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Stereoselective Total Synthesis of Racemic (3S84R/3R,4S)- and a 
Diastereoisomeric Mixture of (6&102)-38487#11 -Tetramethyl- 
trideca-6'1 O-dienal (Faranal) ; The Trail Pheromone of the Pharaoh's Ant 
Raymond Baker,' David C. Billington, and Neelakanthie Ekanayake 
Department of Chemistry, The University, Southampton SO9 5Mi 

Racemic (3S,4R/3R,4S) -faranal [ (1 a) + (1 b) J has been synthesised by a convergent, stereospecific 
route which employed the addition of alkylcopper complexes to terminal acetylenes, to generate two 
trisubstituted double bonds, and a Diels-Alder reaction to establish the relative stereochemistry of the 
C-3, C-4 methyl groups. A diastereoisomeric mixture of faranals, enriched in the (3S,4S/3R,4R)- 
enantiomeric pair [(lc) + (1 d)], has been synthesised by a somewhat shorter route via an intermediate 
diester, obtained from electrochemical dimerisation of ethyl crotonate. 

The Pharaoh's ant, Monomorium pharaonis, originally a 
tropical insect, is now a major pest in the U.K. and Western 
Europe.' Particular problems arise when hospitals are affected, 
as the ants have been shown to carry a number of disease 
vectors,2 and the use of insecticides in hospital environments 
poses special problems. The most active component of the 
trail pheromone of the Pharaoh's ant has been shown to  be 
(64 102)-3,4,7,11 -tetramethyltrideca-6,10-dienal (faranal) 
and a recent bio-organic synthesis of the four enantiomers of 
faranal identified the most likely absolute configuration of the 
natural compound as (3S,4R) (la).4 All four optical isomers of 
faranal have been shown to  be biologically active.' Interesting- 
ly, a racemic mixture of (3R,4S)- and (3S,4R)-faranal has 
approximately one tenth the biological activity of the pure 
natural product,' and a 50 : 50 mixture of the ' 4R ' faranals 
(3R,4R + 3S,4R) has an activity close to that of the natural 
product? These results have been interpreted as indicating 
that the 4R configuration is important for biological activity. 

Three previous syntheses of faranal have appeared, none of 
which were successful in generating the two trisubstituted 
double bonds of faranal stereo~electively.~-~ We have synthe- 
sised faranal oia a convergent route in which the stereo- 
chemistry of the two trisubstituted double bonds is com- 
pletely controlled by the addition of alkylcopper complexes to 
terminal alkynes.* 

Two samples differing in isomeric composition have been 
obtained. A racemic mixture of (3S,4R/3R94S)-faranal 
[(la) + ( I  b)] has been prepared using meso-4,5-dimethyl- 
cyclohexene as an important intermediate, and a mixture of 
diastereoisomeric faranals enriched in the (3S,4S/3R,4R) 
[(I c) + (Id)] enantiomeric pair has been prepared oiu an 
intermediate generated from the electrochemical dimerisation 
of ethyl crotonate. A preliminary communication on part of 
this work has been published? 

Results and Discussion 
Retrosynthetic analysis (Scheme 1) suggested the formation of 
the 5,6-bond at  a late stage, thus allowing a convergent 
approach. The most direct route, involving the coupling of an 
alkenylcopper complex (2; X = Cu) [obtained from the 
addition of a methylcopper complex to the corresponding 
acetylene '7 with the iodide (3), was examined using model 
compounds, but gave at best only low yields of the desired 
products (i.e. <40%). 

The stereospecific conversion of alkenylcopper complexes 
into vinyl iodides lo and the stereospecific reaction between 
vinyl iodides and Grignard reagents in the presence of copper 

--Yh X 

( 2 1  

+ *+OR 

( 3 )  

sckme I. 

salts to give trisubstituted olefms [equation (l)] I1 has been 
reported. An examination of this method using models of 
the building blocks (2) and (3) showed that, although low 
molecular weight Grignard reagents gave good yields,11 those 
of higher molecular weight gave iittle or n o  yield of the desired 
olefins {e.g. in equation (l), R = C2H5, 770/,; (CH3)2CHCH2, 
73%; C7HIs, 23%; CIHI,,OTHP, 0%; and C7H140THP 
[compound (3; R = THP)], 0%) (THP = tetrahydropyran-2- 
yl). These results probably reflect the insolubility of the higher 
molecular weight Grignard reagents a t  the low temperatures 
required to avoid decomposition of the intermediate organo- 
copper complexes which are presumably involved in this 
reaction. 

Alkyl-lithiums react rapidly with vinyl halides at  low tem- 
peratures to  give vinyl-lithiums and one equivalent of alkyl 
halide [equation (2)].12 Normant et uL'* have observed that, 
in diethyl ether, reaction between the vinyl-lithium and alkyl 
halide is sufficiently slow (50% reaction in 24 h at  20 "C) that 
the vinyl-lithium may also react with other electrophiles, for 
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Reagents: i, Bu'Li, Et20; ii, R3X, Et20-THF (1 : 3) 

( 4  l 

1 iii 

t 

Scheme 2. Reugenrs: i, EtCu[Me2S]MgBr2, Et20, Me2S; ii, (a) 1- 

lithiopent-I-yne, HMPA (b) CH2CH20 ; iii, toluene-p-sulphonyl 
chloride-pyridine; iv, LiBr, acetone; v, Li[EDTA]CXH, DMSO; 
vi, (a) MeCu[Me2S]*MgBrI (b) I2 

