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Atrtrwt-The reaction of carbsne4tromium complexee with alkynes provides a direct route to 
napbthoquinone derivatives and is the key step in a new approach to the isochromanone antibiotics 
exempli@@by deoxyfrenoli&n (l)andqanaomycin A (2). While thtregioselectivity of intermolecular addition 
of the appropriate .unsymmetricttl .disutsstituted alkyne is unfavourable, two succes&d approaches have 
been developed. AJlylacetylcne reacts with mctboxy-(o-rnc~oxyph~yl~~by~~~~CO)s with high 
regioselectiirity. Bromination, lithiation, and reaction with acetaldehyde produced the desired precursor. 
Alkoxypalladation led to pyran ring formation and introduction of the acetate side chain. Following earlier 
procedures, mtnaomycin A (2) was produced. A more convergent alternative involved intramolecular 
eycloadditlon of an slkyne with the alkyli&ne&romium unit. A series of model cycliz&ons established the 
hrasibilityandanalLynewithancthylollcgtroolddechainwasprcpar6d.Theethyl~glycolunitscrvesasthe 
tetlux to hold the alkyne in place for cyelixation and allows easy removal at a later stage. Deoxyfrenolicin (1) 
was produced in a highly convergent and elRcient process. 

Deoxyfrenolicin (1)’ and nanaomycin A(2)’ are closely 
related structures and members of a fairly large set of 
molecules which bear the napbthoquinone nucleus, a 
fused pyran ring, and the 9-alkyl, ll-carboxymethyl 
su~t~tu~n~~em.~e~~~t~ti~otic~vity~ 
and potential antitumour activity’ of members of this 
set have prompted numerous successful synthesis 
efforts.’ As part of a general study in na~~~~one 
synthesis and especially to test the quinone synthesis 
method based on cycloaddition of an alkyne with a 
carbene-chromium complex,6 we developed a general 
strategy (Scheme 1)’ that relies on two key steps. In a 
retro-synthetic analysis, we see the pyran ring being 
formed by akin-prompts ~oxy~~nylation 
of the appropriate hydroxyalkene, 3 (Scheme 1). This 
rcaction has strong general pnxzdcnt begittning with 
the Wacker proccs.s,8c including intermolecular 
examples with mono-substituted alket~es**~ and, most 
recently, in a case lo closely related to that proposed 
here. It was interesting to consider how the 
functionality in 3 might be compatible with the alkoxy- 
carbonylation conditions or how suitable protecting 
group sequences might be arranged. 

The second key step is the cycloaddition/CO 
insertion of alkyne 4 with the ~~e~y~den~ 
chromium complex 5. The desired product is 3 and 
important questions of regioselectivity and functional 
group compatibility are obvious. Formation of 3 
requires that the alkylidene carbon of Scouples with the 
alkyne carbon of 4 which bears the larger substituent ; 
little electronic directing effect is expected in the 
regioselectivity for a dialkylacetylene. A number of 
disubstituted alkynes have been studied in reaction 
withsimplearylmethylidenecomplexesrelated toSand 
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a rule is suggested that the steric elfect of the alkyne 
substituents is the primary directing influence, and that 
the fess crowded end of the alkyne tends to couple with 
the alkylidene ~arbon.~*” This trend obviously bodes 
ill for the desired regioselectivity. 

RESULTS AND DRXUggION 

Nanaomycin A (2) via intermdecular slkyne-carbene 
cyclizations 

Fo~o~g~erno~~ic~e~t~&~drn~~s 
should be taken lightly, we tested the direct reaction of 
an exampk of4 with 5. The sequential treatment of the 
te~y~op~~yl ether of l-butyne-3-ol with n- 
butyllithium, cuprous iodide, and ally1 bromide gave 
thedesiredalkynol4(R = Me,P = H;altercleavageof 
the THP ether). Protection of the alcohol with a p 
methoxylbenxyl group gave 6. Complex 5 was obtained 
according to the literature procedure’* as red crystals. 
It is moderately air stable and can be purified by 
conventional column chromatography on silica gel. 
Reaction of 6 with 5 at 55” in THF produces a mixture 
which is oxidized directly with c&c ammonium nitrate 
to remove the chromium carbonyl residues, to oxidixe 
the naphthols to naphthoq~non~ and to oxidatively 
remove the pmethoxybenxyl group.‘” A single 
naphthoquinone was detected and isolated by 
chromatography; it was identified as 7 (40% yield) 
through spectral data and confirmed in comparison 
with the opposite (and desired) regioisomer 8. Clearly, 
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Scheme 2 

tbe direct approach was not feasible. Two alternatives 
appeared: (1) a simpler; ~mono-substituted alkyne 
might give high and use&l regloselectivity and one side 
chain on the quinone ring of gcould be added later or (2) 
the alkyn~bene cycloaddition could he made 
intr~ol~~~, restricting tbe possible orientations so 
as to favour the desired regioselectivity. 

For the first alternative, a simple candidate is 
allylacetylene (Scheme 2). It reacted with S (45“, THF, 
35 hr, SP/, molar excess of the alkyne; aqueous ceric 
ammonium nitrate treatment of the crude product) to 
give 2-allyl-5-metboxy-I+naphthoquinonel* (9) in a 
yield of 52% after chromatographic purification. 
Alternatively, oxidation of the crude product with 2,3- 
dicbloro-5,6-dicyanoquinone(DDQ)inmetbylalcobol 
led directly to monoketall0 (54% yield). The initially 
formed napbtbol 11 could be isolated in 46% yield by 

chromatography before oxidation and then directly 
oxidized to 10 in 54% yield again using DDQ in methyl 
alcohol. A minor product (ZOO/, yield)&the alkyne 
carbene reaction has been terrtatively identitled as the 
furan, 12, through chemical nianipplation and spectral 
data. Acid hydroly$Is gives a kctoester, 13. The 
formation of furans’as minor products has been noted 
in earlier studiea6 

Among the strategies for adding a f-hydroxyalkyl 
side chain to 9, 10 or 11 (to give 8), we considered 
conjugate addition of carbon nucleophiles. However, 
only simple nuckophiles were sucoessful (cyanide 
anion, mtrometbane anion) and the products could not 
be manipulated into 8.r5 We aLso studied reversing the 
polarity, activating the napbtbalene unit as an aryl 
lithium species (e.g. 14 in scheme 3). For this purpose, 
the naphthoquinone 9 was reduced to naphtbobydro- 
q&tone 15 with sodium bydrosulphite in a two-phase 
‘I’HF-water mixture and selectively monoalkylated 
with n-propyl iodide in acetone to give 16 in 76% yield. 
The a-propyl group was chosen for its moderate steric 
effect, which appears to lx highly effective in this case; 
neither dialkylation product nor unreacted hydro- 
q&one was detected. Then bromination (ff- 
bromosu~ de, slow addition) and dir& metby- 
lation of the remaining free phenolic hydroxyl group 
gave tbe bromonaphthalene 17 (70”/, from 16). In the 
usual way, brominclitbium exchange with n- 
butyllitbium at low temperature was expected to give 
14; immediate trapping with acetaldehyde produced 
tbe key intermediate 18 as a colotrrless oil in 90”/, yield 
after cbromato~aphy. 

Rd 1Sb Qpe Pr6 ,S* 
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Scheme 3. Comxsion to nanaomycin A (2). 
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The Pd@)-promoted cyclization-carbonylation of 
18 proceeded at 23” in methyl alcohol with 1.1 atm of 
carbon monoxide using 0.10 mol equivalents of Pd 
chloride and excess cupric chloride a+ ,ra-oxidant to 
recy* the Pd, Chromatography produced four pure 
compounds : the cpimeic pyranocaters 1% (45%) and 
19b (31x), the product from &hydride elimination, 20 
(9%). and the solvolysis prod&, 21 (4%). The trans 
configuration of the side chains on the pyran ring is 

Id 20 Id 21 

assigned to 1A based on analysis of the IH-NMR data 
for the corresponding quinones (U, see below). The 
oxidations of 19a and 1% werecarriedout separately to 
give pyranoquinones 22a (79%) and 22h(75%). Both are 
known cornpour@ 5*-S and both have been converted 
to nanaomycin A (2) in two steps. The cis isomer can be 
equilibrated favourably to the tram in sulphuric acid.5c 
The overall process for this formal synthesis of 
nanaomycin A (2) is outlined in Scheme 3. 

Models for intramolecular carbene-alkyne cyclimtions 
With the only modest success of the intermediates 

from direct, intermolecular cydoaddition of.an alkyne 
to a carbene-chromium complex, a mod&d strategy 
was developed using an intramolecular process to 
control regioselectivity. This strategy has been applied 
in traditional cycloaddition reactions such as the Diels- 
Alder reaction” and requires that the reactants 
conveniently be tethered and later detached. Tbe 
(methoxymethylidene)omium complexes such as 5 
offer a simple opportunity for tethering an alkyne 
reactant through nucleophile exchange with a 
hydroxy-alkyne as outlined formally in Scheme 3. No 
exampie of the intramolecular alkyne-carbene cycliz- 
ation had been reported, so a series of models was 
investigated. 

