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The anthracyclines of the daunomycinones (Figure 1) are
important and clinically useful anticancer chemotherapeutic
agents.! Adriamycin (1a),? daunorubicin (1b).* and carmino-
mycin (1¢)* are natural glycosides whose anti-cancer activity
was demonstrated in the 1960-1970%s. However, their thera-
peutic efficacy is limited due to a number of undesirable side
effects. Epirubicin (1d)’ and idarubicin (1e)" are totally syn-
thetic analogues’ that exhibit improved pharmacological
profiles. In particular, le is a promised antileukemic agent
and shows activity in various tumor types also when given
orally, whereas 1d is replacing its epimer 1a in a great num-
ber of polichemotherapy regimens because of its reduced
cardiotoxicity. The corresponding glycosides, la-le are
examples™ of daunomycins bearing an aceryl group at C-9
without any functional group at C-10 of the anthracycline
framework. [n more recent papers, we also published the
synthesis of novel daunorubicinone derivatives.” '™

We now report a simple and convergent total synthesis of

(+)-idarubicinone (14), the racemic aglycone of anticancer
antibiotic idarubicin (1e). Our synthetic strategy employed is
the Friedel-Crafts condensation'® of AB-synthon 5 with
phthaloyl chloride to give the tetracyclic skeleton. Addition-
ally, we wish to describe a short synthesis of the AB-svnthon
necessary for the synthesis of the aglycone.

Results and Discussion

In the previous reports, we frequently used the Michael
type reaction” or the Friedel-Cralis acylation'™ for the
elfective construction of tetracyclic skeleton in anthracycli-
none. In this paper. we synthesized idarubicinone (14) using
the Friedel-Cralls acylation of preformed bicyclic AB-ring
synthon 5 with D-ring phthaloy] chloride (9). For this target.
our AB-synthon was prepared from o-tetralone (2) by the
sequence depicted in Scheme 1. e-Tetralone (2). which is
prepared (rom 1.4-dimethoxybenzene and succinic anhy-
dride viu the Haworth synthesis. "' was chosen as the starting
material. Ethynylation of the C-2 carbonyl of S-tetralone (3)
(which is readily obtained lrom o-tetralone (2) through four
steps according to the reported proccduu'z) with lithium
acctylide/ethylenediamine complex'” in TIIF gave cthynyl
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Scheme 1. (a) NaB3Hy. 93% ethanol/11:0. (b) p-TSOH, benyene,
il (0} 1) OsOa. trimethylamine N-oxide ii) p- 15011, benzene. ril.
(d) Lithium acetylide/cthylencdiamine complex. THE. rt. 18 h. (¢)
Yellow HgO. 20% H:8C. THE, IN HCL () Fthylene glycol. p-
T5O1L - H0. benzene, (g) Bra. AIBN, CCL, silica geliwet THI
HClfdioxane.

carbinol 4 in 72% vield. [-Ethanone 5 was prepared in 84%
yield by treatment of carbinol 4 with yellow mercuric oxide
(Hg0)" and 20% aqueous sulfuric acid in THF followed by
hydrolysis with IN hydrochloric acid solution. We have also
investigated the synthesis of the other synthon 7. Protection
of ketone 5 with ethylene glycol and catalytic amounts of
para-toluenesulfonic acid (p-TsOH) in refluxing benzene'
gave ketal 6 in 95% yield. Synthetic attempts of 7 through
bromination" followed by hydrolysis under various reaction
condition was not successful and naphthalene 8'® was
mainly obtained accompanied by lesser amount of complex
mixture, probably due to the aromatization ot A-ring site by
acidic condition. Therefore, we direetly used 7-hydrox-
ynaphthalenone 5 for the preparation of anthracyclinone
framework.

