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A,, (E) (pH 11) 303 nm (15 100); *H NMR (Me2SO-ds) 6 15.84 (broad 
singlet, 1,3-NH), 10.54 (s, 1,5-NH), 8.44 (d, 1, H-7, 56.7 = 9.6 Hz), 8.00 

Anal. Calcdfor C B H ~ N ~ O ~ :  C, 46.37; H, 4.38; N, 33.80. Found: C, 46.22; 
H, 4.42; N, 33.6'7. 

(d, 1, H-6,56,7 = 9.6 Hz), 4.22 (4, 2, CHZCH~), 1.31 (t, 3, CH~CHB).  

Registry No.-1, 38359-73-8; 2, 22860-91-9; 3, 62805-39-4; 4, 
67505-63-9; 5,62805-40-7; 6,67505-64-0; 7,67505-65-1; 8,67505-66-2; 
9, 67505-67-3; 10, 67505-68-4; 11, 67505-69-5; 12, 62805-41-8; 13, 
67505-70-8; 14,62805-42-9; 15 2 HCl, 53995-24-7; 16,62805-37-2; 17, 
60282-60-2; 18, 67505-71-9; 19, 67505-72-0; 20, 67505-73-1; 21, 
60282-66-8; 22,67505-74-2. 
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Syntheses of the five possible nor analogues of all-trans-geranylgeraniol are described. The 4'-nor isomer (10) is 
prepared from trans,trans-farnesol by means of two-carbon chain extension and phosphonate olefination reactions 
(Scheme I). The 16'- and 16-nor analogues (26 and 27) are obtained through Biellmann isoprenoid coupling reac- 
tions of 3-methyl-2,6(E,Z)-octadien-l-yl phenyl sulfide (8'-norgeranyl phenyl sulfide, 22) and its 6,7(E) isomer (23) 
with benz:yl 8-chloro-3,7-dimethyI-2,6(E,E)-octadien-l-y1 ether (15, Scheme 11). The Wittig-Schlosser reaction 
for stereoselective trans olefination is the key reaction in the synthetic routes (Scheme IV) to 8'-nor- and 12'-nor- 
geranylgeraniol(34 and 43). Proton-decoupled carbon-13 NMR spectral data are reported for all-trans-geranylger- 
aniol and the series of nor analogues and the distinctive shifts associated with the disubstituted double bonds and 
nearby carbons are noted. 

Structural analogues of t rans , t rans-farnesyl  pyrophos- 
phate and 2,3-dihydrosqualene 2,3-oxide lacking one or more 
of the methyl  groups have proven useful in investigations on 
the mechanism and substrate specificity of squalene synthe-  
tase2 and various triterpene cyclases.:' Since all-trans-ger- 
anylgeranyl pyrophosphate  (1-OPP) serves similarly as the 

1-OH 
biosynthetic precursor of the diterpene and carotene families 
of natural products ,  it would clearly be desirable t o  have 
synthet ic  access to  its nor analogues. In this paper  we report  
syntheses  of the five possible nor analogues of all-trans-ger- 
anylgeraniol a s  well as carbon-13 NMR spectral d a t a  for t h e  

parent di terpene alcohol and the series of nor analogues. 
all-trans-Geranylgeraniol(1-OH) was synthesized by two 

different methods previously described in the literature, one 
originating from trans,trans-farneso14 and the other from 
gerani01.~ In the former approach (Scheme I) trans,trans- 
farnesylacetone (3) was prepared by alkylation of ethyl so- 
dioacetoacetate with farnesyl bromide (2-Br) followed by 
hydrolysis and decarboxylation of the resulting p-keto est- 
er.4b,c Condensation of farnesylacetone with the sodium salt 
of t r imethyl  p h o s p h ~ n o a c e t a t e ~ ~  afforded methyl  all-trans- 
geranylgeranate (4) which, af ter  purification by column 
chromatography to remove a small amount of the 2,3-cis iso- 
mer, was reduced to  geranylgeraniol (I-OH) with lithium 
aluminum monoethoxyhydride.6 

The preceding reaction sequence was modified in order  t o  
synthesize 4'-norgeranylgeraniol(lO). The reaction of farnesyl 
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Scheme I 

X 

2-OH 
2-Br 

3, R = C(=O)CH, 
5, R = CO,C,H, 
6, R = CH,OH 
7 ,  R = CHO 

R, 
4, R ,  = CH,; R, = CO,CH, 
8, R ,  = H; R, = CO,CH, 
9, R ,  = H ;  R, = CHO 

OH 
* 

1-OH, R ,  = CH, 
10, R ,  = H 

bromide with the copper-lithium enolate of ethyl acetate7 
afforded ester 5 ,  which was converted to the corresponding 
aldehyde (7) by reduction with lithium aluminum hydride and 
oxidation with chromium trioxide-dipyridine complex in 
dichloromethane. The 4’-nor ester 8 was obtained as before 
by condensation with trimethylsodiophosphonoacetate. 
However, the reduction of 8 with lithium aluminum mono- 
ethoxyhydride was complicated by competitive formation of 
the conjugate reduction product (2,3-dihydro- IO). Although 
4’-norgeranylgeraniol (10) was isolated in pure form by 
chromatography on silver nitrate impregnated silica gel, the 
low yield (20%) led us toexamine an alternative reaction se- 
quence. Condensation of 7 with diethyl 2-(cyclohexy1amino)- 
vinylphosphonate in the presence of sodium hydride8 gave rise 
to the trans a,@-unsaturated aldehyde 9 following hydrolysis 
with aqueous oxalic acid. Sodium borohydride reduction of 
9 furnished 4’-norgeranylgeraniol in 36% overall yield. The 

15-Hz coupling constant between the vinyl protons on C-2 and 
C-3 in the a,@-unsaturated ester 8 and aldehyde 9 affirms the 
trans stereochemistry at  this position. 

