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The application of a convergent benzannulation strategy in an efficient synthesis of (-)-ascochlorin is described.

The fungal metabolite (—)-ascochlorin (1) was first isolated derivatives and relied on alkylation and electrophilic sub-
in the late 1960s by groups at the Chugai Pharmaceuticalstitution reactions to append additional substituents to the
Col2 and Lederle Laboratorig8. Ascochlorin exhibits aromatic ring. Herein we report an efficient route to the
antiviral, antibiotic, and antitumor activity, and certain aromatic system of the ascochlorin family of sesquiterpenyl
O-alkyl derivatives have attracted attention as potential drugs phenols which is based on the benzannulation strategy
for the treatment of hyperlipidemia and diabete$he previously developed in our laborator§.Our convergent
cylindrols constitute a class of Ras farnesyl-protein trans- synthesis of (—)-ascochlorin is considerably more efficient
ferase inhibitors recently isolated by researchers at Merck than the previous enantioselective synthesis of this natural
and, together with other members of the ascochlorin family, product? and avoids regiochemical problems that arose in
represent potential lead compounds for the development ofthe other prior routé? As detailed below, our approach
new anticancer agents (Figure 1).
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M. P. Tetrahedronl1969, 25, 1323.

(2) See: Hosokawa, T.; Ando, K.; Tamura, Biabetes1985,34, 267
and references therein.
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X X Goetz, M. A.; Hoogsteen, K.; Jenkins, R. G.; Liesch, J. M.; Lingham, R.
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Previous synthetlc approaCheS to the aromatic moiety of 1995 573. (g) Danheiser, R. L.; Casebier, D. S.; Firooznid, 2rg. Chem.

ascochlorifl involved the synthetic elaboration of orcinol 1995,60, 8341.

10.1021/0l006561c CCC: $19.00  © 2000 American Chemical Society
Published on Web 09/23/2000



proceeds via a key intermediate of typand then employs
a Casnati reaction to introduce a formyl group at the
remaining unsubstituted position of the aromatic ring. The

strategy? and initially we believed that the application of
this method in conjunction with classical resolution would
provide the most expeditious means of obtaining ertbime

pivotal step in the synthesis involves the assembly of key enantiomerically pure form. On further consideration, how-

intermediate via an aromatic annulation employing cyclo-
butenone4 and acetylen&. Scheme 1 outlines the mecha-
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nistic course of this key benzannulation reaction. Irradiation
of the cyclobutenone triggers four-electron electrocyclic ring
opening to the vinylketen® which combines with acetylene
3in aregioselective [2- 2] cycloaddition to forn6. Further

ever, we realized that the Cory route could be easily modified
to provide the desired enantiopure enowngthout the
introduction of the additional steps usually required in
classical resolutions.

Thus, as shown in Scheme 3, by substituting-(nenthol
for the achiral alcohol normally employed in the Stork
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aKey: (a) 1.0 equiv of {-)-menthol, cat. £)-CSA, 4:1 toluene-
diglyme, reflux, £H;0), 20 h, 74%; (b) (i) 1.03 equiv of LDA,
1.2 equiv of Mel, THF,—78 °C to rt, 14 h; (ii) recrystallize and
recycle, 51% overall; (¢) 1.4 equiv of MeLi, THF,*@, 1 h; then
1 M HCI, 0 °C, 10 min, 100%.

alkylation we obtained methylation produttl as a 1:1
mixture of separable diastereomers (rather than enantiomers).
Addition of methyllithium to the desired diastereomer
(obtained by recrystallization from hexanes) followed by
hydrolysis then provide® in excellent yield and enantio-
meric purity (200:1 er}°

An added benefit of this approach is that the undesired
diastereomer of1is easily recycled: exposure of the mother
liquors from the recrystallization df1to 0.5 equiv of KQ-
Bu in t-BuOH—THF (rt, 4 h) regenerates a 1:1 mixture of

irradiation (or warming) then induces a second four-electron diastereomers from which additiontl can be obtained by
electrocyclic ring opening reaction to generate dienylketene recrystallization.

