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Application of the Buchwald protocol to the coupling oforomobenzoates and 1-tetralones directly
affords benzodihydronaphthopyrones with a fused tetracyclic system. Aromatization of the 7,8-dimethoxy-
2,3-methylenedioxy derivative yielded arnottin |, whereas oxidation with dioxirane afforded dihydroarnottin
Il composed of a spiro phthaliddetralone system. Sharpless asymmetric dihydroxylation using AD-
mix yielded optically active dihydroarnottin Il with good enantioselectivity. The absolute stereochemistry
of the stereogenic center in theé-)-spiro product was determined to IBeby X-ray crystallographic
analysis of the dibromo derivativet+§-Dihydroarnottin 1l was subjected to successive bromination and
dehydrobromination to prepare-J-arnottin Il. TheR-configuration of natural-)-arnottin Il, previously
assigned by application of the exciton chirality method to the Cotton effects observed in the CD spectrum,
was confirmed by asymmetric synthesis.

Introduction alkaloid, chelerythriné.Thus, the former was found to have
) _ ) _ the same B-benzofllnaphtho[1,2b]pyran-6-one skeleton as
Arnottin | (1) and ¢-)-arnottin 11 (2) are non-alkaloidal minor  gijyocarcin antibiotic$, and the latter is a spiro derivative of
components isolated from the barktdnthoxylum amottianum 3 4_gehydro-1-tetralone with a phthalide skeleton. The absolute
Maxim. _(Rutaceae).Thelr structures have been determined to stereochemistry of the spiro carbordwas assigned @@ using
be 7,8-d|met20xy-2,3-methylened|oxy+€benzoﬁ]_naphtho[1,2- the exciton chirality method to analyze the Cotton effects in
g]pyr'an-g-%n7 %nd St,ﬁ-deh)kllctirr]o-lﬁdj-methylet.netldm);y-l.-tstralone- the CD spectruni.Herein, we report the concise synthesis of
d;asnptlrs(;nir(\e’ti(; ;?pero;z:(zgs uzsii:\geae{ecipn?;glr? g’-bgr:gofi F:ZQ;/I-l-amOttin | 1) and ()-arnottin 11 2) from dihydroarnottin | 8).
Dihydroarnottin | was directly prepared by palladium (Pd)-

tetralone, which was linearly derived from a chalcone. The vzed i 6-b b d and 6.7 hvi
benzofuranyltetralone was also used as the synthetic intermediat&@&yZed coupling ob-bromobenzoatd and 6, 7-methylene-
dioxy-1-tetralone §) using the Buchwald protocdlpy arom-

for the preparation of a fully aromatized bendphenanthridine oY ; ¢ ) !
atization with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),

T Chiba University.
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Concise Synthesis of Arnottin | ang)-Arnottin 11

SCHEME 1. Retrosynthesis of Arnottin | (1) and
(—)-Arnottin 11 (2)
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and by Sharpless asymmetric dihydroxylation (AD) using AD-
mix followed by dehydrogenation. In addition, we determined
the absolute stereochemistry of the spiro carbo® lxy X-ray
crystallographic analysis.

Results and Discussion

Our retrosynthetic strategy for arnottinll)(@and (—)-arnottin
Il (2) through 7,8-dimethoxy-2,3-methylenedioxiHbenzofl]-
11,12-naphtho[1,®]pyran-6-one (dihydroarnottin 1)3j as a

common key intermediate is shown in Scheme 1. Previously,
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was used by the lattéf.We expected that the direct formation

of benzodihydronaphthopyrones, a basic skeleto8, afould
result from the easy cyclization of the coupling product, 2-aryl-
1-tetralone, due to the presence of an ester function at the ortho
position of the 2-aryl group. Therefore, we applied Buchwald’'s
protocol to the reaction ob-bromobenzoates and 1-tetralones
(e.g.,4 and5, respectively). First, we examined the reactions
of simpler bromobenzene® and 1-tetralone itself7) in the
presence of a Pd-catalyst, ligand, and base in toluene (PhMe)
at 80°C as preliminary model coupling experiments (Table 1).