The second synthetic route to all-trans-geranylgeraniol 
follows that reported by Altman, Ash, and M a r ~ o n , ~ ~  but with 
modifications which facilitate operations on larger scale 
(Scheme 11). Regioselective ozonolysis of benzyl geranyl ether 
in dichloromethane containing 1 equiv of pyridineg gave rise 
to aldehyde 12 in 43% yield after purification by bisulfite ex- 
traction. Ester 13 was obtained from a Wittig reaction between 
ethyl 2-(triphenylphosphorany1idene)propionate and 12 and 
was subsequently reduced to the previously reported hydroxy 
ether 145a with aluminum hydride.1° The corresponding 
chloride (15) was prepared and utilized to alkylate l-phen- 
ylthiogeranyllithium as described. Simultaneous reductive 
cleavage of the phenylthio and benzyl groups from the alkyl- 
ated sulfide was conveniently accomplished by exposure to 
lithium in liquid ammonia with tetrahydrofuran as cosolvent 
a t  -78 “C. Although gram quantities of geranylgeraniol are 
readily prepared by this reaction sequence, GLC analysis of 
the trimethylsilyl derivative of the product shows the presence 
of three byproducts totaling approximately 20% of the mix- 
ture. The purity of the geranylgeraniol may be further en- 
hanced by chromatography on silver nitrate impregnated 
silica gel. 

The allylic crossed-coupling reaction was also employed for 
the synthesis of 16- and 16’-norgeranylgeraniol. The norger- 
aniol isomers required for this purpose were secured through 
stereoselective Wittig reactions of tetrahydropyranyloxyal- 
dehyde 19, which was available from partial ozonolysis of 
geranyl tetrahydropyranyl ether (Scheme III).I1 Thus, the 
reaction of ethylidenetriphenylphosphorane with 19 under 
the “salt-free’’ conditions12 afforded 8-norgeraniol (20) after 
methanolysis of the tetrahydropyranyl protecting group. The 
trans isomer was formed from the same components by the 
Schlosser-Wittig method13 as modified by Johnson and co- 
w o r k e r ~ . ~ ~  The cis- and trans- norgeranyl phenyl sulfides (22 
and 23), prepared from the corresponding bromides by reac- 
tion with sodium thiophenoxide, were carried through the 
same three-step reaction sequence (Scheme 11) to connecc the 
8,9 bond and produce the 16- and 16’-norgeranylgeraniol 
isomers 26 and 27. 

Scheme I1 

11 1 2  

---b C.H ,O.CrOCH2Ph - + x  OCHL Ph 

13 14 ,  X = OH 
15 ,  X = C1 

16, R ,  = R, = CH, 
22, R,  = CH,; R, = H 
23, R,  = H; R, = CH, 

17 ,  R ,  = R, = CH, 
24, R,  = CH,; R, = H 
25, R, = H ;  R, = CH, 

1-OH, R,  = R, = CH, 
26,  R ,  = CH,; R, = H 
27,  R, = H; R, = CH, 
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129.8 
130.5 
32.8 

Table I. Carbon-13 INMR Chemical Shifts and Positional Assignments for all-trans-Geranylgeraniol ( 1-OH) and its Nor 
Analogues e 

124.0 123.8 123.9 
135.2 135.4 135.4 
39.8 39.6 39.76 

4’-nor 8’-nor 12’-nor 16’-nor 16-nor 
position 1-OH (10) (34) (43) (27) (26) 

1 
2 
3 
4 
4’ 
5 
6 
7 
8 
8’ 
9 

10 
11 
12 
12’ 
13 
14 
15 
16 
16’ 

59.4 
123.5 
139.7 
39.66 
16.3 
26.8c 

123.9 
135.5 
39Bb 
16.0 
26.7c 

124.3 
135.0 
39.8b 
16.0 
26.4c 

124.5 
131.3 
25.7 
17.7 

129.2 

123.8 
135.6 
39.8 
16.0 
26.8c 

124.3 
135.0b 
39.8 
16.0 
26.7“ 

124.5 
131.4 
25.7 
17.7 

59.3 59.4 59.4 59.4 
123.7 123.5 123.5 123.5 
139.4 139.7 139.8 139.7 
39.6 39.6 39.6 39.66 

16.3 
26.3 

16.3 
26.4 

16.3 
26.4c 

28.1 1 
124.1 
135.3 

39.6 
16.0 
26.8 

124.5 
131.3 

25.7 
17.7 

130.1 
130.1 

124.3 
131.5 
25.7 
17.7 

16.0 
26.7 

124.4 
134.8 
39.6 

31.3d 
131.3 
124.7 

16.0 
26.7c 

123.9 
134.7 
39.76 

130.4 
124.5 

0 Chemical shifts are relative to tetramethylsilane as internal standard. The solvent was chloroform-d. These assignments may 
be interchanged. These assignments may be interchanged. d The resonances within the block are from the disubstituted olefinic 
carbons and those carbons nearby which are perturbed appreciably by the disubstituted double bond. e Registry no.: 1-OH, 24034-73-9; 
10,67858-73-5; 34,67858-74-6; 43,67858-75-7; 27,67858-76-8; 26,67919-58-8. 

