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ABSTRACT. Fibrosstatins, which were isolated from the culture bro®tefptomyces catanulaebspgriseospora,

are naphthoquinones which can work as alkylating agents. It is important to synthesize these quinone compounds for the
study of their biological activities. In this paper, an efficient method, Hooker oxidation, to control the regiochemistry in
the synthesis of fibrostatin B is reported.
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INTRODUCTION cell walls in plants, help to maintain the triple heli-
cal structure interchain hydrogen bonding. Procol-
Fibrostatins were isolated as orange crystals fromlagen triple helices in which the prolines have not
the culture broth oStreptomyces catanulaeibsp.  been hydroxylated are far less stable than their
griseospord. These compounds are the first natu- hydroxylated counterparts. The conditions that pre-
rally occurring 2,6,7- or 3,6,7-trisubstituted or 2,3,6,7- vent proline hydroxylation like fibrostatins inhibit
tetrasubstituted 5-hydroxy-1,4-naphthoquinones possesgrocollagen helix formation which leads to some
ing an N-acetyl-L-cystein-S-yl moiety in the molecule. disease$.Thein vitro inhibitory activity (IC,) of
These compounds show inhibitory activity againstfibrostatins A, B, C, D, E and F against prolyl
prolyl hydroxylase. Prolyl hydroxylase is an enzyme hydroxylase of chick embroys was 23, 39, 29, 180,
(M.W., 200,000) along with its cofactors (molecu- 10 and 14uM, respectively. It is reported that acute
lar oxygen, ascorbic acid and -ketoglutarate), whichtoxicity (LD,,) of fibrostatins was 50-200 mg/kg when
are responsible for hydroxylation of proline. The administered intraperitoneally to ratsrom these
hydroxyl groups of hydroxyproline residues in col- data, fibrostatins are regarded as potent inhibitors of
lagen, the extracellular matrix protein in animals or prolyl hydroxylase.
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Schemel. Structures of fibrostatins.

The structures of these six fibrostatins were deducedould be due to the formation of quinone methide
from their chemical and spectroscopic propefties. via a bioreductive mode. Fibrostatins could be reduced
The detailed structures of fibrostatins are shown inin vivo, probably by enzymes such as NADPH, to
Schemd. the corresponding hydroquinone, which may then

Examination of the structure reveals a benzylic eliminate water and/or thio side chain to form the
thiol and alcohol which could be precursors to quinone methide intermediates. Conceivably the
qguinone methides and thus the natural products argrolyl hydroxylase is trapped and deactivated by
classified as potent bioreductive alkylating agent.these quinone methides, which may function as
The inhibitory activity to the prolyl hydroxylase alkylating agents§cheme).
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Scheme. Proposed mechanism for deactivation of prolyl hydroxlase by quinone methides.
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As one can see iBcheme, fibrostatin F could metrical cyclobutenon@.
work as an 1,7-bisalkylating agent, and fibrostatin The introduction of -CEOP into aromatic ring
B could function as a monoalkylating agent. Since did not give promising results. The intermediéte
many anticancer agents are alkylating agents, it iscould be prepared from 2,6-dimethoxypherid)) (
conceivable that fibrostatins could also behavethrough palladium-catalyzed carbon monoxide inser-
analogously. Therefore, the synthesis of fibrostatinstion or from 3,5-dimethoxyanilinel) through Sand-
is very important to test their biological activities meyer reactionchemet).
and gain a better understanding of their chemistry. The first route examined was the preparation of
The synthesis of fibrostatin B will be discussed in aryl triflate 9, an assumed precursor of methylbenz8ate

this report. as shown inrSchemés. 4-Bromo-2,6-dimethoxyphe-
nol (15), a good precursor for the aryl trifla@@ewas
RESULTS AND DISCUSSION prepared in 76% yield by a procedure similar to that

reported by Fole¥j.e. N-bromosuccinimide (NBS)
The synthetic strategy of fibrostatins outlined in was employed as a brominating reagent in GHCI
Schem@. The key synthetic step is the addition of a suit-with 0.75% (v/v) ethanol. The resulting 4-bromo-
ably substituted aryl lithium reage6tto unsym-  2,6-dimethoxyphenoll6) was treated with trifluo-
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SchemeS. Retrosynthesis of fibrostatin B, F.
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Schemed. Retrosynthesis of protected 2,6-dimethoxylbenzyl alc@hol
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Schemés. Synthesis of 3-bromo-2,6-dimethoxymethylbenzob8p (

romethanesulfonic anhydride and base to give bro-dimethoxyaniline by Sandmeyer reacti@cliemes).
moaryl triflate 16 in 90% yield. Among the bases 3,5-Dimethoxytrimethylsilylbenzend 9 was prepared
tried, sodium hydride gave the best result. The palfrom 12 in 97% vyield upon treatment df2 with
ladium-catalyzed carbon monoxide insertion was butyllithium and trimethylsilyl chloride. Compouri®
performed. Unfortunately, the product obtained was then converted into the benzyl alcat®lipon
was compoundL7, not the desired compourkB treatment withn-BuLi and paraformaldehyde in
(Schem). The insertion of palladium occurred at 79% vyield. Following desilyloiodination with silver
the C-Br bond. A possible explanation for this reac- tetrafluoroboraté 4-iodo-1,6-dimethoxybenzyl alco-
tion could be that the aryl triflaté6 is more steri-  hol (219 was isolated in 39% yield with1h(33%)
cally hindered than those reactions described inand21a17%). The formation oflacan be ratio-
other papersso the insertion of palladium took place nalized by the fact that the aromatic cation formed
at the less hindered site. Therefore, this approactupon treatment with iodine might be stabilized by
was not successful. the adjacent methoxy groups leading to release of
The next route tried was the synthesis of protectedormaldehyde. Also, the formation @flb can be
2,6-dimethoxy-4-iodobenzyl alcohak2). 3,5-Dime-  rationalized by the fact that the alkoxy aromatic
thoxybromobenzenel®) was prepared from 3,5- substitution is usually occurred attho and para

