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Abstracl - Dimban hexacarbonyl cowkxes of propargylium and a-vinylpropargylium cations mupk  

efficiently.with 2-trimethylsilyloxyfuran (S), 4-trimethylsilyloxy-2-benzyloxymethyHuran (1  5) and 2- 

trimethylsilyl3-trimethyIsilybxy-4-ethylnzo[buran (20) to produce the corresponding mmplexed 

furan derivatives in good yields. A convenient procedure tor introducing the 2,4-enyne moiety regio- 

and stereoselectively into the above heterocycles using this methodology is described. 

The discovery of propargylium dicobak-hexacarbonyl complexes, [(RC=CCR2)Co2(C0)6]BF4 (1 ), and subsequent 

investigations of their reactivity' have provaed a convenient and rather general method for the formation ot carton- 

carbon bonds. A very imporlant feature of these coupling reactions is the absence of allenic byproducts. This 

represents a great improvement in regioselectivity as compared to that generally observed with mupling reactions of 

conventional propargyl synthons.2 The reactivity of the parent pmpargyl wban mmplexes (I) has been stwlied with a 

variety of carbon-centered nucleophiles including electron rich aromatics, pdicarbonyls, ketones and enol derivatives, 

allylsilanes, metal hydrides, and alkyl-metals such as trialkyl- and alkynyl-aluminum deri~atives.~ The product metal 

complexes are oxidatively demetalated under mild conditions and the derived acetylenes can be conveniently 

transformed to cyclopentenones, a process which has been applied to the synthesis of natural productsP.4 

The vinylogous complexes (2) were also investigated briefly by our group. Carbon nucleophiles (anisole, allylsilanes, 

isopropenyi acetate), as shown in Scheme 1, were found to react with these species at the ailyl terminus remote from the 

organometailic substilutent and with complete E-stereose~ect~ity to produce (3) exclusive1~.5 However, with alcohols as 

nucleophiles attack at the internal carbon predominated. The full synthetic scope and the factors controlling 

regioseiectivity, however, were not thoroughly investigated. 

Scheme 1 

Nu: anisole, allylsilanes, isopropenyl acetate, alcohols 
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The potential utilization of complexes (1) and (2) as alkylating agents tor heterocyclic compounds has received lRtk 

anentiin. In an early study Pauson and coworkers6 allowed the parent pmpargylium cation complexes (1) to react with 

thiophene, furan and some derivatives. Furan was found to undergo dialkylation whereas th'mphene underwent 

monoalkylatiin. The yields of the the alkylated heterocycles were good. 

In recent years an increasing number of natural products which incorporate the 2.4-pentenyne moiety have been 

discovered. Included among these are variously substiluted tetrahydroturans and tetrahydropyrans represented by 

marine natural products such as kumausyne7 and isodactylyne8 (below). The potential lor using the a-vinyl derivatives 

such as 2 as agents for introducing the en-yne side chain via readiins with readwe heterocycles appeared to us to be 

an anractive synthetic method. We also envisioned expanded oppollunities tor use of the parent propargyl complexes 

(I) as alkylating agents tor heterocycles. In continuing our ellolls to explore and to exploit the reactivity of the 

propargylic and the a-vinylpropargylic cationic salts, we have selected three electron rich heterocycles. 2- 

trimethylsifyloxyfuran (5), 4-trimethylsilybxy-2-benzyloxymethyl-2H-furan (15) and 2-trimethylsilyl-3-trimethylsilyioxy-4- 

ethyibenzo[byuran (20) for examination of their coupling readiins with complexes (1) and (2). As a result of these 

efforts several alkylated butenoliies have been synthesized as well as 2,4-pentenyne derivatives which are attractive 

intermediates for the synthesis of the marine natural products kumausyne and panacene. 

Panacene Kumausyne 

RESULTS AND DISCUSSION 

Our interest in the synthesis of substituted butemiides was based on several different considerations. First, it sewed our 

main objective to expand the range of heterocyclic reaction partners to include substituted furans. Also we were 

interested in the regbselectivity of anack on the requisite 2-trimelhylsibxyfuran (S), C-3 vs C-5. Finally, a large variety of 

natural products (e.g. deer, whiskey and cognac factones) could be made tmm the aikylated  intermediate^.^ 

In order to test the reactivity of the heterocyck (5) with the calionk complexes, we combined the propynylium cation 

complex (la) with turan (5) at 4 5  "C in CH2C$: the readiin was complete within 10 min as judged by t k  monitoring (eq. 

1). After work-up and chromatographic purification, the product (68) was isolated in 72% yield as a biick red sol i .  The 
1 presence of key resonances in the H nmr Spectrum at 6.10 ppm (complexed acetylenk H), 3.34-3.15 ppm 

(diastereotopic protons adjacent to the methine (H-5)) and olefinic resonances at 7.55 and 6.22 ppm (J = 5.7 Hz) 

indicated that alkylation had in fact oxurred at C-5. Satisfactory elemental analysis and the mass spectrum confirmed 

the composition of 6a . Complete characterizat'inal data is provided in Table 1 



Tabk 1. Preparation and Pmpenies of Dimbail Hexacarbonyl Complexesof Z ( 3 M F u r a m s  

Cnpd R' F$ Y i M  mp PC) Molecular Ms(l2eV 1 H ( ~ m r )  

f %I Formula w e  (%) 6, J (Hz) 

9 vinyl H 56 

10 " 19 

56-57 

5555 

72-73 

oil 

oil 

oil 

380 (M+-28, 19.2), 268 (100) 7.55 (dd, J-1.8, 5.7 Hz, 1 H); 6.22 (dd, J-1.8, 

5.7Hz.1 H);6.10(s.l H);5.15(mr1 H);3.34 

(dd, J=3.7, 15.8Hz, 1 H);3.15(dd, J-9.3, 

15.8 Hz. I H) 

394 (M+-28, 21.3), 310 (100) 7.56 (dd, J-1.8, 5.7 Hz, 1 H); 6.23 (dd, J-1.8, 

5.7Hz,l H):5.16(m,1 H);3.33(dd,J=3.7, 

15.8 Hz, 1 H); 3.06(W.9.3, 15.8 Hz, 1H); 

2.71 (S, 3H) 