Treatment of 2-bromotoluend,(X = 2-Me) with 7 under
the Buchwald conditions (Pd(OAg)with 2-dicyclohexylphos-
phino-2-(N,N-dimethylamino)biphenyl and sodiutert-butoxide
['BuONa]) afforded 2-(2-methylphenyl)-1-tetralon8, (X =
2-Me)2 as the coupling product in satisfactory yield (entry 1
in Table 1); however, a complex mixture was formed for 3,4-
methylenedioxybromobenzeng, (X = 3,4-OCHO) (entry 2
in Table 1). Replacement of the ligand and base led to the
formation of 2-aryl-1-tetralon@ (X = 3,4-OCHO)!3 but in
low yield (entry 3 in Table 1). On the other hand, we found
that a combination of RB@dba), xantphos, and potassium
phosphate (KPOy) gave the best result when methyl 2-bro-
mobenzoateq, X = 2-CO,Me) was used as an aryl unit, and,
as expected, a benzodihydronaphthopyrone sy€#mhwas
directly formed (entries 7 and 8 in Table 1).

Careful examination of the other products in these reaction
mixtures suggested the presence of 1-naphthol derived from
1-tetralone 7). Therefore, we investigated the effect of sodium
disulfite (N&S;0s) as an antioxidant, and we found that it
remarkably improved product formation (entry 9 in Table 1).
In this last reactiontert-butyl ester was used in place of the
methyl ester. We subsequently discovered that the ester unit

benzodihydronaphthopyrone skeletons have been prepared aalso affects the coupling reaction (Table 2).

synthetic intermediates for benzfjhenanthridine bases from
either 2-p-hydroxycarbonylphenyl)-4-phenylbutyric acid deriva-
tives® or 2-aryl-1-tetralon€.We designed the direct formation
of dihydroarnottin | 8) using the Pd-catalyzed coupling of an
alkyl 6-bromo-2,3-dimethoxybenzoaté) (and 6,7-methylene-
dioxy-1-tetralone §). Dihydroarnottin | 8) itself was also

Next, we examined the formation of dihydroarnottir8) by
Pd-coupling reaction of alkyb-bromobenzoates4) and 6,7-
methylenedioxy-1-tetralon&) (Table 2). Employing the condi-
tions (Pd(dba}, xantphos, KPO,, and NaS;0s) noted in entry
9 of Table 1, treatment of and5 afforded the desired product
3; however, the yield was low (entry 1 in Table 2). A prolonged

prepared from opianic acid and acetophenone, in seven stepseaction time led to a slight increase in the yield (entry 2 in

by Bailey and Worthing? 50 years ago; however, a straight-
forward synthesis has not yet been reported.

Preparation of Benzodihydronaphthopyrone Systems.
Several approaches to arylation at thigosition of carbonyl
compounds have been reported:!* Of these, Pd-catalyzed
coupling reactions!® seem to be the most promising routes.

Table 2), and promising results were obtained by changing the
base from KPQO, to cesium carbonate (&30;) (entry 3 in
Table 2). We found that the alkyl function of the ester, the
solvent, and the reaction temperature played important roles in
the coupling reaction (entries# in Table 2). Overall, the best
conditions for the formation of dihydroarnottin B) by Pd-

The 2-arylation of 1-tetralones using the Pd-catalyzed coupling coupling reaction were a combination of Riba, xantphos,

reaction has also been achieved by Buchwaldisd Nolan's
groups!® A combination of palladium acetate (Pd(OAx)pr
tris(dibenzylideneacetone)dipalladium ¢Ritba}) and a biphe-
nyl-type phosphine ligand including 2;Bis(diphenylphos-
phino)-1,1-binaphthyl (BINAP) was used by the former grolp,
whereas aiN-heterocyclic carbenepalladium complex catalyst

(8) (a) Bailey, A. S.; Worthing, C. Rl. Chem. Sacl956 4535-4543.
(b) Chatterjea, J. N.; Bhakta, S. C.; Chattopadhyay, AJ.KHndian Chem.
Soc.1974 L1, 757-762.

(9) Duval, O.; Gomes, MTetrahedron Lett1988 29, 3243-3246.

(20) Viciu, M. S.; Germaneau, F.; Nolan, S.®xg. Lett.2002 4, 4053—
4056.

