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1. Introduction 

The D&z annul&m reaction [l-6]. involvin: 
chromium carbene complexes, with a conju@ed vinyl 
moiety, and alkynes, provides one of the most effective 
and regioselective synthetic methods for the efficient 
preparation of diversely substituted benzenoid systems 
(Scheme 1). Indeed. this reaction has frequently been 
used as the key transformation in the synthesis of 
natural products and other aromatic systems possessing 
an army of functionality and skeletal frameworks [I-5]; 

also, see refs. L4.51 in Ref. [7], ref. 161 in Ref. [8] and 
Ref. [9-II]. The only significant drawbacks with this 
methodology we that. under standard thermal condi- 
tions. reactions are often completed only following pm 
longed periods and low product yields nre regularly 
encountered. More recently, w: have reported [12.13] 
that the use of ultrasound techniques and dry state 
adsorption (DSA) methods. in conjunction with a stan- 
dard oxidative work-up, both dmmatically reduce rexc- 
tion times and improve cycliration yields in most cases 
tried. Furthermore. these techniques have now been 

utilised with equivalent and notable success by other 
workers [ 141. 

In order to demonstrate the applicability of these 
modifications. we have recently initiated a number of 
routes towards targets of biological importance using 

the D&z annulation as the key synthetic step. In pa&u- 
lar, compounds containing the 2-hydroxy-IAnaph- 
thoquinone skeleton are known to display significant 
anti-protozoal activity [ISI and, more rewntiy, some 
analogues have displayed high levels of potency against 
sapsucking insects which are noted for their resistance 

to more conventional pesticides [16]. Amongst com- 
pounds of this general class, parvaquone (1) foriginally 
marketed by Wellcome as Clexon) has been used as the 
first treatment for East Coast Fever @eiletiosis), a 
disease. caused by a microscopic parasite rbeilerio 
pnwo. which inflicts African cattle herds 1171. As the 
retmsynthesis in Scheme 2 shows. it was eavis;yed that 
use of the D& reaction would allow a facile and 
flexible synthesis of this target and analogous com- 



pounds and, additionally. illustrate the utility of our 
modified protocols. 

In our planned strategy for the synthesis of par- 
vaquone (I) (Scheme 2) a cyclohexylalkyne bearing 
alkoxy functionality was required. Using cyclohexanone 
as stating material, addition of acetylide anion led to 
the facile synthesis of this requisite class of compound 
by two complementary methods. As shown in Scheme 
3, the first route (A; R = Et) involved formation of the 
lithium acetylide from ethoxyacetylene, whilst the alter- 
native strategy (B; R = Me) generated the analogous 
metboxy reactive species from 2-chloroacetaldehyde 
dimethylacetal [IS]. In both cases the addition product 
was obtained in high yield. 

When our original synthetic strategy was considered. 

it was ciear that substrates k and 2b both had hydtoxyl 
functionality which would be supefiuous to that re- 
quired within the molecular skeleton of the current 
target 1. Nonetheless, the ease of synthesis of both 
compounds, and the view that the unrequited groups 
would be mote readily removed later in the synthesis, 

led us to attempt the key chromium-mediated annulation 
reaction with the propargylic alcohols as prepared. 

2.2. Attempted beniatZItul&on reack~~s attd the discor- 
a-y of chromium-mediated &lactorte fonnarion 

It is known that alkoxyalkynes tend to be poor 
substrates in the tbetmally induced D&z cyclisation 
[19-211. However. using uiethylamine and acetic anhy- 
dride as reaction promoters, Yamashita and co-workers 
have developed conditions under which these and other 
sensitive substtatcs can be mote successfully employed 
[22-281. With this in mind, the well established Ya- 
mashita techniques were used for out initial cyclisation 
attempts. When either alkyne la/b was heated with 

pentacarbonyl[phenyl(methoxy)carbene]chromium (3) 
1291, in the presence of Ac,O and Et,N, the expected 
acetylated Datz product (with elimination of the teniaty 

hydmxyl group) 4a/b was only the minor organic 
component of the reaction mixture. In each case. the 
major product was identified as the undesired but syn- 
thetically attractive &lactone Sa/b (Scheme 4). 