Scheme I11 

yvyv~DTHP / / - OHCTOTHP 

18 19 

20, R, = CH,; FL, = H 
21, R, = H; R, = CH, 

22, R, = CH,; R, = H 
23, R ,  = H; R, = CH, 

The 8’- and 12’-nor analogues (34 and 43) were assembled 
as shown in Scheme IV, the key step being Schlosser-Wittig 
reactions to generate the internal trans disubstituted double 
bonds. Alkylation of the copper-lithium enolate anion of ethyl 
acetate with geranyl and dimethylallyl bromides provided the 
chain-extended esters 29 and 36, which were converted to the 
requisite phosphonium salts 32 and 39 by standard proce- 
dures. The Schlosser-Wittig reaction between phosphorane 
33 and aldehyde 19 gave rise to 8’-norgeranylgeranio1(34) after 
removal of the protecting group. Ozonolysis of farnesyl te- 
trahydropyranyl ether furnished a chromatographically 
separable mixture of aldehydes 19 and 42 from attack a t  the 
two double bonds remote from the ether function. Reaction 
of the latter with phosphorane 40 according to the modified 
Wittig-Schlosser procedure afforded 12’-norgeranylgeraniol 
(43). 

The cis or trans configuration assigned to the disubstituted 
double bonds in the five nor analogues is supported by their 
infrared spectra, which show the expected C-H bending peaks 
a t  970 cm-l for the four trans isomers and 700 cm-l for the 
one cis isomer. The purity of the compounds was estimated 
to be 1 4 5 %  by GLC and/or TLC on silver nitrate impreg- 
nated silica gel. However, the uncertainties inherent in these 
methods prompted us to obtain the carbon-13 NMR spectra 
of the compounds for more definitive characterization. 

Carbon-13 NMR spectral data for all-trans-geranylgeraniol 
and its nor analogues are compiled in Table I and summarized 
in Table I1 and on the partial structures shown below. The 

Table 11. Average and Range of Carbon-13 Chemical 
Shifts for Carbon Atoms in all-trans-Geranylgeraniol (1- 
OH) and its Nor Analogues Having Similar Structural 

Environmentsa 

part positions no. of a v range 
structure (S) resonances 6r br 

-CH20H 
>C=CH- 
>C=CH- 
>C=CH- 
>C=CH- 
-CH2- 
-CH2- 
CH3 
CH:j 
CH3 (cis) 
CH3 (trans) 

1 5 
2,6,  10, 14 19 
3 5 
7 , l l  10 
15 4 
4, 8, 12 15 
5,9,  13 11 
4’ 5 
8’, 12‘ 10 
16‘ 4 
16 4 

59.4 0.1 
124.0 1.0 
139.7 0.4 
135.2 0.9 
131.4 0.2 
39.7 0.2 
26.6 0.5 
16.3 0 
16.0 0 
17.7 0 
25.7 0 

a Excluding the carbon atoms in the immediate vicinity of the 
disubstituted double bonds in the nor analogues (Le., the data in 
the blocked regions of Table I). 

resonances were assigned by comparison with available data 
for related isoprenoid and olefinic c o m p o u n d ~ . ~ ~ J ~  The fact 
that the peaks for the carbon atoms in the vicinity of the di- 
substituted double bond in the nor analogues are shifted away 
from the otherwise similar carbons in the same region served 
as another guide in making the assignments. The sp2 carbons 
of the trisubstituted double bonds a t  positions 3 , 7 , 1 1 ,  and 15 
were assigned assuming a regular progression to higher field 
as reported for the corresponding carbon atoms of farnesol and 
related compounds.16a A progression in the reverse direction 
was assumed for the sp2 carbons a t  positions 2 , 6 , 1 0 ,  and 14. 
However, the relatively small differences in chemical shift 
render the individual assignments within this group uncertain. 
The resonances for the internal methylene groups attached 
to the trisubstituted double bonds separate cleanly into two 
groups, one a t  lower field for the methylene carbons cis to 
hydrogen ((2-4, C-8, and C-12) and the other a t  higher field 
for the methylene carbons cis to methyl (C-5, C-9, and C-13). 
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Scheme IVa 

28 
35 

29 
36 

30 
31 

31 
38 

32 
39 

OH 
/ / / / 

>> 34 

[ R v , p p h 3 ]  OH 

43 
33 
40 

I 
OTHP + 19 

OTHP OHC - 
41 

a 28-33, R = 4-methyl-3-pentenyl ;  35-40, R = CH,. 

Once again the assignments within these groups are arbi- 
trary. 