An important simplification is the anhydride-like 
reactivity of acctoxymethylidenechromium complexes 
which allows replacement ofthe acctoxy unit by alkoxy, 
amino and thioalkoxy nucleophiles, an analogue of 
acyl transfer. ls A simple sequence involves two stages 

23 a:M=Li 
b: M=NBu, 

0 0 

24 

and one isolated intermediate (Scheme 4). Reaction of 
phenyllithium with chromium hexacarbonyl produces 
the lithium salt % which is converted to the water 
insoluble tetra-(n-butyl)um salt (23b)19 as a 
means of purScation.and conven&nt atora8e. The salt 
23h can be prepared in large quantity and stored 
indefmitely at 25”. It is activated lor exchange by 
acetylation at - 20” in dichloron@hane to produce the 
delicate, deep red acetate, 24. The solution of freshly 
prepared 24 was mixed with an alkynol (u) at 25” to 
producearedoilwhichwascharacterizedby ‘H-NMR 
and IR spectral data aa structure 26, but it reacted 
slowly at 25”. After 20-30 hr at 35”, complete 
conversion of 2$ to a new complex (27) was observed. 
This product was particularly sensitive to donor 
solvents such as acetone, in which the CI(CO)~ group 
moves to the less substituted ring and then is detached 
completely. For ease of isolation, the Cr(CO), unit was 
rapidly detached from 27 with triphenylphosphine, in 
the presence of triethylamine and acetic anhydride, to 
give the acetyl derivatives, 28. 

Table 1 presents the results from combination of 24 
with six alkynols (Up-25f) which were chosen to define 
ring size preferences and the influence of alkyne 
substituents. From the reaction conditions required for 
complete conversion, it is clear that these intra- 
molecular examples proceed considerably faster than 
related intermolecular cases (m/10-20 hr). All three 
ring sizes (5-7) can form efficiently, but terminal alkynes 

Table 1. Intramolecular alkyne-aubmc reaction 

Naphthol 
Reaction acetate Isolated 

fiyne COllditi0fl.P m yield Kit 

z 
26 hr/25” 16 
20 tu/35” z 81 

2 
44hr/25 7c 18 
44 luf35” 7d 62 

2!k 20 lu/35” 7e 
ut 46 lu/35 71 :: 

i In Et,0 solution with complcxea 26 used without 
purification. 

t The yield is cahlatcd overall from W as starting 
material and is based on chromatographically pure material. 

pp -yip 

m3 2’ 
wleme 4. Models for iatramolecular cahne-&yne ma&ion. 
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evolve t&a& the’ ~u~ti~~ 
art appruiimatdy the same for 

all s&&rates; we suspgct that terininal alkynes are 
oteJdoli oa but the 

by-products have not been investigated, 

NJ \ 
2Q 30 al 

produced the ethylene glycol derivative, 31, The 
salt 32 was prepared as beforeI from u- 
and activatsd with acetyl chloride as the 
ot isolated). Exchane of asetatc with 31 

in ether, complex 34 began to cyclize; after 64 hr, the 
volatile rn~~~~ was removed to leave a r~~d~~ 
(expect& to be ss) from which the uaphthol36 Gould 
be isolated after t~a~ent with excess t~ph~yl- 
ph~sp~e i.u acetone at 25” ~~~ yield). More 
efficicutfy, the residue was treated directly with DDQ 

trile to ~r~~~ the oxidativpr 
t, 37 (51% yield after chromatog- 

accomplished in a number of ways and we had been 

b: cfr 

on 8 closesy 
compound (T. Sate, unpu ). Convcr&ion 

hydroxyl to the iodide via ti p 
tolu~~~~~~~ ester ow~~~~u~on~~z~ 
metal gavt a hydroquinoae anil. t&i ‘re-oti&tion 
Kurds the desired one alcohol. Ha 

ox&cd to quinone 3& By simple abet with 
aqueous at@ 37 is oonvtrtcd directly to ktto- 

rather than by enolization.* Rcductiaa of 48 with 
sodium ~r~by~~ fo~ow~ by oxidatiou with 
(KHCQ,, methyl alcohoi, O*) gave 42 in 78% yield. 

The iinal stage is Pd-~ro~~t~ ~t~ol~~~ 
alkoxycarbonylation, b on a closely related 
conversion in our first s 
Trea~~~t of 42 with 
(10 mol equivalents) in methyl alto 
carbon monoxide [cupric chloride to recycle PdfxI)} at 

the pyran ester, 43* in ?@A yield after 
purification (Scheme 5). Analytical 
a mixt~ of isomers in the ratio 
tion produced the major isomer in 