These results were quite unexpected; yet, the syn- 
thetic outcomes can be explained by refetting to one of 
the possible mechanistic pathways which ate routinely 
cited, with considerable experimental evidence, for the 
benzannulation reaction [1,4,30-321. Following loss of 
carbon monoxide from the catbene complex, alkyne 
complexation. chromacyclobutene formation and, subse- 
quent ring opening, carbon monoxide insertion can lead 
to a precedented complexed vinyl ketene intermediate 
such as 6. Indeed, a number of more stable vinyl ketene 
complexes have been isolated from reactions of 
chromium carbene complexes and alkynes [32- 341. In 
our case (Scheme 51, from this intermediate, electro- 
cyclic ring closure (route a), followed by tautomerisa- 
tion, acylation and demetallation will give the benzan- 
m&ted product (with dehydration) &t/b. In contrast, 
intramolecular nucleophilic attack of the proximal hy- 
droxy group onto the ketene carbonyl carbon (route b), 
followed by proton transfer, leads to the favoured p-lac- 

tone product Sa/b. 
Despite this seemingly reasonable mechanistic ratio- 

nalisation, on consideration of analogous reactions cited 

Scheme 3. Scheme 5 
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in the literature, the fommtion of @-lactone products 
was still considered to be rather surprising. More specif- 
ically, D&z and Sturm have shown [35] that when 
propargyl alcohol (7) is reacted themxdly with the 
p-toluyl methoxy carbene complex 8 the sole product is 
the naphthol 9 resulting from the benzannulation pm- 
cess (Scheme 6)). In contrast, when homopropargyl alco- 
hol and higher acetylenic alcohol homologues are em- 
ployed, cyclic ester formation competes with benzannu- 
lation and larger ritlg lactone products (y- and above ‘) 
are known to form [37.30,35]. Additionally. trapping of 
proposed vinyl ketene intermediates by ‘external’ alce 
hols in an intem~olecular fashion has been recorded on 
numerous occasions [22-24,30-32,381, although elec- 
trocyclic ring closure (benzannulation) at the vinyl 
ketene stage of the process is believed to be faster than 
the alcohol attack (esteritication) in most cases [30.32] 
(see also the case for uncomplexed vinyl ketene inter- 
mediates 1391). However, in our examples. using the 
propargyl alcohols Za/b, the formation of the small 
ring ester products Sa/b appears to be the favoured 
process and, indeed, this is believed to be the first 
recorded example of &lactone formation by this tech- 
nique. (It should be noted that, more usually, hydroxyl 
functionality in the position u to the alkyoe is protected 
(a-alkynyl ethers), and these substrates are known to 
perform poorly in the D&z cyclisation, see Ref. [40]; 
see also Refs. [I 1,20-24.26-28.34.411. Furthermore, 
alkyne-tethered siloxycarbene complexes have been used 
as masked forms of propargyl and higher homologous 
alcohols in the intramolecular Diitz reaction; see Ref. 
[IO].) Despite the yields of both pmducts 5a/b being 
low, this technique provides an extremely facile method 
for the formation of nom~Ily less accessible highly 
functionalised @&tone products from readily available 
starting materials. (With respect to the en01 ether double 
bond geometry in the @l&one forming reaction 
(Scheme 4), when R=Et (5~) only one product is 
formed whereas when R = Me (Sb) both isomers are 
observed.) Indeed, within our laboratory this general 
protocol is now being developed into a more efficient 
process for use wi+ a range of pmpargylic alcohols to 
give &lactones of varying function&is&ion and will be 
the subject of a future preliminary publication [42]. 

It should be noted at this stage that when our DSA 
techniques, known to be bigb yielding in previous Diia 
annulation reactions, were applied to 
substrates, “either benzannulatio” 
ucts were for”&. Instead, the on 
obtained (in low yields) were dine 
formed from the decarboxylation of @ctones under 
the conditions employed [43]. 

At this stage we returned our atkntion to the synthe- 
sis of our original target, parvaquone (1). From the 
outcome of our original cyclisation ane”q?& al%d 
resulting rationale for ~lactone form&m, it was c 
that the tertiary pmpargylic hydmxyl group, which we 
wrongly believed would be quiescent 
lation, should be removed in order to 
desired Diitz cyclisation. All initial attempts at d&t 
dehydroxylation of the alkoxy alkynes 2a/a failed. 
Fmthet eodeavoun, which utilised alkyne 
activation with the Coz(CO), moiety and 
hydridodehydmxylation via the Niiholas 
r441. were also unsuccesstid. 

Our inability to gaiu ready access to the requisite 
dehyroxylated alkoxyalky”&) the” inspired us to 
marginally 
tion of the 
was known 
Iacetylene. 10, was readily available ’ and &at this 
substrate could be used in benzannulatio” rea&o”s with 
a view to introducing the required 2-hydmxyl fucrtioa 
ality at a later stage in the synthetic 
using both the methoxy aud ethoxy 
3 and 11 respectively, were carried out with alky”e lt4, 
and a ceric ammonium nitrate (CAN) oxidative work-up 
employed in every case. As can be see” tivm Scheme 7, 
when our DSA conditions [12,13] were a&ed, the 
I/4-naphthcquinone 12 was fomted in good yie& of 
68% and 51% in 4h and 2h respectively. FurthenrmR, 



Scheme 8. 

when our alternative sonication techniques “))y’ were 
utitised [ 131 with both complexes, the same product 12 
was realised in enhanced yields of 83% and 91% fol- 
lowing remarkably shon reaction times of 25-40min. 
Under the more traditional and forcing thermal condi- 
tions (70°C. n-BuZO), the atkyne 10 performed well in 
this cydisation with complex 3, giving a comparable 
yield (72%) to that of the dry state process but over a 
considerably longer reaction time of 14 h. 