I 

example, carbonyl compounds. In contrast, in THF (tetra- 
hydrofuran), the reaction between the vinyl-lithium and the 

ca. 3 h at -50 O C . 1 2  Seebach and Neumann 13*14 have shown 
that treatment of a vinyl bromide with two equivalents of t- 
butyl-lithium in the Trapp solvent system at - 120 "C leads to 
a vinyl-lithium derivative free of alkyl halide. This is due to 
the mutual destruction of t-butyl-lithium and t-butyl iodide 
under these conditions. It was also demonstrated that these 
vinyl-lithiums could then react with a range of electrophiles, 
including alkyl halides, to give trisubstituted olefins stereo- 
~pecifically.'~ Combining these procedures we found that the 
vinyl-lithium derivative of (2; X = I) could be generated 
using 2 equiv. of t-butyl-lithium in diethyl ether and was 
successfully alkylated with compound (3) in 3:  1 THF- 
diethyl ether to give the desired trisubstituted olefin. 

dkyl hawe prdwd raplcuy gives a tris&A?s?ituted d-&n in 

Synthesis of (1E,5Z)-l-lodo-2,6-dimethyloctu-l,5-diene (2; 
X = ]).-Addition of the dimethyl sulphide+opper(~) bro- 
mide complex of ethylmagnesium bromide to propyne, by the 
method of Helquist and his co-workers,* gave a vinylcopper 
complex (Scheme 2). This was converted into an  ' ate ' com- 
plex by the addition of 1-lithiopent-1-yne, and reaction with 
ethylene oxide gave the (2)-homoallylic alcohol (4) in 74% 
yield. This alcohol has previously been prepared by a multi- 
step procedure from 2-cyclopropy1but-3-yn-2-o1.'5 Helquist 
and his co-workers,8 have demonstrated that these addition 
reactions proceed with >99.9% stereoselection. In order to 
verify the stereochemical purity of the alcohol (4) it was 
converted into its TMS (trimethylsilyl) ether, and examination 
of this ether by capillary g.1.c. showed no evidence of con- 
tamination by the (E)-isomer. Treatment of the alcohol (4) 
with toluene-p-sulphonyl chloride in pyridine gave the toluene- 
p-sulphonate ( 5 )  (92%) which was converted into the bromide 

(12) 

1. 
0 0 

iv  
+ 

iii 

( 11 1 

(13al (13bl (14a) [ + (14 bl] 
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Scheme 3. Reagents: i, LAH, THF; ii, (a) MeS02CI-pyridine 
(b) LiAIH4-NaH (I  : I ) ,  (Et)20; iii, (a) 03, CH2CI2, -78 "C 
(b) Jones reagent; iv, Ba(OH)2, heat; v, m-CPBA, CH2C12; 
vi, HBr-EtOH; vii, (a) LiAlH4, (E020 (b) DHP, (EtIzO (c) Nal, 
acetone 

(6) by treatment with lithium bromide in acetone (82%). 
Reaction of either the toluene-p-sulphonate (5) or the bromide 
(6) with the ethylenediamine complex of lithium acetylide in 
dimethyl sulphoxide (DMSO) gave (2)-6-methyloct-5-en-l -yne 
(7) in 70% yield. 

In agreement with the findings of others l6  we encountered 
considerable difficulty in the addition of the dimethyl sulphide- 
copper(!) bromide complex of methylmagnesium iodide to the 
terminal acetylene (7) under the conditions described by 
Helquist and his co-workers 13 (accurate temperature control 
at -23 "C), observing essentially no reaction. Attempts to 
prepare the iodide (2; X = I) by the addition of the alkyl- 
copper complex described by Theis and Townsend,16 and by 
Vermeer and his ~o-workers,'~ to the alkyne (7) did not result 
in any improvement. After a series of trial experiments, 
however, this reaction showed that an initial increase of 
temperature was required. Thus by allowing the reaction 
mixture to warm to room temperature for 15 min before 
incubation at - 15 "C, a good yield of alkenylcopper complex 
could be obtained. Finally, quenching this complex with 
iodine at low temperature lo gave (1 E,SZ)-l-iod0-2,6-dimethyl- 
octa-1,5-diene (2; X = I) in 49% yield. 

Synthesis of Racemic (2S,3S/2R, 3 R)- 1 - Iodo-2,3-dimethyl- 5- 
( tetrahydropyran-2-ylx~)pe~~a~e [( 1 5a) + (1 Sb)].-Diels- 
Alder reaction between butadiene and maleic anhydride gave 
the adduct (8) in 80% yield. Reduction of this adduct with 
LiAlH4 (LAH) gave the meso-diol(9) in 83% yield (Scheme 3). 
Previous literature procedures for the reduction of either the 
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CO2Et - x >  COzEt 

4 
(13a) 

(16a) 

(13b) 

+ 

+ h P 

(134 

+ 

+ 

(16d) 

0 

\*’ G. 
(13d) 

Scheme 4. Ratio meso-diester (16a) to racemic diester [(16c) + (16d)l 33 : 67 by I3C n.m.r. spectroscopy. Ratio [(13a) + (13b)l to 
[(13c) + (13d)]25 : 75 by g.1.c. 

dimesylate * or ditosylate * of (9) to give meso-4,5-dimethyl- 
cyclohexene (10) were reported to give very low yields,** and 
these results were verified by our own experiments. The pro- 
cedure of Walborsky et al.,19 however, which has been success- 
ful in the reduction of a trans-dimesylate of (9), when applied 
to the cis-dimesylate of (9) gave the hydrocarbon (10) in 99% 
yield. Ozonolysis of compound (10) in CHzClz at -78 “C, 
followed by treatment of the product with Jones reagent, gave 
meso-3,4-dimethylhexanedioic acid ( I  1) in 80% yield. Pyrolysis 
of the diacid (1 1) in the presence of barium hydroxide ’ gave 
meso-3,4-dimethylcyclopentanone (12), in 80% yield, which 
was oxidised to a 50: 50 mixture of the enantiomeric cis- 
4,5-dimethyltetrahydro-2-pyrones (1 3a) and (1 3b) with m- 
chloroperbenzoic acid in CHzClz (81% yield).’ Treatment 
of the mixture of lactones [(13a) + (13b)l with HBr in 
dry ethanol resulted in the formation of the racemic bromo 
ester ethyl (3S,4S/3R,4R)-5-bromo-3,4-dimethylpentanoate 
[(14a) + (14b)l in 69% yield. Reduction of the racemic mixture 
of bromo esters with LAH gave a racemic mixture of alcohols 
(70% yield). After protection by reaction with dihydropyran, 
and halogen exchange using sodium iodide in acetone, 
racemic (2S,3S/2R,3R)-l-iod0-2,3-dimethyl-5-(tetrahydro- 
pyran-2-y1oxy)pentane [( 15a) + (1 5 b)] was obtained in ca. 
70% yield. 