The average chemical-shift increments for the carbon atoms 
in the immediate vicinity of the disubstituted double bonds 
in the nor analogues as compared to the corresponding carbon 
of geranylgeraniol are marked on the partial structures below. 
The resonances for the internal olefinic carbon atoms at which 
the substitution change (CH3 - H)  occurs and the attached 
methylene carbons are shifted upfield while those for the other 
internal olefinic carbon and its adjacent methylene carbon 
move downfield. Similar shifts are seen for the two terminal 
nor  analogues (26 and 27) with the exception that the signal 

I 

R R 
- i. 0 

A6c for R = CH, - H 

for the (2-13 methylene group in the cis isomer is essentially 
unchanged. Since the C-13 methylene group is two bonds re- 
moved from and trans to the site of substitution, the small 
shift a t  this position is to be expected. 

Experimental Section 
General. Spectra were determined with the following instruments: 

Varian Associates Model A 56/60, A 6OA, HA-100, HR-220 proton 
NMR spectrometers, and an XL-100 carbon-13 NMR spectrometer; 
Perkin-Elmer Model 137 and Beckman IR-12 infrared spectrometers; 
Varian MAT Bremen CH-5, 311, and 731 mass spectrometers. 
Chemical shifts are reported as 6 values with tetramethylsilane as an 
internal standard. Melting points were measured on a Thomas- 
Hoover capillary melting point or Reichert hot stage apparatus and 
are uncorrected. Combustion analyses were performed in the Uni- 
versity of Illinois Microanalytical Laboratory. 

Gas-liquid chromatographic (GLC) analyses were performed with 
Varian Aerographs Model 600-D, A90-P3, or 1700 instruments using 
the following columns: A, 1.5 m X 3.2 mm, 5% Apiezon L on 60/80 
mesh Chromosorb W; B, 3.3 m X 6.4 mm, 20% SE-30 on 60/80 mesh 
Chromosorb W; C, 1.8 m X 3.2 mm, glass column, 3% OV-17 on 
100/120 mesh Gas Chrom Q. The allylic alcohols were analyzed as 
their trimethylsilyl ethers, which were prepared by addition of 10 pL 
of N,O-his(trimethylsily1)acetamide to a solution of 5 mg of alcohol 
in 10 pL of hexane. The solution was allowed to stand for at  least 15 
min before injection onto the column. 

1,2-Dimethoxyethane and tetrahydrofuran (THF) were dried by 
distillation from the sodium ketyl of benzophenone. Pyridine was 
dried over potassium hydroxide pellets and decanted before use. 
Acetonitrile and dichloromethane were dried over 4 8, molecular sieves 
and decanted before use. 

Column chromatographies were performed with silica gel from 

42 

Brinkmann Instruments having particle diameters in the range of 
0.05-0.2 mm. The height-to-diameter ratios were normally between 
8:l and 12:l. Fractions (6 to 20 mL) were taken on a fraction collector 
and analyzed by thin layer chromatography (TLC) or GLC to deter- 
mine which contained the prcduct(s). Silver nitrate impregnated silica 
gel for column chromatography was prepared by addition of a solution 
of silver nitrate in acetonitrile to the silica gel and then removal of the 
solvent on a rotary evaporator. TLC plates impregnated with 10% 
silver nitrate were prepared in the following manner: 5 cm X 20 cm 
X 0.25 mm GF-254 analytical TLC plates (E. Merck AG) were sub- 
merged in a solution of 10% silver nitrate in acetonitrile until com- 
pletely saturated. The plates were then removed and the solvent was 
allowed to evaporate. 

The standard extraction procedure for product isolation consisted 
of extracting the aqueous phase three times with the solvent indicated 
and washing the combined organic phases with 5 or 10% sodium bi- 
carbonate and saturated sodium chloride solutions. The organic phase 
was then dried over anhydrous magnesium sulfate and the solvent 
was removed under reduced pressure on a rotary evaporator. 

3,7,1 l-Trimethyldodeca-2,6,10( E,E)-trien-1-01 ( trans,trans- 
Farnesol, 2-OH). The trans,trans isomer was separated from either 
a commercially available mixture of all four farnesol isomers (Gi- 
vaudan Corp.) by fractional distillation with a spinning band col- 
u ~ n n , ~ ~  or from a two-isomer mixture (Fluka AG) by fractional crys- 
tallization of the N,N-diphenylurethane derivative.18 

Methyl 3,7,11,15-Tetramethylhexadeca-2,6,10,14(E,E,E)- 
tetraenoate (4). trans,trans-Farnesylacetone (3,7.14 g, 2.27 mmol), 
prepared from farnesol as described by van Tamelen and N a d e a ~ , ~ ~ . '  
was converted to a mixture of methyl a//-trans-geranylgeranate (4 )  
and its 2,3-cis isomer by reaction with 4.91 g (27 mmol) of trimethyl 
phosphonoacetate and 0.85 g (35 mmol) of sodium hydride in 50 mL 
of 1,2-dimethoxyethane according to the procedure of Upper and 
West.4d Purification and separation of the isomers from the crude 
product (7.6 g) was accomplished by chromatography on 700 g of silica 
gel eluting with benzene-hexane mixtures ranging from 1585 to 4060. 
The cis ester (0.74 g, 8%) was typically eluted with the 30:70 ben- 
zene-hexane; elution of the trans ester 4 (2.51 g, 2996) normally 
commenced with 35365 benzene-hexane. Analysis by GLC (column 
A, 230 "C) showed one peak with a retention time of 6.3 min (the cis 
isomer has a retention time of 5.3 min under these conditions): 'H 
NMR (CC14) 6 5.50 (s, 1, C=CHC02), 4.9-5.2 (br, 3, other vinyl H),  
3.50 (s, 3, CO?CH3), 2.14 (d, 3, J = 1.5 Hz, (CH:j)C=CHCOn), 2.1 (m, 
2, CH&=CHCO&H;& 1.96 (br s, 10,5CH2), 1.65 (sh, -3, lCH:]), 1.58 
(br s, -9, 3CH.1). 

