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Abstract-The cyctoa~ition of Crcosrdinated xlkyne, earhene and earbonyl ligands provides a variabie 
route to the anthracyclinone skeleton. Tbc key step ofa formal total syntbesisof4demethoxy&umomyeinone 
(11 is based on the reaction of carbonvl+zarbene complex lS-used as a CD ring sptbon-snd alkyne 9 
ie&iig to the formation of ring B. r 

The use of transition metals in organic synthesis 
represents a powerful method to improve the regio-, 
stereo- and enantioseleetivity2 which play an 
important role in the formation of C-C bonds related 
to natural product synthesis. Some years ago we 
described tbe reaction of chronii um-carhene com- 
plexes with alkynes which is characterixed by the 
coupling of alkyne, carbene and carbonyl ligands.3~4 
Depending on the nature of tbe reagents and the 
reaction conditions, aromatic co-cyclizationc6 and 
carhene annulation products7-g as well as, in some 
cases, furans’*‘* or cyclobutenones’ * are obtained. 
Until now tbe formation ofhydroquinones, originating 
from the cycloaddition of Cr-co-ordinated alkynes, aryl 
or vinyl carbenes and carbon monoxide, has re&ived 
the widest attentionI (Scheme I). The bydroquinone 
can be released from the metal either by ligand 
substitution by, eg. carbon monoxide, or by oxidation 
to the quinone system. 

Tbe reaction is compatible with various functional 
groups in the alkyne (excluding nuckophihc alkynes 
such as ynamines) and proceeds, in gene&, with a 70- 
90% Golated yield. The alkyne incorporation occurs 
regioselectively’3*‘4 and is governed by sterk factors; 
e.g. using 1-alkynes, the alkyl chain ends up exclusively 
nearer tbe pbenolic group. Tbe reaction has been 
investigated by a kinetic study*’ and has been shown to 
involve vinyl ketene intermediatea.16~17 The scope of 
the annulation of aryl and vinyl carhene bgands has 
already been exemplified by the synthesis of vitamins K 
and Els2* and naphthoquinoid antibiotics.21 Since 
the carhene complexes are ,aceessible from commer- 
cially available hexacarbonyl chromium in good to 
excellent yields,22 we have extended our work to 
synthetic studies in the antbracyclinone series which 
form the aglycon of the potent anti-cancer reagents of 
the antbracycbne grou~.~~ 

ReSULis AND DIXXJSRION 

Carbene complex approach to anthracyciinones 
As a target in the antbracyclinone se&s we have 

chosen the daunomy~one derivatives 1. The 

tF0rPartIinthestriesaae:Ddtzdal.l 

tetracyclic skeleton contains a hydroquinoid ring Band 
a quinone ring C both of which should be aasssible 
from suitable carhene compkxes and alkynes. Four 
possible strategies (a-d) are symbolized in Scheme 2. 

We have focused on approaches starting from o- 
methoxyaryl-carhene complexes and report here ‘on 

0 = ClKO)j 

Scheme 1. Chromium-mediated cycloaddition of alkyncs, 
carbenm and aubon monoxide‘ 
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Scheme 2. Carbene complex based strategies directed towards daunomycinoncs 1. 

route a which combines the CD ring synthon 2 with 
alkyne3.Thecycloadditionaimsat theformationofthe 
hydroquinoid ring B. Another approach similar to 
route d has been reported re~ently.~ 

Alkyne components 
The alkyne component can be synthesized following 

two pathways as outlined in Scheme 3. Both routes start 
with readily available reagents, dimethylmalonate (4) 
resp. methylacetylacetate (10). Alkynilation leads to 
propargyl esters 5 and 11. Bisalkynilation by- 

I) NolMeOH lo 

P et-* 
I 

56% 

v 

OM*- 
II 

II NaHlTHF 1) NaHlTHF 

I 

a 

2) 13r~c02htc 99% 

11 KOWH24/EtOH 

2) HCI 

9(1,, 
. 