Synthesis of a Diastereoisomeric Mixture of 1 -Iodo-2,3- 
dimethyl-5-( tetruhydropyran-2-y1oxy)pentanes (1 5a-d).- 
Activated olefins can be dimerised electrochemically [equation 
(3), R = electron-withdrawing group] 2o and the electro- 
chemical dimerisation of ethyl crotonate was examined as a 
possible route to diethyl3,4-dimethylhexanedioate (1 6). Using 
the conditions described by Baizer,Z1 generation of compound 
(1 6) was attained in 60% yield. The electrochemical dimeris- 
ation of ethyl crotonate can give rise to three isomeric diesters, 
the meso-compound (16a), and the (S,S) (16c) and (R,R) (16d) 
isomers. The racemic component [(16c) + (16d)l and the 
rneso-component (1 6a) proved inseparable by capillary g.1.c. 
The 13C n.m.r. spectrum of the product confirmed that a 
mixture of diastereoisomers was formed. The resonances were 
assigned by comparison with the spectrum of an authentic 

* Mesylate = methanesulphonate. Tosylate = toluene-p-sulphon- 
ate. 

sample of the meso-component (1 6a). By recording spectra 
using a delayed-pulse technique,z2 the requirements for direct 
comparison of line intensities were fulfilled,z3 and a value for 
the composition of the mixture was obtained. This method 
indicated that the mixture contained 33% meso-diester (1 6a) 
and 67% racemic diester [(16c) + (I6d)l. Hydrolysis of this 
mixture of diesters to a mixture of diacids (10% NaOH solu- 
tion; 98% yield), followed by pyrolysis to a mixture of 3,4- 
disubstituted cyclopentanones (92% yield) and oxidation of 
this mixture of cyclopentanones to a mixture of lactones by 
the methods described earlier gave the lactones (13a-d) in 
84% yield (Scheme 4). The diastereoisomeric pairs were 
separable by g.1.c. (5% Carbowax 20M on Diatomite C 
AAW DMCS, 3mm x 3m; 152 “C) and this analysis showed 
that the mixture consisted of 25% [(13a) + (13b)l derived 
from the meso-diester (16a) and 75% [ ( I ~ c ]  + (13d)l derived 
from the racemic diester [ ( I~c)  + (16d)l. 

The above mixture of lactones (1 3a-d) was converted into 
a mixture of 1 -iodo-2,3-dimethyl-5-(tetrahydropyran-2-yloxy)- 
pentanes (15a-d) by the methods described above for the 
racemic mixture of the lactones (13a) and (13b). 

Synthesis of Farana1s.-Treatment of (1 E,5Z)- 1 -iodo-2,6 
dimethylocta-1,J-diene ( 2 ;  X = I) with two equivalents of t- 
butyl-lithium in diethyl ether at -85 “C gave, quantitatively, 
a vinyl-lithium derivative (17) (Scheme 5). Reaction of this 
derivative with the racemic mixture of iodides [(15a) + (15bI 
overnight in a mixture of THF and diethyl ether (3 : 1) gave, 
after chromatography, a 60% yield of the protected alcohols 
(1 8a) and (1 8b). This mixture was deprotected (toluene-p- 
sulphonic acid-MeOH) in 93% yield and the product alcohol 
was oxidised (PCC-alumina) t to racemic (3S,4R/3R,4S)- 
faranal [(la) + (lb)] in 84% yield. The above procedure was 
repeated using the mixture of iodides (15a-d) and a mixture 
of faranals (la-d), consisting of 25% (3S,4R/3R,4S)- 
faranal [(la) + (lb)] and 75% (35’,45’/3R,4R)-faranaI [(lc) + 
(Id)], was obtained. The spectroscopic properties (n.m.r., i.r., 
m.s.) of the racemic sample were identical with those reported 
elsewhere,’ and the spectroscopic properties of the mixture of 
faranals were very similar to those of the racemic mixture. N o  
evidence of contamination by unwanted dou ble-bond isomers 

t PCC = Pyridinium chlorochromate. 
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( 2 ; X : I )  (17) 

lii 
(18a) [ +  (18b)] 

lii 

( l a )  [ +  ( l b ) ]  

Scheme 5 .  Reagents and conditions: i, t-butyl-lithium, (Et),O, 
- 78 "C, 30 min; ii, (a) [(15a) + (ISb)], 18 h, -78 "C + 0 'C 
(b) THF (3 vols); iii, (a) toluene-p-sulphonic acid, MeOH (b) 
PCC, alumina 

(i.cJ. 6E,10€; 6Z,10E; or 62,lOZ) was apparent in the 400- 
MHz 'H n.m.r. spectra of the samples (cf. reference 5 where 
evidence of contamination by unwanted geometric isomers was 
obtained by high-field H n.m.r. spectroscopy ufier purification 
by preparative g.1.c.). Both samples of faranal prepared were 
shown to have substantial biological activity and the detailed 
results will be published elsewhere. 