[t had been previously established that phthaloyl chloride
(9} could be condensed regiospecilically with some AB-ring
moieties' in respectable yiclds. Afier condensation of 9 and
5 based on our work'” 10 alford 10 in 86% yield. protection
ol ketone 10 with cthylene glycol and catalytic amounts of
para-lolucnmu]lbnic acid in refluxing benzene™ gave ketal
11 in 90% yield. Regiospecific bromination of 11 with bro-
mine and azobisisobutyronitrile (AIBN}) in relluxing carbon
tetrachloride under irradiation with a 500 W halogen lamp"”
and solvolysis with silica gel in wet THF followed by depro-
tective hydrolysis with IN TICI solution in dioxane gave
mainly 12 in 53% yield. The selective cis diol protection of
the products (12) with phenylboronic acid and para-tolucne-
sulfonic acid in dry toluenc™®'%!" save the benzenc bor-
onale (1)-13 as a major product and trace amount of
unidentified materials. After purilication by column chroma-
tography. the isolated cis boronate (1)-13 was casily con-
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Scheme 2. (a) AICl;. nitrobenzene. ri. (b) Ethylene glycol. p-
TsO - 11,0, benyene, (¢) Bra. AIBN, CClL,. silica gelfwer THI
[[Clidioxane. (d) PhB(OH)z. p-Ts01toluene. rt. (¢) 2-Mcthyl-2.4-
pentancdiol. AcOH/CH-Cla facctone.

verted to ¢is diol (=)-14 (82%) using 2-methyl-2.4-pentanediol
in acetic acid. The NMR spectrum of the desired compound
14 exhibited scalar coupling patterns for cis form (frnes.
s~ 4.90 Hz, *Jrneq s-heq — 1.98 Hz). The physical and spec-
tral properties of this material were identical in all respects
with the literature.”

Experimental Section

All reactions were run under dry nitrogen or argon atmo-
sphere with oven-dried glassware. All solvents were purified
according to literature procedure.'® Bulk grade hexane was
distilled prior to use. Merck pre-coated silica gel plates (Art.
5554) with fluorescent indicator were used as analytical
TLC. Gravity column chromatography and flash column
chromatography were cartied out on silica gel (230-400
mesh from Merck) and HPLC was carried out on a Waters
4000 instrument having a Waters PDA UV spectrophotome-
ter and a Waters 410 difterential retractometer.

'H NMR spectra were obtained on a JEOL JNM EX-400
spectrometer. Chemical shifts were internally referenced to
TMS. Infrared spectra were recorded on a Nicolet 53-DXB
series FT-IR spectrophotometer. Mass spectra were obtained
on a JEOL JMX-DX 300 spcetrometer by the clectron
impact or a llewlett Packard 5972 scrics mass sclective
detector. Melting points were determined in capillary tubes
on a Biichi 510 melting point apparatus and were uncot-
rected.

(1)-2-Ethynyl-2-hydroxy-1,2,3,4-tetrahydro-5,8-dimethox-
ynaphthalene (4). A mixture of tetralone 3 (0.80 g. 5.88
mmol) and lithium acetylide/ethylenediamine complex (90%.
2.52 g. 27.15 mmol) was dissolved in dry tetrahydrofuran
(100 mL} and stirred at room temperature for 18 hrs. The
mixture was pouted on ice water and extracted with cther.
The combined cther extracts were washed with 5% sulluric
acid in the presence of crushed ice. then successively with
saturated sodium hydrogencarbonate, water, brine. dried on
anhydrous magnesium sulfate, and concentrated in vacuo.
The residue was chromatographed on silica gel (benzene!
cthylacetate — 20 : 1) and recrystallized from ether to give 4
(0.65 g, 72%) as a colorless solid with mp 103-105 °C. IR
(KBr) cm ' 3590 (OF), 3300, 1600. 1260 (OFl); 'Hl NMR
(400 M1z, in CDCI3)} 8 6.64 (s, 21, Ar). 3.75 (s. 311, OCII;).

Notes

3.76 (s. 3H. OCHj5), 2.68-3.09 (m, 4H. 2 x CHa), 2.40 {s. 1H,
CH). 2.24 (s. 1H, OH), 1.91-2.14 (m. 2H. CH,); MS (m/z)
232 (M'). 214 (M -H-0).