CH,OH
H3CO. CCHj H3CO. OCH; H3CO, OCH,
n-Buki nBuLi AgBF,
TMSC! (CH,0), I, MeOH
Br ™S ™S
12 19 20
| CHZOH CHaOH CH,OTMS
H,CO OCHg HaCO. OCH3 Hyco OCH3 H,CO OCH,
+ + pyridine
TMSCI
|
™S ™S | |
21a 21b 21¢ 22

Schemes. Synthesis of protected 2,6-dimethoxy-4-iodobenzyl alcahol
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position of the alkoxy groups. Of course, the com- control in the synthesis of quinones: (1) the regio-
pound2l1cwas converted int@2 successfully. How-  chemical control in the cyclobutenedione state by
ever, this approach was not satisfactory because dhe regioselective 1,2-addition of lithium reagent to
the unwanted by-products in the iodination. it;"° (2) the regiochemical control in aryl, alkenyl or

Since all attempts to synthesize were not successalkynyl lithium reagents by an incorporation of a
ful or not efficient because of the difficulty introducing halogen atom or stannyl derivatives at the specific
-CH,OP (P=protecting group) group into aromatic position, or heteroatom directed lithiatn(3) the
ring, Hooker oxidation was introduced. In 1936, regiochemical control in the quinone state, especially
Hookerreported an unusual transformations of sim- hydroxynaphthoquinones, by the Hooker oxidation.
ple hydroxynaphthoquionones. Oxidation of lapa- The synthetic strategy for fibrostatin B is proposed
chol @3) with alkaline permanganate resulted in a in Schem®. That is, fibrostatin B can be envisaged to
totally unexpected produ@4 with the elimination  ultimately arise from 2,6-dimethoxybenzyl alcohol
of CH2 from the side chain and the change of the(27) and 3tbutoxy-2-ethyl-3-cyclobutene-1,2-dione
regiochemistry$chem@).” Later Fieseet al.reported  (28), and both compounds are easy to be prepared
a new procedure using hydrogen peroxide andn one or two steps from commercially available
CuSQ under basic conditichThe mechanism of starting materials.

this reaction was proposed 50 years®agdout it The aromatic compound was prepared from 1,3-
was not proved until our research group proved itdimethoxtbenzyl alcohol or 2,6-dimethoxybenzoic
with *C labeled NMR experiments. acid in high yields $cheme). 2,6-Dimethoxyben-

If the Hooker oxidation could be efficiently zyl alcohol @1)was prepared from 2,6-dimethoxy-
accomplished on highly substituted hydroxynaph-benzene29) in 92% vyield or 2,6-dimethoxybenzoic
thoquinones, one would have a particularly usefulacid @0) in 76% yield. It was then treated with
control of the regiochemistry. Generally, there are butyldimethylsilyl chloride (TBDMSCIY to give 2,6-
three major contributions for the regiochemical dimethoxy-{-butyldimethylsilyloxymethyl)benzene

Hooker oxidation “

Lapachol, 23
Scheme’. Hooker oxidation.
Q
H,CO. OCH4 H4CO
Hooker
P an—
Oxidation
CH,
SR
OCHj
CH,OP
H,CO, OCH,
_
Li O-tBu

27
SchemeB. Retrosynthesis of fibrostatin B.
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Schemed. Synthesis of protected 2,6-dimethoxylbenzyl alc@2ol
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Schemel0. Synthesis of 3-t-butoxy-4-ethyl-3-cyclobutene-
1,2-dione 28).

(32 in 92% yield.
3+-Butoxy-4-ethyl-3-cyclobutene-1,2-dioreg] was

follow by TLC because both the starting naphtho-
quinone and the product has the same Rf value in
the available eluents. We applied the conditions
using hydrogen peroxide and CuSO4, 8a8dvas
successfully obtained in 76% yield. The reaction
could be followed easily by color changes, i.e.,
hydroxynaphthoquinones are red in basic condition
and yellow in acidic condition, and ketols are color-
less in basic condition. Methylation 86 was per-
formed by diazomethanel5 to g®@in 89% yield.

prepared by the usual one pot procedure in 76%Demethylation of methoxy group Bi7 was selec-

yield*® starting with dit-butylsquarate and ethyl-
magnesiumbromideSgcheme.0).