Experimental 
'H N.ni.r. spectra were recorded on a Perkin-Elmer R12 
spectrometer at 60 MHz, at 100 MHz on an XLl00 machine, 
and at 400 M H z  on a Briicker WH/400 spectrometer. All 6- 
values refer to samples in C DC13 unless otherwise stated, with 
tetramethylsilane as an internal standard. 13C N.m.r. spectra 
were recorded on a Varian Associates XL 100 spectrometer. 
I .r. spectra were obtained on a Perkin-Elmer I57G spectro- 
meter for liquid films unless otherwise stated. Mass spectra 
were recorded on a Kratos M S 3 0  spectrometer equipped with 
a DS 505 data system, operating at 70 eV; ammonia gas was 
used under c.i. (chemical ionisation) conditions. Gas-liquid 
chromatography was carried out using a Pye Unicam GCD 
chromatograph, with nitrogen as carrier gas at a flow rate of 
20 ml min-'. Analytical t.1.c. was performed on pre-coated 
silica plates (Merck, type 25 UVZs4), and using appropriate 
diethyl ether-light petroleum (b.p. 40-60 "C) mixtures as 
eluants. Flash chromatography refers to the method of Still 
et uI.,'~ and was performed using MN Kieselgel 60 (230--400 
mesh). Kugelrohr distillation refers to short-path distillation 
using a Biichi Kugelrohr (bulb-to-bulb) system and boiling 
points quoted are oven temperatures. Solutions of alkyl- 
magnesium halides were standardised by titration according 
to the method of Watson and E a ~ t h a m . ~ ~  All commercially 
available solvents were purified by standard procedures 
before use. Solvents for moisture-sensitive reactions were dried 
by distillation from calcium hydride-LAH under nitrogen. 
Substrates for moisture-sensitive reactions were dried by the 
addition of calcium hydride. Solvent evaporation under 
reduced pressure refers to use of a Buchi rotary film evapor- 
ator operating at 15 mmHg and a bath temperature of 25 "C. 
Organic solutions were dried with anhydrous magnesium 
sulphate. 

( Z ) 4 M e  thy 2hex- 3 -en- 1 -02 l5 (4) .-Dry dime t h yl sul p h ide 
(230 ml) was added to a suspension of dimethyl sulphide- 
copper(1) bromide26 (34.7 g, 0.17 mol) in dry diethyl ether 
(207 ml) under nitrogen. The colourless solution which resulted 
was stirred and cooled to -45 "C and a solution of ethylmag- 
nesium bromide (106 ml of a 1 . 6 ~  0.17 mol) was 
added during 5 min. The orange suspension was stirred 
under nitrogen at -45 "C for 2 h and then propyne (9.6 ml, 
0.17 mol) was added. The solution was warmed to -25 "C and 
stirred for 3 h. 

A solution of n-butyl-lithium in hexane (106 ml of a 1 . 6 ~  
solution, 0.17 mol) was added to a stirred solution containing 
dry pent-1-yne (17 ml, 0.17 mol) and hexamethylphosphoric 
triamide (HMPA) (29 ml) in dry diethyl ether (212 ml) at 
-78 "C, under nitrogen, and the resulting solution was 
stirred at -70 "C for 30 min. The solution containing the 
alkenyl organocopper complex was cooled to -60 "C, and the 
solution containing the lithiopentyne (0.17 mol) in diethyl 
ether-HMPA was added during 5 min. The mixture was 
stirred for 1 h at -60 "C, dry ethylene oxide(8.4 ml, 0.17 mol) 
was added, and the resulting solution was stirred for 36 h at 
-35 "C. Saturated aqueous ammonium chloride (50 ml of a 
saturated solution adjusted to pH 8 with aqueous ammonia) 
was added, and the mixture was stirred vigorously in the 
presence of air for 1.5 h. The organic phase was decanted, and 
the aqueous phase was extracted with diethyl ether (3 x 100 
ml). The combined extracts were washed with saturated 
aqueous sodium chloride (3 x 50 ml), dried, and the solvents 
were removed under reduced pressure. The resulting oil was 
dissolved in diethyl ether (500 ml) and the solution was 
washed with saturated aqueous sodium chloride (3 x 50 ml) 
and passed through a short column of silica gel to remove 
residual HMPA. Purification of the residue by flash chroma- 
tography (CH2CI2 as eluant) gave (2)-4-methylhex-3-en-l-ol 
(4) (14.2 g, 74%) as an oil, b.p. 75 "C/20 mmHg (lit.,15 64- 
65 OC/IO mmHg). Conversion of this alcohol into its TMS 
ether and g.1.c. analysis (capillary column, SE30 SCOT, 
0.5 mm x 50 m; 100-250 "C/8 "C min-') showed no con- 
tamination by the (E)-komer. 

(Z)- I -Bvunto-4-merhylhex-3-ene l5 (6).-The bromo com- 
pound was prepared by the method of Mori et U L . , ' ~  oiu the 
tosylate (3, in 75% overall yield, b.p. 65-70 "C (Kugelrohr)/ 
15 mmHg (lit.,*' 80-82 "C/35 mmHg). 