high purity as light orange needles, m.p. 134-136”, 

81r arrangement 
with the C-I 1 alkyl group equatorial is prefemd, In the 
~~~~~R spectra, the hom~~lyli~ duping between 
H-12 and H-9 is greater when the C-9 is pseudoaxial 
~eleu~erin* C-9 shows J = 3.5 and 2.9 Xzz for Wupling 
to the i-I: and He at C-12). Treatment of the mixture 
43 with boron tribromide causes demethylation to 
the phenol and complete: ~orne~ti~~ of the GLS 
arrangement into the natural ttans series, 44 (fM”J, 
yield). 1 o Saponifbtion of with dilute 
posit ~~dro~de (me ve racemic 
deoxyfrenolicin {l) as a yellow-orange powder of m.p. 
214-214.5” (97%). It was shown to bc identical in 
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chromatographicandspec&alpropertieawithasample M.ps and bps wwre uncormcted. EkmentaI analyses were 
of natural (-)+eoxyfr~olicin.~ carried out by Samdins+ Miczoasd~ Leba, Herkv, 

Denmark. Liihimn diiw~pylamide pwpnred by treating a 

S-Y soto of tho amine (1.1 mol eouivaknts) in THF or Et,0 at 

Theintramokcularcrcloadditionofanallrynewitha - 78”, under At, with a-B~Li~(l.0 mol ‘equivaknt). The soln 

aubene-ch.romium conip1e.x allows perfkt control wasthenwarmedtooOforl5minfolIowadbycooIingto -78”. 

over the regioselectivity ofthe reaction. The anhydride 
like properties of the acetoxymethylidene-chrom&n 
goup can be used for aasy connection of an alkynol 
and the product naphthohydroquinone monoakyl 

roundbottomBaskllnderArwPIeddadawlaof6(665m&29 

ether can be readily oxidized to cleave the alkyl ether. 
mmol) in 60 ml of THFand tho homogeneous soht was stirmd 
at 55Ofor 14hr.Thomixtumwascooledt025”andpouredint0 

The overall process is applied in a short synthesis of asoln0.5Minmicammo~~iumnitrateandal MinHNO,(20 

deoxyfkenolicin (1). comprised of five or six isolated ml). After being stimtd for 1 hr. the mixture was partitioned 

intermediates. between H20 and Et,O. and from tbo Et20 layer was 
obtained a yellow oil. Preparative TLC (ailiat gel, hexane- 

EXPERIMENTAL Et,O-CH@,, 5: 1: 1) produced tho pure 7 (102 mg, 40”/. 
vieid). ‘H-NMRfCDCl,) : 6 1.6616 J = 6.8 Hz3H. -CHMeA 

Spretrc ‘H-NMR spectra were recorded with a Perkin- 
- 

Elmer RXB spectrometer operating at 60 MHx, or a JEOL 
j.l4(m,2H,-C&&CH=),3.93@rs, lH,dH),394(s,3H, 

F’X-!MQ Fourier transform spectrometer operating at 90 
-OMe), 5.09 (m, 2H;C=CHs), 5.69 (m, lH, CH=C), 6.07 (q, 

MHz &ak no&ions are reported in nusn tdative to TMS 
J = 6.8, Hz, CHMo), 6.8-7.5 (m, 3H, aryl-H). “CNMR 

intord st.an&d. '"C-NMR spectra kro row&d with a 
(CDCl,): S 23.0, 31.8, 58.0, 75.7, 110.0, 110.7. 110.9, 112.7, 

JEOL FX4OQ Fourier transform spedromcter opaating at 
128.7, 130.4, 1320, 133.7, 136.6, 149.3, 176.0,177.6. IR vz 

225 MHz Peak positions are reported in pptn relative to 
cm-‘: 3600-32OO(m, --OH), 1680(s), 1630(s), 1595 (s), 1585 

CDCl, (S 77.00). Spectra which were recorded with off- 
(s), 1465 (s), 1270 (s), 2245 (s), 845 (8). Mass spectrum m/z (tel. 

resonance decoupling have peaks reported as singlets (s), 
int.):272[M)+(63),243(68),227(49),.!99(89),135(100)Ch1ly 
on0 regioisoma was observed The s&ucmml assignment is 

doublets (d), triplets (t) or quartets (q). IR spectra were 
recorded on a Pcrkin-Ehner model 299 spectromotcr. Peak 

based on similarities and distinct dilfercnces compared to 

inten8itie.3 were recorded as strong (sh medium (m), or weak 
isomer 8 whose structure was conlirmed by conversion to 

(w). The 1602 cm-’ signal of polystyrene was used for 
nanaomycin A (2) (apt below). 

calibration. Mass spectra were. &&led on an AEI MS-902 
Reaction of pent4cn-1-yne with aarbene complex 5. To a 

instrument or a Hewlett-Packard 5487CC-MS with electron 
solnof4.oOg(ll.7mmol)ofSin lOOmIofTHFunderArat25” 

impact ion&&ion. 
was added 1.5 ml @ = 0.777, 17.6 mmol) of pent&n-1-yno 

Chromatography. Medium-pressure liquid chromatog- 
(aByIacetylene)23 and the mixture was stirred at 45” for 36 hr 

raphy (MPLC) was dono by using Lobar prepacked silica gel 
(water condenser). After being cooled, the mixture’was 

columns at pressures up to 50 psi applied by a Fluid Metering 
concentrated by rotary evaporation and the residue (A) was 

Inc. model RP lab pump. UV-act& fractions were dote&d 
dissolvedinamixturcolacatbnitrilc(50ml)aodH,O(lOml). 

with an ISCO Model UA-5 absorbance monitor. Column 
To this soln at 0” was added 32 g (58.4 mmol) of aric 

chromatography was done with E. Merck silica gel 60 (0.040- 
ammoniumnitractin50mlofH20.Tholliixturewaswanned 

0.063 mm). Analytical thin-layer chromatography (TLC) was 
to 25”, stirred for 0.5 hr and concentrated by rotary 

dono with E Merck Reauents silica gel 60 F-254 ahtminium- 
evaporation to remove most of the acetonitrilc Tho residue 

backed plates with a 0.2 t&n thickn&. Devdoped plates were 
was washed with Et20 five times, dried, and concentrated to 

visual&d undor UV light and by charring with 25% aq 
leave a brown residue. Flash chromatography gave yellow 

H,SO,. Analytical high-performance liquid chromatography 
crystalsof9(1.40g,520/,yield).Recryaallizationfromhexane- 

(HPLC) was performed with a Waters Associates system 
Et,0 gave fine yellow needles, m.p. 96.5-98”. Lit’* m.p. 
96-97”. 

equipped with : Radial-PAK B silica gel cartridges in a Model 
RCM-100 module, modd Mw)(IA solvent dehvery system, 

Isolation of 4,5-&sethcx~2~aIlyf-l-naphthol (II). Follow- 

modal U6K universal liquid chromatograph injector, model 
ing the procedure hmnediatdy above, the residue A was chro- 

4400 UV absorbance detector. model R401 differential 
matographed on s&a gel, eluting with hexane-CH2C12 

refractometer and a dual pen data module. 
mixturea First duted was a colourleas oil assigned struo 

Reagents and solvents. Et,O, THF and pdioxano were 
turo 12 (20% yidd)‘H-NMR (CDCI,): 6 3.07 (br d, 2H. J = 

distilled under Ar from benxophenone ketyl immediately 
6.0 Hz), 3.90(s, 3H), 3.%(s, 3H), 4.8-5.2(m, 2.OH), 5.56.1 (m, 

before use. CIHC chlorotrimethylsihme, dimethylformamide, 
l.OH), 6.61 (s, l.OH), 6.7-7.2 (m, 3.OH), 7.57 (dd, l.OH, J = 7.2, 

propionitrik, hexamethylphosphoramide(HMPA), diisopro- 
0.2 Hx). “C-NMR (CDCI,): d 27.8, 55.2, 59.6, 98.7, 110.9. 

pylamine, diothylamino and 2,2,6,6-tetramethylpiperidine 
113.5,114.8.120.0,120.6,124.7,126.7,136.9,140.3,15S.0,155.5. 

were distilled from CaH, (under reduced pmssuro as 
IR e cm-’ : 3070(w), 2940 (m), 2835 (m), 1645 (s), 1495 (a), 

necasary) and stored under Ar. t-BuOH was distilled from 
1385 (s), 1283 (s). Mass spectrum m/z (ml. bit.) : 244 M + (67), 

CaO under Ar. CH,Cl, was distilkd from P,O.. under Ar. 
229(76),135(100),115(10),92(15),77(31).MassspectntlMW: 

MeOH was distilled from Mg under Ar. &I was huther 
244.1098. Calc for C,qH,rOl: 244.1099. Confirmatory __ __ _ 

p~rifitdaccordingtotholit’~Anhy&oucCuCI,washcatedat 
evidence for tho struUure 12 was obtained by acid hydrolysis 
tol3.Asolnof312mn(l.28mmol)ofl2inlOmlofMeOHand 

loo” under vacuum (0.01 mm) for 15 hr and then stored under 
Ar. EtsN was filtered through a short plug of alumina 

2 ml of lo”/, ao HCl-& stirred at 25” for 30 min. Et,0 and 

immediately before use. a-BuLi and MeLi were used as sohrs in 
H,O were’added and the Et,0 layer was washed sequentially 
with H,O and sat ao NaCl before drying over K,CO,. 

hcxanc and their concentrations were determined as in the 
lit.21 

tlmonktion by rot& evaporation follo& by chromatog- 

Genercll i&rmct&m. The term %oncentrated’ refers to 
raphy of tho residue on siIia gel with mixtures of Et,O, 

removal of solvent by rotary evaporation at aspirator 
CH,Cl, and hexane as elueat gave 180 mg (54yd of 13. ‘H- 

pressure. The term ‘under Ar’ hnplias that the apparatus was 
NMR (CDCl,) : 6 2.2-25 (m,2.H), 2e3.5 (m, 3H), 3.68 (s, 3H), 
3.90 (4 3HX 4.9-6.0 (m, 3H). 6.8-7.8 (m, 4H). “CNMR 

evacuated to 0.01 mm and then 8lled with Ar three times. (~,):S~6.1,~.4,4~.~,51.6,55.4,111.6.117.1;120.7,127.8, 
13(L4,133.6,135.1,158.7,175.4,199.8.1R~an-’::731(9), 

t We are grateful to Dr. D. B. Borders, Lederle Division of 1672 (s), 1601 (I), 1487 (s), 1440 (s), 1290 (s), 1245 (s), 2265 (a). 
tbe American Cyanamid Co. for a gmterous sampk of natural Massspe&umm/z(rel.int.):262~]+(3),231(3),203(7),150 
(- )-frenolicin. (22), 135 (loo), 92 (12). 77 (27). 
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Next dutcd was 11 as a low m.p. light pink solid (46% yield) 
‘H-NMR (CIXl,) : S 3.50 (br d, 2I-Q 3.87 (s, 3H), 3.92 (s, 3H), 
4.9-~4(m,2H),5.7-62(m,1H),655(s,1H),6.75(41H.J = 8.0 
Hz),727(t,lH,J = E.OHz),7.6O(d,lH,J = 8.0Hz).‘3C-NMR 
@Cl,): d 35.4, 564, 57.6, 1063. 110.2, 114.2, 116.6, 117.5, 
119.1,125.9.125.5,135& 143.3,1u).E, 156.4. IRean-‘: 
352O(w),293O(w), 1623(w), 1598(s), 1582(s), 1380(s), 1275(s), 
1060 (8). Mass spemrum m/z (rel. int.): 244 [M]’ (lOO), 229 
(12), 188 (9k 187 (E), 135 (9), 128 (9), 115 (11). 

oxidotio4 q/l1 to &e 2-onJyl4o~1,1,5-t~x~1.4 
~~~holene(le~Toasolnofll(M6me.135mmol)in 
15 ml of MeOH tmder Ar was added 2,3dichloro5,6 
dicyanoqoinooe (286 mg, 126 mmol) and KHCC, (131 mg, 
1.31mhtol).Thed~~mixturcwasstirredat~”for20min. 
then diluted with 1Oml ofCH&lr. and loaded on an alumina 
chromatography colmnn (Woelm I neutral). Elution with 
CH,Cl, &ave 10 as a pale yellow solid, m.p. 71.5-73.5” 
(rerr)arrllimd from hexane), 254 mg 74% yield. ‘H-NMR 
(CDCl& 6 3.15 (s, 6H), 3.20 (m, ZH), 3.95 (s, 3H), S&6.2@, 
3H),656(t,lH,J = 13HzA7.18(dd,lH,J = 7.7.1AHzk7.47 
(t, HI, J = 7.7 Hz), 7.88 (dd, 1H;J = 7.7, 1.4 Hz) t3CNMR 
(CDCI,): 6 33.1. 51.5. 56.5. 97.0. 116.4. 117.4. 119.3. 130.4. 
‘34X&, i34.6,140.6,1423,158.0,183.8(onlypea&oba&d).1d 

cm-‘: 1667.(a), 1648(s), 1583(s), 1470(s), 1282(s), 1068 
$Mass spectnd MW : 274. 

Direct oxidatbn ofrssidvr A (aboae) to 10. Exactly as above, 
residue A was obtained from allylacetylene and complex 5. 
Treatment of residue A with a soln of 2,3dichloro-5.6 
dicyanoquinone in MeOH at 0” for 2 k gave a mixture from 
which the usual extraction procedures alforded 10 as a pale 
yellow solid, m.p. 72-74”, 54% yield. 