Scheme 3. Synthesis of propargyl dicster (9). 

products formed in amounts varying with the reaction 
conditions, can be separated by distillation. The 
following steps, alkylation with methyl bromoacetate 
and subsequent alkaline hydrolysis, proceed nearly 
quantitatively. Decarboxylation of the triscarboxylic 
acid 7 requires rather drastic conditions concomitant 
with only moderate yields. However, these problems 
can be overcome by alkaline Cleavage of the /?-ketoester 
12. Subsequent esterification yields the diester 9. Ester 
cleavage of 12 without hydrolysis is effected by sodiuin 
hydride. Using this method a direct route is provided 
from 11 to the alkynyl diester 9 which, thus, can te 
obtained from methylacetylacctate in a two-step 
sequence with ieasonable yield. 

Cmbonyl carbene complexes 
The synthesis of the carbene complexes (Scheme 4) 

starts with 2-bromo-1,4dimethoxynaphthalene (13) 
which is accessible from naphthohydroquinone in 75% 
yield.2s Metalation with n-butyllithium and sub- 
sequent addition to a suspension of hexacarbonyl 
chromium in ether leads to the acyl metalate which can 
be stored at -78” in an inert gas atmosphere. The 
methylation is best effected by either methyl 
fluorosulphonate in dichloromethane or trimethyl- 
oxonium tetrafluoroborate using a two-phase system 
(water-pentane). The pentacarbonyl-carbene com- 
plex, 14, can be isolated by crystallization or flash 
chromatography giving analytically pure samples 
which can be shortly handled in air. Warming above 
SO0 induces the elimination of acis-CO ligand.’ The co- 
ordination of the o-methoxy group leads to the 
tetracarbonyl-carbene complex 15. Using a donor 
solvent the decarbonylation prc+eds smoothly and 
nearly quantitatively. Thus, 15 is obtained from the 
bromonaphthalene in 73% isolated yield. 

The metalacycle 15 undergoes ring opening via 
cleavage of the 0-O bond under mild conditions. 
Thus, it represents a stabilized form of a tetracarbonyl- 
carbene complex, the formation of which has been 
shown to precede the cycloaddition of alkyne, carbene 
and carbonyl ligands. I5 The co-ordination of the 
methoxy group is clearly shown by NMR spectroscopy. 
In comparison ,with the pentacarbonyl complex 14 a 
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Scheme 4. Synthesis of carbene complexes 14 and 15. 

significant downfield shift is observed both for the l- 
methoxy protons (ca S 1) and the 1-methoxy carbon 
atom (ca 6 13) (see Experimental). On the other hand, 
the carbene resonance signal is shifted upfield (ca 6 17) 
indicating an increased electron density on the 
metalacyclic carbene carbon atom. The synthesis and 
properties of chelated carbene complexes are discussed 
separately.’ 

Cycloadditon and decomplexation 
Whereas the carbene complexes 14 and 15 can be 

handled in air for some time, their reaction with alkynes 
requires an inert gas atmosphere. Donor solvents, such 
as cyclic or acyclic ethers, have been proved as 
solvents of choice. Using. alkyne 9 the cycloaddition 
leading to anthracene derivative 16 is complete within 
several minutes at 50” (Scheme 5). The reaction can be 
easily monitored by IR spectroscopy due to different 
vco absorptions characteristic for tetracarbonyl and 
tricarbonyl complexes. Since 16 is uery air-sensitive in 
solution, it is convenient to isolate the product by 
crystallization which avoids a tedious work-up by 
chromatography. The metal carbonyl fra,gment is 
readiIy removed by warming in a CO atmosphere. This 
method affords the metal-free anthracene 17 in a clean 
reaction. Moreover, the chromium can be recycled to 
give the hexacarbonyl complex whiuh servts as the 
starting material in the carbene complex synthesis. 
Alternatively, the metal ring cleavage is effected by 
oxidation. However, in general, this procedure gives 
lower yields, the metal is oxidized irreversibly to Cr(III) 
species and the products have to be isolated by 
chromatography. 