To complete our synthesis successfully. epoxidation 
of the qainone system in 12 was achieved using alkaline 
hydrogen peroxide to give 13 in 76% (Scheme S). 
Subsequent treatment of this compound with concen- 
trated sulfuic acid at room temperature afforded par- 
vaquone (1). as a yellow crystalline solid, in 59% yield. 
with spectral data identical to that previously reported 
[46]. Alternatively, transformation of 12 to the desired 
2-hydmxy-l,4-naphdmqhoquinone 1 could be carried out 
more economically in one pot, without isolation of the 
epoxide 13, in a 51% yield. Overall, using our most 
efficient processes, the anti-parasitic agent parvaquone 
(1) can be synthesised remarkably rapidly (approxi- 
mately 3 h total reaction time) in 46% yield from readily 
available starting materials. 

3. Coadusioos 

We have now shown that the 2-hydroxy-1,4-naph- 
thoqumone 1 can be synthesised in a highly expeditious 
route of unprecedented economy using our modified 
D&z reaction protocols; the key chromium carbene 
mediated cyclisations proceed in good to high yields in 
rapid reaction times and with greater overall efficiency 
than under more rigorous thermal conditions. The 
strategies and techniques outlined here should open up 
routes to a range of such compounds of high agrochemi- 
cal and renewed pharmaceutical importance. 

Additionally, during our synthetic endeavours we 
have serendipitously discovered a novel plactone form- 
ing reaction which further extends the scope and flexi- 
bility of chromium carbene complexes as applied to 

organic synthesis. We will report more extensively on 
this specific area in due coullse. 

4. Experimental 

All reagents were obtained from commercial suppli- 
ers and used without further purification, unless other- 
wise stated. Ether (Et,O) and tetrahydrofuran (THF) 
were distilled from Na-benzophenone and methylene 
chloride (CH?CI,) distilled from calcium hydride under 
a nitrogen atmosphere. All other solvents used were 
distilled prior to use. Petrol refers to petroleum ether 
(30-40°C). Chromatographic purifications were per- 
formed on silica gel (230-400 mesh) by flash tech- 
nique. All organometallic complexes were stored under 
nitrogen at, or below, -20°C. and all reactions were 
performed under a nitrogen atmosphere unless other- 
wise stated. Sonication reactions were carried out using 
a Vibracell VC50 Titanium horn operating at 
SOW/2OkHz. 

‘H and “C NMR were run on a 250MHz Broker 
WM 250 and a 4OOMHz Broker WM 400 in CDCI, 
solutions. Chemical shifts are reported in parts per 
million downfield relative to tetramethylsilane (S 0.00); 
coupling constants are reported in hertz: in l3C jmod, 
up(u) indicates C or CH2 and down (d) indicates CH or 
CH,. Infrared spectra were obtained on a Mattson 1000 
or Nicolet Impact 4000 FfIR spectrometer in CH,Cl, 
solutions. High resolution mass spectrometry was per- 
formed on a Jeol Instruments JMS-AX505HA mass 
spectrometer system. Mass spectral data is reported as 
m/z (relative intensity). 

A solution of 50% w/w ethoxyacetylene-hexane 
( I .OLl g, 7.14 mmolf in THF under nitrogen was cooled 
to - 10°C in an ice-salt bath. n-Butyllithium (2.86ml, 
2.5 M solution in hexanes, 7.14mmol) was added drop- 
wise over 5 min and the reaction stirred for IO minutes 
at 0°C. Cyclohexanone (466mg. 4.76mmol) in THF 
was added in one portion and the solution stirred for a 
further 45 min at 0°C and for 30 min at room tempera- 
ture. Solvent was removed in vacua and the remaining 
oil treated with ammonium chloride solution (75ml). 
extracted with ether (2 X 50ml). dded over magnesium 
sulfate, filtered and purified by silica column chro- 
matography (eluant: petrol-ether 2: I; R, = 0.7) to give 
the desired compound 2a (730mg. 91%) as tine yellow 
crystals. ‘H NMR (250 MHz. CDCI,): 64.11 (q. J= 
7.1 Hz, 2H); I%-0.80ppm (m, 14H). FTIR yn,_ 
(CHzClz): 3591 (s, O-H stretch); 2953, 2877 (s. 
aliphatic C-H): 2263cm-’ (w, C=C). 