(11) Paradisi, C. InComprehensie Organic SynthesisTrost, B. M.,
Fleming, I., Semmelhack, M. F., Eds.; Pergamon Press: New York, 1991,
Vol. 4, Chapter 2.1. Kessar, S. V. @Bomprehensie Organic Synthesis

CsCO;, and NaS,0s in PhMe usingtert-butyl 6-bromo-2,3-

dimethoxybenzoate as an aryl unit (entry 3 in Table 2).
Synthesis of Arnottin | (1) and (—)Arnottin Il (2). Arnottin

| (1) was easily prepared by simple aromatization of dihydroar-

nottin 1 (3) with DDQ (see Scheme 3%.0n the other hand,

oxidative ring contraction of the six-membered enol lactone unit

in dihydroarnottin | 8) to the five-membereg-lactone unit

(12) Marion, N.; Ecarnot, E. C.; Navarro, O.; Amoroso, D.; Bell, A;;
Nolan, S. PJ. Org. Chem2006 71, 3816-3821.

(13) Onda, M.; Harigaya, Y.; Horie, Heterocyclesl977 8, 89—95.

(14) Preparation of arnottin 11} has also been reported (a) by
Pd-catalyzed method using 1-naphthyl 2-halobenzoate, see: Harayama, T.;
Yasuda, H.Heterocycles1997 46, 61-64. Harayama, T.; Yasuda, H.;
Akiyama, T.; Takeuchi, Y.; Abe, HChem. Pharm. Bull200Q 48, 861—

Trost, B. M., Fleming, |., Semmelhack, M. F., Eds.; Pergamon Press: New 864. (b) By Ni-catalyzed method, see: Madan, S.; Cheng, Cl-Hrg.

York, 1991; Vol. 4, Chapter 2.3.

Chem.2006 71, 8312-8315.
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TABLE 1. Preliminary Pd-Coupling Reactions of Bromobenzenes 6 and 1-Tetralone (7)
Pd catalyst (1.0 mol%)

A, Br ligand (2.0 mol%)
X base, 80°C % 0o
o in PhMe X
6 7 8
(1 mmol) (1.2 mmol)
entry Xin6 Pd ligand base (equiv) results

1 2-Me Pd(OACc) A ‘BuONa (1.3) 20 8 (X = 2-Me): 76%
2 3,4-OCHO Pd(OAc) A ‘BuONa (1.3) 15 cM
3 3,4-0CHO Pd(OAc)» B K3POy (2.3) 15 8 (X = 3,4-OCHO): 15%
4 2-COMe Pd(OAc)» A ‘BuONa (1.3) 20 cM
5 2-COMe Pd(OAc)» B K3POy (2.3) 20 NF
6 2-COMe Pd(OAc) C KsPOy (2.3) 20 9: 10%
7 2-COMe Pd(dba) C KsPOy (2.3) 20 9: 44%
8d 2-COMe Pd(dba) C K3POy (2.3) 15 9: 46%
o 2-COfBu Pd(dba) C K3POy (2.3) 15 9: 81%

aThe following ligands were used: A, 2-dicyclohexylphosphirigh,N-dimethylamino)biphenyl; B, 2-dicyclohexylphosphinefethylbiphenyl; or C,
9,9-dimethyl-4,5-bis(diphenylphosphino)xanthene (xantpHo§pmplex mixture No reactiond Reaction was carried out at 10C€ using 1.6 mol % of
Pd catalyst and 3.6 mol % of ligan8iNa,S,0s (10 mol %) was added as an antioxidant.

TABLE 2. Pd-Coupling Reactions of Alkyl o-Bromobenzoates 4 SCHEME 2. Reported Oxidative Ring Contraction of
and 6,7-Methylenedioxy-1-tetralone (5) Bicyclic Enol Lactone 10

Pd,(dba); (4.0 mol%)

O. (o] Br2 +.0. (0]
xantphos (8.8 mol%) @l/\j _c,
4 + 5 _— 3 n -Br n

(1 mmol) (1.2 mmol) base (2.3 eq) 10 Br
Na,S,05 (10 mol%) l Ho0
in solvent
- g - ° CO,H
entry 4 solvent base time (h) 3 (%) (o) B
n - r

12 R="Bu PhMe KPOy 24 18 "Br

2 R='Bu PhMe KPOy 48 37 1

3 R="Bu PhMe CsCO; 48 73 o . )

42 R=Me PhMe CsCOs; 27 21 SCHEME 3. Oxidation of Dihydroarnottin | (3) to

5a R=Me PhMe CsCO;s 48 30 Dihydroarnottin Il (12) with Dioxirane 2 and Possible

6 R=Bu  oxylene  KPO, 20 22 Reaction Pathways

70 R=1Bu o-xylene CsCOs 20 21

o]

aReaction was carried out at 18Q05 °C. ® Reaction was carried out ‘O > C}

at 125-130°C. O o a { 3
MeO °© ©

was required for the preparation ofY-arnottin Il (2). Such MeO O o
ring contractions can be mediated by eithebromosuccinim- 3 /
ide'®> or brominé® under basic conditions, and the application

of oxidative ring contractioff°to bicyclic enol lactond 0 using
an aqueous bromiresodium hydrogen carbonate system yielded
cyclic a-spirofy-lactonyl)ketonel 1 through formal bond migra-
tion, wherein inversion of the stereogenic center may have
occurred (Scheme 2).