en-1-01 (Geranylgeraniol, 1-OH). Absolute ethanol (931 mg, 20.2 
mmol) was added to a suspension of 765 mg (20.2 mmol) of lithium 
aluminum hydride in 36 mL of anhydrous ether. The resulting sus- 
pension was added in four equal portions at  1-h intervals to a stirred 
solution of 3.25 g (10.1 mmol) of ester 4 in 10 mL of anhydrous ether 
at room temperature.6 After 1 h, water was added to destroy the excess 
hydride. The mixture was poured into water and the product was 
isolated by the standard extraction procedure with ether. Purification 
by chromatography on 50 g of silica gel impregnated with 5% silver 
nitrate with 25% ethyl acetate in hexane as eluent yielded 1.65 g (50%) 

3,7,11,15-Tetramethylhexadeca-2,6,10,14(E,E,E)-tetra- 
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of geranylgeraniol(1-OH). GLC analysis of the trimethylsilyl deriv- 
ative (column B, 255 " C )  showed one peak with a retention time of 
28 min. The IR and NMR spectral data are given below following an 
alternative synthesis of t.his compound. 

Ethyl  5,9,13-Trimethyltetradeca-4,8,12(E,E)-trienoate (5). 
A solution of 74.6 mmol of lithium diisopropylamide in 30 mL of dry 
T H F  was slowly added to a stirred suspension of 6.56 g (74.6 mmol) 
of ethyl acetate and 28.3 g (149.2 mmol) of cuprous iodide in 135 mL 
of T H F  at -110 "C under nitrogen according to the procedure of 
Kawajima and Doi." The suspension was warmed to -30 "C and 10.6 
g (37.3 mmol) of farnesyl bromide (2-Br)4b3c in 30 mL of T H F  was 
added. After 1 h a t  -30 "C, the suspension was poured into 1 L of 
water and sufficient ammonium chloride was added to  dissolve the 
copper salts. Isolation of the organic products by the standard ex- 
traction procedure with hexane afforded 10.6 g (97%) of the known 
ester (5):19 lH NMR (CCI4) 6 4.9-5.2 (br, 3, vinyl H), 4.10 (4, 2, J = 
7 Hz, CO&H2CH:~j, :2.26 (unsymmetrical t ,  2, J = 3 Hz, 
C H Z C O ~ C H ~ C H ~ ) ,  1.96 (Ibr s, 10,5CH2), 1.66 (sh, -3,lCH3), 1.58 (br 

5,9,13-Trimethyltetradeca-4,8,12( E,E)-trienal (7). A solution 
of 10.6 g (36 mmol) of ethyl farnesylacetate (5) in 20 mL of ether was 
slowly added to a stirred suspension of 2.77 g (72 mmol) of lithium 
aluminum hydride in 60 :mL of ether a t  room temperature. After 2 h 
a t  room temperature, thle mixture was heated a t  reflux for another 
0 3  h. The excess lithium aluminum hydride was destroyed using the 
procedure of Micovic andl MihailovicZ0 and the reaction mixture was 
poured into water. The product was isolated by the standard extrac- 
tion procedure with ether affording 8.12 g (90%) of trans,trans-far- 
nesylethanol (6). Analysis of the trimethylsilyl ether by GLC (column 
B, 220 "C) showed the presence of a small amount (<3%, retention 
time 19 min) of a double bond isomer" along with the desired alcohol 
6 (retention time 22 min;l. 

Alcohol 6 (6.58 g, 26 mmol) was added to a stirred solution of 15.6 
g (26 mmol) of chromium trioxide and 24.6 g (312 mmol) of pyridine 
in 400 mL of dichloromet.hane.21 After 30 min at  room temperature, 
the supernatant solution was decanted and the remaining tar was 
washed with ether. Evaporation of the combined solutions and pu- 
rification by chromatography on 100 g of silica gel with 15% ethyl 
acetate in hexane as eluent afforded 4.21 g (65%) of the aldehyde (7): 
IR (neat) 1730 cm-' (C=O); 'H NMR (CC14) 6 9.64 (t, 1, J = 1.5 Hz, 
CHO), 4.9-5.2 (br, 3, vin,yl H),  2.35 (m, 2, CHzCHO), 1.96 (br s, 10, 
5CH2), 1.64 (sh, -3, lCEt:]), 1.58 (br s, -9, 3CH3). The 2,4-dinitro- 
phenylhydrazone was prepared by a standard procedure,2z mp 89-93 
"C. Anal. Calcd for C2:jH32N404: C, 64.47; H,  7.53; N,  13.07. Found: 
C, 64.47; H, 7.51; N, 12.75. 