(Z)-6-Mefhyfocf-5-en- 1 -yne (7).-The bromide (6) (2.92 g, 
15 mmol) was added to a stirred suspension of the ethylenedi- 
amine complex of lithium acetylide (2.03 g, 22 mmol) in dry 
DMSO (9 ml) at 10 "C under nitrogen. The suspension was 
stirred for 30 min at 10 "C, then for 3 h at 25 "C, and was then 
cooled in ice. Hydrochloric acid (4 ml of a 5~ solution) was 
added, followed by water (15 ml), and the mixture was 
extracted with pentane ( 5  x 30 ml). The combined extracts 
were washed with water (10 ml), dried, and the solvent was re- 
moved at atmospheric pressure using an efficient fractionating 
column. The residual oil was distilled (Kugelrohr) to give (Z)-  
6-methyloct-5-en-I-yne as a liquid (1.28 g, 70%), b.p. 55-60 
"C/15 mmHg, 6 1.0 (3 H, t, J 7 Hz, MeCH2), 1.2 (3 H, s, 
MeC=C), 2.1 (7 H, m), and 5.1 (1 H, t, J 7.5 Hz, C=CH); m / z  
122 ( M + ,  473, 107 (9, 83 (48), and 55 (100) (Found: M + ,  
122.1070. CYH14 requires M ,  122.1214). Use of the tosylate (5) 
in place of the bromide (6) gave a similar yield of the alkyne 
(7). 

(lE,5Z)-l-lod0-2,6-dimefhylocf~-1,5-diene (2; X = I).-A 
solution of methylmagnesium iodide (9.2 ml of a 1 . 6 ~  solu- 
tion, 14.7 mmol) was added to a stirred suspension of dimethyl 
sulphide-copper(1) bromide (3.02 g, 14.7 mmol) in dry diethyl 
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ether (19 ml) and dry dimethyl sulphide (19 ml) at -45 "C 
under nitrogen. The orange suspension was stirred at -45 "C 
for 2.5 h and then the alkyne (7) (1.8 g, 14.7 mmol) was 
added. The suspension was warmed to room temperature for 
15 min and then stirred under nitrogen at -15 "C. The 
reaction was monitored by g.1.c. (OV101; 100-300 "C at 
8 "C min-I) and after 54 h the mixture was cooled to -50 "C 
and powdered, nitrogen-purged iodine (3.7 g, 14.7 mmol) was 
added. The dark brown solution was warmed to -30 "C and 
when it became colourless, trimethyl phosphite (1.5 ml) was 
added. The solution was stirred for 2 min, hydrochloric acid 
was added (35 ml of a 5~ solution, 175 mmol) and, after being 
stirred for 10 min, the solution was poured into diethyl ether 
(25 ml). The organic phase was separated, washed in turn with 
hydrochloric acid (5  ml; 5 ~ ) ,  water (2 x 5 ml), and saturated 
aqueous sodium hydrogencarbonate (5  ml), dried, and the 
solvents removed under reduced pressure. The residual oil was 
filtered and distilled (Kugelrohr) to give starting material 
(0.7 g, 38% recovery) and (1E,5Z)-l-iodo-2,6-dimethylocta- 
1,5-diene (2; X = I) (1.03 g, 49%), b.p. 85-90 "(70.2 mmHg; 
pure by g.1.c. (OV101; 100-300 "C at 16 "C min-'); 6 0.99 
(3 H, t, J 7 Hz, MeCH2), 1.69 (3 H, s, MeCRXRH), 1.85 
(3 H, s, MeCR-HI), 2.1 (6 H, br m, 3 x CH2), 5.1 (1 H, m, 
MeCR%RH), and 5.9 (1 H, m, MeCR%HI); m/z * 137 
(M+ - I, 87%), 83 (76), and 55 (100). 

meso-4,5-Bis(hydroxymethyl)cyclohexene (9).-The above 
compound was prepared from cis-l,2,3,6-tetrahydrophthalic 
anhydride (8) 27 by the method of Walborsky et al.I9 in 83% 
yield, b.p. 137 "C/l mmHg (lit.,2s 130-137 0C/l.0-1.5 
mmHg). 

meso-4,5-Dimethylcyclohexene (lo).-This was prepared 
via the dimesylate of the diol(9) using the reduction conditions 
described by Walborsky et al.19 The dimesylate, m.p. 79-82 
"C (lit.," 82-83 "C), was prepared in 94% yield and was 
reduced with LAH-NaH in boiling diethyl ether to give the 
hydrocarbon (10) in 99Zyield; b.p. 123 "C (lit.," 123-124 "C). 

meso-3,4-Dimethylhexanedioic Acid (I I).-A mixture of 
ozone in oxygen (ca. 2% 03) was bubbled through a solution 
of the cyclohexene (10) (10 g, 90 mmol) in dichloromethane 
(600 ml) at -78 "C until a permanent blue colour resulted. 
The solution was then freed of ozone by bubbling nitrogen, 
warmed to 0 "C, and treated with excess of Jones reagent.29 
After being kept at 25 "C for 15 h, the organic phase was 
separated and the aqueous phase was saturated with sodium 
chloride and was then extracted with diethyl ether (2 x 50 ml). 
The combined organic phases were dried and the solvent 
removed under reduced pressure to provide an oily residue. 
This residue was taken up in 1% aqueous sodium hydroxide 
(100 ml) and the aqueous solution was washed with diethyl 
ether (2 x 50 ml), acidified, and the free acid extracted with 
diethyl ether (5  x 100 ml). The organic solution was dried 
and the solvent removed under reduced pressure to give meso- 
3,4-dimethylhexanedioic acid (1 1) (1 2.6 g, 80%), m.p. 125- 
129 "C (iit.,Jo 128-131 "C). 

meso-3,4- Diniethylcyclopentanone (1 2).-This was prepared 
by the method described by Thorpe and Kon for the racemic 
compound. Thus, pyrolysis of the diacid (I  1)  in the presence of 
barium hydroxide gave the ketone (12) in 80% yield, b.p. 
60-80 "C/15 mmHg (lit.,32 62-80 "C/l5 mmHg). 

cis-4,5- Dirirefhyltefrahydro-2-pyrone [( 13a)-( 13b)].-m- 
Chloroperbenzoic acid (32 g, 185 mmol) was added to a 

* M +  for this compound was not obtainable under low eV or 
chemical ionisat ion conditions. 

stirred solution of the cyclopentanone (12) (8.15 g, 72 mmol) 
in dichloromethane (100 ml) and the suspension was stirred 
for 6 h. A 1 : 1 mixture of water and dichloromethane was 
added (100 ml) and, after being stirred for 10 min, the phases 
were separated The organic phase was washed in turn with 
1% aqueous sodium thiosulphite (50 ml) and saturated aqueous 
sodium hydrogencarbonate (50 ml) until the organic phase 
was clear (six times each). The organic phase was dried and the 
solvent removed under reduced pressure to give a pale yellow 
oil which was distilled to give &-4,5-dimethyltetrahydro-2- 
pyrone [(13a) + (13b)l as a liquid (7.5 g, 81%), b.p. 80-84 
"C/0.8 mmHg (lit.,' 73-76 "C/0.55 mmHg). 