7, which undergoes rapidrbelectrocyclization. Tautomer-
ization affords the desired pentasubstituted benzene.

Two routes have been developed for the elaboration of
enone9 to the key sesquiterpenyl alcohol intermediaé

Our retrosynthetic plan for the synthesis of key acetylene The first approach, outlined in Scheme 4, exploits the ready

intermediate3 involved the alkylation of an appropriate
alkoxyacetylene with the sesquiterpenyl building bldtk

availability of dienylstannan#2'* and features the BFELO-
promoted conjugate additi&iof the mixed cuprate reagéft

(Scheme 2). Access to this intermediate would be obtainedderived from13to cyclohexenon®. Exposure of the product

Scheme 2
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via a stereoselective organocuprate addition ®){2,3,4-
trimethylcyclohexenone (9).

Cyclohexenon® has previously been prepared in racemic
form by Cory® employing Stork’s alkoxy enone alkylation
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(7) Conjugate addition of organocopper reagents to 3,4-disubstituted
cyclohexenones is well documented to proceed with the required stereo-
chemistry. For examples, see refs 4b, 8, and Ziegler, F. E.; Wender, P. A.
Tetrahedron Lett1974, 449.

(8) Cory, R. M.; Burton, L. P. J.; Chan, D. M. T.; McLaren, F. R.; Rastall,
M. H.; Renneboog, R. MCan. J. Chem1984,62, 1908.

(9) Stork, G.; Danheiser, R. LJ. Org. Chem1973,38, 1775.

(10) The absolute configuration @fl was established by X-ray crystal-
lographic analysis, and the enantiomeric purity of en@mes determined
by gas chromatography on an HP19091G-B133 chiral 10% permethylated
cyclodextrin column.

(11) Prepared by stannylcupration wéns-3-methylpent-2-en-4-yn-1-

ol (“1"-pentol”, an intermediate in the industrial synthesis of vitamin A).
See: Betzer, J. F.; Delaloge, F.; Muller, B.; Pancrazi, A.; Prunét,Org.
Chem.1997,62, 7768.

(12) Reviewed in: Yamamoto, YAngew. Chem., Int. Ed. Endl986,
25, 947.

(13) Corey, E. J.; Beames, D.J. Am. Chem. S0d.972,94, 7210.
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reagent 17+4215 furnished vinylstannanel8, which we
Scheme 2 employed in a Stille coupling reactithwith vinyl iodide
191718 to provide 20 after ketalization under standard

b \/KAOR conditions. LiAlH, reduction then gav&6 in nearly quantita-
Bu3SnW0R - tive yield.
z

The synthesis of 4-chloro-3-methylcyclobutenone, the
vinylketene precursor required for the key benzannulation

= ———— 14 Z =0, R = SiMe,t-B i i i i -
12 R=H iMe,t-Bu :l c step, is outlined in Scheme 6. Reaction of monochloro
13 R = SiMeyt-Bu ~— 15 Z=0,R=H—<—|d
16 2= (OCHy R = H -
Scheme 6
aKey: (a) 1.3 equiv oft-BuMe,SiCl, 1.4 equiv of BN, 0.04 H 2.0eq CICH,COCI o 1:05eqMeLi THF 0
equiv of DMAP, CHClIy, rt, 2.5 h, 98%; (b) 2.5 equiv df3, 2.5 | | 2.0 eq Et3N, Et,0 —78°C, 30 min;
equiv of n-BuLi, —78 °C, 90 min; then 2.5 equiv of 1-pentynyl- T et aan BT
copper, 5.0 equiv of HMPT-50 °C, 3 h; then 2.5 equiv of OEt 78°Ctort, 14h EtO cl 12eqTRAA 4N g cl
BFs-Et,O, 1.0 equiv of9, =78 °C to rt, THF, 14 h, 7578%; (c) 47-54% 21 70-76% 4