4.3. Preparation of I-(2-methoxyeth~,nylJ-l-cyclo- 
hexand f2bJ 

A stirred solution of diethylamine (2.37 ml, 
22.9mmol) in THF (9Oml) was treated with n-butyl- 
lithium (8.50 ml. 2.5 M solution in hexanes, 21.2 mmol) 
over a period of SlOtin. The reaction mixture was 
allowed to stir for a further lOti” at 0°C and then 
chloroacetaldehyde dimethylacetal (0.75 ml, 6.55 mmol) 
was slowly added. After 2h. cyclohexanone (0.62ml. 
6.00mmcl) was added in one portion. The reaction 
mixture was stirred for a further 30min at mom temper- 
atwe and then worked up by addition of mesyl chloride 
(0.54ml. 7.OOmmol~ and stirred for a further 30min. 
The crude product was purified by silica column chm- 
matography (eluant: dichloromethane; R, = 0.20) to give 
the desired compound Zb (920mg, 99%) as a yellow 
oil. ‘H NMR (250MHz. CDCI,): S 3.87 (s, 3H): 2.35 
(s, br, OH); 1.90-1.50ppm (m, IOH). “C NMR 
(62.9MHz. CDCI,): 695.1, 68.7, 65.9, 41.0, 40.8, 
25.4.23.6 ppm. FTIR v,,.% (neat): 3525 (s, O-H stretch); 
2928, 2876, (s, aliphatic C-H): 2263cm-’ (w, C-C). 
HRMS m/z talc. forC,H,,OL CM+): 154.0994. Found: 
154.0987 (46): Calc. for C,H,,Oz CM+- CH,): 
139.0759. Found: 139.0760 (32). 

4.4. Preparation of pentacarbonylfmetho~phenyl- 
metilyleneJchromirrrn10) f3J 1291 

To a stirred suspension of chromium hexacarbonyl 
(2.15 g, 9.76mmol) in dry ether (175ml) at roam tem- 
perature was added a solution of phenyllithium (5.7 ml, 
1.7M solution in hexanes, 9.69nmwl) in dry ether 
(25ml) over 20min. After 4Omin the solvent was re- 
moved in vacua and the resulting salt dissolved in 
nitrogen-saturated water. Trimethyloxonium tetraflue 
roborate was added in portions until the solution be- 
came acidic; the aqueous layer was the” extracted with 
ether. The solvent was removed in vacua and cbmmato- 
graphic purification on silica gel (eluant: 
dichlommethane-petrol I :9: R, = 0.40) afforded com- 
plex 3 as fine, red needles (2.01 g, 66%). ‘H NMR 
(250MHz, CDCI,): S 7.53-7.38 (m, 3H): 7.32-7.21 
(m, 2H); 4.72ppm (s, 3H). FTIR v~, (CH,Cl,): 2075, 
1993, 194Ocm-’ Wr-CO). 

4.5. Reaction of dyne 20 with carbene complex 3 

crystals of pentacarbonyl[phenyl(methoxyk~~nel 
cbmmi”rn(O) (3) (152 mg, 0.487 nunol) and 1_(2- 
ethoxyethynylj-I-cyclohexanol (2s) (96 mg, 
0.57Onm101) were dissolved in THF. Acetic anhydride 
(0.09 ml. 0.954 nmtol) and triethylamine (0.14 ml, 
0.970mmoO were ad&d to the reaction mixmre which 
was heated to reflux for 16h. The solvent was removed 
in vacua and the residue pm-absorbed onto silica and 

purified by chromatography (eloant: petrol-ether 5~1) to 
give l -[2-t 1 -cyclohexenyl)-3-ethoxy4methoxy 
thol acetate @a) (27 mg, 16% R, = 0.40) and tke 
tone, 4-cyclohexanespim-3I:I-etboxy-2-metboxy-2- 
phenylethenylhwetan-2-orte @a) (33mg. 21% R, = 
0.38). 

4.51. I-[2-ll-Cyclohereny[I-3-ethoxy-4-nte 

thol acetate WJ 
‘H NMR (25OMHz, CDCl,): 88.12 (dd, J=7.0, 

1.8Hz. IH): 7.68 (dd, 1=7.3, 1.5Hz. IH): 759-7.40 
(m. 2H): 5.72 (s. br. IH); 4.14 Cq, J = 7.1 Hz, 2H); 4.02 
(s, 3H); 2.38 (s, 3H); 2.30-0.8Oppm (m IIH). 13C 
NMR (62.9MHz, CDCI,): 6 170.1, 146.5, 145.7, 139.8, 
132.5. 131.7, 128.4, 127.4, 126.1, 125.7, 124.8, 1 
121.6.69.8.66.1, 29.1,25.9,23.5,225.20.9. 16.2 

(CH Cl ): 1778 (s C-O); 16OOcm- 
g:).“?&lS &:alc. for C;, H?,O, CM’): 340.1675. 
Found: 340.1698 (100). 