Ethyl (3S,4S/3 R,4R)-5-Bromo-3,4-dirnethylpentanoate 
([14a) + (14b)].-Hydrogen bromide was bubbled through a 
solution of the lactones (13a) + (13b) (7.5 g, 59 mmol) in dry 
ethanol (200 ml) until the exothermic reaction had ceased. 
The solution was concentrated under reduced pressure to a 
brown oil which was dissolved in diethyl ether (150 ml) and 
the solution was washed with water (2 x 20 ml), dried, and 
evaporated under reduced pressure. Distillation of the residue 
gave ethyl (3S,4S/3 R,4R)-5- bromo-3,4-dimet hylpen tanoate 
[(14a) + (14b)l as a liquid (9.67 g, 69%), b.p. 76 "C/0.02 
mmHg (lit.: 87-90 "C/1 mmHg). 

(2S,3S/2R,3R)- 1- Iodo-2,3-dimethyl-5-(tetrahydropyran-2- 
y1oxy)pentune [(15a) + (15b)].-A solution of the bromo 
ester [(14a) + (14b)l (12.1 g, 51 mmol) in dry diethyl ether 
(50 ml) was added dropwise to a stirred suspension of LAH 
(5.1 g, 137 mmol) in dry diethyl ether (50 ml) at 0 "C. The 
suspension was stirred at 0 "C for 15 h, treated with saturated 
aqueous ammonium chloride (10 ml), stirred for 1 h, and 
treated with anhydrous sodium sulphate (20 g, 0.14 mol). 
After being stirred for a further 5 h, the mixture was extracted 
with diethyl ether (3 x 100 ml) and the combined extracts 
were washed with saturated brine (2 x 10 ml), dried, and 
concentrated under reduced pressure to give a pale oil. 
Distillation (Kugelrohr) gave the desired alcohol as a liquid t 
(6.9 g, 70%), b.p. 76 "C/0.02 mmHg; vmX 3 500br and 2 900s 
cm-'; 6 0.9 (6 H, m, 2 x Me), 1.8 (4 H, m, CH2 + 2 x CH), 
3.3 (2 H, d, J 8 Hz, CH2Br), 4.6 (2 H, t, J 8 Hz, CH20H), and 
5.1 (1 H, s); m/z 195 (O.OI%), 193 (0.02), 177 (0.06), 175 (0.04), 
97 (42), and 55 (100). 

A solution of the above bromo alcohol (5 g, 25 mmol), 
dihydropyran (2.5 g, 29 mmol), and toluene-p-sulphonic acid 
(5  mg) in dry diethyl ether (250 ml) was stirred at 25 "C for 
22 h. Water (5  ml) was then added and the organic phase was 
washed in turn with 2% aqueous sodium hydrogencarbonate 
(25 ml) and saturated brine (25 ml), dried, and evaporated 
under reduced pressure to give the bromo tetrahydropyranyl 
ether. G.1.c. (5% OVlOl on Chromosorb W-HP, 3 mm x 3 m; 
100-300 "C at 16 "C min-') indicated the presence of ca. 5% 
of a low-boiling impurity which was removed by distillation 
(Kugelrohr) to leave the bromo-tetrahydropyranyl ether t as 
an oil (6.2 g, 87%), b.p. 80-90 "C/O.Ol mmHg, vmX 2 900s 
cm-'; 6 0.95 (6 H, m, 2 x Me), 1.6 (10 H, m), 3.48 (2 H, m, 
CH2Br), 3.8 (4 H, m, 2 x CH20), and 4.6 (1 H, m, OCHO); 
m/z  280 and 278 (M+, 0.4%), 179 (6), 177 (6), 101 (7), 97 
(28), and 85 (100). 

A solution of the bromo tetrahydropyranyl ether (0.5 g, 1.7 
mmol), and sodium iodide (3 g, 20 mmol) in dry AnalaR ace- 
tone (1 5 ml) was stirred at 25 "C for 15 h under nitrogen. Water 
(10 mi) was then added, the reaction mixture was extracted 

t The bromo alcohol and the corresponding tetrahydropyranyl 
ether were found to be unstable and hence we recommend their 
use soon after purification. M +  for the bromo alcohol could not 
be obtained even under c.i. conditions. 
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with diethyl ether (50 ml), and the extract was dried and con- 
centrated under reduced pressure to give (2S,3S/2R,3R)-I- 
iodo-2,3-dimethyl-S-( tetrahydropyran-2-y1oxy)pentane 
[(15a) + (15b)l as a pale oil (0.6 g, 79%), v,,,,,. 2 900s and 
1 640m cm-'; 6 (100 MHz) 0.9 (6 H, m, 2 x Me), 1.6 (10 H, 
m), 3.2 (2 H, m, CH21), 3.4 (2 H, m, CH20), 3.8 (2 H, m, 
CH20), and 4.6 (1 H, m, OCHO); m/z 325 (M+ - 1,0.5%), 
225 (4), 199 (1.5), 85 (loo), and 55 (28) (Found: A4 + NH4+, 
344.0661. C12H23102 + NH4+ requires m/z, 344.1040). This 
compound decomposed on attempted distillation. 