These brominative oxidations, however, cannot be simply
applied to the asymmetric synthesis of)farnottin 1l 2)
because their use under asymmetric conditions has not been

described. Epoxidation (or dihydroxylation) of a bicyclic enol o
oL L9
o

MeO o o)

ether, applied under asymmetric conditions, could also yield a

spiro lactonylketone after oxidation, followed by spontaneous

ring contraction. Epoxidation is illustrated in Scheme 3, wherein 4

two potential pathways exist because of the possible generation 12

of stable benzylic cations at the 4b and 10a positions in pathways 2 Reagents and conditions: (a) 1,1, 1-trifluoroacetone, OXONE, NaHCO

EDTA—Na-2H,0 in acetonitrile-CHCls.

(15) Rosenthal, D.; Grabowich, P.; Sabo, E. F.; Fried,. Am. Chem.
Soc.1963 85, 3971-3979. a and b, respectively. Pathway a, in which the stereogenic center

(16) (a) Mandal, A. K.; Jawalkar, D. Getrahedron Lett1986 27, 99— ; i i ] ; i
100. (b) Bevinakatti, H. S.. Newadkar, R. V.- Borude. D. P.- Mandal, A. is retained, is pred|(_:ted to be more likely pased on the electronl_cs
K. J. Org. Chem1988 53, 3843-3845. () Mandal, A. K ; Jawalkar, D.  Of the system and is supported by the high level of asymmetric

G. J. Org. Chem1989 54, 2364-2369. induction observed during the subsequent AD reaction (see
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SCHEME 4. Reported AD of 2-Phenyl-1-tetralone
tert-Butyldimethylsilyl Ether (13)

O roor

—_—

O oTeoms  (PHQPYR
13

below). As expected, treatment®fvith dioxirane using a slight
modification of the previous repott,1,1,1-trifluoroacetone in
place of acetone, resulted in the formation of dihydroarnottin
Il (12) as the sole isolable product in 47% yield.
Unfortunately, asymmetric epoxidations using chiral dioxirane
systems, such as OXONE-trifluoroacetylcamgfdand OX-
ONE-pyranose derivativ¥,or camphorylsulfonyloxaziridiné®

failed. Therefore, we focused on the Sharpless AD method.

Sharples¥ has reported the catalytic AD of tetrasubstituted
olefins, including the enol ether of 2-alkyl (or 2-aryl)-1-
tetralones, in which the best ligand partners of dihydroquinine
(DHQ) (or dihydroquinidine [DHQD]) are phthalazine (PHAL)
and pyrimidine (PYR) and in which high enantioselectivity is
observed. In the case of 2-phenyl-1-tetraloe-butyldimeth-
ylsilyl ether (13),2%0 2-hydroxy-2-phenyl-1-tetralonel4) was
obtained in 94-98% vyield with 93-97% ee; thus, the combina-
tion of (DHQ)-PYR afforded the$)-hydroxylated product14
in 97% ee (Scheme 4). According to their mnemonic de%iee,
it is reasonable that a dihydroxylation product with d&%4
10bR)-configuration is formed by the application of AD using
a diastereomeric (DHQDRJigand system to benzodihydronaph-
thopyrones, thereby generating d)-6piro product, as shown
in Figure 1.