4.5.2. 4-Cyclohexanespiro-3-fl-ethoxy-2-metho~-2- 
phenylethenylJoxetan-Z-one f5aJ 

‘H NMR (25OMHz. CDCI,): 6 7.4.5-7.40 (I& 3H); 
7.32-7.25 (m. 2H); 4.21 (dq, J-9.0.7.OH2, 1H); 4.05 
(dq, 1=9.1. 7.OHz. 1H): 3.81 (s, IH); 3.40 (s, 3Hk 
2.20-1.90 (m, 3H); 1.70-l.lOppm(m, 1Ol-l). “C NMR 
(62.9MHz, CDCI,): 6169.3(u); 146.0(u); 134.1(u); 
133.0(u); 129.7(d): 128.9(d); 128.6(d); 83Stu); 69.0(u); 
61.2(d); 57.3(d); 36.9(u); 31.1(u); 24.7(u); 22.8(ui; 
22.5(u); 15.8(d)ppm. Fl’lR v,, KIizCl,): 295392876 
(s, aliphatic C-H): 1829cm-’ (s, C=O). HRMS n/z 
talc. for C,,H,,O, CM+): 316.1675. Found: 316.1668 
(14). Calc. for C,,H,,OZ (M+-CO,): 272.1776. 
Found: 272.1770 (LOO). 

4.6. Reaction of dyne 2B with carbene cocnplcr 3 

crystals of pe”tacarLw”y&be”yKmethw~l 
chromium(O) (3) @I9 mg, 2.62 mumI) and l-(2- 
methoxyethynylj-I-cyclohexanol (2b) (316 mg, 
2.05mmol) were dissolved in THF. Acetic aahydride 
(0.24 ml, 2.62 “unol) a”d triethylamiae (0.36 ml. 
2.62mmol) were added to the mactio”mix~w~ 
was heated to reflux for 16h. The solve”t was removed 
invacuoandtheresid”eprpabsorbed lmtosilicasad 
purified by chromatography (eluaot: petrol-ethr 6~1) fo 
give I-[2-(l-cyclohexenyl&3Wimetho 
etate (4b) @mg, 746; R,=0.60) 
4-cyclohexanespiro-3-(1,2-dimetboxy-2- 
phenyletbenyl)2-o”e 15b) (58~ 15% R,= 
0.50). 

4.6.1. I-~Z-~l-Cyciohexe.yl)-3,~i~e:bo~~~~t~ 
acetate (4bJ 

‘H NMR (250MHz. CDCI,): S 8.14-8.10 (I”, IH); 
7.72-7.69 (m, IH): 7.48-7.10 (m, 2H); 5.72 fs. br, 



1H); 4.02 (s. 3H); 3.98 fs. 3H); 2.38 (s, 3H); 2.35-2.15 
(m, 4H); 1.85-1.60ppm (m. 4H). “C NMR (62.9MHz. 
CDCI,): S 170.0, 147.3, 145.4, 139.8. 133.0, 132.3, 
128.4, 128.1, 126.3, 125.9, 124.9, 121.9, 121.7. 61.5; 
61.4, 29.1. L5.8, 23.4, 22.4, 20.9ppm. FTIR v,,, 
(CH,CII): 1765 ts, C=O); 1603cm~’ (m, C=C). 
HRhlS m/z talc. for C20HZIOa CM’): 326.1518. 
Found: 326.1587 (SO). 

4.6.2. $-Cyclohexanespir~3-(1,2-dir,rerho~2~phenyl- 
etbenylkmtm-2-m (5bJ 

‘H NMR (25OMH2, CDCI,): 6 7.49-7.24 (m. 5H); 
3.89 (s, 3H); 3.81 (s, IH); 3.41 (s, 3H); 2.17-1.23 ppm 
(m, IOH). FTIR v,_ (CH,CI,): 1825 (s, C=O); 
16OOcm-’ (s, C=C). HRMS m/z talc. for C,,HzzO, 
CM+): 302.1518. Found: 302.3515 (14). Calc. for 
C,,H,ZO, (M+-CO,) 258.1620. Found: 258.1624 
(100). 