(+)-2-Acetyl-2-hydroxy-1,2,3,4-tetrahydro-5,8-dimethox-
vnaphthalene (5). A mixture of 4 (0.20 g. 0.86 mmol). yel-
low mercuric oxide (0.37 g. 1.72 mmol). and 20% sulfuric
acid solution (4 mL) in dry tetrahydrofuran {50 mL) was
heated at reflux for 5 hrs. After cooling, the mixture was
diluted with IN hydrochloric acid solution (20 mL) and
extracted with methylene chloride. The combined organic
layer was washed successively with distilled water, brine,
dried on anhydrous magnesium sulfate, and concentrated in
vacuo. The residue was chromatographed on silica gel (ben-
zenefethylacetate — 5 : 1) and recrystallized from chloro-
form/diethylether to give 5 (0.18 g. 84%) as colorless solid
with mp 97-99 °C (Iit."" mp 100-101 °C). IR {(KBr) cm™
3480 (OH), 1700 (C-0), 1492 (aromatic ring); 'H NMR
(400 MHz, in CDCls) §6.66 (s, 2H, Ar). 3.79 (s, 3H. OCHa),
3.76 (s, 3H. OCH3), 3.62 (s, 1H. OH), 2.75-3.01 {m, 4H.
2% CHa). 2.28 {s. 3H, CHz), [.83-2.05 (m, 2H, CH3); MS
(miz) 250 (M"), 232 (M -H-0).

(+)-[1,1-(Ethylenedioxy)ethyl|-2-hydroxy-1,2,3,4-tetra-
hydro-5,8-dimethoxynaphthalene (6). A mixture of 5
(2.30 g. 9.19 mmol). ethylene glycol {(5.12 mL, 91.89 mmol),
and p-toluenesulfonic acid monohydrate (0.14 g, 0.74 mmol)
in benzene (100 mL) was heated at reflux for 2 hrs. The
water generated during the reaction was azeotropically
removed using a Dean-Stark apparatus. The cooled reaction
was poured into aqueous sodium hydrogencarbonate, the
benzene layer was separated and washed with brine and dis-
tilled water, then dried over magnesium sulfate. filtered. and
evaporated. The residue was chromatographed on silica gel
(hexane/ethylacetate — 4 : 1) and recrystallized from chloro-
form/diethylether to give 6 {2.57 g. 95%) as colorless solid
with mp 114-116 °C. IR (KBr) em™ 3489 (OH). 2945, 1595
(aromatic ring). 1474, 1259 (OH). 1085 (C-0). 'H NMR
(400 MHz. in CDCI3) & 6.62 (s. 2H. ArH). 4.05 (s, 4H.
2% CHz), 3.78 (5. 3H. OCHz), 3.76 {s. 3H, OCH:). 2.71-2.89
(m. 2t CHz). 1.69-1.99 (m, 211, Cll2), 1.43 (s, 31, Cllz);
*C NMR (100 Mliz in CDCls) 8 151.79, 150.95. 126.14,
124.33, 112.43. 106.82. 106.70, 74.34, 65.63. 65.55, 55.65,
35.51.30.72, 27.11. 19.61, 19.43; MS (m/z) 294 (M"), 261,
206.189.