406 (M*-28, 5.9), 87 (loo) 7.55 (dd, J=1.8, 5.7 Hz, 1 H); 6.22 (dd, 5-1.8, 

5.7 HZ, 1 H); 5.16(m, 1 H); 3.31 (dd.J=3.7,15 
3 
p, 

HZ1 H); 3.06 (dd, J-9.3, 15 Hz, I H); 2.92(m, 

2 H); 1.30 (1, J=7.5 Hz, 3 H) 
3 
0 

.. . .N 
7.55 (dd, J-1.5, 5.7 Hz, 1 H); 6.25 (dd,J-1.8, 

5.7Hz,l H);5.15(m,I H)3.30(dd,J=3.7, 
k 
9 

15.9 Hz. 1 H); 3.05 (dd. J=9.3. 15.8 Hz. 1 H); 

2.85 (m, 2 H); 1.51 (m,6 H); 0.95 (1, J=7.5 Hz, 
8 

3 H) 
406 (M+-28, 6). 220 (100) 7.43 (dd. J-1.5.5.7 Hz, 1 H); 6.63 (dd. 

J=1.5,15.0Hz. 1 H);6.15(s7 1 H);6.13(dd8 
J=1.6.5.7Hz, 1 H);6.0(dl, J=7.5, 15.0Hz, 

1 H); 5.13 (m. 1 H); 2.64 (m. 2 H) 

406 (M+-28,21), 321.8 (100) 7.45 (dd, J=1.5,5.7 Hz, 1 H); 6.21 (dd, 

J-1.8.5.7Hz. I H);6.14(s, 1 H);5.7(dl, 

J-10. 17 Hz. 1 H); 5.25 (m, 2 H); 5.18 (m.lH); 
3.8 (dd, J=3.3.9.2 Hz, 1 H) 
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u1 

TMSO 
+ . B F 4 ~ ~ 2  C H f i  

(,I 

5 la-d K C O ) 6  -BoC * L%(C0)6 
6 a-d 

The preparation of butynyl derivative (€8) was accomplished in the same general manner as above for 6a wmbining 

tb  with 5 (eq. 1). The resuting brighl red solid (mp 54-55OC) was obtained in 78% yield after chromatography. The 

nrnr specrrum exhibited of 64 featured two mutiplets at 3.33 and 3.06 ppm wrresponding to the pair of diastereotopic 

methylene protons wupled to the methine proton (H-5), a singlet at 2.71 ppm for the methyl group on the wmplexed 

acetylene, and oletinic resonances at 7.56 and 6.23 ppm. Mass spectral fragmentation and elemental analysis again 

supported the structural assignment. 

An n-pentyl side chain is found in the natural product Cognac lactone (tetrahydro-4-methyl-5-pentylfuran-2-one a 

compound that is used in the flavoring of ~ognac.lO To further illustrate the generality of the alkylatiin reaction, the 

synthesis of wmpound (6-3 was effected according to eq. 1. Compound (6c) was isolated in 70% yield (mp 72-73 "C) 

after chromatographic purification. The nmr spectrum was definitive with multiplels at 3.31 and 3.06 (from the 

diastereotopic methylene protons) and the two olefinic proton resonances at 7.55 and 6.22 ppm (J= 5.9 Hz). 

in order to demonstrate the practical utilization of this chemistry we undertook a short total synthesis of rac- 

tetrahydrofuran-5octylWone (a), a natural product found in the pygidial glands of the bellles Bledius mandibularis and 

8. spectamis. This compound is alu, found in several food aromas and has been used in perfumery and flavor 

mixtures. Our synthesis (Scheme 2) started with the preparation of hexaca~nyl-(p-[5-(2-oclynyl)-5Hfuran-2-one]- 

d i i b a t  (Co-Co) (64) which was obtained in 65% yield as a dalk red oil from the corresponding salt ( l d )  and the 

Scheme 2 

- BFA 

+ H&-$41 - 0- 
TMS 0 CH2 CI2 

5 C%(C0)6 65% 6d C% (C0)6 
Id 

heterocycle (5) using the same conditions that were applied above. The structure assigned to 6d was supported by ir 

absorptions at 2100.2040 and 2020 cmml (M-CO), 1750 cm.' (lactone C=O) and 1160-1040 cm-I (C-0 stretch): and by 
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H nmr absorptions at 5.15 (m, H-5). 3.3 and 3.1 ppm (muniilets, diastereotopic methylene protons), and the olefinic 

resonances at 7.55 and 6.25 ppm. Oxidativedemetallation of W was performed in a medium consisting of acetone, 

ceric ammnium niirate and silica gel at -78OC. After isolation, the intermediate acetylenic furanone (without purification) 

was hydrogenated over P d G  affording furarmne (8) as a pleasant smelling oil in nearly quantitative yield. The overall 

yield from the alkylation forthe sequence was 57%. It is interesting to note that the intermediate acetylenic butenoliie 

possesed ma significant odor. 

A variety of means exist to synthesize substituted b ~ t e r m l i i e s . ~ ~  We offer the present method of alkylating siloxyfurans 

as a facile, efficient and potentially quite general route to wbstiiuted butenoliies which can be subsequently transformed 

chemselectively by a variety of reagents. Consistent with our observations of regioselective attack at the 5-position of 

(5), Boukouvatas and coworkers found that 5 reacts regioselectively at the 5-position with a variety of alkyl halides in 

the presence of silver Another group led by casiraghi14 also demonstrated that 2-trimethylsibxyfuran 

underwent vinylogous aldol reactions selectively at the 5-position when allowed to react with aldehydes. 

As noted earlier numerous naturally occurring oxygen heterocycles contain the 2,4-enyne moiety as pan of their 

structure. Furfhermore. these compounds exhibit a number of significant physiological properlies.15 These facts 

prompted our efforts to synthesize a few substiituted butenolides such as 9 . As shown in eq. 2, the a-vinyl sat (2) was 

treated with furan (5) in methyiene chb i i e  at -780C; typically, the reaction was over within 5 min as indicated by tlc 

(pentanelether 2:l). Alter work-up and purlcation b& chromatography, two products were obtained as dark red oils in 

56% 9 and 19% 10 yield. The products resun from exclusive reaction at the 4-posiiion of the furan but anernative 

attack on the allvl terminii of 2 . 