1.2 equiv of TBAF, DMF, 0°C, 3.5 h, 83-90%; (d) 0.2 equiv of
p-TsOHH,0, 6.0 equiv of CaS£5:1 cyclohexaneHOCH,CH,OH,
rt, 3.5 h, 76%. Reactions performed beginning with racerfic

ketend® with ethoxyacetylene furnished the desired cyclo-
adduct 21), but subsequent addition of GH and hydrolysis
under standard acidic conditions produced a complex mixture
of products. Conversion d1 to 4 was ultimately realized
via a modified protocol in which the GHi adduct is first
acylated, after which hydrolysis is conducted under mild
alkaline conditions?®

Our initial studies of the key aromatic annulation step
focused on the reaction dfand other cyclobutenones with
methoxgcetylene derivatives. Although the desired benz-
annulation product was obtained in good yield, cleavage of
the resultant aryl methyl ether to reveal the desired resorcinol
failed to take place under a variety of conditiGhéttention
was then turned to the application of various acetal and silyl

(14, ca. 85:15 mixture of C-2 epimers) to-BusNF in
dimethylformamideesulted in desilylation with concomitant
equilibration at C-2 to afford 5 and its epimer in a ratio of
93:7. Protection of the ketone carbonyl group with ethylene
glycol under standard conditions was complicated by com-
peting substitution reactions at the dienyl side chain but was
eventually achieved in good yield via the indicated protocol.
An alternative route to key intermedial&, outlined in
Scheme 5, employs bis(tributylstannyl)ethyl&naes a syn-

Scheme 5 ether derivatives, but these approaches were frustrated by
2.0 eq 17, HMPT; our inability to develop efficient synthetic routes to the
6.0 eq Me5SICI-HMPA requisite alkyne annulation components. Success was ulti-
THF, -78°C, 3 h X SnBus : ot
' ' mately realized through the application liénzyloxyalkyne
90-91% e 25. Initially we had avoided the use of benzyloxyacetylenes
o 9 o] as annulation components due to their propensity to undergo
1) 12918 [3,3] sigmatropic rearrangement on mild heatth@n further
cat. Pd(OAc), consideration, however, we felt that these alkynyl ethers
. PhzAs, NMP
Pr%CJ\/S“Bus * LI 60 oc 12 h . - . . . .
, (15) Me;SiCl was used to promote this reaction. For a discussion, see:
17 Frantz, D. E.; Singleton, D. AJ. Am. Chem. So2000, 122, 3288 and
2) HOCH,CH,0H, references therein.
/&/co o p-TsOH, PhH 19£(9176)5tl?e\1/iewed in: Farina, V.; Krishnamurthy, V.; Scott, WOlg. React.
2 3 i ’ y L
I refiux, 90 min (17) Previous synthesis: Chen, S. H.; Horvath, R. F.; Joglar, J.; Fisher,
19 63% overal M. J.; Danishefsky, S. JI. Org. Chem1991,56, 5834.
(18) We preparedl9 by a modification of the method previously

employed by Ohba et al. for the corresponding ethyl ester (Ohba, M.;

y
\/& LiAH,, EL,0 Kawase, N.; Fujii, T.J. Am. Chem. Sod 996, 118, 8250). Attempts to
X>"SOH 1t 2min CO,CHs achieve Stille coupling to allylic alcohol derivatives (both vinyl bromides
- and iodides) were unsatisfactory under a variety of conditions.
o 0
/ 16 20

7% (19) Reviewed in: (a) Brady, W. TTetrahedron1981, 37, 2949. (b)

o o Tidwell, T. Ketenes; Wiley & Sons: New York, 1995; pp 33848.

- (20) For previous examples of the hydrolysis of vinylogous hemiketals
under alkaline conditions, see: (a) Corey, E. J.; Danheiser, R. L
Chandrasekaran, S.; Siret, P.; Keck, G. E.; Gras, J-lAm. Chem. Soc.
o ) ) . 1978,100, 8031. (b) Liebeskind, L. S.; Wirtz, K. R. Org. Chem1990,
thetic linchpin for the assembly of the sesquiterpenyl section 55,( 53)50. . 4 rucleosti | A

; ; it ; 21) Reactions with basic and nucleophilic reagents were too sluggis

of ascochlorin. Conjugate addition of the mixed Cuprate to be useful, and exposure to acidic (and Lewis acidic) conditions resulted
in cyclization to form chromanes.