The addition of the lithium salt &2 to 28 was
performed successfully only in hexane with TMEDA
at 0°C to afford 3tbutoxy-2-ethyl-4-hydroxy-4-(2,4-
dimethoxy-3t-butyldimethylsilyloxymethylpheny)-
2-cyclobuten-1-one3@) in 68% yield. In the absence
of TMEDA, the reaction failed. Thermolysis of the
resulting cyclobutenona3 in toluene followed by
Ag,O oxidation of the resulting hydroquinone gave
the desired 3-butoxy-6-(-butyldimethylsilyloxyme-
thyl)-5,7-dimethoxy-2-ethyl-1,4-naphthoquinong4)(
in 85% overall yield. Removal of thebutyl group
was performed by trifluoroacetic acid (TFA) &i@®
to give 5,7-dimethoxy-2-ethyl-3-hydroxy-6-hydroxy-
methyl-1,4-naphthoquinon@9)™* in 85% yield. When
Hooker oxidation of35 was performed in alkaline

tively performed by boron trichloride to gig8in 90%
yield*®  2,7-Dimethoxy-5-hydroxy-6-hydroxyme-
thyl-3-methyl-1,4-naphthoquinon&g) is an agly-
cone of fibrostatin B, but compour88 can also
work as an alkylating agent. So, biological study for
this compound must be valuable, too.

EXPERIMENT

General procedure. Commercial reagents were
used without further purification excepts as indi-
cated below. Tetrahydrofuran and diethyl ether
were distilled from sodium/benzophenone ketyl
immediately before use. All air or water sensitive
reactions were carried out in flame dried glassware
under a positive pressure of argon or nitrogen. Air
sensitive solutions were transferngd cannula and

potassium permanganate or hydrogen peroxide angvere introduced into the reaction vessel through
CuSQ. The first attempt employed alkaline potassium rubber septa. Butyllithiums were introduced to the

permanganate, 5,7-dimethoxy-2-hydroxy-6-hydroxym-

ethyl-3-methyl-1,4-naphthoquinor@e| was not obtained

reaction vesselsszia syringe. Reaction solutions
were concentrated by a Buchi rotary evaporator at

in high yield. In addition, the reaction was hard to 15-30 mmHg. Column chromatography was per-

Journal of the Korean Chemical Society
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Schemell. Synthesis of Fibrostatin B.

formed by using E. Merck silica gel (230-400 mesh) diethyl ether was added and the solid was removed
mostly with hexanes and ethyl acetate as eluents. by filtration. Diethyl ether was added to the resulting
Instruments. Proton and carbofC NMR were  solution and the solid was filtered again. The solu-
recorded on a Bruker WM 250, a General Electriction was washed with water (2x10 mL) and brine
QE 300, a General Electrte500 NMR or a Gen- (10 mL), dried over magnesium sulfate, and con-
eral Electric GN 500 NMR spectrometer. Infrared centratedn vacuo The resulting residue was puri-
spectra were recorded on a Perkin-Elmer FT IRfied by flash column chromatography (3/1 hexanes/
spectrophotometer. Low-resolution mass spectra (MSgthyl acetate) to give 5.48 g (78%) of the desired 4-
were recorded on a Finigan 4000 spectrometer antfromo-2,6-dimethoxyphendlL5). Recrystalization
high-resolution mass spectra (HRMS) were mea-of the solid in hexanes gave 5.34 g (76%)®hs
sured with a VG Analytic 7070E spectrometer. Elemen-white needles: m.p., 104.0-104G IR (CHCL) 3540,
tal Analysis were performed by Robertson Laboratory. 1610, 1505, 1455, 1450, 1360, 1240, 1210, 1128 cm
4-Bromo-2,6-dimethoxyphenol (15).A solution 'H NMR (CDCL, 250 MHz)3 6.72 (s, 2H), 5.45 (s,
of 5.32 g (30.0 mmol) of N-bromosuccinimide (NBS) 1H), 3.87 (s, 6H)*C NMR (CDCL, 300 MHz)
in 300 mL of CHCJ and 3.3 mL of ethanol (0.65 v/ 5147.4, 133.8, 110.8, 108.3, 56.4; MS (CI), m/z 233
v%) at 0°C was added to a solution df (4.62 g, (MH"); MS (El), m/z (rel. intensity) 234(48), 232
30.0 mmol) in 150 mL of CHGland stirred for 5 hrs  (47), 217(20), 154(21), 110(24), 93(15), 79(30), 67(49),
at 0°C. The solvent was evaporatedvacuqg and  66(28), 65(33), 53(70), 51(100); HRMS, m/z calcu-