Compound (9) was ~haracterized by an nmr multiplet at 2.64 ppm (diastereotopic rnethylene protons), olefinic 

resonances of the en-yne unit at 6.63 and 5.97 ppm with J=16.2 Hz indicative of a trans stereochemistry, and the other 

expected resonances. The mass spectrum of 10 demonstrated it to be isomeric with 9 but its nmr spectrum was 

distinctly ditterent with a double doublet at 5.26 ppm (for H-5), an ABX vinylc resonance pattern at 5.20 and 5.18 ppm, a 

doublet of doublets (Jd.3, 9.2 Hz) at 3.90 ppm (H-6), and two resonances at 7.45 (H-4) and 6.21 (H-3) ppm (J=5.7 Hz) 

lor the butenolide olefinic pmtOnS. A peak of 406 (M+-28.21.4) was observed in the mass spectrum. Interestingly, 10 

appears to be formed as a single diastereomer. Presently we have no explanation for the incomplete regioselectivay 

observed with siloxyfuran (5) (in comparison with previously examined carbon nucleophiles). The result may indicate 

reversibility in the alkylation step, as inferred in reactions of 2 wiih alcohols5 and sibxyfuran (15) (vide infra). 
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TO further investigate th6 stereo- and regio-selective aspects of the vinybgous catiinic complex (2), we sougM an 

appropriately substiluted (uran (15) which when coupled wiih 2 would provide an intermedate (e.g. (18)) which muld be 

further elaborated to the furarmid marine natural product kumausyne. Our appmach to 2,4-disubstrtuted furan (15) 

(Scheme 3) started fmm the sodium sail of benzyl alcohol and its substautiin reaction with 1 ,ldiethoxy-2-bmmoethane 

in the presence of a catalytic amunt of tetrabutylammnium iodide. Fmm this reaction the benzyloxyacetaldehyde 

diethyl acetal (11) was obtained in 65% yield; its structure was confined spectroscopically. The acetal (11) was 

hydrolyzed in the presence of acaic Ambeflyst resin in aqueous acetone. The resuling aldehyde was obtained in nearly 

quantitative yield after workup. Aldehyde (11) was then converted to the corresponding oxime (12) using hydmxylamine 

in aqueous ethanol in 95% yield. We also rmticed that the aCetal on a longer reaction time was also converted directly to 

the oxime under the same condtimns. The oxime was converted to the isoxazole (13) by treatment wilh NBS at -20% in 

DMF and subsequently wah a mixture of triethylamine and propargyl alcohol. The resulting isoxazole was obtained in 

95% yield. The nmr spectrum of 13 exhibited a resonance for H-4 at 6.33 ppm. The ir and mass spectra were 

confirmatory. 

Scheme 3 

Reagents: (a) NH20H.HCI. EtOWH20. 48 h: (b) NBS, HC%CH20H, EI~N/Et20. 40°C; (c) Ra NiMOAc, Hz; 

(d) LDNTHF, -7e0C, TmsCl 

lsoxazole (13) was subjected to hydrogenolysis using Raney nickel in acetic acid under hydrogen. m e  dihydmfuranone 

(14) was obtained as a very viscous light red iiquld in Wera te  to good yield of 75%. A key resonance in the nmr 

spWNm was observed at 5.70 (H4) indicating that the isoxazole had been hydrogermiyzed. The mass spectrum was 

again supportive. The dihydmfurarmne (14) was treated at -76OC wilh lithium diisopropylamide in THF followed by 

quenching with trimethylsilyl chloride. The trimethyisibxy-substituted furan (15) was obtained in 88% yield as a light 

orange oil. m e  structure was confirmed by nmr (two singlets at 7.1 0 and 6.10 ppm corresponding to H-2 and H-4) and 

nominal and high resolution mass spectrometry. 

The key alkylation reaction was carried out by adding furan (15) dropwise to the prepared cation (2) dissolved in 

rnethylene chloride at -7E°C. The reaction (Scheme 4) was complete in less than 5 min. The isolated alkylated product 

(16) was obtained in 75% yield. H nmr established the E-stereochemistry of the product fmm the coupling constant of 
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14.5 Hz between the two vinyl protons on the en-yne unB side chain. The reaction between the cation and the 

hetewycle thus Ocwn at the terminus of the a-vinyl cation (2). Interestingly, I the alkylal'on is performed above -450C 

we noticed a significant amount of the internal attack product, suggesting that the latter may actually be 

themadynamically favored. 

We suspect that selective formation of the E-isomer reflects a transoid structure of the cation (2) which minimizes steric 

interactions between the bulky (a Ikyne)C~~(CO)~ substituem and the internal hydrogens of the ally1 unit. Since the 

wban wmplex functions as a powerful electron donating group.1 we suggest that regloselective formation of the pmduct 

from nucleophilic attack at C-1 on 2 is due to maximum overlap of the HOMO of the nucleophile wRh the LUMO of the 

electrophile, which has a larger wenicient on C-1. Furanone (17) is an attractive intermediate for the synthesis of the 

marine natural product kumaus~ne.~ Initial enons at selectively reducing the spunsaturated moiety to the saturated 

alcuhol derivative have not been successful thus far but we are currently seeking alternatives to achieve this goal. 

Scheme 4 

Panacene is one of many halogenated marine natural products isolated from Aplysia brasiliana, a large slug-like 

gastropod mollusk indigenous to the gulf mast of Florida. l6 A total synthesis of panacene has been accomplished by 

Feldman and wworkers.17 We anticipated that alkylatilon of a suitable silyl enol ether by 2 would enable us to 

Synthesize the benzoIb1furanone derivative (21). an attractive panacene precursor, in a regio- and stereoselective 

manner. 

Our approach to panacene began with 4-ethylbenzo[b]-3(2H)-furanone (18) prepared according to FeMman and 

~auser . '~ . l 8  As shown in eq. 3, when 18 was added dropwise to a solution of lithium diisopropylamide in dry THF at 

-7E°C followed by quenching with trimethylsilyl chloride. 2-trimethylsilyl-3-trimethylsilo~y-4-ethylnzo[b]furan (20) was 

obtained in 88% yield. The nmr spectrum of 20 exhibited equal intensity resonances at 0.37(s) and 0.28(s) pprn 
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indicating the presence of two trimethylsilyl groups and no olefinic resonance was present. The mass spectrum showed 

an appropriate molecular ion M+=306.1 (100). A plausible explanation for this unexpected outcome could be the 

presence of excess lahiium diisopmpylamide which was able to remove the a-proton; the resuiting dillhb derivative cwm 

then be disilylated to give 20 . No enorts have been made to correct this problem. 