Methyl  7,11,15-Trimethylhexadeca-2,6,10,14(E,E,E)-te- 
traenoate (8). Aldehyde 7 (3.77 g, 15.2 mmol) was added to a stirred 
suspension of 4.63 g (25.4 mmol) of trimethyl phosphonoacetate and 
1.39 g (33 mmol) of sodium hydride (57% dispersion in mineral oil) 
in 20 mL of dry 1,2-dimethoxyethane. After 15 h a t  room temperature, 
the reaction mixture was poured into water. Isolation of the organic 
product using the st,andard extraction procedure with ether gave 4.7 
g of crude ester. Purification by chromatography on 350 g of silica gel 
with 25% ethyl acetate in hexane as eluent afforded 1.36 g (29%) of 
the trans ester (8): 'H NMR (CC14) 6 6.80 (dt ,  1, J = I5 and 6 Hz, 
CH=CHC02),5.65 (dt, l ,J  = 15 and 1.5 Hz,CH=CHC02),4.9-5.2 
(br, 3, other vinyl H) ,  3.61 (s, 3, COzCHs), 2.17 (apparent t, 2, J = 3 
Hz, CHzCH=CH), 1.97 (br s, 10, 5CH?), 1.65 (sh,-3, 1CH3), 1.56 (br 
s, 9, 3CH3). Anal. Calcd for C2oH3zO?: C, 78.90; H, 10.59. Found: C, 
78.89; H,  10.41. 
7,llf15-Trimethylhexa.deca-2,6, 10,14 ( E,E,E) -tetraen- 1-01 ( 10). 

Procedure A. Aldehyde 9 (300 mg, 1.09 mmol) was added to a stirred 
solution of 12 mg (0.32 mmol) of sodium borohydride in 1 mL of 
methanol a t  0 "C. After 2 h at  room temperature, the mixture was 
poured in 2 mL of saturated sodium chloride and extracted with ether. 
Evaporation of the solvent and purification by chromatography on 
15 g of silica gel with 25% (ethyl acetate in hexane as eluant provided 
170 mg (56%) of alcohol (10): 'H NMR (CCI4j d 5.5-5.6 (m, 2 ,  
CH=CHCH20), 4.9-5.2 (m, 3, other vinyl H), 3.93 (2 d,  J = 2 and 3 
Hz, CH*OH), 1.95-2.2 (m, 12, 3CH2CHz), 1.67 (br s, 3, lCH?), 1.60 
(br s, 9, 3CH:j). 

Analysis of the trimethylsilyl derivative by GLC (column B, 250 
" C )  showed the presence of a small amount (<6%, retention time 21.4 
min) of an impurity along with alcohol 10 (retention time 23.2 min). 
Anal. Calcd for C1&20: C,  82.55; H,  11.67. Found: C, 82.38; H,  
11.50. 

Procedure B. Lithium aluminum monoethoxyhydride was pre- 
pared from 408 mg (8.88 mmol) of ethanol and 335 mg (8.88 mmol) 
of lithium aluminum hydride in 20 mL of dry ether and added to a 
solution of 1.35 g (4.44 mmol) of methyl ester 8 in 15 mL of ether as 

S, -9, 3CH3), 1.25 (t ,  3, J = 7 Hz, COzCHzCH3). 

described above for the reduction of 4. TLC and NMR analysis of the 
product revealed the presence of a large proportion of the 2J-dihydro 
byproduct. Purification by chromatography on 50 g of silica gel im- 
pregnated with 5% silver nitrate using a step gradient of ethyl acetate 
in hexane yielded 275 mg (20%) of the 4'-nor alcohol (10). 
7,11,15-Trimethylhexadeca-2,6,10,14(E,E,E)-tetraenal (9) .  A 

solution of 1.80 g (7.26 mmol) of 7 in 4 mL of dry T H F  was slowly 
added to a stirred suspension of 20.6 g (7.91 mmol) of diethyl 2-(cy- 
clohexylamino)vinylphosphonate8 and 0.38 g (7.91 mmol) of sodium 
hydride ( ~ W O  dispersion in oil) in 7 mL of THF at 0 "C under nitrogen. 
After 1.5 h, the product was isolated in the described manner8 and 
the residue was dissolved in 18 mL of benzene. Oxalic acid (4.32 g, 9.5 
mmol) in 54 mL of water was added and the mixture was heated a t  
reflux temperature for 2 h under nitrogen. Isolation of the organic 
products by the standard extraction procedure with ether gave 1.5 
g of crude aldehyde. Purification by chromatography on 150 g of silica 
gel with 25% ethyl acetate in hexane as eluent afforded 0.66 g (33%) 
of aldehyde 9: 'H NMR (CC14) 6 9.38 (d, 1, J = 7 Hz, CHO), 6.70 (dt, 
1, J = 15 and 6 Hz, CH=CHCHO), 6.00 (Zd, 1 ,  J = 15 and 7 Hz, 
=CHCHO), 4.9-5.2 (br, 3, other vinyl H),  2.25 (br m, 2,  
CH2CH=CH), 2.0 (br s, 10,5CH2), 1.67 (sh, -3,1CH3), 1.58 (br s, -9, 
3CH3). The oily 2,4-dinitrophenylhydrazone, prepared according to 
a standard procedure,22 could not be induced to crystallize. Anal. 
Calcd for CZsH34N404: C, 66.06; H,  7.54; N. 1 2 3 3 .  Found: C, 65.98; H,  
7.35; N, 12.09. 
3,7-Dimethyl-2,6(E)-octadienyl Benzyl Ether  ( 1  1). One half 