Diethyl 3,4- Dimethylhexunedioate (1 6a, c, d) by Electro- 
chemical Dimerisation of Ethyl Crotonate.-Following the 
method outlined by ethyl crotonate (1 14 g, 0.99 mol) 
was electrolysed using a two-compartment cell. The catholyte 
consisted of D M F  (dimethylformamide) (132 g), methyltri- 
ethylammonium toluene-p-sulphonate (104 g of a 76% 
aqueous solution), and p-nitroso-N,N-dimethylaniline (10 
mg). The anolyte consisted of a solution of methyltriethyl- 
ammonium toluene-p-sulphonate (50 ml of a 38% aqueous 
solution). A platinum anode and a mercury cathode were 
employed, and the pH of the catholyte was maintained at 7-8 
by the addition of acetic acid, whilst a constant current of 
2.90 A was passed through the cell (current density 0.054 A 
cm-2). After 9.1 h the electrolyte was concentrated under 
reduced pressure and diluted with water (200 ml). The aqueous 
solution was extracted with diethyl ether (2 x 100 ml), dried, 
and evaporated under reduced pressure to give an oil which, on 
fractional distillation, gave diethyl 3,4dimethylhexanedioate 
(16a, c, d) as a liquid (68 g, 60%), b.p. 80-110 "C/2 mmHg 
(lit.,33 103 "C/l.55 mmHg). 13C N.m.r. spectroscopy using a 3-s 
pulse delay 22 gave the following signals with intensity com- 
parisons in parentheses: Cana' 14.30, 16.63 (213 : 82), Cbvb' 
34.20, 34.68 (153 : 65), C'9" 39.62, 38.44 (180 : 79,  Cdsd' 
173.09, 173.22 (60: 29), Ce 60.27 (193), and C' 14.89 p.p.m. 
(238). 

Diethyl meso-3,4- Dimethylhexanedioate (1 6a).-A solution 
of the meso-diacid (1 1) (0.1 g, 0.57 mmol) and concentrated 
sulphuric acid (1 drop) in dry ethanol (1 ml) was boiled under 
reflux for 6 h. Diethyl ether (50 ml) was then added and the 
solution was washed in turn with saturated aqueous sodium 
hydrogencarbonate (5  ml) and saturated brine (5 ml) and dried. 
Concentration under reduced pressure gave the meso-dieter 
(16a) (0.12 g, 92%) as a liquid, b.p. 80-100 "C/2 mmHg 
(Kugelrohr); aC 16.63 (C"), 34.68 (Cb), 38.45 (C'), 173.28 
(Cd), 60.32 (C'), and 14.26 p.p.m. (C'). 

43- Ditriethyltetrahydro-2-pyrone (1 3a, b, c, d).-A solution 
of the mixture of diesters (16a, c, d) (35 g, 0.152 mol) in 10% 
aqueous sodium hydroxide (400 ml) was boiled under reflux 
for 1 h, cooled to room temperature, and extracted with 
diethyl ether (100 ml). The aqueous phase was acidified (SM 
sulphuric acid), saturated with sodium chloride, and extracted 
with diethyl ether (5  x 200 ml). The combined organic phases 
were dried and evaporated under reduced pressure and the 
residue was recrystallised from diethyl ether to give the mixture 
of diacids (1 1) as a solid (26 g, 98%), m.p. 104 "C 104- 
105 "C). 

Following the procedure outlined above for the meso- 

diacid (1 l), this mixture of diacids was converted via the 3,4- 
dimethylcyclopentanones (92%), b.p. 56-80 "C/15 mmHg 
into a mixture of 4,5-dimethyltetrahydro-2-pyrones (13a-d) 
(84%), b.p. 70-72 "C at 0.4 mmHg. G.1.c. analysis and com- 
parison with authentic racemic lactone [( 13a) + (1 3b)l (see 
above) (5% Carbowax 2 0 ~  on Diatomite C AAW DMCS, 
3 mm x 3 m; 152 "C) showed the ratio of the diastereoiso- 
men present to be25 : 75 [(13a) + (13b)l: [ ( I~c)  + (13d)l. As 
(1 3a) and (1 3 b) were derived from the meso-diester (1 6a), and 
(13c) and (13d) from the racemic diester (16c) + (la)], this 
accurate analysis confirms the approximate analysis of the 
mixture of diesters obtained by the comparison of "C n.m.r. 
line intensities outlined previously. 

1 - Iodo-2,3 -dimethyl-5 -( tetrahydropyrun-2-y1oxy)pen tune 
(1 Sa--d).-Following the procedure outlined above for the 
racemic materials, the mixture of lactones (1 3a-d) was con- 
verted into a mixture of the corresponding iodo tetrahydro- 
pyranyl ethers (80%) via the bromo esters (71%), b.p. 70-72 
"C/O.OI mmHg; bromo alcohols (70%), b.p. 75-76 "C/0.02 
mmHg; and bromo tetrahydropyranyl ethers (53%). 