OTMS 

Nonetheless, disilyl derivative (20) was aikylated wah the enyne cation (2) (eq. 4) in the usual fashion and the reaction 

was over within 5 min. Upon work-up and chromatography two products. (21) and (22), were isolated in a 1 2  rato and a 

combined yield of 60%. Compound (21) was shown to be a monoalkylated product by ms (M +-CO = 484) and H nmr 

integration. Key H nmr resonances for 21 appeared at 6.07 ppm (mmplexed acetylenic proton) and at 6.64 and 6.01 

ppm (J=17.9 Hz, trans vinyl i  protons). Compound (22) proved to be dialkylated by ms and nmr integration. Trans 

vinylic proton resonances were observed at 6.54 and 5.67 ppm (J=14 Hz) and the mmplexed acetylenic resonance 

appeared at 6.04 (s). Both 21 and 22 showed the expected furanone cal.bonyl ir absorptions [ 21 at 1715 cm.', 22 

at 1710 cm-1). HOW are complexes (21) and (22) formed in the reaction of 2 w ~ h  20 ? Ailhough no mechanistic 

studies have been conducted, we suspect that 21 is the resuit of anack by 2 at C-2 of M followed by desilylation (by 

the Me3SiBF4 produced). Alternatively, Me3Si migration from C-2 to 0- of the initial alkylation product followed by a 

second alkylation by 2 at C-2 could produce 22 . 

Further proof of the structures of 21 and 22 was secured by their individual demetallation wRh ceric ammnium 
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nitratelsilica gei in methanol or acetone at JBOC (eq. 5.6). m e  reactions were over alter 2 h. Aner evaporation and 

chromatography, the resuiting colorless acetylenic compounds (23) and (24) were isolated and characterized 

spectrosmpically. For 23 key resonances (interalia) were observed at 5.65 (d. J-15.9 Hz, IH, vinylc), 4.54 (m.1 H, 

H 4 ,  and 2.83 (d. J-2.1 Hz, IH, acetylene H). The mass spectrum of 23 exhibited a peak for the molecular ion at 

m!z=226.0 (8.3) and a Satisfactory h n s  was Obtained. For 24 the nmr spectrum contained resonances (inter alia) at 

6.08 (m, 2 H), 5.56 (d, J45.9 Hz, 2 H, trans H's), 2.79 (m, 2 H, acetylenic protons), and 2.58 (m, 4 H, two sets of 

methylenes for the 1,s-pentenyne). The mass spectrum showed a peak tor the molecular ion at rmz = 290.2 (2.3) and 

correct hrms. Both the mono and dialkylated products thus exhibii the same regio- and stereochemistry as had been 

observed in the prior work on the furan Series. En-yne (231, although obtained as the resun of two unexpected reactions. 

nonetheless can be converted to the halogenated aliene panacme (or its epimer) according to the method of Feldman 

and coworkers.17 thus constnutirig a formal total synthesis. 

These initial efforts have demonstrated the efficacy of introducing various alkyl, propargyl (and potentially ailyi) side 

chains as well as the (E )Wpentenyne unit via coupling of electmphiiic complexes (1) and (2) wiih substiuted brans. 

EXPERIMENTAL 

Ail reactions and manipulations were conducted under a nitrogen atmosphere utilizing standard Schlenk line techniques. 

Penten-4-ynJ-01 was prepared according to reference 19, the dimban hexacarbonyl propargyl alcohol complexes were 

Synthesized according to reference 20. Compound ( 1 1 ) ~ ~  was synthesized by a modified procedure. Precusor 

compounds to 18 were synthesized amrding to references 17. 18. Solvents and common reagents were obtained 

commercially and used as received or prrilied as follows: tetrahydrofuran and diethyi ether were distilled under nlrogen 

from SodiunVbenzophenone: methylene chloride and pentane were distilled under nRrogen from calcium hydride. Thin 

layer chromatography was carried out on 0.2 mm silica gel coated plastic sheets with F-254 indicator (EM). Column 

chromatography was carried out using flash silica gel (230-400 mesh). Gas chromatography was carried out on a 

Hewiett Packard 5790 instrument using a 116'x 6'mlumn packed with OV101. Ir spectra were recorded as thin films on 

saR discs on a Perkin Elmer model 1420 spectrophotonmter. IH- and 13~-nmr spectra were recorded on a Varian XL- 

300 spectrometer equipped wlh a VXR-4000 aata station. CDCl3 was used as solvent unless otherwise specified. Low 

and medium resolution mass Spectra were obtained on a Hewlet Packard 5985 or a Kratos MS 25 RF instrument at 12 or 
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70 ev. High accuracy mass spectra were obtained on a VG inStNmentS Zab E spectrometer. Elemental analyses were 

performed by Midwest Miuoiab. Indianapolis. Indiana. 

~ e x a c a r b o n y l - ~ q  2-11 -p~We~CyW50l ]~dICObal t  (CO-CO) (2A) 

A 250 ml round-bottom flask fitted wlh a gas inlet and a magnetic stirring bar was charged with 2.6 g (0.03 m l )  of 1.4- 

pentenyne-3-01 in 50 ml of dry pentane under a fbw of nitrogen. Then 13 g (0.03 moi) of dicobalt octacarbonyl was 

added and the mixture was allowed to stir at mom temperature until no evolution of CO was obsetved (3 h). The solvent 

was evaporated and the residue was filtered through a column of neutral alumina wlh pentane followed by ether. Alter 

the ether was evaporated, a dark red oil (7.3 g) was obtained in 55% yield. Ir: 3400, 2250, 2100, 2000 1650 cm" ;IH 

nmr: 6.10(s, 1 H), 5.9(m, 1 H), 5.50(d, J=17.4 Hz, 1 H), 530(rn, 1 H), 5.10(d, J~10.2 Hz, I H): ms: M+= 368 (2.7). 340 

(63), 312 (loo), 284 (94), 256 (9% 228 (78), 200 (€8). 