2003 Vol. 47, No. 1



54 o]33] - Harold W. Moore

lated for GH,BrO,, 231.9736; found, 231.9718. Anal. bling of CO into the reaction flask, and then cooled
calculated for ¢H,BrO;: C, 41.38; H, 3.91. Found: to room temperature. The reaction mixture was poured
C, 41.85; H, 3.91. into a separatory funnel containing diethyl ether
4-Bromo-2,6-dimethoxy-(trifluoromethanesulfo- (100 mL). The aqueous layer was extracted with
nyl)-benzene (16). To a solution of 1.69 g (7.28 diethyl ether (2x20 mL). The combined organic
mmol) of 15 in 100 mL of dry diethyl ether was layer was washed with 5 mL of 1N HCI and then
added a mixture of NaH (0.35 mg, 7.28 mmol, 50% brine (10 mL) until neutral, dried over magnesium
in mineral oil)(prewashed with ether before use) in sulfate, and concentrateéd vacuo The resulting
30 mL of ether at 0C. The resulting mixture was residue was purified by flash column chromatogra-
stirred for 30 min until no more grey precipitate was phy (3/1 hexanes/ethyl acetate) to give 203 mg (59%)
formed at OC. Trifluoromethanesulfonic anhydride of 17 as a white solid with 142 mg (39%) of start-
(1.3 mL, 8.0 mmol) was slowly added to this solu- ing material16, m.p., 86.0-87.0C; IR (CHCL),
tion over 3 min at OC, stirred for 5 min and the ice 2950, 1740, 1610, 1580, 1500, 1460, 1450, 1230,
bath was removed. The reaction mixture was heate®90, 830 crt; 'H NMR (CDCL, 250 MHz)5 7.34
at reflux for 4 hrs and then cooled to room temper-(s, 2H), 3.95 (s, 6H), 3.94 (s, 3HJC NMR (CDC|,
ature. The reaction was quenched with water by300 MHz)5173.5, 154.3, 128.2, 125.3, 117.2, 109.1,
pouring the reaction mixture into a separatory fun-82.7, 56.5; MS (Cl), m/z 345 (Mi{ MS (EI), m/z
nel containing 50 mL of water. The aqueous layer(rel. intensity) 344(6), 212(11), 211(100), 155(30),
was extracted with diethyl ether (2x100 mL) and the125(23), 124(15), 109(15), 79(16), 69(51), 66(40),
combined organic layer was washed with 50 mL of 59(69), 53(37); HRMS, m/z calculated forH;,O,SF,
5% NaOH solution, water (2x100 mL), and brine 344.0177; found 344.0186.
(50 mL), dried over magnesium sulfate, and concen- 3,5-Dimethoxymethylsilylbenzene (19).To a
tratedin vacuo The resulting residue was purified by solution 0f12 (2.16 g, 10.0 mmol) was addedBulLi
flash column chromatography (3/1 hexanes/ethyl(1.6 M in hexanes, 6.88 mL, 11.0 mmol) at %Z8
acetate) to give 2.37 g (90%) of the desired arytri-via syringe slowly. After stirred for 20 min at -%3,
flate 16 as a white solid; m.p., 51.0-53G; IR (CHCL) the reaction mixture was treated with excess amount
2950, 1605, 1575, 1495, 1465, 1450, 1420, 12300f TMSCI (1.3 equiv). The resulting mixture was
1140, 890, 830 cn 'H NMR (CDCL, 250 MHz)  stirred for an additional 30 min, and the mixture
56.87 (s, 2H), 3.87 (s, 6H¥C NMR (CDCL, 300  was poured into a separatory funnel containing 120
MHz) 6152.9, 127.1, 124.9, 116.4, 108.7, 56.5; MS mL of diethyl ether and 50 mL of water. The aque-
(CI), m/z 365 (MH); MS (EIl), m/z (rel. intensity) ous layer was extracted with diethyl ether (2x100
366(3), 364(3), 233(85), 231(92), 205(24), 203(25), mL), dried over magnesium sulfate, and concen-
190(21), 188(30), 152(22), 124(100), 119(32), 117tratedin vacw. The resulting residue was purified
(34), 109(61), 66(86), 69(68); HRMS, m/z calcu- by flash column chromatography (1/1 hexanes/ethyl
lated for GH,BrO.SF,, 363.9228; found, 363228. acetate) to give 2.04 g (97%) of the desired product
Anal. calculated for 1,BrO.SF;: C, 29.61; H, 2.21. 19as a sticky oil: IR (neat) 3030, 3005, 2980, 2955,