4.7. Pmparation of cyclohexylacetylene (101 1471 

Cyclohexylcarbaldebyde (0.569 g, 5.08 mm00 was 
dissolved in distilled dichlommetbane (20ml) with 
trip4enylphosbine (4.32 g, 16.49 mmol, 3.3 equivalents) 
and cooled to 0°C using aa ice bath. Carbon tetrabm- 
mide (3.67 g, 11.05 mmol, 2.2 equivalents) in 
dicblommetbaue (15 ml) was added over 5 min causing 
tbe solution to become orange in colour. The reaction 
mixture was stirred at 0°C for 1.5 b then petrol (2OOml) 
was added in one portion. Tbis resulted in precipitation 
of hipbenylphospbine oxide, which was removed by 
filtration through a pad of silica. Removal of the solvent 
io vacua gave a slightly yellow oil which was then 
dissolved in THP (20 ml), cooled to - 78°C using an 
acetone-dry-ice bath and placed under a nitrogen atmo- 
sphere. n-Butyllithium (1.6M solution in hexanes, 
8.3Oml. 12.71 mmol, 2.5 equivalents) was added drop- 
wise over 1Omin causing the solution to become deep 
red in colour. The reaction mixture was stirred for I b at 
- 78 “C and then allowed to warm to room temperature 
over 30min. Water (5Oml) was added aad tbe mixture 
was then extracted using ether (2 x 50ml). The ethereal 
fractions were collected, dried over calcium sulfate then 
filtered. Tbe solvent was removed in vacua and the 
residual oil was purified by flash colunm cbromatogra- 
phy (eluant: petrol; R, = 0.70) to yield 0.374 g (68%) of 
product 10 as a clear oil. ‘H NMR (250MHz, CDCI,): 
S 2.42-2.27 (m, IH); 2.04 (d, J=2.4Hz, IH); l.85- 
1.66 (m, 4H): 1.56-1.26ppm (III, 6H). FTIR v,,, 
(CH&l,): 3320 (s, alkyne C-H), 2939, 2857 (s, 
alipbatic C-H), 2120cm-’ (w, alkyne C=C). 

4.8. Preparation of pentcarbonyi~ethoxyphet~ylmethy- 
IenelchromiumlO) 111) 1481 

To a stirred solution of bromobenzene (I.l6g, 
7.39mmol) in dry ether (3Oml) at 0°C was added 

n-butyllitbium (3.2ml. 2.5 M solution in bexaoes, 
8.03mmol) over IOmin. The mixture was stirred for a 
further 1Omin and then transferred to a stirred suspen- 
sion of chromium hexacarbonyl (1.13g, 5.14mmol) in 
dry THF (30ml) at room temperature. After 2 b. solvent 
was removed in vacua and the residue dissolved in 
degassed water (50ml). Trietbyloxoaium tetrafluorobo- 
rate (I.01 g, 5.32 mmol) was added and the resultant red 
solution stirred at room temperature for 5min. The 
solution was then extracted with ether, dried over mag- 
nesium sulfate, filtered and the soivent removed in 
vacua. Cbromatographic purification on silica gel 
(eluant: petrol; R, = 0.30) afforded complex 3 as tine, 
red needles (0.951 g, 57%). ‘H NMR (250MHz. 
CDCI,): S 7.59-7.39 (m, 3H); 7.28-7.25 (m. 2H); 4.95 
(q. J= 7.0H.z. 2H): 1.68ppm(t, J= 7.0Hz. 3H). FUR 
v,, (CH,CIZ): 2062, 1945cm-’ (s, Cr-CO). 

4.9. Preparation of 2-cyclohexyl-1.4.naphthoquinone 
(12) ~49,501 

4.9. I. Under dry state conditions with complex 3 

Pentacarbonyl[phenyl(methoxy)carbene]cbromium(O~ 
(3) (260.3 mg. 0.834mmol) and cyclobexylacetylene 
(10) (206.8mg, L814mmo1, 2.2 equivalents) were 
stirred with silica (23.Og. IOgmmol-’ of alkyne) in 
ether ( lOOmI) for 5 mitt. Solvent was removed in vacua 
at ice-bath temperature to reduce loss of the volatile 
alkyne. The resulting yellow powder was heated to 
50°C for 4 b under nitrogen. After 4 b the powder had 
become pale green and tic (eluant: petrol) indicated that 
no starting complex remained. The powder was ex- 
tracted with a 1O:l ether-methanol solvent system, the 
silica was removed by filtration attd the solvent was 
removed in vacua. The residual oil was dissolved in 
ether (4Oml) and CAN (3.61 g, 7.02 mmol, 8.4 equiva- 
lents) in water (20ml) was added. The miXNre was then 
stirred vigorously for 30min at room temperature and 
then extracted with ether. The ethereal fractions were 
dried over magnesium sulfate, filtered and the solvent 
removed in vacua. The crude material was purified 
using flash column chromatography (eluant: petrol-di- 
cblommethane 2: I ; R, = 0.50) to afford 136.4 mg (68%) 
of 12 as yellow crystals. ‘H NMR (250~~2, CDCI,): 
8 8.13-8.04 (m. 2H): 7.74-7.55 (m, 2H); 6.79 (d, 
J= 1.0H.z. lH);2.96-2.87(m, IH): 1.96-l.l6ppm(m, 
IOH). “C NMR (62.9MHz, CDCI,): S 185.6. 184.8, 
156.3. 133.6(2XC); 133.1, 132.6, 132.0, 126.8, 126.0, 
36.8, 32.4, 26.5, 26.2ppm. FTIR v,,, (CH,C12): 2935, 
2853 (s. alipbatic C-H); 1666 (s, C=O); 1605c1t-~ 
(m, C=C). 