OMb 

Scheme 5. Carbene compkx-mediated formation of ring B in 
anthracyclinone synthesis. 

The anthracene derivative 17 is a suitable 
intermediate in the synthesis of 4&methoxydauno- 
my&one (1). Wellestablished procedures for the 
cyclization and the functionalization of ring A as well as 
for the oxidation of ring C have been developed by 
other gro~ps~~-~~ as outlined in Scheme 6. Current 
studies are underway to demonstrate the scope of the 
Cr-mediated cycloaddition in the synthesis of 
anthracyclinones. 

EXPERIMENTAL 

General technique 
As far as ncctssary. all reactions and preparative work were 

carried out under an atmosphere of dried N, or Ar. Solvents 
used for reactions involving organometallics were dried using 
standard methods, distilled, N,-saturated and stored under 
N,. The silica gel usai for column chromatography, silica gel 
60 (E. Merck, Darmstadt, O.O&O.M mm), was dried at high 
vacuum and kept under N,. For preparative TLC we used 
TLC plates purch&ed from E. Merck, Darmstadt. M.pa were 
ascertained under Ar in dosed capillary Wes and are 
uncorrected. The following instruments serval for spectro- 
scopic characterization. IR spectrometer: Perkin-Elmer 
models 283 B and 577 ; ‘H-NMR spectrometer : Jeol PMX 60; 
13C-NMR Spectrometer : Jeol FX ‘60; mass spectrometer : 
Varian MAT 3 11 A (EI). 

The NMR data are reported in ppm using TMS as internal 
standard (on a 6 scale) and are listed in the following order : 
ch~cal shift, multiplicity (s, singlet; d, doublet; t, triplet; q, 
quartet ; m, multiplet ; br, broad) and coupling constant (Hz). 

Alkynes 
2-Curbomethoxy4penzynoic acid methylester (S).30 In 400 

ml of dried MeOH 11.95 g (0.52 mol) Na was dissolved under 
reflux.Thesolnwas&oledtoO”andsl0wlydroppedinto66.O6 
g(0.50 mol) 4 stirring well and cooling wiih ic&<ater. After 30 
min 64.24 g (0.54 mol) propargylbromide was added auefully 
dropwise. During this proceddre the initially ‘colourless soln 
turned yellow-orange and a white ppt, NaBr, appeared. Then 
the mixture was slowly warmed to room temp. The reaction 
was completed by refluxing overnight. After cooling the 
solvent was removed at reduced pressure, the residue was 
extracted with EtiO (6 x 100 ml), the extracts were washed 
withH,Oandbrine(3 x lOOml)anddriedoverN~~~SO,.ARer 
removal of the solvent at reducad pressure a yellow oil was 
obtained, which was separated by fractionated high vacuum 
distillation, to give 5 as a colourless oil ; 44.24 g(5pA). B.p. 70- 
72”/oil pump vacuum. IR d$$- cm-‘: 3295,3000,2947, 
2840, 2120, 1755, 1740, 1440, 1348, 1282, 1245, 1210, 1162, 
1075, 1035,974,952,852. ‘H-NMR (CC&): 6 1.87 (t, *JHaH 
= 2.4 Hz, lH, s--H), 260 (dd, *JaH = 2.4 Hz, 3JH.H 
= 7.5 Hz, 2H, -C&-CZC-), 3.4l(t, 3JH,H = 7.5 Hz, lH, 
R,C-H), 3.64 (s, 6H, 2OMe). 