Prepomtknt qf the naphthohydroquhwne monopropyl ether 
l6.Toasalnof2BOmg(O.876mmol)of9at2Yinl5mlofTHF 
was added dropwise with vigorous stirring sodium hydro- 
sulphite (1.5 g, 8.76 mmol) in 10 ml of H,O. After 0.5 hr the 
yellow soht became oolourkss and no starting material was 
detectedbyTLC(n-hexane-Et,O,l: 1)Theresultingsolnwa 
extracted 5ve times with lXt,o. The combinui extracts were 
washed with brine,‘dried over MgSO, and evaporated to give 
15 89 a pale yellow crystalline compound. It was dissolved in 
degamed MqCCl(15 ml) and n-propyl iodide (0.427 ml, 4.38 
mmol) and K&O3 (1~ g, 8.76 mmol) were added. After the 
mixture was heuted under mflux for 1.5 hr, anadditional 0.427 
ml (4.38 mmol) of u-propyl iodide was added and the mixture 
was beated under r&x for an additional 8 hr. A linal portion 
of n-propyl iodide (0.427 ml) and further reflux (1.5 hr) gave 
completecoowwsioe Et,O(10ml)andH,SO,(15mlof 1 M) 
wereadded. Themixturewas washedfivetimeswitb EtrO and 
the combined organic extracts were was&d sequent&By with 
sataqNa,SO,H,O~brine.A&rbdaedriad(MgSO~),e 
Et,0 s@n was concentmted to leave a yellow-brown residue. 
Chromato~phy(silicagd)gavc16~c0louricsscrysta19(181 
ntg 760/, mp. 43-440). iH-NMR (-3: d 1.12 ci 3~, i = 
7.OHzl. 1.9O(sextet.W. J = 7.0HzL 3.52Idt W. J = 6.5.2.7 
Hz), 3.82(t, 2H, J = 7.0 HzA4.OO(s, 3~4.96&24(, 2H). j.94 
(m, HI), 6.73 (s, HI), 6.78 (br d, lH), 7.13 (t, lH, J = 7.2 Hz). 
“C-NMR(CDCl& 6 10.6.23.5,33.9,55.9.760.103.8.111.5, 
114.5, 115.8, 1166 125.5.-133.~, lM.9, 1369-144.7; 150.3; 
156.3.IR&?cm-‘:3445.2970.1612.1400.1373.1069.Mass 
spectn$tm/r(rel.int):.272 wj+ (79),2300,2i9(100),214 
(7.7) Anal; C, H. 

cm&&on and methylation 416 to @se 17. To a soln of 16 
(4~mg,1.76mmol)in3Omlofdryacetonitrileat -30”~~s 
added dropwise over 5 hr (syrhtge pump) a soln of N- 
bromourccirrimide (376 mg 212 mmol) in 30 ml of dry 
acetonitrile. After addition was compkte, sat aq Na,SO, was 
added at -Up and the mixture was allowed to warm to 259 It 
was diluted with HpO (IS ml) and extracted five times with 
Et,O. The combined extracts were washed with aq Na,!IO, 
and brine, dried (Meso,)l Bltered and cooce&ted-The 
residue was dissolvod~ in MeQH, and NaOH (350 mg 8.8 
mmol)vn~addod.~Afktthemixtumwasstirredfor4Omin, 
Me,SO*(17 ml, 17.6 mmd) was addal slowly over 5 min. The 
mixture was stirred for 2 hr at 25” and additional portions of 
NaOH (350 m8) and M&SO, (1.7 ml) were added. The 

additions were repeated twice more, after 4 and 6 hr. The 
mixture was then concentrated to co 5 mlat aspirator nressure 
and extracted five timea with Et,O. The combined-extracts 
were washed with ao NaHCO,. H,O and brine. and dried 
(MgSO& Concentration gave a-drown oil (59Orn~ which was 
chromatographed (silica gel; eluting with n_hexan*EtsO, 
20: i) to produce 17 as a yellow oil (450 ma 70X). ‘H-NMR 
(CDC13)f~1.13(t,3H,J =-7.OHz),1.92(sext&~J L 7.OHz), 
3.76(dt2H.J = 6.5.2.7HzL5.12fm. lHL6.03k lHL6.871dd. 
lH,J: 7.6.1.8Hz);7.4O(&i,lH,‘J 2 9.ii.7.6’Hzj,7.6$f,iH, 
J = 9.0, 1.8 Hz). “GNMR (CD@): d 10.5,23.5, 34.7, 56.4, 
61.5,76.5;lO6.7,155.2,155.7,118.9,126.S, 129.8,130.6,135.7, 
149.6.149.9,154.6,155.8.1R~~cm-‘:2940,1575.134~1263, 
1070. Mass spaztral MW : m/366 (Br isotopes). Anal, C, H 

Prepmorton of hvdro.wzkene lg. To a soln of 17 (370 ma 
1.01 mmol) in 26mi ofEt;O was added slowly(5minjat -7t? 
a soln of n-BuLi in hexane (0880 ml, 1.21 mmol of a 1.46 M 
soln). After being stirred for 20 min, the mixture was cooled to 
- 100” and acetaldehyde (0.565 ml, 10.1 mmol) in 10 ml of 
Et,0 was added over 10 min. After the mixtum was stirmd at 
-100°for0.51u,5mlofsataqNH~Clwasaddedandthe 
mixture was allowed to warm to 2Y. It was extracted three 
times with Et,0 and the combined extracts wae wasbed OIKT 
with brine, dried (MgSO,) and ooocentrated to leave a yellow 
oil. Chromatography (silki gel; mixtures of hexanu-Et,O) 
produced pure 18 (301 mg, 9(r/ as a colourk oil. ‘H-NMR 
(CDC13):a1.11(t,3H,J = 7.OHz),1.62@,3H,J = 7x)Hz),1.40 
(sextet, 2H, J = 7.0 Hz), 3.64 (m, ZH), 3.84 (t, 2H, J = 7.0 Hz), 
3.92 (s, 3H), 4.02 (s, 3H), 3.80-5.30 (m, 3H), 5.84-6.26 (m, 1H). 
7.87(dd, HI, J = 7.21.1 Hz), 7.38(t,lH.J = 7.2Hz). 7_66(dd, 
lH, J - 7.2, 1.1 Hz) “GNMR (CDCl,): d 10.5, 23.5, 25.3; 
30.4. 56.0, 63.3, 67.3. 76.0. 106.1. 115.2 115.5. 119.5. 125.9. 
127.i. 130.7, 134.1, 137.1, i49.3, iSl.0, i55.6. IR $$a& 
3450, 3090,2970,2935, 1613, 1570. 1355, 1263, 1070. Mass 
spectral MW: 330.1847. Found 33&1831. Anal. C, H. 

W-&not& cyelfrarion+rrbonylario+t rh! lg to #w 19. A 
solnof1g(110mg0.333mmol)in5mlofMiOHwkaddcd 
over 2 hr (syrin* pump) to a mixture of Pd c&ride (60 mg 
0.033 mmol), CuCl, (134 mg, 1.08 mmol)ind MeOH (5 ml) 
under 1.1 atm of CO (balloon reservoir of CO). After addition, 
themixhuewasstifisdfor2hrat25O,thea~~~ 
diluted with H,O and extracted live tinms with EtsO. The 
combined extracts were washed with HI0 and brine, dried 
(MgSO3 and concentrated. The residue showed four 
components by TLC (nhexane-ether, 1:l) of R, a7, 0.6, 
0.45. 0.40. Bach compooent was obtainal in high purity 
by multidevdopment preoarative TLC. The least polar 
c6mponeot (R 0.7) was- idaotitkd aa 19b (39 mg, 3lyJhorn 
snectral data fH-NMR (CDCl,): d 1.12 (t 3H J = 7.0 Hz). 
i.62 (4 3H, J = 6.8 Hz), 1:90(&t, 2H, J -& 7.0-I&), 266 (dd, 
lH, J = 16.8, 10.8X 268 (d, 2H, J = 6.4 Hz), 3;08 (dd, HI, J 
= 10.8,3.6Hz),3.74(s,3H),3.78(s,3H),3.99(s,3H),3.83(t,2H, 
J = 7_0 Hz), 4.44(dtd, lH, J = 10.8.6.4.3.6 Hz), 5.32 (q, 1H. J 
= 6.8Hx),6.81(dd, 1H.J * 7.6,1.1 Hz),7.33(t,lH,J = 7.6Hz), 
7.64(dd, lH,J = 7.6,1.1Hz)“C-NMR(CDC13):B10.6,20.6, 
23.6, u1.7,41.3, 51.6, 56.0,61.8.63.6,69.0, 74.9, 105.6, 114.8, 
119.3,123.4.125.5, 129.7, 130.2, 147.9, 148.3, 156.0, 171.4. IR 
~~-‘:2930,1733,1568,1335,1060.~agl~MW: 
388.1887. Found: 388.1886. 