We examined AD of dihydroarnottin Bf under the reported
standard conditior#8 (AD-mix in 50% tert-BuOH—H,0), but

we observed almost no reaction. We achieved a significant

improvement in yield by increasing the amounts of osmium and
ligand to 11 and 55 mol %, respectively, and by the addition of
dichloromethane (CiCly) as a cosolvent (Scheme 5). The
combination of AD-mixg and (DHQD)—PHAL afforded (t)-
dihydroarnottin Il (-)-12 in 83% yield and 88% ee, whereas
ent(—)-dihydroarnottin 1l )-12 was obtained in 85% yield
and 88% ee when AD-mig- and (DHQ»—PHAL were used.
Introduction of a double bond inteH)-dihydroarnottin II ¢)-
12 by application of the reported procedure (bromination
dehydrobrominatiorf) gave ()-arnottin 1l (2), which was
identical to the natural product except for the specific rotation.
The synthetic £)-arnottin Il, obtained in 98% ee after recrys-
tallization, showed anof]?®, —217 € 0.026, MeOH) (f]%%
—241 [c 0.105, CHCY{]), whereas and]sgo —280 € 9 x 1073,
MeOH) had been reported for the natural compotiihiral
HPLC analysis of the stored natural arnottin Il indicated that it

was enantiomerically pure (see Supporting Information). Thus,

it was concluded that the large discrepandy&3) in the pp

(17) (a) Curci, R.; D’Accaolti, L.; Fiorentio, M.; Rosa, Aletrahedron
Lett. 1995 36, 5831-5834. (b) Yang, D.; Wong, M.-K.; Yip, Y.-CJ. Org.
Chem.1995 60, 3887-3889. (c) Yang, D.; Jiao, G.-S.; Yip, Y.-C.; Wong,
M.-K. J. Org. Chem1999 64, 1635-1639.

(18) Wang, Z.-X.; Tu, Y.; Frohn, M.; Zhang, J.-R.; Shi, ¥.Am. Chem.
Soc.1997 119 11224-11235.

(19) Dawvis, F. A.; Sheppard, A. Q. Org. Chem199Q 55, 3715-3717.

(20) (a) Sharpless, K. B.; Amberg, W.; Bennani, Y. L.; Crispino, G. A.;
Hartung, J.; Jeong, K.-S.; Kwong, H.-L.; Morikawa, K.; Wang, Z.-M.; Xu,
D.; Zhang, X.-L.J. Am. Chem. S0d.992 57, 2768-2771. (b) Morikawa,
K.; Park, J.; Andersson, P. G.; Hashiyama, T.; Sharpless, &K.&n. Chem.
Soc.1993 115 8463-8464. (c) Kolb, H. C.; VanNieuwenhze, M. S.;
Sharpless, K. BChem. Re. 1994 94, 2483-2547.
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FIGURE 1. Expected asymmetric induction in the AD of benzodi-
hydronaphthopyrones using a (DHQ@BJ)igand system.

SCHEME 5. Syntheses of Arnottin | (1) and ()-Arnottin
Il (2) from Dihydroarnottin | (3) 2

R R °
MeO /n,,g;ij:(y LN (-)-arnottin Il
MeO o o 2
o

(#)12:R=H
(-)15: R =Br :I 9

0
weo T TLY
° MeO 04

° 2

- 3

arnottin |

a Reagents and conditions: (a) DDQ, benzene,®012 h (94% vyield).
(b) AD-mix-f3, (DHQD):—PHAL, MeSQNH;, K;OsQ(OH)4, 50% tert-
BuOH—H20, CHCly, 0 °C, 95 h (83% yield). (c) AD-mixa, (DHQ),—
PHAL, MeSQONH;, K20sQ(OH)s, 50%tert-BuOH—H,0, CHCl,, 0 °C,
67 h (95% yield). (d) By, CHCk, room temperature, 30 h (86% yield). (e)
(i) NBS, AIBN, benzene, 85C, 24 h and 65C, 20 h; (ii) DBU, benzene,
reflux, 1 h (47% vyield).

data between synthetic and natura){arnottin 1l could be due
to the limited use of the natural sample for optical rotation
dispersion in the previous experiment.

Among several attempts at derivatizingg)12 to determine
the absolute stereochemistry of the stereogenic center, we
succeeded in preparing a single crystal ef)-dibromodihy-
droarnottin Il ()-15) by treatment with bromine. The stereo-
genic center of the dibrominated produet)f15 was unam-
biguously established to be dR-configuration by X-ray
crystallographic analysi. These facts indicated not only that
asymmetric induction is reasonable, even with tetrasubstituted
enol ethers incorporated into a ring system, but also that the
configuration for a natural<)-arnottin 1l 2) was correctly
assigned by applying the exciton chirality rileo the CD
spectrum.