Found: C, 29.70; H, 2.07. 1600, 1465, 1410, 1330, 1300, 1210, 1156 chi
3,5-Dimethoxy-4-(trifluomethanesulfonyl)methyl- NMR (CDCL, 300 MHz)d 6.65 (d,J=2.5 Hz, 2H),
benzoate(17). To a three neck round bottom flask 6.45 (t,J=2.5 Hz, 1H), 3.81 (s, 6H), 0.25 (s, 9H);
(50 mL) equipped with a magnetic stirrer were **C NMR (Acetone-g 300 MHz) 5 161.2, 142.8,
added 364 mg (1.0 mmol) &6 16.0 mg (0.06 mmol) 111.2, 100.9, 55.0, -1.5; MS (Cl), m/z 211 (MH
of P(Ph), 7.00 mg (0.03 mmol) of Pd(OA¢).28 MS (El), m/z (rel. intensity) 210(34), 195(100), 165
mL (2.0 mmol) of NEfand 0.9 mL (20.0 mmol) of (18), 150(4), 135(7), 97(8), 75(21), 73(16), 59(32):
methanol, and CO was purged for 5 min. The reactHRMS, m/z calculated for H,,SiO,, 210.1076;
tion mixture was stirred at 6C for 2 hrs with bub-  found 210.1055.
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2,6-Dimethoxy-4-trimethylsilyibenzyl alcohol(20). 170 mg(17%) oRlawere obtained.
A solution of 630 mg (3.0 mmol) d@in 30 mL of 21c: m.p., 126.0-127.8C; IR (CHCL) 3600, 3040,
dry THF at ®°C under argon was treated with 2970, 1595, 1475, 1420, 1250, 1205, 1190, 1140,
BuLi (1.6 M in hexanes, 2.25 mL, 3.6 mmol). The 1010, 850, 830 crh ‘*H NMR (CDCl,, 300 MHz)
reaction mixture was stirred for 2 hrs at room tem-5 6.89 (s, 2H), 4.71 (d=6.7 Hz, 2H), 3.82 (s, 6H),
perature, and then cooled t6@and 108 mg (3.6  2.34 (1,J=6.7 Hz, 1H);*C NMR (CDCL, 300 MHz)
mmol) of paraformaldehyde was added. The solu- 6156.9, 140.1, 117.4, 107.0, 54.0, 51.8, -3.1; MS (ClI),
tion was stirred for 1 hr and quenched with 4 mL of m/z 277 (MH-H,0); MS (El), m/z (rel. intensity)
a 10% NHCI solution. The resulting solution was 294(65), 293(23), 262(31), 139(28), 138(32), 135(20),
poured into a separatory funnel containing diethyl124(17), 108(21), 107(22), 92(40), 91(34), 79(44),
ether (100 mL) and water (20 mL). The organic 78(53), 77(88), 75(45), 65(47), 64(52), 63(100),
layer was washed with water (2x20 mL) and brine 53(87), 51(94); HRMS, m/z calculated fosHZIO.,
(10 mL), dried over magnesium sulfate, and finally 293.9755; found, 293.9733. Anal. calculated for
concentratedn vacuo The resulting residue was C,H,,10,: C, 36.76; H, 3.77. Found: C, 36.75; H,
purified by flash column chromatography (3/1 hex- 3.62.21b as a white solid: m.p., 132.0-133Q IR
anes/ethyl acetate) to give 700 mg (79%) of the desiredCHCL,) 3600, 2900, 1595, 1470, 1250, 1200, 1140,
product20 as a white solid with 120 mg (20%) of 830 cm®; *H NMR (CDCL, 300 MHz)5 6.81 (s, 1H),
starting material9: m.p., 50.0-50.8C; IR (CHC}) 4,78 (d,J=5.7 Hz, 2H), 3.87 (s, 3H), 3.84 (s, 3H),
3600, 3010, 2970, 1600, 1570, 1470, 1395, 1290, 125®.3 (t,J=6.7 Hz, 1H), 0.02 (s, 9H21acolorless olil;
1130, 840 crt; '"H NMR (Acetone-gt 500 MHz)  'H NMR (CDCl, 300 MHz)56.87 (s, 2H), 4.78 (s,
06.78 (s, 2H), 4.61 (3=6.7 Hz, 2H), 3.21 (=6.7 Hz, = 2H), 3.81 (s, 6H), 0.02 (s, 9H).
1H); *C NMR (Acetone-g 500 MHz)5 156.9, 140.1, 2.6-Dimethoxy-4-iodotrimethylsilyloxymethyl-
117.4,107.0,54.0,51.8, -3.1; MS (Cl), m/z 241 (MH benzene (22)To a solution of 352 mg (1.2 mmol)
MS(EI), m/z (rel. intensity) 240(18), 225(35), 193(17), of 21.cin dry THF (70 mL) were added 4 mL of
91(21), 75(60), 73(100), 59(48); HRMS, m/z calculateddry pyridine and 0.4 mL (1.4 mmol) of TMSCI
for C,H,SIi0,, 240.1182; found, 240.1175. Anal. cal- slowly at room temperature, and the reaction mix-
culated for GH,,SIO,: C, 59.96; H, 8.38. Found: ture was stirred for 1 hr at 36. The reaction mix-
C, 59.96; H, 8.36. ture was cooled to room temperature and 30 mL of