Thenextcomponent(R,0.6)wasamignedst&nre1%(58 
mg,4Y/&‘H-NMR(CDC13):d1.10(t,3HJ~-7.0Hz),1.62& 
3H,J = 6.lHz),l.E9(sextet,2H,J = 7QHz),26O(brdd, 1H.J 
= 15.6,10.8Hz),2.62(dd, lH,J = l&6,6.1 Hz),273(dd, It/J 
= 15.6.7.2 Hz), 3.80 (ddd, lH, J = 15.6, 23,0.7 Hz), 3.72 (s, 
3H),3.74(s,3H),3.98(s,3H),3.84(m,2H),S.l4(q, lH.J = 6.1 
Hz),6.79(dd,lH,J = 7.6.1.1 Hz),7.33(t,lH.J = 7.6HzA7.65 
(dd,1H,J=7.6,1.1Hz).‘3C-NMR(CDCl3):d10.6,23.1.23.6, 
30.1,41.1,41.6,56.1,61.5,70.0,71.5,75.4, 105.7,114.8,120.5, 
125.2, 125.7. 130.0, 130.2, 147.9, 149.0, 156.1, 171.5. Mass 
spectml MW: 388.1898. Found : 388.1886. 

The next component (R, 0.45) was identitied as 28 (10 mg, 
90/&fHrNMR(CDC13):61.12(t,3H.J=7.2Hx),1.46(d,3H, 
J=7.OHz),1.92(brsextct,2H,J=7.2Hz),1.99(d,3H,J- 1.0 
Hz),2.86(s,3H),298(s,3H),3.%(1,2H.J = 7.OHz),5.76(q. Hi, 
J = 7.0 Hz), 5.92 (d, lH, J = 1.0 Hz), 6.78 (dd, lH, J = 7.7,1.4 
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Hx),7.32(dd,lH,J = 8.8,7,7Hx),7.64(dd,lH,J = 8.8.1.4Hx). 
Mass ape&rum (70 cV, EI) m/z (ml. int.): 328 w]+ (88), 285 
(100),167(23),255(21),212(21).MamspectmlM%’:328.1669. 
Calc: 328.1675. 

The next compostem (B, 0.50) was identified as 21(5 mg 
4%). ‘H-NMR(CDCl,):d l.l2@,3H, J = 7.OHx). 1.62(d,3H. 
J = 7.0 Hz), 192 (SBktCt, w). 323 (s, 3H), 3.86 (s, 3H), 4.00 (s, 
3H), 3.87 (t, 2H, J = 7.0 Hz), 3.763.9O(m, ZH), 4.80-5.08 (m, 
2I-B. 5.12 (Q, lH, J = 7.0 Hz). 5.8-6.3 (m, lH), 6.84 (dd, HI, 
J=7.4,l.i-Hx),7.34(t,lH,J=7.4Hxj,7.66(dd,lH,J=7.4, 
1.1 Hz). IR v?’ cm-’ : 2930.1610.565.1257.1060.910.735. 
Mass se (70 eV, EI).m/r (rd. iht.): 344 &l]’ (loO), 
269 (67), 254 (31), 239 (11). Mass spectral MW: 344.1978. 
Calc: 344.1988. 

Oxidurion ofl9a to giw 22a. To a soln of 19a (40 mg, 0.103 
mmol) in 4 ml of acetonitrile at 25” was added dropwise over 5 
minasolnofcericPmmo~iumnitrate(l69mg)inH 
Aftcrbcmgstimdfor5min,themixturrwasdilutadwithH20 
(5 ml) and extracted three times with EtOAc. ‘lhe combined 
extracts were washed with brine, dried (MgSOd and 
concentrated to give an orange oil. Chromatography (1.5 g 
silicagel,hexane-EtsO, 1: 1)gave 27mg(790/,)ofZaasyeUow 
crystals (hexane-EtsOA mp. 144.5-145”. Spectral data match 
the published data (no m.p. given).” Anal. C, H. 

Oxidation of 1% to giue 22b. By the same procedure as that 
fortherrans-l%thecisisomer1#(61 mg)wasconvertedinto 
22b (39 mg, 75%). Spectral data match the published data’b 

Premuation of alkvnols 2!Q W and 251. These kev 
sub&ates for cy&tion (Table 1) were prepared from 
commercially available alcohols (Zia, 25e, 2Sd) by conversion 
to the tetrahydropyranyl ethers using conventional pro- 
cedures and methylation of the alkynyl lithium derivative. 

General procedure for methylatfon @THP ethers OgZ!Sq 2!Je 
andUaThenactionwaspaformadundaAr.ThcTHPethcr 
was dissolved in degamed THF (N 1.5 ml/mm01 THP ether) 
and was cooled to - 78”. a-B& (1.1 equivalents) was added 
and the reaction was stirred for 30 min at - 78”. The soln was 
removed from the cold bath for 5-15 min to pure complete 
metallation and then returned to - 78“. The alkylating agent 
(Mell.lequivalents)~addodQato~usingasyringtand 
the reaction allowed to warm to 25”. Upon consumption of 
starting material (as indicated by GLPC) the solvent was 
removed on a rotary evaporator and the residue was 
partitioned between Et,0 and H,O. From the organic layer 
was obtained a yellow oil which was purified by distillation. 
Simple distillation providea a product of su5cient purity for 
the next stage. 

General pracedurefor &wage of the THP ether of 2S, ud 
and 2% The THP ether was dissolved in MeOH. Enough 1 M 
hydrochloric acid was added to make a 2: 1 (v/v) soln of 
MeOH-HCl. If neozmary, a further small amount of MeGH 
wasaddbdtokceptheTHPethsrinsoln.Thseolnwass~ 
at 25” until starting material was consurrud (generally l-2 hr ; 
monitored by GLPC). The MeOH was removed on a rotary 
evaporator and the aq residue was extracted with EtsO. The 
organic layer was dried (MgS03, tilteral and the solvent 
removed on a rotary evaporator. The residue was puritkd by 
fractional distillation. 

Preparation of 3-pentyn-l-of (2Sh) Following the general 
procedure, the THP ether of 3pentyn-l-ol(l.54 g, 9.2 mmol) 
andlMHCl(l3ml)werecombinedwith2OmlofMeOHand 
stirred for 48 hr. The usual isolation procedure gave 401 mg 
(520/,)of2!%asalightyellowliquid.’H-NMR(CDCl,):61.80 
(t, 3H. J = 3 Hz. -Me), 2202.70 (m, 3H. -CHxE and 
OH), 3.67 (t, 2H, J = 7 Hs C&OH). 

Preporation of Chexya-l-of (w). Following the general 
procedure, the THP ether of 4-hexyn-l-ol(3.73 g 21 mmol) 
and 3 M HCJ (25 ml) were combined in MeOH (50 ml). After 
17 hr. the usual isolation procedure and fractional distal- 
Won gave 926 mg (48%) of 2!U as a clear, @ourless oil. 
‘H-NMR (CDQ: 6 1.55193 (t and m, 5H, -Me and 
--CH,C~CH,--).207(~lH,OH),W(m.2H,--CH,~ 
3.70(t,2H.J=5Hx,-C~OH).IR~cm-‘:33~(vs, 
-OH), 2930 (vs), 1440 (sh lodo (6). 

Preparation of 5-hepryn-l-of (ur). Following the genera) 

procedq the THP ether d 5-heptyn-lot (350 mg, 1.79 
mmol) and 1 M HCf (25 ml)wre combined in MeOH(7 ml). 
After i.25 hr, the u&l isolation Jmmthuegave 135 mg(67%) 
ofEhcDtvn-l-o1125n~acolourlsgoiL1H-NMR(CDCI,):6 
1.50-1.95 (m. 7ir, LMe and -CH,CH,-), 2i5 (q-&L 
~H1~3.65(nsul-O~lR~~-1:3350(vs. 
-0I.Q 2940 (vs), 1440 (aA 1068(a), 

Gensral procedure, for intramolecrdar cyclisarion. 
Prepmarion ojrhe carbenecOmplexe& 26. The salt 23b (1.0 mol 
eouivalent) was dissolved in C&Cl, (20 ml/mm01 of 23b) 
tmder Ar Theflask wascoveredwi~ha&iniumfoil,cookd to 
- 20” and from an addition funnel was added a soln of a&y1 
chloride (1.1 mol equivalent) in CHsCl, (7 ml/mm01 of 23h) 
dropwise over 5 min to give a deep red soln. After addition, the 
mixture was warmed to -10” and stirred for 45 min. The 
dkyn01(25,1.0m01cquivriknt) ~mddalasasolninCH,a, 
(1 ml/mmol) and the soln was stirred at 23” until the alkynol 
was consumed (l-6 hr; monitored by analytical TLC). The 
mixture was concentrated at aspirator pressure and the 
residue was washed with several small portions of pentane to 
dissolve carbene complex 26 (all operations under Ar). The 
collected pet&me solns wereconcentrated to leave thecarbene 
complex (26) as a rod oil or solid. This material was used 
directly in the next operation. It was generally of high purity; 
representative spectral data are given below. 

Complex 26b. Complex 23h (414 mg, 1.12 mmol), acetyl 
chloride (97 mg, 1.23 mmol) and Zpentyn-l-ol(94 mg, 1.12 
mmol) were combined following the general procedure. 
Compkx26bwasobtainedasade&edo~(293m~7~/~. ‘H- 
NMR (&C,H3: b 1.43 It. 3H. J = 3 Hz Z-Me). 2.1-24 
(m,2H:~~,~A4.22it;ZH,j = 7H~+)CH,-~6.90@, 
5H, aryl-H). IR v$$“’ cm-’ : 2050 (s, -C=O), 1930 
(vs. a), 1225 (m), 755 (m), 650 (s). 