J. Org. ChemVol. 71, No. 26, 2006 9821
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In conclusion, we developed a concise and straightforward of AD-mix-g (1.4 g), KOsQ(OH), (7 mg, 10 mol %), (DHQD)—

synthesis of arnottin 1) and ()-arnottin 1l (2) by applying
Buchwald’s protocol for the Pd-coupling arylation of ketones
and the Sharpless AD method for the introduction of oxygen.
We previously reported the chemical conversion of arnottin Il
to homochelidonine, a partially hydrogenated beoj{enan-
thridine alkaloid?2 The current results present another formal
asymmetric synthesis of homochelidonine.

Experimental Section

7,8-Dimethoxy-2,3-methylenedioxy-bl-benzold]-3,4-dihy-
dronaphtho[1,2-b]pyran-6-one (Dihydroarnottin 1) (3): Entry
3in Table 2. A mixture of methylo-bromobenzoatedj (317 mg,
1 mmol), 6,7-methylenedioxy-1-tetralon®) (285 mg, 1.5 mmol),
Pdx(dba) (37 mg, 0.04 mmol), xantphos (51 mg, 0.088 mmol),
98% CsCO; (749 mg, 2.3 mmol), and N&Os (19 mg, 0.1 mmol)
in PhMe (2 mL) was stirred at 108 for 48 h. The mixture was
diluted with CHC} (20 mL), filtered through a Celite pad, and
washed with CHGI(15 mL). The combined organic solutions were
washed with water (10 mL) and brine (5 mL), dried ¢S&)), and

PHAL (78 mg, 50 mol %), HO (5 mL), andtert-BuOH (5 mL)
was stirred at room temperature for 15 min. To the mixture was
added a mixture of methanesulfonamide (29 mg, 0.3 mmol)3and
(71 mg, 0.2 mmol) in CKCl, (10 mL), and the resultant mixture
was stirred at 0C for 95 h. After addition of sodium sulfite (2 g),
the mixture was stirred at room temperature Ich and extracted
with CH,Cl, (10 mL). The aqueous solution was acidified with 2
N HCI (7 mL) and extracted with AcOEt (5 mk 2). The combined
organic solutions were washed with brine (5 mL), dried 8&),

and evaporated. Purification of the residue by column chromatog-
raphy (AcOEt/hexane= 1:3) followed by recrystallization from
AcOEt—hexane gaveff)-dihydroarnottin Il ((-)-12) (62 mg, 83%)

as colorless needles, mp #4547°C. IR (ATR): vmax 1753, 1685
cm™1. 'H NMR (400 MHz, CDC}): 6 (ppm) 2.46 (ddd,) = 13.6,
6.2,5.4 Hz, 1H), 2.64 (ddd, = 13.6, 8.2, 5.8 Hz, 1H), 3.20 (ddd,
J=17.4,8.2, 5.4 Hz, 1H), 3.30 (ddd,= 17.4, 6.2, 5.4 Hz, 1H),
3.89 (s, 3H), 4.12 (s, 3H), 6.06 (s, 2H), 6.76 (s, 1H), 6.8U(e;

8.2 Hz, 1H), 7.14 (dJ = 8.2 Hz, 1H), 7.41 (s, 1H)}3C NMR
(100 MHz, CDC¥): o (ppm) 26.0, 33.9, 56.8, 62.4, 85.0, 102.0,
107.2,108.0, 116.7, 118.2, 119.0, 125.6, 140.4, 141.0, 147.6, 148.7,
153.2, 153.3, 166.8, 188.6. Anal. Calcd foso8:160;: C, 65.22;

evaporated. The residue was washed with ACOEt (5 mL) to afford {4 4.38. Found: C, 65.15: H, 4.41; HRFABM®/z 369.0984
3(228 mg, 64%) as a yellow solid. The aqueous layer was acidified (calcd for GoH17;0; (M* + H): 369.0974). §]%% +61 (c 0.05,

with 2 N HCI (2 mL) and extracted with CHE(5 mL x 2). The
organic solution was dried (N&0O,) and evaporated. The residue
(33 mg) was refluxed in benzene (1 mL) wiphTsOHH,0 (2 mg,
0.01 mmol) fo 1 h using Dean Stark apparatus. Addition&I(32
mg [total 260 mg, 73%]) was given by filtration of separated solid.
Recrystallization from ChkLCl, gave yellow prisms, mp 256251
°C. IR (ATR): vmax 1730 cnrl. IH NMR (400 MHz, CDC}): o
(ppm) 2.82 (dif. t,J = 7.3 Hz, 2H), 2.92 (dif. tJ = 7.3 Hz, 2H),
3.95 (s, 3H), 3.99 (s, 3H), 5.98 (s, 2H), 6.71 (s, 1H), 7.28](&,
8.8 Hz, 1H), 7.34 (s, 1H), 7.36 (d, = 8.8 Hz, 1H).13C NMR
(100 MHz, CDC¥): 6 (ppm) 21.7, 27.6, 56.7, 61.5, 101.2, 103.5,