HexacarbonyCHq 2-[(l~enten-4-(1 ,5ynyllwn)]~tetrafl~0roborste]-dlcobah (CQ€~) (2) 

To 6.01 g (0.02 m l )  of (l-penten-4-yn-3-ol)C0~(CO)~ dissolved in 20 ml of dry ether and 10 mi of pmpionic anhydride at 

-450C was added 10.0 ml of tetrafluoroboric acic diethyl ether complex. The salt, a dark red solid, was obtained alter 

thoroughly washing the precipitate wlh ether. This saR was then used immediately to alkylate the oxygen heterocycles. 

~ e x a c a r b o n y l - ~ q  2-[5(2-propynyl)-5~-fumn-210ne]~dicobah (co-c~) (6a) 

[Propargyl alcohol]diibaR hexacarbonyl(1.2 g, 3.5 mml)  was dissolved in 10 ml of propionic anhydride and the mixture 

was cooled to -45 OC followed by the addition of 10 ml of tetrafluomboric acid diethyl etherale. The mixture was stirred 

at this temperature for 10 min. The resuiting solid was washed with ether and dried under vacuum. To the resulting 

cationic salt dissolved in 10 mi of methyiene chloride was added dropise 0.50 g (3.2 mml )  of 2-trimethylsiloxyluran 

dissolved in 20 rnl of methylene chloride. Alter 10 min the reaction was over as determined by tk. The mixture was 

treated with saturated sodium bicarbonate. Alter separation, the organic layer was treated with saturated brine. The 

organic phase was separated, dried and evaporated. Alter chromatography [(pentanelether 2:l)Aiiica gel)] the isolated 

yield of 6a (red oil) was 1.2 g (72%). Physical and spectroscopic data are provided in Table 1. 

Hexacarbonyl-Hq 2 - [ 5 ( 2 - b u l y n y l ~ 5 ~ - f u ~ ~ 2 - ~ ~ ] ~ d l ~ ~ b a l t  (Co-Co) (6b) 

[Butynylium]Co2(C0)6BFq (1.94 g, 0.005 m i )  derived from [2-butyn-1-olldimbal hexacarbonyl and tetrafluoroboric 

acidz0 was dissolved in 25 ml of dry methylene chbide. The reaction mixture was cooled to -4s°C then 0.90 mi 

(0.005 m l )  of 2-trimethylsibxyluran dissolved in 20 ml of methyiene chb i ie  was added dropwise and the mixture was 

slined for 5 min. Alter treatment with aqueous sodium bicarbonate and brine, separation of the layers, and drying over 

magnesium suilate, the sohrent was evaporated and the residue was chromatographed over silica (pentanehexane 2:l) 

to furnish a brick red solid (1.5 g) in 78% yield. Physical and spectroscopic data are provided in Table 1 

Anal. Calcd forC14H~08C02: C, 39.84; H, 1.91. Found: C, 39.91; H, 1.84. 

Hexacarbonyl-IYq 2-[5(2-pemynylb5~-fumn-2-one])di~balt ( ~ C O )  (6c) 

To 2.0 g (0.005 m l )  of [2-pentyn-l-ol]C0~(CO)~ dissoived in 15 ml pmpionic anhydride at -45OC was added 15 ml of 

tefrafluorobotic acid diethyl etherate and the mixture was stirred at this temperature for ID min. The solid tha formed 
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was washed several times with ether and dried under vacuum. The isolated red solid was dissolved in 25 ml dry 

methylene chloride, the Solution cooled to -45°C. and 0.54 g (0.0034 mol) of 2-trimethylsiloxyfuran dissoived in 10 ml of 

methylene chloride was added dropwise. The mixture was stirred for 10 min at this temperature. After washing with 

aqueous sodium bicalOoMte and Mine, drying with magnesium sunate, the solvent was evaporated and 0.91 g of a brkk 

red sola (70%). 6c .was oWained alter chromatography over silica gel (pentanelether 2:l). Physical and spectroscopic 

data are provided inTable 1. AMI. Calcd. forC15H1008C02: C, 41.32; H. 2.31. Found: C. 40.85; H, 2.41. 

~ e x a c a r ~ m y l - ~ q  2-[5(2-oclynylk5~-1uran-2-one]~d~ba~t ( m) (64) 

In a round-bottomed flask equipped wim a side arm was added 2.9 g (0.007 m l )  of [2ocfyn-l-0l]Co~(W)~ dissolved in 

10 ml dry ether and 5 ml of propionic anhydride. The mixture was cooled to -45OC and 5 ml of tetrafluomboric acid 

diethyl etherate was added. The mixture was stirred for 15 min. The resuning oily red @yet was washed several times 

with ether and after decantation the ether was completely removed under vacuum. To the oily residue was added 20 ml 

dry methylene chloride and the temperature was maintained at -450C. Then 1.18 ml (0.007 mol) of 2- 

trimethylsibxyfuran dissolved in 20 ml of methylene chloride was added dropwise and the mixture was allowed to stir for 

5 min whereupon the reaction was complete. After treating the reaction mixture with aqueous sodium bicarlmnate and 

brine, the organic layer was dried with magnesium sulfate. The solvent was evaporated and the residue 

chromatographed over silica gel using pentanelether (2:l) as the eluents. The isolated yield of the dalk red oil (11) was 

3.0 g (65%). Physical and spectroscopic data are provided in Table 1. 

(*)-Tetrahydrofurarr50nyC2-one (8). Oxldatlve demetallatlon of hexacarimny~-p<q 2-[5(2-oclyny1~5~-1uran-2- 

one])dlcobalt (Co-Co) (64) and reduction of 7. 

