 (m, 1 H, C-
5),0.99 (m, 1 H, C-4), .14 (m, 1 H, C-3), 1.16-1.24 (m, 1
H, C-5), 1.38-1.57 (m, 3H, 1 H of C-8 and C-9, 1 H of C-
4), 1.65-1.84 (m, 2 H, C-8 and C-9), 1.90-2.02 (m, 1 H, C-
3),2.13-2.38(m,4H,1Hof C-7,2H of C-10and 1 H of C-
5a), 2.57 (m, 1 H, C-7), 272 (m, 1 H, C-5b), 4.19 (m, 1 H,
C-2a). BC NMR (50.3 MHz, CDCl,): = 0.00, 2.40
[SI(CH,),Ql, 0.29 [SiI(CH3)4], 22.16 (C-4), 23.78, 23.96 (C-
8 and C-9), 26.72 (C-5), 31.05 (C-7), 32.46 (C-10), 33.57
(C-3), 36.86 (C-5a), 44.53 (C-5b), 77.63 (C-2a), 132.43,
134.72, 142.60, 143.52 (C=C). MS (70 eV): m/z (%) = 332
(61) [M*], 258(53) [Cy7H6Si"], 184(90) [C14H16S"], 73
(100) [C3HSI*]. Anal. Calcd for C,H4,0Si, (332.6): C,
68.61; H, 9.70. Found: C, 68.54; H, 9.63.

Reviews: (a) Krohn, K. Angew. Chem., Int. Ed. Engl. 1986,
25, 790; Angew. Chem. 1986, 98, 788. (b) Krohn, K.
Tetrahedron 1990, 46, 291. (c) Cambie, R. C.; Rutledge, P.
S.; Woodgate, P. D. Aust. J. Chem. 1992, 45, 483.

(d) Lown, J. W. Chem. Soc. Rev. 1993, 22, 165.
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