CHCl); 88% ee by chiral HPLC (CHIRALPAK IA, 0.46 cnx
25 cm); n-hexane/CHCI,/EtOH = 15:5:4; flow rate= 0.5 mL/
min; detection wavelength 254 nm;tg (major) = 14.4 min,tg
(minor) = 21.8 min.
(R)-(—)-5-Bromo-6,7-methylenedioxy-1-tetralone-2-spiro-3
(4-bromo-6,7-dimethoxyphthalide) (()-15). A mixture of (+)-
dihydroarnottin Il ¢)-12 (76 mg, 0.206 mmol) and a solution of
1.37 M solution of Bg in CHCI; (1.5 mL, 2.06 mmol) was stirred
at room temperature for 30 h, washed with 5%8§®; aq (2 mL
x 3) and brine (2 mL), dried (N8O,), and evaporated. Purification
of the residue (99 mg) by column chromatography (hexane/AcOEt

107.1,108.3, 1153, 117.7, 120.1, 122.8, 130.8, 132.2, 146.7, 146.8— 4.1_1.1) followed by recrystallization (AcOE!) gave-J-15 (93

148.0, 151.8, 152.3, 158.4. Anal. Calcd foyg8:60s. C, 68.18;
H, 4.58. Found: C, 68.13; H, 4.50.

Arnottin | (7,8-Dimethoxy-2,3-methylenedioxy-6H-benzo[d]-
naphtho[1,2-b]pyran-6-one) (1).A suspension o8 (106 mg, 0.3
mmol) and DDQ (136 mg, 0.6 mmol) in benzene (5 mL) was
refluxed for 2 h. After addition of CHGI(70 mL), the mixture
was successively washed with® (5 mL), 1 N NaOH (3 mLx
5), H,O (3 mL x 5), and brine (3 mL), dried (N&Q,), and
evaporated. Recrystallization of the residue from CHafforded
1(99 mg, 94%) as colorless prisms, mp 2&D0°C (lit.2 mp 293~
297 °C). IR (ATR): vmax 1736 cntt. 'H NMR (600 MHz,
CDCl): 6 (ppm) 3.99 (s, 3H), 4.03 (s, 3H), 6.10 (s, 2H), 7.14 (s,
1H), 7.44 (d,J = 8.8 Hz, 1H), 7.53 (dJ = 8.8 Hz, 1H), 7.83 (d,
J=8.8 Hz, 1H), 7.85 (s, 1H), 7.88 (d,= 8.8 Hz, 1H).13C NMR
(125 MHz, CDC}): ¢ (ppm) 56.6, 61.6, 99.1, 101.5, 104.0, 112.1,

115.5, 117.75, 117.83, 119.7, 120.3, 123.2, 129.8, 131.2, 146.1

148.6, 148.9, 151.9, 153.1, 157.7. Anal. Calcd fepHz4Os: C,
68.57; H, 4.03. Found: C, 68.30; H, 4.02. HREIM#z 350.0799
(calcd for GoH140s (MT): 350.0790).
(R)-(+)-6,7-Methylenedioxy-1-tetralone-2-spiro-3-(6,7-
dimethoxyphthalide) (Dihydroarnottin Il) (( +)-12). A mixture

(21) X-ray data were collected on a Bruker SMART 1000 CCD detector.

The crystal structure was solved by direct methods SHELXS-97 (Sheldrick,

1997) and refined by full-matrix least-squares SHELXL-97 (Sheldrik, 1997).
All non-hydrogen atoms were refined anisotropically. All hydrogen atoms
were included at their calculated positions. Crystal data-fQri5: CooH14-
Br,O7; M = 526.13 g mot?!, orthorhombic,P2,2,2;, colorless prisma
measuring 0.40< 0.30 x 0.05 mm,T = 150 K, a = 7.3016(10) Ab =
8.4264(12) Ac = 30.356(4) AV = 1867.7(5) B, Z = 4, Dearca= 1.871
Mg m~3, u = 4.383 MM, Tmax = 0.8106,Tmin = 0.2731, GOF orfF? =
1.056, R1= 0.0551, wR2= 0.1428 [ > 2¢(l)], R1 = 0.0693, and wR2=
0.1547 (all data), absolute structure paramet@000(17). CCDC-611350.
(22) Yoshida, M.; Watanabe, T.; Ishikawa, Tetrahedron Lett2002
43, 6751-6753.
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mg, 86%) as colorless prisms, mp 2882 °C. IR (ATR): Vmax
1757, 1676 cmt. IH NMR (400 MHz, CDCk): & (ppm) 2.27