Complex 26d. Complex 23h (410 mg, 1.11 mmol), acetyl 
chloride (96 mg, 1.22 mmol) and Chexyn-l-ol(lO9 mg, 1.11 
mmol) were combined following the general procedure. 
Compkx26dwasobtainedasadeepredoil(339mg,81~).).‘H- 
NMR(d,-MexCO):6i.68(t.,3H.J= 3Hx,rC&),21~255 
(m, 4H, -CH,CHs-), 4.85 (t, 2H. J = 6 H& --OCHs), 7.10- 
7.55(m,5H,aryl-H).IR~~~cm-1:2060(s,~),1940 
(vs, a), 1440 (m), 1155 (m), 660 (6) 

Complex W (408 mg, 1.1 mmol), acetyl chloride (% mg, 
1.21 mmol) and 5-heptyn-l-o1 (123 mg, 1.1 mmol), were 
combined following the general procedure. Complex w was 
obtained as a deep red oil (327 mg, 76%). ‘H-NMR (d,- 
Me&O): 6 1.7 (t, 3H, J = 2 Hx, s&j.& 205 (m, 6H. 
-CH&H,CHs-), 4.86 (t,2H, J = 6 HS -OC&_Is-), 7.05- 
7.65 (m, 5H, a&H). Note : integration at 5 2.05 is complicated 
by d;-Me& absorption. IR iz cm- 1 : 2070 (s, a), 
1985 Is. ~1194O(vs. -1.1215 (mh 668 (s). 

Cy&ration of’inodel Co&ounds 6. The ‘&bene .compkx 
wasdissolvedinEt,O(~30ml/mmolof26)underAr.Thesoln 
was heated at 35” until the starting complex 26 was consumed 
(monitored by analytical TLC). The solvent was removed on 
an aspirator. The resulting chromium+ren c complex 27 am 
be isolated as a bright orange powder by dissolving the residue 
in hexane-EtsO(1 : 1)andUlteringthesoln throughashort 1.5 
x 1.0 in) silica gel column (under Ar), eluting with hexanc- 
Et,O(l: l).Theproductsaresensitivetoairanddonorligands 
(Me&O solvent), and were not obtained in analytical purity. 

Ligand remowl : isolatibn of the napktkol acetat4zq 28 Crude 
27 was dissolved in degassed MesCO (20 ml). Triphcnyl- 
phosphine (2 mol equivalent), Ac,O (1 ml/mmol aubene 
complex 27) and EtsN (0.5 ml/mmol carbenc complex 27) were 
added and the soln was stirred at 25’ until starting material 
was consumed (12-24 hr). The solvent was removed on an 
aspirator and the residue was purifkd by medium pressure 
liquid chromatography to give 2g as a colourless solid. 
Analytically pure samples were obtained by dissolving the 
acetate in a minimum amount of Et,O, adding a large excess 
of pentane and cooling to -15” until crystallimtion was 
complete. 

Reparation of 21r Aeylate salt 23h (40s mg, 1.1 mmol), 
acetyl chloride (95 mg, 0.12 mmol, 0.86 ml) and 3butyq.l-ol 
(77 mg, 1.1 mmol, 0.083 ml, p = 0.929) were combined as usual 
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in CH&l, (20 ml). Carbene compkx 26a was obtained as an 
orange-ted powder. The powder was immediatdy dissolved 
in Et,0 (30 ml) and stirred for 26 hr at 35”. The crude material 
wasdissolvedin Me,CO(lOml)andtreatedasdescribedwith 
triphenylphosphins(7kXttnJ, 2.7mmd),Ac,O(l tnl),andRt,N 
(0.5 ml), for 16 hr followed by medium premure liquid 
chromatography (hexane to ehtte excessttiuhenyfnbosphine, - _ _. 
then hexan+Et,O, 10: 1) gave 31 mg(l6o/,)of %-as a yell04 
oil. ‘H-NMR (CD&): d 2.43 (s, 3H. -COMe),~3.37 (t, ZH, J 
= 7 e ArCHI-), 4.76 (t, W, J = 7 Hz, -OCH,O-), 7.12 
(s, lH), 7.46 (m, 2H), 7.75 (m lH), 7.88 (m, 1H). t3C-NMR 
(CDCI,): b 20.9. 30.7. 71.9. 115.4. 119.1. 120.7. 121.4. 121.8. 
i25.8,126.1,1264,138.0,153.4,170.0.1R&4cm-’:3065(w); 
1760(s,C=O),1365(s),1205(s),1060(s),905(m).Massspectral 
MW:228.Anal:C,H. 

prepmation (428c Acylate salt 23h (413 mg, 1.11 tnmol), 
acetylchloride(97mg,1.22mmol,0.O88ml)and4-pentyn-l-ol 
(93 mg, 1.11 mrnol, 0.098 ml, p = 0.940) were combined. 
Carbenc complex 26e was obtained as a deep red oil (337 mg, 
83%) and was dissolved in Et,0 (30 ml). The m-action was 
compkteafter44hrat35°.~~p~u~w~~~lv~in 
Me,0 (10 ml) and treated with triphenylphosphine (700 mg, 
2.7 mmol), AcsO (1 ml) and Et,N (0.5 ml). After 8 hr, medium 
pressure liquid chromatography (hexane to elute exoess 
triphenylphosphine, then hexane-Et,O, 10: 1) gave 44 mg 
(180~)ofZBcasayellowoil. ‘H-NMR(CDCl,):b208(m,2H, 
CH,C&CIQ, 2.38 (s, 3H. COMe), 2.81 (t, W, J = 7 Hx 
ArCHI), 4.22 (m, W, -OCH,-_X 6.78 (s, lH), 7.01-7.69 (m, 
3H), 8.02 (m, HI). i3GNMR (CDCl,) : t5 20.9,223.24.9,66.7, 
115.1.119.6, 120.8, 121.8, 125.6126.1, 139.2, 143.0, 169.9. IR 
~mn-‘:3080(w),1765(s,~),1365(s),1200(s),910(s). 
MaasspectmlMW:242.Anal:C,H. 

Preparation @Be. Acylate salt 23b (4% mg, 1.09 mmol), 
acetyl chloride (95 mg, 1.2 mmol, 0.086 ml) and 5-hexyn-l-ol 
(107 mg, 1.09 mmol, 0.113 ml) were combined as usual in 
CH,Cl, (20 ml). Carbene complex 26e was obtained as a deep 

ml) and treated with triphenylphosphine (70 mg, 2.fmmbl), 
Ac,O(lrnl)andEt~N(O.5ml).Theacetate2&wasisolatedby 
medium pressure liquid chromatography (hexane to elute 
excess triphenyiphosphine, then hexane-Et,O, 10: 1) as a 
whitcsolid(99mg,380/,lap.89.~90.5”rLH-~MR(CDC13:6 
1.90 (m, 4H. -CH,CH,--). 2.35 (s. 3H, COMe), 286 (m. 2H. 
~rcz&), 4.66 (m 2i1, +CH,-~-~.%(G lm’7.26-7.75 (6 
3H), 8.1O(m, HI). ‘3GNMR(CDCl,):d 20.9,25.6,32.3,34.3, 
73.3,120.8,122.5,125.9,126.9,126.1,128.6,129.7,141.4,153.3, 
170.0.IR~cm-‘:3065(w),1770(s,c+o~1370(8~1200(a), 
1055 (s), 915 (s). Mass spectral MW: 256. Anal : C, H. 

preparation of 28b. Acylate salt 23h (4O!I mg, 1.1 mmol), 
acetylchloride(%mg 1.21 tnmo~O.o87ml)and3-pentyn-1-01 
(92 mg, 1.1 mtnol)were combined as described in CH,Cl, (20 
ml). Carbene compkx 26b was obtained as a deep red oil (343 
mg, 85%). The crude product was dissolved in Me,CO (10 ml) 
and treated with ttipbenylphosphine (750 mg, 2.9 mmol), 
Ac,O (1.5 ml) and Et,N (0.5 ml). Acetate 2Bh was isolated by 
medium pressure liquid chromatography (hexane to elute 
excess triphenylphosphine. then hexane-Et,O. 10: 1) as a 
colourkas solid (184 mg, Slo/, m.p. 117.5-118.50). ‘H-NMR 
(CDCl,): 6 210 (s, 3H, ArMe), 234 (s, 3H, -COMe), 3.08 (t, 
2H, J = 9 Hz, ArCH1-), 4.50 (1. ZH, J = 9 Hx, --OCH2-), 
7.01-7.89(m,4H).L3CNMR(CDCl,):d 13.6.20.3,29.7,71.6, 
119.0,120.0,120.9,121.5,123.9,124.6,126.0,126.6,137.5,152.6, 
169.4.IRv~cm- ‘:3070(w), 176O(s,<=o), 1400(s), 1210(s), 
1175(s)MaasspectmlMW:242Anal:C,H. 