1-(5°,8’-Dimethoxy-2"-naphthyl)-1-ethanone (8). A mix-
ture of acetal 6 (0.73 g, 2.48 mmol). bromine (0.26 mL. 4.96
mmol). and catalytic amounts of azobisisobutyronitrile (8.14
mg, 0.05 mmol} in carbon tetrachloride (100 mL) was
heated at reflux for 30 min with stirring under irradiation
with a 500 W halogen lamp. Afler being cooled. silica gel
(30 g, for column chromatography) and ice-cooled wet tet-
rahydrofluran (30 mL. containing about 3% water) were suc-
cessively added to the mixture and stirred at room temperature
for 2 hrs. Silica gel was separated by filtration and wa.shud
several times with methanol/dichloromethane (1 ¢ 10). The
combined organic laycr was concentrated in vacuo. A ﬂu‘ the
residuc was dissolved in a mixture of IN hydrochloric acid
(15 mL) and dioxane (30 mL). the acidic solution was stirred
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at room temperature for 20 hrs 1o hyvdroly #¢ the acctal group.
The residue obtained by concentration of the mixture in
vacito was dissolved in chloroform. The organic solution
was washed with brinc. and distilled water. then dried on
anhy drous magnesium sulfate. filtered. and cvaporated. The
residuc was chromatographed on silica gel (hexane/cthyl-
acctatc =4: 1) to give 8 (0.31 g. 34%) as colorless solid
with mp 110-112 °C. 'H NMR (400 MHz. in CDCl3) §8.63
(m. 1H. ArH). 8.26 (d. 1H. ArH). 8.03 (d. 1H. ArH). 6.99 (s.
1H. ArH). 6.72 (s. 1H. ArH). 4.00 (s. 3H. OCHj3). 3.99 (m.
3H. OCHjs). 2.74 (s. 3H. COCH3). MS (m/z) 230 (M'). 215
(M'-CHz). 189.
(£)-9-Acetyl-69,11-trihydroxy-7,8,9,10-tetrahydronaph-
thacen-5,12-dione, 7-deoxyidarubici-none (10). To a solu-
tien of 5 (0.45 g. 1.80 mmol) in nitrobenzene (20 mL) was
added a solution of aluminum chloride (0.49 g. 3.65 mmol)
in nitrobenzene (20 mL) at O °C and the mixture was slowly
warmed 10 roem {emperature for 30 min. Phthaloyv] dichlo-
ride (9 (0.28 mL. 1.98 mmol) was added to the resulting
solution and the mixture was stirred at 100 °C for | hr. A
solution of 0.2 N oxalic acid (30 mL) and cthylacctate (30
mL) were added to (he resulting solution and filicred. The
water laver was extracted with cthylacetate and the combined
organic laver was washed with saturated sodium hyvdrogen-
carbonatc and brinc. After drving over anhydrous magne-
sium sullatc. the solvent was removed in vacuo and the
crude maicrial was purilicd by flash column chromatogra-
phy (benzenc/dichloromethane = 1 : 3) (o allord 10 (0.54 .
86%) with mp 217-219 °C. IR (KBr) em~' 3390 (OH). 1700
(C=0). 1618 (quinonc). 1586 (aromalic rings). 12635 (OH).
'"H NMR (400 MH. in CDCl3) 8 13.48 (s. 2H. ArOH). 8.48-
8.19 (m. 2H. Ar). 7.95-7.74 (m. 2H. Ar). 3.79 (bs. 1H. OH).
3.48-2.79 (m. 4H. CH-). 2.39 (s. 3H. OCH3). 2.19-1.6% (m.
2H. CH-): MS (m/2) 352 (M"). 309 (M -COCH5).
(£)-[1,1-(Ethylenedioxy)ethyl]-6,9,11-trihydroxy-7.8,9,14-

tetrahydronaphthacen-5,12-dione, (11). To a solution of

10:.(0.11 g. 0.31 mmol). cthylene glveol (0.17 mL. 3.12 mmol).
and p-lolucncsulfonic acid monohydrate (8.31 mg. 0.04
mmel) in benzene was heated at refllux for 9 hrs. using a
Dean-Stark appratus (o remove the scparated water. Afler
cooling. the mixture was partitioned between dichloromethane
and saturaled aqucous sodium hyvdrogencarbonate and the
organic laver was scparated. The aqueous laver was extracted
with dichloromcthane and the combined organic laver was
washed with brinc. then dricd over magnesium sulfate. fil-
tcred. and cvaporated. The residuc was chromatographed on
silica gel ¢(hexanc/cthylacetale =4 : 1) and recryvstallization
of this malcrial from chloroform/dicthyvicther afforded the
purc acclal as palc vellow needles (0.11 g. 90%) with mp
202-204 °C. IR (KBr) em™ 3420 (OH). 1670 (quinonc).
1590. 1350 (aromatic rings). "H NMR (400 MHz. in CDCly)
6 13.4 (s. TH. ArOH). 13.1 (5. IH. ArOH). 8.33-836 (m. 2H.
ArH). 7.26-7.83 (m. 2H. ArH). 4.08 (5. 4H. 2 x OCH-).
3.02-3.07 (m. 2H. CH»). 2.84-2 88 (m. 2H. CH-). 2.06-1.76
(m. 2H. CH=~): MS (n/7) 396 (M").
(£)-9-Acctyl-6,7,9,11-tetrahvdroxy-7,8.9,10-tetrahydro-