3,3-Dicarbome~hoxy-5-hexy1wic acid methylester (6).j’ In 
Z0OmlofdryTHF4254g(0.25mol)Sweredissolvedandwith 
intensive stirring at room temp a suspension of 7.44 g (0.31 
moI) NaH in 50 ml THF was added dropw$e within 30 min. 
After 1 hr4283 g(0.28 mol) bromoaczticacid metbylester were 
added in one portion. Immediately a milky yelow suspension 
was formed, which was heated under reflux for 2hr to complete 
the reaction. After cooling it was filtered through 5 cm of silica 
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AMe Me b 
Scheme 6. Final route to 4demethoxydaunomycinone (l).zbzd 

gel. The solvent and excess bromoacetic acid methykster are 
removedat reduced pressure. The residue, a alightly yellow oil, 
;;;ty$sshownby ‘H-NMR spectroscopy; 59.35 g(98%). 

’ cm- ’ : 3280,3800,2952,2890,2840,1740,1440, 
1410~364.1322,1295,1260,1202,1176,1078,1052,1004,988, 
905,890,860. ‘H-NMR (CClA: d 1.94 (1, ‘JnJc = 2.5 Hz, 1 H, 
+Z=C-HI : 2.87 (d. ‘J, u = 2.5 Hz 2H. -CH,e-I. 
3.03(s, 2H,<H,~~),3.60(~, 3H,LOMej,3.66(s,6H; 
20Me). 

33Dicmboxylic-5-haxynoic acid (7). Compound 6 (58.13 g, 
0.24 mol) was dissolved in 134 ml EtOH. With vigorous 
stirring 68 g (1.21 mol) KOH, dissolved in 66 ml H,O, was 
added and the mixture was heated under reflux for 5 hr. After 
cooling toOOconcHCI wasadded to pH 1. After theremoval of 
EtOH at reduced pressure the rema&g paste was extracted 
with CHCl, (5 x 200 ml) and the oraanic laver with brine (2 
x 200 mi) a&f dried over NasSO,. RemovA of the solvent 
gave a white solid, 7, which was not further purified; 47.07 g 
(980/d IR e cm- ’ : 3420,3300,3262,3200-2500,2120,1730, 
1440,1415,1352,1295.1281,1216.1190,1140,1080,1045,960, 
932,915,872,860,820,7%, 745,722,702,692,668,638. ‘H- 
NMR (d,-McsCO): 6 2.44 (t, ‘Jn,n = 2.6 Hq 1H. 
-C=C-H), 3.01 (d, ‘JnB = 2.6 Ht, 2H. -CH,--C=C-), 
3.13 (s, 2H, -CH,-CO-). 

2-Acetyl4pmtynoic acid methylester (ll).” In 250 ml of 
dried MeOH 11.95 g(0.52mol) Na was dissolved under reflux. 
The soht was cooled to 0” and added dropwise to 58.06 g(0.50 
mol) 10 under stirring and cooling with ice water. After 20 mitt, 
64.24 g (0.54 mol) propargylbromide was added in a few 
portions and the mixture was refluxed for 15 hr. Soon the 
initial colourless soln became orange and a white ppt, NaBr, 
appeared. After cooling the solvent was removed at reduced 
pressure, the residue was extracted with Et20 (5 x BlOml), the 
extracts were washed with H,O and brine (3 x 100 ml) and 
dried over Na2SOI. Removal of the solvent at reduced 
pressure gave a yellow oil, which was separated by 
fractionated hiah vacuum distillation. to aive 21 as acolourless 
oil; 43.5 g (567& B.p. 65-67”Joil pt&p iacuum. IR v!!_*&” 
cm-‘: 3285,3COO, 2952,2840,2120,1742,1720, 1436, 1360, 
1320,1270,1230,1192,1175,1152,1074,1035,1010.984928, 
875, 838. ‘H-NMR (CCIA: 6 1.87 (t, ‘Jn,n = 2.5 Hz, lH, 
-CZX-H). 222 (s. 3H. -CO-Me), 2.57 (dd. *Ju u = 2.5 
Hz, ‘Jn* = i:5 Hz, iH, --CH,-CG&, 3.56 (i 3J;; = 7.5 
Hz, lH, R,C-H), 3.67 (s, 3H, -CO,Me). 