2.31 (m, 1H), 3.223.36 (m, 3H), 3.94 (s, 3H), 4.10 (s, 3H), 6.15
(d,J=1.2 Hz, 1H), 6.16 (dJ = 1.2 Hz, 1H), 7.33 (s, 1H), 7.50

(s, 1H).13C NMR (100 MHz, CDC}): d (ppm) 25.2, 31.3, 57.0,
62.4,84.7,102.2, 102.3, 106.6, 109.8, 120.2, 122.9, 126.9, 139.8,
140.0, 147.0, 148.1, 151.6, 154.1, 165.3, 186.2. Anal. Calcd for
CooH14Br0O7: C, 45.66; H, 2.61. Found: C, 45.40; H, 2.68]7
—121 (€ 0.08, CHCY}).

Arnottin Il (2). A mixture of dihydroarnottin Il ¢)-12 (68 mg,
0.185 mmol), NBS (33 mg, 0.185 mmol), and AIBN (3 mg, 0.0185
mmol) in dry benzene (5 mL) was heated under argon. After being
stirred at 85°C for 24 h and then at 65C for 20 h, DBU (78 mg,
0.499 mmol) was added to the filtrate. The resultant mixture was
refluxed fa 1 h under argon, diluted with AcOEt (10 mL), washed

'with 2 N HCI (2 mL), 10% NaHS®@(2 mL), sat. NaHC®@(1 mL),

and brine (2 mL), dried (N&0Oy), and evaporated. Purification of
the residue by column chromatography (benzene/AcOEO0:2)
afforded arnottin Il 2) (32 mg, 47%). Recrystallization from
CH,Cl,_Et,0 afforded pale yellow needles, mp 22224 °C (lit.®

mp 225-226°C). IR (ATR): vmax 1776, 1687 cmt. 1H NMR (400
MHz, CDCkL): ¢ (ppm) 3.86 (s, 3H), 4.17 (s, 3H), 6.09 (@~=
10.0 Hz, 1H), 6.10 (s, 2H), 6.69 (d,= 10.0 Hz, 1H), 6.78 (s,
1H), 6.78 (d,J = 8.0 Hz, 1H), 7.05 (dJ = 8.0 Hz, 1H), 7.34 (s,
1H).13C NMR (100 MHz, CDC}): ¢ (ppm) 56.9, 62.7, 84.3, 102.4,
107.6, 107.9, 115.5, 117.2, 119.1, 123.0, 128.3, 130.2, 134.4, 139.1,
148.4, 149.0, 153.4, 153.9, 167.5, 191.0. Anal. Calcd for
CooH1407: C, 65.57; H, 3.85. Found: C, 65.31; H, 38&]:[5D
—217 (€ 0.026, MeOH) (lit? [a]sgs —280 [c 9 x 1073, MeOH]),
[a]?% —240 (€ 0.105, CHCY); 98% ee by chiral HPLC (CHIRAL-
PAK 1A, 0.46 cm x 25 cm); n-hexane/CHCI,/EtOH = 15:5:4;

flow rate= 0.5 mL/min; detection wavelength 254 nm;tg (major)

= 13.5 min,tg (Minor) = 19.8 min.
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Note Added after ASAP Publication. The incorrect X-ray data of8 (X = 2-Me; X = 3,4-OCHO) and9, synthesis of £)-
data for ()-15 was cited in ref 21 in the version published and (-)-12, NMR charts ofl, 2, 3, (+)- and (-)-12, and (-)-15,

ASAP December 7, 2006; the corrected version was publishedchiral HPLC charts of synthetic and natugaknd t)- and (-)-
ASAP December 12, 2006. 12, ORTEP drawing of £)-15, and X-ray data of{)-15in CIF

format. This material is available free of charge via the Internet at
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bromobenzoates, general experimental procedure in Table 1, spectralO061905J
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