(26 mL, 0.15 mol) of the geraniol to be used was added to a mechani- 
cally stirred suspension of 18.2 g (0.35 mol) of sodium hydride (50% 
oil suspension washed with pentane) in 400 mI, of 1,2-dimethoxy- 
ethane.9,23 Hydrogen evolution began immediately and the remaining 
26 mL (0.15 mol) of alcohol was added dropwise over a 1-h period. The 
suspension was maintained at  70 "C for 2 h, after which time hydrogen 
evolution had ceased. Benzyl chloride (42 mL, 0.36 mol) was added 
dropwise to the warm solution over a 20-min period. After 2 h at  70 
" C  (or overnight a t  room temperature), TLC analysis showed that no 
starting material remained. The reaction was allowed to cool, diluted 
with water, and extracted three times with pentane. The combined 
extracts were washed with water, dilute aqueous ammonia, water, and 
brine. The solution was dried and evaporated and the residue was 
distilled to give 47.27 g (65%) of the ether as a colorless liquid: bp 113 
" C  (0.3 mm); IR (film) 1070 cm-I (CO); lH NMR iCC14) 6 7.16 (br s, 
5, aryl H), 5.28 (br t ,  l,=CHCHzO-j, 5.02 (m, 1, =CHCHzCH2), 4.36 
(s, 2, -OCH2C6H6), 3.89 (d, 2,  =CHCH?O-), 2.00 (m. 4,  CHzCH2-1, 

6-(Benzyloxy)-4-methyl-4(E)-hexenal(l2). A stream of ozone 
in oxygen (flow rate, 2.25 mmol/min; total, 0.52 mol) generated with 
a Welsbach Ozonator was bubbled through a solution containing 85.15 
g (0.35 mol) of ether 1 1  and 30 mL (0.35 mol) of pyridine in 850 mL 
of dry dichloromethane for approximately 4 h at  -78 0C.g.24 Dimethyl 
sulfide (60 mL) was added and the solution was allowed to warm to  
room temperature. After 5 h, the volatiles were carefully removed 
under reduced pressure. The residue was diluted with water and ex- 
tracted four times with hexane. The combined extracts were washed 
with 5% hydrochloric acid and saturated aqueous sodium chloride, 
dried with magnesium sulfate! and evaporated to give 61 g of a mixture 
of starting ether 11 and desired aldehyde 12. 

The mixture was shaken with 260 mL of saturated sodium bisulfite 
solution.26 The precipitated bisulfite adduct was filtered, washed with 
ethanol and ether, and decomposed by dissolution in 400 mL of 10% 
sodium carbonate solution. The solution was extracted three times 
with ether and the combined extracts were washed with 5% sodium 
bicarbonate and water. After drying and evaporation of the solvent, 
33 g of crude aldehyde 12 was obtained. 1)istillation of 18.42 g fur- 
nished 15.15 g (35%): bp 130 "C (0.2 mm) [lit.gc 122-125 "C (0.1 mm)]; 
IR (film) 2725 (CH), 1725 cm-' (C=O); lH NMR (CC14) 6 9.54 (s, 
CHO), 7.16 (s, 5 ,  aryl H), 5.28 (t, 1, J = 7 Hz, -CHCHzO-), 4.36 (s, 

oCHzCsH~),3.89 (d,2,J  = 7 Hz,=CHCH20),2.30 (brs,CHzCHz), 

8-(Benzyloxy)-2,6-dimethyl-2,6(E,E)-octadien-l-ol (14). Al- 
dehyde 12 (11.5 g, 52.6 mmol) was added dropwise over a 15-min pe- 
riod to a refluxing solution containing 24.0 g (66.4 mmol) of ethyl 2- 
(triphenylphosphoranylidene)propionate in 50 mL of dichloro- 
methane.26 TLC analysis with 20% ethyl acetate in hexane as devel- 
oping solvent indicated that the reaction was complete after 3.5 h a t  
reflux. The solvent was evaporated and the residue was dissolved in 
petroleum ether and filtered through silica gel to separate starting 
phosphorane and triphenylphosphine oxide. Evaporation of the sol- 
vent gave 15.64 g (98%) of the unsaturated ester 13 as a pale yellow 
oil: IR (film) 1710 (C=O), 1650 (C=C), 1260 cm-' (CO); lH NMR 

1.58 (s, 9, 3CH3). 

2, -OCH2C&), 3.89 (d, 2,  J = 7 Hz, =CHCHzO-), 4.36 (s, 2, - 

1.57 (s, 9, 3CH3). 
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(CC14) 6 7.20 (s, 5, aryl H), 6.66 (br t, 1, J = 7 Hz, C(6) vinyl H),  5.34 
(br t, 1, J = 7 Hz, =CHCHzO); 4.36 (s,2, O C H Z C ~ H ~ ) ,  4.04 (q, 2 , J  = 
7 Hz, COOCH2CH3), 3.91 (d, 2, J = 7 Hz, =CHCHzO), 2.12 (br m, 2, 

7 Hz, COOCHzCH3). The appearance of a peak in the NMR spectrum 
a t  6 5.80 indicated the presence of about 4% of the 2,3(2) isomer. 