2,6-Dimethoxy-4-iodobenzyl alcohol (21c)loa  diethyl ether was added, and the pyridinium hydro-
solution of 800 mg (3.33 mmol) @80in 50 mL ofdry ~ chloride salt was removed by filtration through a
MeOH was added 840 mg (4.29 mmol) of AgBF celite pad twice. The organic layer was washed with
and cooled the reaction mixture t6@ lodine (840  water (2x10 mL) and brine (10 mL), dried over
mg, 3.33 mmol) dissolved in 20 mL of dry MeOH magnesium sulfate, and concentratedacuo The
was added to the mixture, and stirred for 1 1/2 hrs atesulting residue was purified by flash column
0°C. The reaction mixture was poured into 200 mL of chromatography (3:1 hexanes/ethyl acetate) to give
diethyl ether and filtered through a celite pad to 420 mg (96%) of the desired prod@&as a white
remove Agl and washed the yellow cake (Agl) with solid: m.p., 72.0-73.0C; IR (CHC}) 2980, 1595,
ether (2x30 mL). The organic solution was washed with1480, 1420, 1240, 1210, 1200, 1140, 850, 836;cm
10% sodium thiosulfate solution (2x10 mL) and brine *H NMR (CDCl,, 500 MHz)5 6.86 (s, 2H), 4.67 (s,
(20 mL). dried over magnesium sulfate, and con-2H), 3.80 (s, 6H), 0.11 (s, 9H))C NMR (CDCI,
centratedin vacuo Flash column chromatography 500 MHz) & 159.1, 116.6, 113.7, 93.7, 55.9, 53.1,
(3/1 hexanes/ethyl acetate) and following recrystal--0.2; MS (CI), m/z 367 (MH; MS (El), m/z (rel.
ization in hexanes were performed to separate théntensity) 366(4), 277(31), 120(13), 89(21), 77(28),
mixture and 360 mg (39%) of the desired product75(23), 73(100), 59(27); HRMS, m/z calculated for
21cas a white solid with 331 mg (33%)2fband  C,H,.SilO,, 366.0150; found, 366.0237.
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3+-Butoxy-4-ethyl-3-cyclobutene-1,2-dione (28).  resulting solution was poured into a separatory fun-
To a solution of Mg ribbon (2.3 g, 0.1 mol) in 100 nel containing 200 mL of ether and 30 mL of water.
mL of dry ethyl ether with a few crystals of iodine The aqueous layer was extracted with ether (2x100
was added ethylbromide (5.4 g, 50.0 mmol) in dry mL). The combined organic solution was washed
ether (100 mL) dropwise for 30 min. The mixture with water (100 mL) and brine (20 mL), dried over
was heated at reflux for 3 hrs, and then cooled tomagnesium sulfate, and concentratedacuo The
room temperature. The resulting grey solution wasresulting residue was purified by flash column
transferred into a solution of dbutyl squarate (9.0 chromatography (3/1 hexanes/ethyl acetate) gave
g, 40.0 mmol) in dry THF (200 mL) at -78 via 1.15 g (68%) of the desired cyclobuten@gas a
cannula slowly. After stirred for 30 min, the reaction white solid:m.p., 89.0-90.0C; IR (CDCL) & 3418,
mixture was treated with TFAA (8.5 mL, 60 mmol) 2956, 2937, 2856, 1756, 1601, 1464, 1375, 1360,
at 0°C. The mixture was stirred for another 30 min, 1303, 1279, 1254, 1167, 1106, 1079, 836, 777,cm
and 20 mL of water was added to the reaction mix-*H NMR (CDCL, 500 MHz) 7.08 (dJ=8.9Hz, 1H),
ture. The reaction mixture was poured into a sepa6.62 (d,J=8.9 Hz, 1H), 4.70 (s, 2H), 4.13 (s, 3H),
ratory funnel containing 300 mL of ether and 100 3.79 (s, 3H), 2.25 (gl=7.8 Hz, 2H), 1.46 (s, 9H),
mL of water. The aqueous layer was extracted withl1.17 (t,J=7.8 Hz, 3H), 0.88 (s, 9H), 0.11 (s, 3H),
ether (2x100 mL). The combined organic layer was0.08 (s, 3H);*C NMR (CDCL, 500 MHz) 192.1,
washed with water (100 mL) and brine (20 mL), 177.0, 158.9, 158.0, 130.7, 127.5, 122.72, 121.8,
dried over magnesium sulfate, and concentrated 106.5, 94.3, 83.7, 65.3, 55.2, 54.2, 28.3, 28.0, 25.6,
vacua The resulting residue was purified by flash 18.2, 16.9, 11.3, -5.6, -5.7; MS (ClI), m/z 465 (\MH
column chromatography (3/1 hexanes/ethyl acetate) td1S (El), m/z (rel. intensity) 349(7), 276(5), 179(3),
give 5.53 g (76%) of the desired diop@ as clear 163(4), 151(10), 75(100), 73(18), 56(58), 55(28);
crystals:m.p., 36.0-37.0C; IR (CHCI) 2980, 1792, HRMS, m/z calculated for ,,SiO,, 464.2594; found,
1750, 1579, 1464, 1387, 1309, 1266, 1155, 1080465.2684(MH).
982 cm®*; 'H NMR (CDCL, 500 MHz)5 2.59 (q, 2-t-Butoxy-6,8-dimethoxy-3-ethyl-7-{-butyldim-
J=7.1 Hz, 2H), 1.59 (s, 9H), 1.24 §57.1 Hz, 3H);  ethylsilyloxymethyl)-1,4-naphthoquinone  (34).
3C NMR (CDCI, 500 MHz)& 200.3, 197.3, 193.1, The hydroxycyclobutenor@s (700 mg, 1.5 mmol)
187.5, 88.5, 29.3, 19.1, 10.6; MS (CI), m/z 183 (MH was heated under reflux in toluene (50 mL) for 1 hr.
MS (El), m/z (rel. intensity) 182(7), 167(5), 153(6), The reaction was cooled to room temperaturgOAg
140(10), 126(17), 111(11), 99(23), 97(100), 83(16); (4.0 mmol) and KCO, were added and stirred for 3
HRMS, m/z calculated for gH,,0,, 182.0943; found, hrs. After the silver residues anddQ, were removed
183.1055(MH). by filtration, the solution was concentraiadzacuo