In a 100 ml round-bottomed flask equipped with a side arm was added 0.22 g (0.46 mmol) of 6d dissolved in 20 ml 

acetone. This mixture was added dropwise to a mixture of silica gel (10 g) and ceric ammonium nitrate (20 g) in acetone 

at -78 OC. Alter 3 h the sold suppoii was filtered and the solvent evaporated. The residue was treated with water and 

ether. The ether layer was dried with magnesium sulfate and was evaporated to give 0.075 g (0.39 rnmol. 85%) of 7 . 
The crude product was treated with 10% PdlC and hydrogen (1 atm) in ethanol overnight. The catalyst was renwved by 

fiitration through Celite. Afer the solvent Cevaporated, the residue was chromatographed on silica gel using 

pentanelether as the eluent. The is olated yield of the light yellow liquid (8) was (98%). Ir: 1780, 1100. 1040 cm-1; 

nmc64.50(m, 1 H);2.55(m, 1 H);2.35(m, 1 H); 175(m,8H): 1.35(m,8H);0.89(brl, JZ7.5Hz,3H); ms:M+= 198 

(0.1). 162.0 ( l o ) ,  128.1 (10.1). 85.0 (100); hrms: Calcd for CI2Hz2O2: 198.162: Found: 198.162. 

~ e x a c a r ~ n y ~ - ~ q  2- [5 (~ -2 -penten-4 -yny l ) -5~ - f~rann2~ne] ) -d  (CO-CO) (9) and hexacarbonyl-p-(q 2-13-(1- 

penten-4-ynyl)]-5H-furan-2onel)dlcobah (Co-Co) (10) 

A 250 ml round-bottomed flask equipped with a side arm was charged with 0.5 g (0.001 mol) of [I-penten-4-yn-3- 

O [ ]CO~(CO)~  in 10 ml of dry ether and 5 ml of proprionic anhydride. The mixture was cooled to -450C and 15 ml of 

tetrafluoroboric acid diethyl etherate was added and the red mixture was stirred for 10 min. The precipitate was 

thoroughly washed with ether and dissolved in 25 ml dry methylene chloride. Then 0.24 g (0.001 mol) of 2- 

trimthylsiloxyfuran dissolved in 15 ml of methylene chloride was added dmpwise at -45OC and allowed to stir for 5 min. 
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Aqueous Sodium bicarbonate was added tothe mixture and the organic layer was treated with brine. After drying with 

magnesium sultate, the solvent was evaporated. The isolated yields of the dark red oils (9) and (10) after 

chromatography I(pentane/ether 2:l)/silica, where compound (10) eluted first] were 56% (0.24 g) and 19% (0.c82 g). 

Physical and spectroscopic data are pmvaed in Table 1. 

2-senzy~oxyacetamehyde dklhylaCetal(11) 

Bemyl alcohol (51.7 ml. 0.50 mol) was slowly added to a suspension of 50% NaH (24 g. 0.55 mol) in M F  (500 ml) and 

then 2-bromoacetaldehyde diethylacetal (76 ml. 0.50 mol) and a catalytic amount of tetrabutylammnium iodide (1.8 g, 

0.01 mol) were added. The reaction mixture was refluxed for 8 h. The pecipitate of NaBr was tinered off, the solvent 

was evaporated, and the product was distilled; bp- 95-100°C/0.2 mm, ~ i t . , ~ l  b l 2  143OC; the yield was 65% (73 g). 

Ir: 2990, 2800,2000-1800, 1600, 1450, 1370, 1300, 1100,750 cm-' ; nmr: 7.15 (s, 5 H); 4.67 (1, J=5.2 Hz, 2 H); 4.58 (s, 2 

H);3.65 (m,4H);3.52 (d, J=5.3 Hz, 2 H); 1.22 (dt, J=7.3, 7.3 HZ, 6H); ms: 133.9 (14.0), 103.0 (loo), 91.1 (48.3). 

2-~enzy~oxyaceta~dox~me (12) 

Hydroxylamine hydrochloride (17.0 g, 0.25 mol) dissolved in 20 ml of water was added to a solution (40 mi of 95% 

ethanol and 30 ml 01 water) of 2-benzybxyacetaidehyde diethylacetal (18.32 g, 0.082 m l ) .  The mixture was stirred at 

mom temperature until the reaction was complete (about two to three days). Water (100 ml) was added and the organic 

phase was exhaustively extracted wlh about 200 ml of methylene chloride. The organic phase was dried over and 

evaporated and the residue was puiiiedyiachromatography on silica gel using pentanelether (23). The yield of the 

colorless viscous liquid was 12.8 g (95%). Ir: 3300, 2830,2000-1800,1600. 1450.1100 cm-1; nmr: 7.52 (1, J-5.7 HZ, I 

H, syn); 7.35 (5, 5 H); 6.93 (1, J=3.5.Hz, 1 H, anti); 4.55 (s, 2H);4.53 (s, 2 H);4.38 (d, J=3.7 Hz, 2H, anti): 4.12 (d, J=5.7 

HZ, 2H,syn):ms: M+= 165 (0.3). 164.1 (0.1). 106.9 (100) 108.1 (13.3),92.1 (14.3). 

3-BenzylOxymBthyl-ShydrOxymethyCiSOx81OU (13) 

A mixture of benzybxy acetaldoxime (38.0 g, 0.231 mot) and NBS (2 equiv.) in dry DMF was allowed to react at -20°C 

tor 2 h and then at 0% for 1 h. The mixture was diluted with ether such that N-bromsuccinimide precipitated and then, 

a solution of propargyt alcohol (60 ml) and triethytamine (34 mi.0.23 mol) in dry ether was added. The reaction mixture 

was stirred at room temperature until complete as judged by tlc. After hydrolytic work-up, extraction with methyiene 

chloride (200 ml) and purification &chromatography [flash silica gel, pentanelether (2:1)1, the isoxazole (13) was 

isolated as (39.5 g) a viscous liquid (80%). Ir: 3400,3070, 3040,28900, 1615, 1460, 1100, 750 0-1-I ; nmr: 7.33 (s, 5 H); 

6.33(s,l H);4.75(S,2H);4.60(s,2H):4.55(s.2H);ms:M+=219.0(1.6),220.0(1.8), 113.0 (26.3), 107.0 (23.9), 91.1 

(100). 