4.9.2. Under ultrasound conditions with complex 3 
Pentacarbonyl[pbenyl(metboxy)carbene]chromium(O) 

(3) (74.1 mg, 0.236 mmol) and cyclobexylacetylene (10) 
(35.5 mg. 0.327 mmol, 1.4 equivalents) were dissolved 



in THF (5 ml). The reaction mixture was sonicated for 
25min using 30 ultrasonic ham, after which time the 
solution had changed from a dark red colour to a dark 
green. Analysis by tic (eluant: petrol) indicated no 
starting complex remaining and so THF was removed in 
vacua and the residue redissolved in e!her (25 ml). CAN 
11.02g. I .86mmol, 7.8 equivalents) in water (2Oml) 
was added and the mixture then stirred vigorous!y for 
30min at room temperatrre. The reaction mixture was 
then extracted with ether, dried over magnesium sulfate, 
filtered and solvent removed in vacua. The material was 
purified using flash column chromatography (eluant: 
petrol-dichlommethane 2: 1; R, = 0.50) to afford 
47.2 rng (83%) of 12 as a yellow crystalline solid. 

4.9.3. Under dv state conditions with complex II 
Pentacarbonyl[phenyl(ethoxykarbene~hromiom~O~ 

(11) (67.2mg. 0.21 mmol) and cyclohexylacetylene (10) 
(42,Omg. 0.39mmol, 1.8 equivalents) were stirred with 
silica (3.9g. IOgmmo-’ of alkyne) in ether (501111) for 
IOmin. Solvent was removed in vacua at ice-bath tem- 
perature to reduce loss of the volatile alkyne. The 
resulting orange powder was heated to 60°C for 2h 
under nitrogen. After this time, the powder had become 
pale green and tk (eluant: petrol) indicated that no 
starting complex remained. The powder was extracted 
with a IO:1 ether-methanol solvent system, the silica 
was removed by filtration and the solvent was removed 
in vacua. The residual oil was dissolved in ether (3Oml) 
and CAN ( 1 ,oOg, 1.83 mmol, 8.5 equivalents) in water 
(30 ml) was added. The mixture was then stirred vigor- 
ously for 3Omin at room temperatore and then extracted 
with ether. Ethereal fractions were dried over magne- 
sium sulfate, filtered and the solvent removed in vacua. 
The crude material was purified using flash cohmm 
chromatography (eluant: petrol-dichloromcthane 2: I ; 
R, = 0.50) to afford 26.0 mg (5 1%) of the desired prod- 
uct I2 as yellow crystals. 

4.9.4. Under ultrasound conditions with comple.x II 
Pentacarbonyl[phenyl(ethoxy)carbene]chromium~O~ 

(11) (2%.7mg, 0.9lOmmol) and cyclohexylacetykne 
(10) (196.6 mg, 1.820 mmol, 2.0 equivalents) were dis- 
solved in THF (5mI). The reaction mixture was soni- 
cated for 4Omin using the ultrasonic horn, after which 
time the solution had changed from dark red to black in 
coloor. Analysis by tic (eluant: petrol) indicated no 
starting complex remaining and so the THF was re- 
moved in vacua and the residue redissolved in ether 
(3Oml). CAN (3.82% 6.97 mmol, 7.7 equivalents) in 
water (3Oml) was ad&d and the mixture then stirred 
vigomusly for 3Omin at ro+m temperature. The reaction 
mixture was then extracted with ether, dried over sodium 
sulfate. filtered and solvent removed in vacoo. The 
material was purified using flash column chmmatogrd- 
phy (eloant: petm-dichlommethane 2: 1: R, = 0.50) to 

afford 199.7tng (91%) of the desired pmdoct 12 as a 
yellow crystalline solid. 

4.9.5. Under thermal conditions with complex 3 
PenracarbonylIpheny Hmethoxyk~~~~o~o~O) 

(3) (237.Omg. 0.760mmo1) and cyclohexylacetyIeBc 
(10) (152.8mg. 1.344mmo1, 1.8 equivaknts) were dis 
solved in di-n-butyl ether (5ml). The reaction mixture 
was heated at 70°C for 14h and changed from a dark 
red colour to a murky green. Analysis by tk (eluaao: 
petrol) indicated no sting complex remaining and so 
di-n-botyl ether was rrrnoved in vacua and the residue 
redissolved in ether (3Oml). CAN (3.31 g, 6.Wmmol. 
8.0 equivalents) in water (3Oml) was added and the 
mixture then stirred vigorously for 3Omin at room 
temperature. The reaction miXNre was then extracted 
with ether, dried over magnesium sulfate, filtered and 
solvent removed in vacua. The material was purif& 
using flash column chromato,~hy (elm: pctroI-di- 
chloromethane 2:l; R, = 0.50) to afford 13lAmg (72%) 
of the desired product 12 as a yellow crystalline solid. 