3-t- Butoxy-2-ethyl-4-hydroxy-4-(2,4-dimethoxy-  at 45°C. The resulting residue was purified by flash
3-t- butyldimethylsilyloxymethyl)-2-cyclobuten-1- column chromatography (3/1 hexanes/ethyl acetate)
one (33).To a solution 0B2 (1.25 g, 4.4 mmol) in  to give 590 mg (85%) of the desired naphthoquirgzhe
dry hexanes (120 mL) were addeduLi (1.6 M as a yellow solidm.p., 80.0-81.0C; IR (CHCL)
in hexanes, 2.75 mL, 4.4 mmol) and TMEDA (4.75 2936, 2895, 2857, 1668, 1608, 1582, 1464, 1411,
mmol) at -78C and the reaction mixture was warmed 1369, 1340, 1298, 1260, 1224, 1138, 1093, 106% cm
to 0°C with stirring. After stirring for 1 hr at @C 'H NMR (CDCL, 500 MHz)57.43 (s, 1H), 4.74 (s, 2H),
(reaction mixture turned from colorless to yellow), 3.96 (s, 3H), 3.92 (s, 3H), 2.57 @7.4 Hz, 2H),
the reaction was cooled to -#8 and transferred to  1.46 (s, 9H), 1.11 ()=7.4 Hz, 3H), 0.877 (s, 9H),
a solution of cyclobutenedior@8 (600 mg, 3.65 0.09 (s, 6H)*C NMR (CDCL, 500 MHz)3 185.3,
mmol) in dry THF (100 mLYyia cannula at -78C. 181.1, 162.3, 160.5, 157.2, 138.6, 135.1, 128.7, 117.7,
After stirring for 30 min at -78C, the reaction was 104.5, 84.0, 63.1, 55.7, 53.6, 29.3, 25.6, 18.2, 17.7,
guenched with 5% N}€I solution (10 mL) and the 12.7, -5.6; MS (CI), m/z (rel. intensity) 463 (MH
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21), 407(100), 349(15), 331(34), 275(84); HRMS, through brown). The solution was filtered through a
m/z calculated for £H..SIO,, 462.2437; found, pad of celite and the pad was washed with water
463.2531(MH). until the red color disappeared. The red solution
5,7-Dimethoxy-2-ethyl-3-hydroxy-6-hydroxyme- was treated with dilute hydrochloric acid to slightly
thyl-1,4-naphthoquinone (35). The naphthoquinone acidic (yellow). The solution was poured into a sep-
34 (500 mg, 1.1 mmol) was placed in a flame fried aratory funnel containing CH{{150 mL) and water
100 mL round bottom flask, and cold TFA(40 mL) (10 mL) and separated the layers. The aqueous layer
was added to this quinone slowly under argon atmwas extracted with CHC{(100 mL). The combined
After the reaction mixture was stirred for 30 min, organic layers were washed with brine (10 mL),
30 mL of toluene was added to the mixture and therdried over magnesium sulfate, and concentrated
the solution was concentratedvacuoat 40°C. The  vacuo The resulting residue was purified by flash
resulting residue was purified by flash column column chromatography (3/1 hexanes/ethyl acetate)
chromatography (3/1 hexanes/ethyl acetate) gaveo give 211 mg (76%) of the desired rearranged 5,7-
268 mg (85%) of the desired 5,7-dimethoxy-2-ethyl-3- dimethoxy- 2- hydroxy-3-methyl-6-hydroxymethyl-
hydroxy-6-hydroxymethyl-1,4-naphthoquinong35) 1,4-naphthoquinon€36) as a yellow solidm.p.,
as a yellow solidm.p., 166.0-167.6C; IR (CHCIL) 187.0-188.0C; IR (CHCL) 3602, 3433, 2966, 2860,
53369, 2976, 2941, 1651, 1581, 1418, 1350, 1262,1654, 1583, 1416, 1313, 1215¢mH NMR (CDC,
1234, 1134 crd; *H NMR (CDCl, 500 MHz)37.81 500 MHz)3 7.49 (s, 1H), 7.13 (s, 1H), 4.84 (s, 2H),
(s, 1H), 7.52 (s, 1H), 4.77 (s, 2H), 4.02 (s, 3H), 3.904.05 (s, 3H), 3.96 (s, 3H), 2.11 (s, 3¢ NMR
(s, 3H), 2.53 (gJ=7.4 Hz, 2H), 2.37 (brs, 1H, OH), (CDCl, 500 MHz)5183.6, 180.9, 161.6, 160.0, 151.5,
1.11 (t,J=7.4 Hz, 3H);“C NMR (CDCl, 500 MHz) ~ 132.1, 130.6, 121.9, 118.5, 104.8, 62.8, 56.3, 54.6,
0183.7, 178.4, 163.5, 160.9, 153.2, 136.08, 127.08.9; MS (El), m/z (rel. intensity) 278(11), 263(37),
115.3, 105.7, 62.5, 56.2, 54.1, 16.4, 12.3; MS (EI),248(100), 247(49), 235(39), 230(40), 219(30), 205
m/z (rel. intensity) 292(100), 277(20), 274(75), 262 (19), 189(19), 91(14), 83(32), 77(19); HRMS, m/z
(52), 261(28), 259(74), 231(95), 205(21), 203(24), calculated for GH,,O,, 278.0790; found, 278.0755.
201(36), 175(12), 149(13), 115(15), 91(16), 77(20); 6- Hydroxymethyl-3-methyl-2,5,7-trimethyl-
HRMS, m/z calculated for §H,.0;, 292.0947; 1,4-naphthoquinone (37).To the solution of diaz-
found, 292.0930. ald (10.0 g) in dry ether (10 mL) in 50 mL elrenm-
5, 7-Dimethoxy-2-hydroxy-3-methyl-6-hydroxyme-  eyer flask was added ethanol (30 mL) which was
thyl-1,4-naphthoquinone  (36). The hydrox-  saturated with KOH, and this solution was con-
yquinone35 (292 mg, 1.0 mmol) was added to a 50 nected into a reaction flask containing quin@ge
mL flame dried round bottom flask containing 3 mL (139 mg, 0.5 mmol) in 25 mL of dry ether with a
of dioxane and 3 mL of water, and 128 mg (1.2 mmol)nalgen tube. Excess diazomethane was passed through
of Na,CO, was added (reaction mixture becomes acetic acid. After the reaction was completed, the
red). The reaction mixture was heated with 0.30 mLreaction mixture was stored in a hood overnight.
of 30% HO, under nitrogen at 6 until the solu-  The solvent was then removiedvacuoand the res-
tion was turned to a pale yellow. The reaction solu-idue was purified through flash column chromatog-
tion was then cooled in ice and treated with 10raphy (3/1 hexanes/ethyl acetate) to give 125 mg
drops of conc. hydrochloric acid and a sufficient (89%) of the desired 6-hydroxymethyl-3-methyl-
amount of water solution saturated with ,S@ 2,5,7-trimethyl-1,4-naphthoquinon87) as a yellow
stream of nitrogen was then bubbled into the solu-solid: m.p., 152.0-15.0C; IR (CHCL) 3601, 2943,
tion for 30 min. The mixture was then treated with 2859, 1667, 1659, 1627, 1581, 1464, 1375, 1331,
2 mL of 25% NaOH solution and 6 mL of a aque- 1296, 1212, 1132 cfm'H NMR (CDCL, 500 MHz)
ous CuSQsolution (1 g, 6.0 mmol) (blue) and heated & 7.41 (s, 1H), 4.77 (s, 2H), 4.03 (s, 3H), 3.99 (s,
at 70°C until the solution became red (blue to red 3H), 3.89 (s, 3H), 2.55 (s, 1H), OH), 2.05 (s, 3H);
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*C NMR (CDCIL, 500 MHz)5 183.9, 180.7, 161.8, Biochem. Bipphysic$967, 118 231. (b) Kivirikko, K.
159.5, 156.1, 134.2, 133.5, 129.2, 118.0, 104.7, |;Prockop, D. Jarch. Biochem. Bipphysi¢967 118 611.
62.6, 60.6, 56.2, 54.4, 9.5; MS (EI), m/z (rel. inten- 3. Ohta, T.; Kasahara, F.; Ishimaru, T.; Wada, Y.; Kanamaru,