Preparat& ofZea. Acykte salt 23h (413 mg, 1.11 mmol), 
acetyl chloride (97 mg, 1.22 mmol, 0.088 ml) and Qhexyn-l-01 
(109 mg, 1.11 mmol) wete combined as described in CHICll 
(20 ml). Carbenc complex 261 was obtained as a red oil (368 
ma, 87%). It was heated in Et,0 (30 ml) for 44 hr at 35”. The 
m&e product was dkdval h tie& (10 ml) and treated 
with triphenylphosphine (750 mg, 29 mtnol), Ac10 (1 ml) and 
Et,N (0.5 ml). The acetate (#r) was i&I&d by medium 
pressure liquid chromhtography @wane to elute excess 

triphenylphosphint, then hexane-Et,O. 10: 1) as a colourlws 
solid (153 mg, 62%. m.w. 117.5-l 19.5”). ‘H-NMR(UXX: 6 
202 (m. 2H,-a&&-), 2.10 (s, 3H, ArMe), &(m,_jH, 
-COMe). 264 It. 2H. J = 6 Hz ArCH,L ‘4.18 (dd. W. 
-OCH,L), 7.17-7.65.(m, 3H), 8.02 (m-iH). ‘*I&R 
(CDCl,):d 14.1,22.0,23.8.29.3,72.2,105.3,114~118.9,120.2, 
122.8,123.1,123.3,135.3,145.9,166.6.1R~un-’:3070(w), 
176O(s,C=O), 1360(s), 1210(s), 118O(s).MassapectmlMW: 
256.1076. Calc: 256.1099. 

Prewarion qf2lR. Aoylate salt 23b (1.650 g 4.45 mmol), 
acetyl chloride (385 mg, 4.9 mmoi, 0.35 ml) and 5-hexyn-1-01 
(498 mg, 445 mmol, 0.500 ml) were combined as usual in 
CH,C1,(100ml).CPrbcnecomplext6fwssobtaiaedrsadeep 
redoi1(1.53g,830/,).ItwasheatedinEt,O(l25ml)at35“for46 
hr. The solvent was removed on an aspirator and the residue 
was washed once with hexane. Removal ofresiduals&ent on 
a vacuum line gave 1.04 g (73%) of crude arene complex 27fas 
an oranB?+llow powder. A sample of 27f(235 mg, 0.65 mmol) 
was dissolved in Me,CO (5 ml) and treated for 4.5 hr at 25” 
withtriphenylphosphine(500mg, 194mmol),~0(1 ml)and 
Et,N (0.3 ml). Acetate 28f wp9 isolated by ntedium ptwsure 
liquid chromatography as a colourless solid (148 mg 620/, 
overall, m.p. 109.5-l 10.5”). ‘H-NMR (CDCl~: 6 1.83 (m,4H, 
-CH,CH,X 2.20 (a 3H. ArMe). 2.39 (m, 3H. -COMe), 2.91 
(m, 2Ii. Ar?H,-j, 4.0s (dd, 2H, -&II,-), 7.19-7.66 (m, 
3H), 7.99 (m, HI). “CNMR (CDCI,): 6 13.6,28.5,24.5,28.2, 
320,73.0, 120.6, 1221, 125.3, 126.1,126,8, 130.5,140.2, 153.7, 
16921R~“cm-‘:3075(w),1765(s,C=O),1360(s),1200(s), 
1175 fsl. l= (s). Mass succtral MW : 270. Anal : C H. . ,- 

Prepamtlon ‘bf l-no&-4-yn-5-ol (29). The tetrahydro- 
pyranyl ether of 1-hexyn-3-ol was prepmod by the general 
procedum. (see above). A sample (364 mg, 2 mmol) was 
dissolvulinTHF(lOml)andcookdto -78°.n-BuLi(l.0mlof 
a 2.3 M soln in h&ane) was added over 5 min. The soln was 
stirred at - 78” for 10 min. removed from thecold bath for 10 
min and.then returned to -- 78”. Solid anhyd CuI, (Alfa, 382 
mg, 2 mtno1) was added all at ona. The Rash was removed 
from the cold bath and stirred at 23” for 30 ruin. Myl bromide 
(266mg,22mmol,O.l9Oml,p = 1.398)wasndtkdallatonce 
and the mixture was stirred for 14 hr at 23’. Saturated aq 
NH,Cl(S ml) was added to quench thereaction.The THF was 
removed on a rotary evaporator and the aq residue was 
extracted with EtlO. The organic phass was dried (MgS03 
filt~andthesolrmtrcmovedonarotaryevaporatortoeive 
484mg ofthe tetrahydropyranyl ether of I-nonen4yn-5-ol as 
a light yellow oil which was used without further p&6cation. 
‘H-NMR (CDCl,): 6 1.92 (m, 3H. -Me), 1.62 (rn, lOHA 295 
(m, ZH, -CH@C), 3.363.95 (m. ZH, a,-), 4.37 (m, 
1H. -0CHG). 4.81-5.93 (m. ABC nattern, 4H. ally1 and 
-&Hw). 1d.p: cm- ’ :‘2&0 (v& 1645 (tn, a-), 
1200 (m), 1110 (s), 1020 (vs), 870 (m), 820 (m) Following the 
general procedure for hydrolysing tetrahydropyranyl ethers, 
theTHPetherof1-nonen4yn-5-o1(9O4m~4.l3mtnol)and 1 
MHCl(6ml)werecombinedinMeOH(12mI).After1hr,the 
usual isolation procedures gave 549 mg (%*A of 1-nonen 
yn-5-o1(29) as a colourless liquid. NMR (CDCl,): 6 0.96 (tn. 
3H,-m 1.2-1.8(m,4H,XH,CH,-), 1.95(s, lH,-OH), 
3.0(m.2H.-CH,C=CL4.36(m,1H,-CHCSI,4.9-6.1(m, 
AR&&rn,3H,-klyl). JR&&-’ :-335O(s-_jjH),2%O(s), 
214o(w.~-~164o(m,olcfia).1415(m).1o2o~s~92o(s). 

Pr&ration of cetho;(yc(lrbonv~ti~4~ 
(30). NaI (4.68 g, 0.031 mol) was dissolved in Me&O (25 ml). 
Ethyl bromoacctate(4.17 g, 0.025 mol, 2.77 ml, p = .1.506) was 
added all at once and the mixture was heated under reflux for 
1 hr. The Me&O was removed on a rotary evaporator. The 
crude reaction mixture was washed with EtxO several timee 
and filtered to separate the ethyl iodoacetate from NaBr. The 
Et,Owasremovedonarotaryevaporatorandthensidue~ 
dissolved in, THF (35 ml). Non-l4n4yn-5-ol(29) (287 .g 
0.021 mol) was added ‘in one portion; the system was 
evacuated and tilled with Ar. NaH (1.5 gofa W/Od&erxi~nin 
mineral oil, 0.03 1 nunol) was added under a slow flow of Ar in 
small portions. After the su@nmsion had been stirred for 48 hr 
at 23”) the solvent was removed on a rotary evaporator. The 
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residue was dissolved in Et& and washed three times with 
H,O. The orr@c layer was dried (M&X&), filtered and the 
soivent removed on a rotary evaporator. CoIumn cbromatog- 
rapbY (s!J@ ._ 
=PgQWX) o#!k 

J x 18 in c&mm, bexane-Et,Ot 5 : 1) gave - ._ 
ssa~~o~‘H-);j~(CDCIs):60.95 

tbr f 3H. --Me& I.25 (t, 3H. J = 7 Hz, -COOCHIMel. 1.66 

~~ttrm,~ylr;ld--ocH~iR~cm-‘:~(~~ 
224o(w, -cSC-h 1740(W), l64O(t&--o, l%O(vs~ 
1200 (VSX 1120 (vs& 920 (8) Mass speotral MW : 1%. 

Preparation qf 4(2+drexyerhoxy&c-l-ea+ne (31). 
Lithium aluminum hydride (777 mg. 20.45 mmol) was placed 
in a three-necked round bottomed flask equipped with a 
stopcock, dropping funnel and a&ring bar. Et,0 (50 ml) was 
added and the system was pIaced under Ar. Compound 30 was 
dissolved in Et,0 (IO ml) and the soln was transferred via 
syringe to the dropping funnel and then addeddropwise to the 
reaction mixture over 20min. The mixture was stirred for 2 hr 
and then carefuRyquenched byadditionofEtOAc(lSmi)and 
then HxO (IS -ml). The r&Ring white anulsion was 
thorouahlv washed with Et,O. The orxanic DbllSC was dried 
(MgSO~),~6ltered and the- solvent r&o& on a rotary 
evaporator to give 1.56 g (84%) of alcohol 31 as a colourlcss 
oil. NMR (CIXX): d 0.95 (br t. 3H, -Me). 1.62 (m. 
4H, -CH;CH,+, 2.35 @r s, 1H; -0Hjl 3.0 (& 
W, -CH&=C-), 3.40-4.20 (m, SH, -OCH,CH,O- 
and -OCHC=), 4.89-6.12 (m, 3H, ARC pattern, aIly1). IR 
Ps cm - 1 : 3400 (vs, -OH), 2940 (vs), 2220 (w, -C=C-), 
1640 fm. -C=c-L 1330 (8). 1105 (vsl. 1050 (vs). 920 (vs). 
74o(~j. MISS spwiii MW ~‘182. . ‘. . ‘_ . ‘. 