5BenzyloxymsthyC2H-furan-%one (14) 

About 0.3 g of Raney Nickel suspended in a pH 9.0 solution was neutralized wnh acetic acid and poured into a 500 ml 

round-bottomed flask which was charged with 4.71 g (0.022 mol) of the isoxazole dissolved in 50 mi of acetic aca. The 

mixture was flushed with nitrogen followed by hydrogen and finally a balloon, filled with hydrogen, was anached to the 

flask via an adapter. The hydrogen absorption was continued until the reaction was judged cQmplete 2 nmr Atter the 

catalyst was filtered on a bed of Celite, the acid was neutralized with sold sodium bicarbonate and the organic 
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mmpound was extracted with ether. The organic phase was dried over sodium sulate and evaporated followed by 

chromatography over silica gel using pentanelether (2:l) to give 2.55 g of 14 as a thick liquid 70%. Ir: 3400, 3060, 

3040, 2920. 2890,2000-1800, 1705, IM)O. 1110 cm-1; nmr: 7.35 (s, 5 H); 5.75 (s, I H); 4.63 (s, 2 H); 4.52 (s, 2 H) 4.33 

(S,2H);mS:M+=204(0.1),113.1 (0.3),107.1 (5.3),98(100),91.1 (3.1). 

4-Trlmethysllonl-2-benqloxymethycfumn (15) 

To 0.50 ml (0.004 mol) of diisopmpylamine dissolved in 10 ml dry THF was added 2.15 ml (0.0035 mol) of 1.6 M 

butyllithium at O°C. The mixture was stirred under narogen for 30 min and was cooled to -7E°C (dry icelacetons). The 

furanone (14) (0.5 g, 0.003 mol) dissolved in 20 ml of dry THF was added dmpwise. The mixture was stirred tor 30 min 

followed by the addition of 0.35 ml (0.003 mol) of trimethylsilyi chloride. The mixture was allowed to warm to room 

temperature and dry pentane was added to separate the product from the liahium san. After several filtrations and 

addnion of pentane and the solvem was evaporated; the resuning liquid product (0.73 g) was oMained in 88% yield. lr: 

2980, 2000-1600, 1620, 1545. 1255, 1150, 850, 750 cm-l ; nmr: 7.35 (s, 5 H); 7.10 (s, 1 H); 6.10 (st 1 H); 4.54 (s, 2 H); 

4.38 (5, 2 H); 0.24 (5, 9 H); ms: M+= 276.0 (48.3); 277.1 (11.3). 169.0 (85.9), 170.0 (44.8), 91.1 (loo), 73.0 (85); hrms: 

Calcd tor C15H2oO3Si: 276.1 182; Found: 276.1 176. 

~ e x a c a r b o n y l - ~ q  2 - [ 2 - ( ( ~ ) - 2 - p e m e n 4 y n y l ~ 5 b e n z y b x y m e t h y 2 ~ - r a ] l a  (co-co) (16) 

To 0.5 g (0.0013 mol) of [I-penten-4-yn-3-0l]Co~(CO)~ dissolved in 10 ml of dry ether was added 0.21 g of 

tetrafluoroboric acid diethyl etherate at -45% and the mixture was allowed to stir tor 10 min. The resuning Wck red solid 

was thoroughly washed with ether and was dissolved in 30 ml of dry methylene chloride followed by the dropwise 

addition of 0.37 g (0.0014 mol) of 15 dissolved in 20 ml of methylene chloride. Tk analysis indicated the reaction was 

over wahin 5 min. The reaction mixture was poured into a solution of aqueous sodium bicarbonate and the organic 

phase was removed and turlher treated with brine. The organic phase was dried with magnesium sulfate and 

evaporated. After chromatography (pentanelhexane 2:l) on flash silica gel, the isolated yield of 16 . a dark red viscous 

liquid, was 0.54 g (75%). Ir: 2940,2870 2100,2060,2030,1710, 1615, 1260, 1110. 950, 750 cm-I ; nmr: 7.35 (s, 5 H); 

6.62 (d, J=15Hz, I H);6.12(s, 1 H);5.97(@, J-7.3, 15Hz,l H);5.71 (s, 1 H);4.62(s, 2H);4.55 (dd, J=4.9,7.3Hz, I 

H); 4.30 (s, 2 H); 2.80 (dq, J=7.3, 15 Hz,l H); 2.61 (dl, J=7.3. 14.9 Hz, I H); ms: m/z: 498 (2.8), 499 (2.8), 470.0 (26.6), 

442.0 (17.2). 386 (100); Anal. Calcd tor C23H1609C02: C. 49.79; H, 2.88. Found: C. 49.84; H. 2.94. 

2-(E-2-penten-4-ynyl)-5bensyloxymethyl-2 (17) 

A mixture of 10 g of flash silica and 12 g of ceric ammonium nitrate was placed in a 250 ml mund-bottomed flask with a 

side arm and a solution of 0.222 g (0.40 mmol) of 16 dissolved in 45 ml of acetone was added in 50 ml of acetone at - 

7E0C. The liberated carbon monoxide was allowed to escape to the hood. Aner 3 h the mixture was tiitered and the 

solvent was evaporated. The residue was washed with brine and dried with magnesium sulfate and the solvent was 

evaporated. The residue was passed through a stmrl column of silica using penlanelether (2:l). The amount isolated 

was 0.110 g (90%) of 17 as a light yellow viscous liquid. Ir: 2945, 2880, 2100, 2000, 1800, 1705, 1605, 1110 cm-1; 

nmr: 7.35 (s, 5H); 6.15 (m, I H); 5.75 (s, I H);5.50 (d, J=14.5 Hz, 1 H);4.60 (s, 2 H);4.45 (dd, J=6.3, 5.4 HZ, I H); 4.20 

(s,2H);2.65(m, I H):2.55(d,J=2.0Hz, 1 H);2.45(m, 1 H). 
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C E t h y C 2 - t f l m e t ~ s l l y l - 3 - t f l m e t ~ I s l l y l o ~  (20) 

To 6.40 ml(0.05 mol) of diisopropylarnine in 50 ml of dry THF was added 28.52 ml of 1.6 M butyllthium (0.05 m i )  at 

OOC and the mixture was stirred for 30 min and then cooled to -78%. To the cooled soiution was added dmpwise 7.39 g 

(0.0046 mol) of 18 in 25 ml THF and the mixture was stirred at this ternperature for 1 h. The mixture was then 

quenched with 8.0 ml of trinmthylsilyl chloride and albwed to stir for another hour. Dry pentane was then added in order 

to extract the product fmm the lithium sans. The extraction process was repeated until there were no more sans in the 

organic phase. Alter evaporation. the product (20). an orange liquid. was obtained in 88% yield (1.24 g) and used 

without furtherpuriication. Ir: 2940, 1610, 1590, 1540, 1350, 1250, 1085,850 cml; nmr: 7.18 (m, 2 H); 6.96 (d, J=6.7 

Hz, 1 H): 3.00 (q, J-7.5 Hz, 2 H); 1.25 (1, J=7.5 Hz, 3 H); 0.37 (s, 9 H); 0.28 (s, 9 H); ms: M+= 306.1 (IW), 307.1 (26.3), 

232.0 (16.0), 73.1 (1 1.7). 