naphthacen-5,12-dione, Idarubicinone (14). A) 12 from 11:;
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A mixture of acctal 11 (0.73 2. 1.84 mmol). brominc (0.19
mL. 3.68 mmol). and catalytic amounts of AIBN (6.03 mg,
0.04 mmol) in carbon tetrachloride (100 mL) was heated at
reflux for 30 min with stirring under irradiation with a 300
W halogen lamp. After being cooled. silica gel (30 g. for col-
umn chromatography) and icccooled wet tetrahydrofuran
(30 mL. containing about 3% water) were successively added
to the mixture and stirred at room temperature lor 2 hrs. Sil-
ica gel was separated by filtration and washed several times
with methanol/dichloromethane (1 : 10). The combined organic
layer was concentrated iz vacuo. After the residuc was dis-
solved in a mixture of IN hydrochloric acid (13 mL) and
dioxane (30 mL). the acidic solution was stirred at room
temperature for 20 hrs o hydrolyzc the acctal group. The
residuc obtained by concentration of the mixture in vacuo
was dissolved in chloroform. The organic solution was
washed with brine. and distilled watcer. then dried on anhy-
drous magnesium sullate. liltered. and cvaporated. The resi-
duc was chromatographed on silica gel (hexane/cthylacetate
=3:1) and recrystallized from chloroform/dicthylether to
give 12 (0.36 g. 33%).

B) cis-isomer 14 vig 13 A mixture of 12 (0.10 g. 0.27
mmol). phenylboronic acid (40.0 mg. 0.33 mmol) and p-tol-
ucncsullonic acid (10.0 mg) in drv toluene (30 mL) was
stirred at room temperature for 3 h, The rcaction mixture
was quenched with saturated aqueous sodium hydrogencar-
bonatc and extracted with dichloromethane. The extract was
washed with distilled water. dricd on anhydrous magncsium
sullate. and concentrated 77 vaco 10 give crude 13, The res-
iduc was chromatographed on silica gel (hexanc/cthylacctate
=4: 1) 10 give purc 13 as red crystals,

A mixturc of 13 (92.0 mg. (.25 mmol). 2-methy]-2 4-pen-
tancdiol (0.32 mL. 2.50 mmol). acctic acid (20 L). dichlo-
rom¢thane (10 mL) and acctong (10 mL) was stirred at room
temperature for 9 hrs, The reaction mixture was poured inlo
a mixture of dichloromcthane (20 mL) and saturated aque-
ous sodium hyvdrogencarbonate (20 mL). The organic layer
was scparated. washed with water. dricd on anhydrous mag-
nesium sulfate. and concentrated i vacto. The residuc was
purificd by flash chromatography on a silica gel (dichlo-
romcthanc/cthylacctate. | ;9 — dichloromethanc/cthylacetalc.
L : ). and by HPLC with a prep pak column (buffer solu-
tion. acetonitrile 35%: 0.02 M NaH-PQ, 63%: tricthyvlamine
0.1%: flow rate. 10 mL/min) to give 81.0 mg (81.3%) of ¢is-
diol 14 as a dark vellow powder. mp 182.5-184 °C (1it." mp
[84-186 “C: 1it." 1it."* mp 813.5-814.5 °C): IR (KBr) em™
3332 (OH). 1720 (C=0). 1618 (qunonc). 1584 (aromalic
rings): 'H NMR (400 MHz. in CDCli-DMSO-di) 8 13.58 (s.
LH. ArOH). 13.32 (s. 1H. ArOH). 8.41-8.27 (m. 2H. ArH).
7.92-7.78 (m. 2H. ArH). 5.56 (s. |H. OH). 5.25 (m. 1H.
CH). 4.88 (d [H.J= 7.() HZ. OH) 3.2[) (dd ] H_ .!](]_eq_](]_ax=
19.5 Hz. Jineg 59 = 1.98 Hz). 298 (d. IH../ = 19.5. 10-Hyy).
243 (5. 3H. Ac). 236 (A TH. Jiucneq= 140 HA Soeq e =
198 H. Js.eqreq= |.98 Hz. 8-H.y). and 2.06 (dd. [H. J.eqnax
= 14.0 Hz. J1.eq g0 = .90 Hz. 8-Hog): MS (m/fz) 368 (M),
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