(IOR,l IS/lOS,l IR)-(3Z,7E)-3,7,10,1 I-Terramethyl-1 3- 
(tetruhydropyrun-2-yloxy)~rideca-3,7-diene [ (1 8a) + (1 8 b)].- 
t-Butyl-lithium (1.35 ml of a 1 . 6 ~  solution in pentane, 2.04 
mmol) was added under argon to a stirred solution of the 
vinyl iodide (2; X = I) (0.26 g, 1.02 mmol) in dry diethyl ether 
(10 ml) at -85 "C. The solution was stirred at -85 "C for 1 h 
whence g.1.c. analysis showed complete conversion into the 
lithio compound (17) had occurred (5% OVlOl on Chromo- 
sorb W-HP, 3 mm x 3 m; 100-300 "C at 16 "C min-I). 
The iodo tetrahydropyranyl ether [( 15a) + (1 5 b)] (0.585 g, 1.8 
mmol) was added, followed by dry THF (30 ml), and the 
reaction mixture was stirred and allowed to warm to 0 "C 
during 18 h.* Saturated aqueous ammonium chloride was 
added (20 ml), the phases were separated, and the aqueous 
phase was extracted with diethyl ether (2 x 20 ml). The 
combined organic phases were dried and the solvents were 
removed under reduced pressure to give a pale oil which on 
purification by flash chromatography [diethyl ether-light 
petroleum (b.p. 40-60 "C) (8: 92 v/v) as eluant], gave 
(lOR, 1 1 S/IOS, 1 1 R)-(3Z,7E)-3,7,10,11 -tetramethyl- 13-(tetra- 
hydropyran-2-yloxy)trideca-3,7-diene [( 18a) + (1 8 b)] as an 
oil (0.41 g, WL), 6 (100 MHz) 0.84 (6 H, m, 2 x Me), 0.96 
(3 H, t, J 8 Hz, MeCH2), 1.6 (3 H, s, 7-Me), 1.69 (3 H, s, 
3-Me), 2.01 (8 H, m, 4 x allylic CH2), 3.5 (2 H, m, CH20), 
3.8 (2 H, m, CH20), 4.6 (1 H, m, OCHO), 4.62 (10 H, m), and 
5.1 (2 H, m, 4- and 8-H); m/z 337 (0-1), 336 (0.2), 137 (4.4), 
123 (3.2), 109 (43), 95 (14.3), and 85 (100). 

(3R,4S/3S,4R)-(6E, 102)-3,4,7,11- Tetramethyltrideca- 
6,10-dien-1 -ol.'-A solution of the tetrahydropyranyl ether 
[(18a) + (18b)l (0.1 g, 0.29 mmol) and toluene-p-sulphonic 
acid (1 mg) in dry methanol (20 ml) was heated to 50 "C for 
1.5 h. The solvent was removed under reduced pressure, the 
residue was taken up in diethyl ether (20 ml), and the solution 
was washed with saturated aqueous sodium hydrogencarbon- 
ate (1 ml). The solution was dried and the solvent was 
removed under reduced pressure to give the known (3R,4S/ 
3S,4R)-(6E, 102)-3,4,7,1 I-tetramethyltrideca-6,lO-dien- 1-01 
[(18a) + (18b)J as a pale oil (68 mg, 9373, vmx. (5% solution 
in CHClJ 3 400s and 2 900m cm-'; 6 0.85 (9 H, m, 3 x Me), 
1.5 (3 H, s, allylic Me), 1.52 (5  H, m), 1.59 (3 H, s, allylic Me), 
1.90 (8 H, m, 4 x allylic CH2), 3.60 (2 H, t, J 8 Hz, CH20), 
and 5.01 (2 H, m, 6- and 10-H). 

+The success of this alkylation depends entirely on the use of 
absolutely dry reagents and solvents, and flame-dried glassware. 
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(3R,4S/3S,4R)-(6E, 102)-3,4,7,11 -TetramethyZtrideca-6,10- 
dienaf; Racemic Faranal [( 1 a) + (1 b)].-Pyridinium chloro- 
chromate on neutral aluminaJ5 (0.6 g, 0.6 mmol PCC) was 
added to a stirred solution of the alcohol [(18a) + (18b)l (67 
mg, 0.27 mmol) in dichloromethane (10 ml) and the mixture 
was stirred under nitrogen for 15 h. Diethyl ether (3 ml) was 
added and the mixture was filtered through a short column of 
silica gel to give a solution which, on concentration under 
reduced pressure, gave pure (3R,4S/3S,4R)-(6E,102)-3,4,7,11- 
tetramethyltrideca-6,lO-dienal [(la) + (lb)] as an oil (56 mg, 
84%), homogeneous by g.1.c. (on Chromosorb W-HP, 3 mm x 
3 m); vmx. 2700m and 1720s; 6 (400 MHz; [*H,]benzene) 
0.69 (3 H, d , J 7  Hz, Me), 0.72 (3 H, d, J 7  Hz, Me), 0.94 (3 H, 
t, J 7 Hz, MeCH2), 1.52 (4 H, m), 1.55 (3 H, s, 7-Me), 1.69 
(3 H, s, 11-Me), 2.0 (8 H, m, 4 x allylic CH2), 5.15 (1 H, m, 
C=CH),5.19(1 H,m,C%H),and9.39(1 H,dd, J1.5and2.5 
Hz, CHO); m/z (probe) 250 ( M + ,  1.4%), 249 (1.5), 137 (lo), 
123 (16), 95 (19), 85 (loo), 55 (52), and 41 (27) (Found: M + ,  
250.2454. C17H300 requires M, 250.2298). No evidence of 
contamination by unwanted double-bond isomers was ap- 
parent from the 400-MHz 'H n.m.r. spectrum (cf. ref. 5). 

(6E, 102)-3,4,7,11 -Tetramethyltrideca-6,1O-dienaZ; Faranal 
(la-d).-Following the procedure described above for the 
racemic sample, the mixture of iodo tetrahydropyranyl ethers 
(15a-d) was converted into a mixture of faranals ( la-d) .  
Based on the isomeric composition of the lactones (13a-d) 
(obtained by g.1.c. analysis as described above), the composi- 
tion of this mixture of isomeric faranals was 25% (3R,4S + 
3S,4R)-faranal and 75% (3R,4R + 3S,4S)-faranal. 
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