4. IO. Preparation of la-cyclohery-la,7a-dihydro- 
napht~t~2.3bloxirene-2.7-dione (13) i50.511 

A solution of 2-cyclohexyl-l,4-naphthaquinose (12) 
(51.9mg. 0.216mmol) in warm ethanol fO.5mI) was 
cooled until precipitation began to -. At this poiot a 
solution of aWine hydrogen peroxide (250~1 of 30% 
Hz02, 11.9mg anhydrous sodium ca&nate in watez 
(100 ~1)) was added in one pottion. The mixtare was 
stirred until the yellow colour disappc=d (1 b) where- 
upon water (5ml) was added causing precipitation of 
42.2mg (76%) of a white solid l3. ‘I-I NMR (250MH~, 
CDCI,): 6 8.03-7.92 &II, 2H); 7.77-7.72 fin, 2H): 3.92 
(s, IH); 2.52 (tt, I= 11.8. 2.9& IH): l-81-1.08ppm 
fm, IOH). “C NMR (62.9MHz. CDCI,): S 1925.191.7. 
134.7, 134.4, 133.1. 131.8, 127.7, 126.8. 66.8, 58.3. 
34.9, 29.3, 26.7, 26.3, 26.2, 26.Oppm. FllR t& 
(CH,CI,): 3056 (m, epoxide C-H); 2936, 2851 fs 
aliphatk C-H); 16% (s. C=O); lS%ctK (I& am- 
matic C=C). HRMS m/z cak. for C16H,60) (M+): 
256.1099. Found: 256.0941 (ILW). 

4.11. Preparation of Z-hydroxy-3-~ci~e~l-l.4-~~ 
thoquinotte, parwquone (1) M6.50/ 

4.11.1. From la-cyclobeq- Ia.7a-dihydronaphtti2.3bl- 
oxirene-2.7-dione (13) 

Crystals of la-cyclohexyl-la,7a-dibydro- 
naphth[2,3b]oxirene-2.7.dione (13) (31.5 mg, 
0.123mmoi) were dissolved in concenhated solfuric 
acid (250&l) to give a bright red s~ltion. This was 
stirred at mom temperature for I5 min then water (3 ml) 
was added and the mixture extracted repeatedly with 
ether. Ethereal fractions were combined, dried over 



magnesium sulphate. filtered and solvent removed in 
vacua to give a brown oil which was purified chromato- 
_qhically (eluant: petrol-ether 1G:l: R, = 0.40) to 
yieid parvaquone (1) as a yellow crystalline solid 
(18.6mg. 59%). ‘H NMR GIOOMHz, CDCI,): S 8.07 
(dd. J=7.7. 1.3Hz. IH); 8.05 (dd, .l=7.5, 1.4Hz. 
IH): 7.74 (td, .I= 7.6. 1.4Hz. IH): 7.66 (td, J= 7.5, 
I.3 Hz, iH): 7.46 (s, disappears on treatment with DZO, 
OH): 3.08 (tt. J= 12.2, 3.4Hz. lHf: 2.03-1.93 (tn. 
2H); 1.87-1.23ppm (m, SH). “C NMR (IOOMHZ, 
CDCI,): 6 184.8(u); 182.2(u); 153.M~); 135.1(d); 
133.-l(u); 132.9(d); 129.4(u); 128.1(u): 127.1(d); 
126. I(d); 32.5(d): 29.4(u): 27.0(u): 26.2(u) ppm. FHR 
qnax (CHzCll): 3680, 3595. 3520 (m. O-H): 2930, 
2867 (s. aliphatic C-H): 1671 (s. C=O): 1596cm-’ 
(m. C=C). HRMS m/z talc. for C,,H,,O, CM+): 
256.1099. Found: 256.1082 (100). 

A solution of 2-cyclohexyl-l A-naphthoquinone (12) 
(54.6x1& 0.228mmol) in warm ethanol (0.5ml) was 
cooled until precipitation began to occur. At this point a 
solution of alkaline hydrogen peroxide (350 ~1 of 30% 
HzOz. 31.4mg anhydrous sodium carbonate in water 
(75Opl)) was added in one portion. The mixture was 
stirred until the yellow colour disappeared (90min). 
whereupott water was added causing precipitation of a 
white solid. This was extracted with ether and solvent 
then removed in vacua. The resultant oil was then 
dissolved in concentrated sulfuric acid (I ml) causing a 
coloor change to blood red. After stirring at room 

temperature for 1 h, water (3ml) was added and the 
reaction mixture repeatedly extracted with ether. Ethe- 
real fractions were combined, dried over magnesium 
sulfate. filtered and solvent removed in vacua tu give a 
brown oil which was purified chromatographically 
(&ant: p&o-ether 1O:I; R, =0.40) to yield par- 
vaquone (1) as a yellow crystalline solid (29.4mg, 
51%). 
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