~exacarb~ny~-p+q 2 - [ 2 - ( ~ - 2 - p e n l e n - 4 - y n y l ) - 4 - e t h y l - 2 ~ - b e n ~ ) - d l c o b a l t  (-1 (21) and 

dodecacarbonyl-p+q 2 - [ 2 - ( b 1 s - ~ - 2 - p e m e w ~ y n y 1 ~ ~ e t h ~ 1 - 2 n - b e m o ~ b ] t u n w ~ n e ~ ~ t a r a ~ 0 ~  ( ~ o ~ o l ( 2 2 )  

A 250 ml round-bottomed flask equipped with a side arm was charged with 1.104 g (0.003 mol) of the alcohol complex 

(2A) and 15 ml of propionic anhydride was added. The mixture was moled to -450C (3-pentanoneldry ice). About 5 ml 

of tetrafiuoroboric acid diethyl etherate was added visa syringe and the mixture was albwed to stir for 10 min at the 

same temperature. The brick red solid that formed was thoroughly washed wiih ether and dimd under vacuum. The 

solid was dissolved in 50 ml of dry methylene chloride followed by the addtiin of 0.92 g (0.003 mol) of 20 dissolved in 

10 ml of methyiene chloride. After 10 min the reaction was over as indicated by tk. Dilute sodium bicarbonate was 

added followed by treatment with brine. The organic phase was dried with magnesium sulfate and evaporated. The total 

yield after chromatography wiih pentanelether (95:5)nlash silica gel was 80% and the dark red liquids were isolated in 

yields of 26.656 (0.41 g) (21) and 53.4% (22). In order of elution, 22 was the fiffit to be isolated followed by 21 . Ir (21): 

2990,2940, 2100,2060,2020, 1715,1600, 1500,1240 cm" ; H nmr: 7.45 (I, J.7.4 Hz, 1 H); 6.89 (d, Jd .3  Hz, 1 H); 

6.82(d, J=7.4Hz, 1 H);6.64(d, J=17.9Hz, lH);6,07(s, 1 H);6.01 (m, 1 H);4.57(m, I H);3.00(q, J-7.5 Hz, 2 H); 2.87 

(m. 2 H): 1.22 (1. J=7.5 HZ, 3 H); 1%-nmr: 210.8: 199.8 (m); 173.7: 146.6; 138.2; 138.0; 130.7; 130.6: 121.8: 110.9 : 
84.0: 76.8: 74.0; 34.9; 25.0; 14.8: ms: 484 (M+-28, 0.1). 455.8 (3.8). 427.9 (13.4). 399.8 (9.0). 371.9 (3.3). 343.9 (2.8). 

162.0 (100). lr(22): 2955, 2940, 2100.2020, 1710, 1600, 1500, 1130, 750cm-I: nm: (22) 7.41 (1. J-7.4 Hz, 1 H): 6.86 

(d, J=8.3 Hz, 1 H): 6.76 (d, J-7.4 Hz, 1 H); 6.54 (d, J-14 Hz, 2 H); 6.04 (s, 2 H); 5.87 (m, 2 H); 2.90 (q, J-7.5 Hz. 2 H): 

2.65 (d,J=7.4 Hz, 4 H): 1.25 (1, J-7.5 Hz, 3 H): ms: 455.8 (8.0), 294.2 (9.61, 267.2 (10.4). 238.2 (11.2), 210.1 (13.6). 

182.0 (24.0). 

2-(E-2-penten-4-ynyl)-4-ethyl-2H-ben~b]furan-3-one (23) and bls-2-(E-2-penten-4-ynyl)-4-Bthyl-2H- 

benzo[blfunn~-one] (24) 

Each compound (1.0 mmol) was individually dissolved in acetone (50 ml) and was added to a cold mixture of silica gel 

and ceric ammonium nitrate (about 10 g total) in acetone (100 ml) at -7E°C and the mixture was albwed to stir at this 

temperature until the color of the reaction mixture turned yellow (3 h). The solid support was finered and the solvent was 

evaporated. Water was added to the residue and ether was added to extract the organic product. The solvent was 

evaporated and the crude product was purified via chromatography: (pentanelether 2:l)nlash silica gel. The yields were 
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95% and 98%. Corwunds (23) (0.21 g, 95%) and (24) (0.28 g, 98%) were obtained as b w  melting solids. Nmr (23): 

7.49(t, J=7.4Hz.l H); 6.93(d, J=83Hz, 1 H);6.87(d, J=75Hz, 1 H);6.24(m, 1 H);5.65(d,J=15.9Hz, 1 H);4.54(m, 1 

H); 2.99 (q, J=7.5 Hz, 2 H); 2.83 (d, J=2.1 Hz, 1 H); 2.84 (rn, 1 H); 2.56 (m, 1 H); 1.23 (t . J=7.5 Hz, 3H); ms: M+= 226.0 

(8.3). 225.0 (7.6). 211.0 (19.0). 197.0 (100). 161.0 (69.9); hrms : Calcd for Cl5HI4o2: 226.0994; Found: 226.0994. 

Nmr(24): 7.51 (1, J-7.4 Hz. 1 H); 6.91 (d, J=8.19 Hz, 1 H); 6.86 (d, J=7.4 Hz, 1 H); 6.08 (m, 2 H); 5.56 (d, J=15.9 Hz, 2 

H); 2.98 (q, J-7.5 Hz, 2 H); 2.79 (m, 2 H); 2.58 (m, 4 H); 1.25 (1, J=7.5 Hz, 3H); ms: M+= 290.2 (2.3). 289.0 (3.8). 260.9 

(7.7). 225.0 (32.01, 196.9 (loo), 175.0 (37.3); hrms: C a M  for c20Hl8o2: 290.1307; Found: 289.1340 [M-HI+. 
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