3-Acetyl-kmbomethoxy-5-hexynoic odd methylester 
(If).” Compound ll(40.26 g, 0.26 mol) was dissolved in 400 
ml of dry THF and at room temp 8.00 g (0.33 mol) NaH (as 
a suspension in 60 ml THF) was added dropwise. After 1 hr, 
44.33 g (0.29 mol) bromoacetic acid methylester was added in 
one portion. Immediately a milky yellow suspension was 
obtained which was heated under retlux for 1.5 hr to complete 
the reaction. After cooling and filtration through6 cm of silica 
gel the solvent and excess bromoacetic acid methylester were 
removed at reduced pressure. The residue, a slightly yeflow oil, 
was pure 12 as shown by *H-NMR spectroscopy; 57.91 g 
(98%). IR +A%- cm - r : 3280,3000,2952,2840,1734 1440, 
1364,1345,1320,1282,1245.1185,1175,1076,1048,1002,980, 
880, 840. ‘H-NMR (Ccl,): 6 1.92 (1, ‘J, H = 2.5 Hz, lH, 
-CXX-H), 2.07 (s,.3H, ?OMe), 2.79 (&‘Jn, = 25 Hq 
2H. -CH,-C=C--). 2.90 Is. 2H. -CH,-CO-). 3.51 Is 
3H; -CO;Me), 3.60 (6 3H, kO;Me). - ” ’ 

3-Curhoxylic-5-hexyic ucid (8). (a) Compound 7 (46.03 g, 
0.23 mol) was heated for ca 5 hr at 160” (as long as CO, was 
evolved). Extraction of the yellow-brown viscous oil with Eta0 
(5 x 200 ml) gave a yellow-brown half-solid crude product S; 
18.32g(51%).(b)Undervigorousstirringasolnof7O.l3g(1.25 
mol) KOH in 80 ml Hz0 was added to 56.56 g (0.25 mol) 12, 
dissolved in 160 ml EtOH and the mixture was retluxed for 5 
hr. After cooling to 0” and acidification with cone HCf to pH 1 
the solvent and the formed HOAc were removed at 
high vacuum. The residue, a brownish product was extracted 
with Et,0 (5 x 150 ml) and the organic phase was washed with 
brine (2 x 75 ml) and dried over Na,SO,. Removal of the 
solvent gave crude 8, a yellowish solid ; 38.25 g (98%). IR e 
cm-‘: 3290,3200-2500. 1740, 1700, 1440, 1410,1318, 1210, 
1178,1038,950,914,878,81~775,684,665,630.’H-NMR(d,- 
Me,CO) : 6 2.39 (1, *Jan = 22 Hz, lH, e--H), 2.59 (dd, 
‘Jn,n = 2.2 Hz, ‘J,,, = 6.1 Hx, ZH, -CH,--C=C-), 2.73 (d, 
‘JKH = 6.1 Hr., 2H, -CH,-CO-), 3.00 (m, lH, R&-H). 

3-Carbomethoxy-5-hynoicuctitnethy&xrer(9).(a)Crude8 
(37.47 g, 0.24 mol) was dissolved in 300 ml EtzO. With slight 
stirring, 700 ml of a 1 M soln of diaxomethanc in Et,0 ( - 1 So) 
were added dropwise. Theexcess diazomethane was removed 
at reduced pressure. A yellowish oil was obtained which gave 
a colourless oil after fractionated high vacuum distillation; 
33.15 g (75%). (b) At room temp 0.62 g (26 mmol) NaH were 
addedinafewportionstoasolnof200g(13mmol)11in4Oml 
THF [for larger amounts sax details for 12 (above)]. After 20 
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