sity) 292(21), 277(70), 262(100), 261(74), 249(28), , lo ,g,kiz_a\l,(\i,f EJSAEZ?;‘;;S; 1420* 1239.

247(27), 234(32), 219(28), 203(27), 189(17), 175(15), 5: (a) Stille, J. K.; Echavarren, A. M. Am. Chem. Soc.
103(11), 91(11), 83(32); HRMS, m/z calculated for 1988 110, 1557. (b) Ortar, G.; Moreca, E.; Cacchi, S.

CsH10;, 292.0947; found, 293.1040(MH Tetrahedron Lett1985 26, 1109. (c) Stille, J. K.; Bal-

2,7-Dimethoxy-5-hydroxy-6-hydroxymethyl-3- largeon, V. PJ. Am. Chem. Sot986 108 452. (d) Ortar,
methyl-1,4-naphthoquinone (38).To a solution of G.; Cacchi, STetrahedron Lett1986 27, 3931. (e) Pan-
37 (146 mg, 0.5 mmol) in dry Ci&l, (30 mL) was dey, G. D.; Tiwari, K. PTetrahedron1981, 1213.

added BQ] (15 mmol) at _78C via Syringe. After 6. VV“SOH, S. R; .Jacob, S.A Org Chem1986 51, 4833.
stirred for 20 min, the reaction was quenched with 7. (2) Hooker, S. Cl. Am. Chem. So936 58, 1168. (b)
! q Hooker, S. CJ. Am. Chem. Sod936 58, 1174.

water, and the solution was poured into a separa-g (a) Fieser, L. F.; Fieser, M. Am. Chem. Sot:948 70,

tory funnel containing 20 mL of CEl, and 10 mL 3215. (b) Fieser, L. F.; Hartwell, J. L.; Seligman, A. M.
of water. The organic layer was washed with water  j. Am. Chem. Sot936 58, 1223. (c) Fieser, L. F; bader,
(10 mL) and brine (10 mL), dried over magnesium  A. R.J. Am. Chem. Sot951 73 681. (d) Fieser, L. F;;
sulfate, and concentrated vacuo The resulting Berliner, E.; Bondhus, F. J.; Chang. FJCAm. Chem. Soc.
residue was purified by flash column chromatogra- 1948 70, 3151. (e) Fieser, L. F.; GatgsAm. Chem. Soc.
phy (3/1 hexanes/ethyl acetate) to give 125 mg 9 izgl}fii?:bi" P.: Moore, H. W, Org. Chem1995
(90%) of the desired produ88 as a yellow solid: '60’ ’461_ T T

m.p., 152.0-153.8C; IR (CHCL) 3603, 2948, 2853, 10 |jebeskind, L. S.; Wirtz, K. R. Org. Chem199Q 55,
1670, 1630, 1602, 1490, 1376, 1324, 1298, 1214, &350,

1108 cm’; *H NMR (CDCL, 500 MH2)57.18 (s, 1H),  11. (a) Narasimhan, N. S.; Mali, R. opics in Current
4.82 (d,J=6 Hz, 2H), 4.11 (s, 3H), 3.99 (s, 3H), 2.55 Chemistry1987 138 63. (b) Beak, P.; Snieckus, V.
(t, J=6 Hz, 1H, OH), 2.06 (s, 3H¥C NMR (CDCl, Acc. Chem. Red982 15, 306.

500 MHz) §190.3, 180.5, 162.6, 160.7, 157.9, 132.3, 12 Corey, E. J; Venkateswarlu, A.Am. Chem. So8972
121.8, 109.4, 102.4, 61.1, 56.3, 54.0, 8.7; MS (Cl), . %% 6190.

. 13. Ogilvie, K. K.; Thompson, E. A.; Quiliam, M. A.; West-
m/z 279 (MH), 261; HRMS, m/z calculated for more, J. BTetrahedron Lett1974 2865.

C1H1.0,, 278.0790; found, 278.0815. 14. Enhsen, A.; Karabelas, K.; Heerding, J. M.; Moore, H.
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