Formation and cyclization o/ cmbene’ complex 34. 
Preparation of 37. Exactly as above for 26, the &t _32&WO 
g, 2.4Y mmol), aatyl uhloride(216mg, 2.74mmoI)and alcohol 
31(563m~249mmol)wcrecombincdinCH~CI,(~)O).The 
standard isolation procedure gave 806 m&Xi”/ ofcarbene 34 
as a ted oil. The crude carbtmecompkx was dissolved in EtsO 
(50 ml) and the mixture was heated under r&x for 64 hr. The 
solvent was removed on an aspirator and the crude product 
was dissolved in 20 ml &gassed acetonitriicH,O (10: 1). 
DDQ (335 mg, 1.5 mmol) was added as a solid to the reaction 
rnixtureinsmallportionsunderaslowflowofAr.Thereaction 
is ‘self-indicating as excess DDQ is evidenced by the 
appearance of an intense brick red colour in the mixture. After 
addition was complete, the acetonitrile was removed on an 
aspirator and the &due was taken up in Et,0 and washed 
with sat aa NaHCO\. The oraanic lava was dried (MaSO,). 
filtered and the sol&t rem&d on-the rotary evapkator: 
Medium pressure liquid chromatography (gradient elution 
with hexanc and Et,O) xave 273 mlz 150X) of 37 as a vellow 
oil. ‘H-NMR (CDt?l~j:-6 0.85 (br-< 3.H. -Me), 1.49 (m, 
4H, -CH,CH,-), 3.35-3.80 (m, 6H. -CH,c=c- and 
-GCH,CH,G-), 3.90 (s, 3H, -GMe), 4.82-5.09 (m, 3H, 
ally1 and ArCHG-), 5.6-6.0 (m, 1H. allyI), 7.13-7.65 (m. 3H, 
aromatic). “C-NMR (CDCI,) : 6 13.5 (q), 19.4 (t), 29.7 (t), 37.3 
(t), 56.0(q), 61.3(1),71.2(t), 75.9(d), 116.2,117.3,118.6, 133.9, 
lzc4!, 134.9,143.7(s), 147.2(s), 159.0(s), 184.1 (s), 184.8(s).IR 
v”... cm -’ : 3510 Is, --OH). 2970 Iv&. 1650 (vst. 1630 Is 
?=C--), 1590 (vs), 1270 (vs), 1 I16 (vs). 106fi (vi), 920 (& 
Mass spectral MW : 344.1620. Cak for C,&,O, : 344.1623. 

Preparation of ~o~y&o~p~~~~ (40) Quinone 37 
(273mg,0.79mmol)wasdissolvedinMeGH(lOml)underAr. 
Aqueous HxSO, (lOml of 1.25 M) was added and the reaction 
was stirred at 23” for 6 days. The solvent was removed on a 
rotary evaporator. The aq residue was cxtractsd with Et,O, 
the organic soln was dried (MgSO,), l&red and the solvent 
removed on a rotary evaporator. The residue was purified by 
filtrationthtougba50:XImixturtofCeiiteandsilicagelunder 
Ar, eluting with hexane-Et,O, to give 40 as an air-sensitive 
red-brown oil. ‘H-NMR (CDCl,): 6 0.99 (t, 3H, J = 6 Hz, 
-Me), 1.48-1.81 (tn. 2H. --CH,CH,Me). 2.82 (t. 2H. J = 6 
HZ), i.33 (dk 2~. J i 5.41.0 H~m-C&&c-j.j.96\~ 3H 
-0MeX 4.9S5.25 Im, 2H, aIN1 C==CH,!_ 5.72-6.15 (m. 1H. 
ally]), 6.72(dd. J = 60.1.0 Hz, aromatic), r&(t. lH, J = 7 Hi 

aromatic), 7.70 (dd, lH, J = 6.0,l.O Hr., aromatic). IR vz 
cm-1:3400(m,--Ofi),2960(m).2930(~1690(m~1450(m), 
MOO(s), 1260(s), 1060(s). Mass spar&al MW: 300.1365. Cak 
for CtsHa,,O,: 300.1361. 

Prepurution of&4 - dihYdroxy - 3 - (i - hydro~ybnryl) - 5 - 
mPrhoxy-2-tmtzst-i-~~~(4~~Toa~of~(376 
mg, 1.25 mmol) in THF (10 ml) under Ar was added solid 
NaRH,(l10mg,2.9mmol)at23”.TbemixturewasaRowedto 
stir for 15hr,thend&tted with l.O~ofH~O~d~y~t 
with K&O,. The mixture was partitioned between 10 ml of 
des~brineandK)mlofdsepseedEt,OCH,C1,: l).The 
aqlaycrwash;lrthcrextraetedwithmrelOmlportionofEt,~ 
CHxCl, (2: 1). The combined organic soins were washed with 
degassed brine, dried (Na,SO3. filtered and concentrated in 
~.fheawittriol~~.w~o~~sdas~nsmberoii(369mg. 
98X). ‘H-NMR (CDCl3: 6 9.5 Is. 2Hl. 7.7 fbr d. 1H. J = 8.0 
Hic7.25 (br f 1H J = 8:b Hz), 6.73 (br’d, 1H J ~‘8.0 Hz), 6.2- 
5.7~r~l~S.~8(~3~4.03(~3H~4.2-3.8(~2~3~ 
(brd,lH,J = 7.0~~2~.8(n57H).IR~~-‘:3350@r 
s),3OW(w),2970(&?870(m), 1630(w), 1610(m), 1580(m), 1450 
(Sk 1380 (vsh 1250 (vs). 

Freparation of 3-(-I-hydroxybntyl)-2-(prop-2-enyf)-5- 
methoxy-1,4-napitrhogaiaone (42). The crude 41(312 mg, 1.03 
mmol) was stirred in a mixture of DDQ (224 mg. 099 mmol), 
KHC0,(117mg, 1.17mmol)In lOmlofMeOHunderArat0” 
for 1.0 hr. Dilution with CH,CII and filtration through 
alumina gave crude 42 as an orange oil (242 mg). Flash 
chromatography on silica gel (15 g; elution with Et@-pet. 
ether,4: l)gavcpure42asanorangeoil( 134mg450/,)from40. 
‘H-NMR (CDCls) : d 7.8-7.5 (m, 2H), 7.25 (dd, Hi, J = 8.0,2.5 
Hz), 6.1-5.6 (m, Hi), 5.3-5.0 (tn. 2H), 494.6 (m, lH), 4.00 (s, 
3H),3.72(d,lH,J = llHx),3.38(brd,2H,J = 3.5Hx),2.2-1.3 
(m,4H),O.95(t,3H.J = 6.0Hx).JR~~cm~‘:3500@rs),3800 
(w~~(s~~~(m~2~(m~~6~(dvs~l6~(s~l5~(vs~ 
1470(vs),145O(vs),l28O(vs).Massspect~m/z(rel.int.):3OO 
EM] + (58), 282 (30), 271(28), 257 (lOO), 239 (33), 229 (19), 214 
(12). 

Preparation of pyram ester 45. The hydroxynaphtho- 
quinone 42 (174 mg. 0.58 mmot) was stirred with a mixture of 
bis(acetonitrile)Pd dichloride (14 mg, 0.058 mmol), anhyd 
CuCl, (171 mg, 1.27 mmol) and MeOH (3 ml) under CO (1.0 
atm) for 3.3 hr and gave essentially one component by 
analytical TLC (Et,0 on silica gel, R, 0.35). The mixture was 
concentrated at oil pump pressure, triturated with C,H, (5 ml) 
and purified by flash chromatography on silica gel (5 9). 
EIution with Et&-pet. e&r (7:2) gave as the main 
component an orange viscous oil (144 mg, 70%). Analysis by 
HPLC (PoraciJ column, hexane-EtOAc, 8: 1,s ml/mm; & 
trans 8.85 ml, R, cis 10.3 ml), indicated a mixture of isomers in 
the ratio 75 : 25 later identitled as a tram-& mixture 43s and 
43b. The chromatographed material was crystal&al from 3 
ml of warm hexane-EtOAc (3 : 1) to provide pure 431 as dark 
orange needles, m.p. 128-133”. Rectystalllzation gave the 
analytical sample, m.p. 134-136”. ‘H-NMR (CDCl,): S 7.7- 
7.4(& 2H), Zljfdd, i-H, J = 7.5.25 Hz),4.8O(br 5 1H; J = 5.0 
Hz),44-4.l(m. 1IH3.97(s.38).3.70(s.3HL2.85-2.58(m.3H1 
2.22 (ddd, 1H.J =‘i7.0, id.4 ii0 Hxj, i.9-1.2 (tn$4I$O.P5 ci; 
3H,J= 6.5Hz).IRv~em- ’ : 3030 (m), 2960 (m), 2880 (m), 
2840 (m), 1735 (s), 1660 (vs), 1590 (s), 1470 (m), 1440 (s), 1280 
(vs). Anal : C, H. The cis isomer 43h has been characterized 
previously.* i 
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