(14) (a) Corey, E. J.; Wollenberg, R. H. Am. Chem. So0d.974, 96, (22) (a) Wunderli, A.; Zsindely, J.; Hansen, H. J.; Schmid,Gthimia
5581. (b) Renaldo, A. F.; Labadie, J. W.; Stille, J. KOnganic Syntheses 1972,26, 643. (b) Katzenellenbogen, J. A.; Utawanit,TEtrahedron Lett.
Wiley & Sons: New York, 1993; Collect. Vol. VIII, pp 268274. 1975,38, 3275 and references therein.
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might be successfully deployed in our benzannulation
strategy by utilizing ghotochemicavariant of the process.

Benzyloxyacetylene23) was prepared by application of
the general method of GreeldScheme 7) and then was

Scheme 7
KH, THF: ol 2.0eqn-Buli
Cl,C=CHCI TMEDA, Et,O
BnOH —— —  » Bno » BnO—==—R
_78°Ctort, 1 h &, —78to—40°C, 1h
76-82% 40-60% BR=H
° 22 ° 24 R = MgBr

coupled to the mesylate derivative of sesquiterpenyl alcohol
intermediate 16 according to our previously described
protocol®®%2The stage was now set for us to examine the
feasibility of the pivotal benzannulation step. The target
compound26 constituted the most highly functionalized

system we had yet attempted to synthesize by employing
the cyclobutenone-based benzannulation strategy. In the
event, this key reaction proceeded smoothly and in good yield

when a solution of alkynyl ethe?5 and 1.2 equiv o#t was

irradiated for 40 h (450 W Hanovia mercury lamp, Pyrex
filter). The initial product, which contained some cyclobuten-
one intermediate of typ6 (Scheme 1), was briefly heated
to complete conversion to the desired aromatic proéuct.

Finally, chemoselective hydrogenolysis of the benzyl etherc[|

group in the presence of the conjugated diene was achieve
by exposure to triethylsilane and catalytic palladium acétate
to afford resorcinoR7 in good yield (Scheme 8).
Completion of the total synthesis of-J-ascochlorin was
achieved by formylation 027 according to the method of
Casnafl” as previously reported by Moti. Hydrolysis of

(23) Pal, K. Ph.D. Thesis, Massachusetts Institute of Technology, 1987.

(24) (a) Kann, N.; Bernardes, V.; Greene, A. E.Onganic Syntheses;
Wiley & Sons: New York, 1998; Collect. Vol. IX, pp 53338. (b) For
the previous synthesis @3, see ref 22a.

(25) The crude annulation product was treated with KOH in Fdf
MeOH to saponify a small amount of ester formed by reaction of the
phenolic product with the vinylketene intermediate.

(26) (a) Birkofer, L.; Bierwirth, E.; Ritter, AChem. Ber1961,94, 821.

(b) Coleman, R. S.; Shah, J. Synthesis1999, 1399.
(27) Casnati, G.; Crisafulli, M.; Ricca, Aletrahedron Lett1965, 243.
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Scheme 8
n-BuLi, MsCl
—78°C, 90 min;
24, cat. Li;CuCl,
THF, 0°C, 3 h A
16 0Bn
7% o o 25
1) 1.2eq4, hv 0
PhH, 1t, 40h; | 5%
tol, reflux, 4 h
2) cat. Pd(OAc),
Et3N, Et;SiH 70%
CHyCl,, 1t, 15 h
1) 2.5 eq EtMgBr;
OH
HC(OEt)s l
1 100 °C, 10 min
2) 35% HCIO, RO CH,
(-)-Ascochlorin  Et,0/H,0 o o H
0°C, 10 min 26 R=Bn
45% 27 R=H

the ketal produced (—)-ascochlorin [mp 17274 °C (lit.10
mp 172—173°C), [0]®% —31° (c = 0.49, MeOH) (lit®
[0]?% —31° (c = 0.99, MeOH)] with spectral characteristics
identical with those reported for the natural prodt®¢g
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