Aluminum chloride (28.9 g, 0.22 mol) was added to a suspension 
of 25.0 g (0.66 mol) of lithium aluminum hydride in 2.5 L of dry ether 
a t  -5 "CZ7 After 30 min, a solution of 43.8 g (0.145 mol) of ester 13 
in 300 mL of ether was added dropwise over 2.5 h. TLC analysis with 
40% ethyl acetate-hexane as developing solvent indicated that the 
reaction was complete after 10 min. Water was added slowly until the 
solids were completely precipitated. The solids were removed by fil- 
tration and the ether solution was washed with brine. Drying and 
evaporation of the solvent yielded 36.39 g (97%) of alcohol 14, which 
was used without further purification. The spectral data for this 
compound are in agreement with literature 

Geranyl Phenyl Sulfide (16). Phosphorus tribromide (23.7 mL, 
0.25 mol) was added dropwise over a 20-min period to a solution of 
86.8 mL (0.50 mol) of geraniol in 250 mL of hexane at 0 "C. Immedi- 
ately after the addition was complete, 14 mL of methanol was added. 
The hexane solution was washed with water, 10% sodium bicarbonate, 
and brine. Evaporation of the dried solution afforded 101.4 g (93%) 
of geranyl bromide. 

Sodium thiophenoxide (prepared by the reaction of sodium and 
thiophenol in xylene a t  100 "C) (73 g, 0.55 mol) was added in portions 
to a stirred solution of freshly prepared geranyl bromide in 650 mL 
of ether a t  0 "CZ8 After 15 min, the suspension was filtered to remove 
sodium bromide. The filtrate was washed with water and 5% sodium 
hydroxide and dried. Evaporation of the solvent gave 106.3 g (94%) 
of sulfide 16. Column chromatography on silica gel (25 g/g of sulfide) 
with dichloromethane as eluent prior to use gave 7675% yield of pure 
sulfide. The spectral data are in agreement with literature valu- 
e ~ . ~ ~  
3,7,11,15-Tetramethyl-9-phenylthio-2,6,10,14(E,E,E)-hexa- 

decatetraenyl Benzyl Ether (17). Chloride 15 was prepared by 
the method of Stork, Grieco, and G r e g s ~ n ~ ~ s ~ ~  from 15.4 g of allylic 
alcohol 14 and purified by rapid chromatography on 700 g of silica gel 
with dichloromethane as eluant: yield, 13.2 g (79%). The reaction of 
16.55 g (60 mmol) of the chloride with the lithio derivative prepared 
from 19.5 g (79 mmol) of sulfide 16 was carried out as reported by 
Altman, Ash, and M a r ~ o n . ~  Chromatography on silica gel (50 g/g of 
product) with 10% hexane in dichloromethane as eluent provided the 
purified sulfide 17 in 43% yield. 

en-1-01 (Geranylgeraniol, 1-OH). A solution of 7.6 g (17.3 mmol) 
of sulfide 17 in 90 mL of T H F  was added slowly to a solution of 3.79 
g (546 mmol) of lithium (1% sodium) in 330 mL of ammonia a t  -78 
"C. After 15 min, the excess lithium was destroyed with 3-hexyne and 
methanol as described.5a The ammonia was allowed to evaporate and 
the product was isolated by extraction with ether according to the 
standard procedure to give 6.6 g of crude alcohol. Chromatography 
on a column of silica gel with a height-to-diameter ratio of 201 and 
with 40% ether in hexane as eluent afforded 4.24 g (84%) of geranyl- 
geraniol (1-OH): IR (film) 3300 (OH), 1670 (C=C), 1000 (CO), 787 
cm-I (trisubstituted olefin); lH NMR (CDC13) 6 5.43 (br t, 1, J = 7 
Hz, C(2) vinyl H), 5.13 (br m, 3, vinyl H), 4.14 (d, 2, J = 7 Hz, CHzOH), 
1.9-2.2 (m, 12,6CH2), 1.68 (s, 6, 2CH3), 1.61 (s, 9,3CH3). GLC analysis 
of the trimethylsilyl ether (column C, 210 "C) showed a major peak 
with a retention time of 32 min which was presumed to be all-trans- 
geranylgeraniol. Three peaks from minor contaminants had retention 
times of 24 (4% relative area), 27, and 29 min (16% combined relative 
areas). The purity of the geranylgeraniol may be increased to about 
90% by chromatography on silica gel impregnated with 15% silver 
nitrate and with hexane and 20-40% ethyl acetate in hexane as elu- 
ent.sa.30 

In some runs the geranylgeraniol was contaminated with variable 
amounts of geraniol. The presence of geraniol is indicated by an in- 
creased integral for the hydroxymethyl protons (6 4.14) in the NMR 
spectrum and by GLC and TLC analyses. The majority of the geraniol 
may be separated by Kugelrohr distillation [oven temperature 
135-140 "C (0.1 mm)] and/or careful chromatography on silica gel 
with hexane, 5% ethyl acetate in hexane, and 10% ethyl acetate in 
hexane as eluent. Geraniol is somewhat more polar than geranylger- 
aniol. 

Evidently the geraniol arises from lithium-ammonia reduction of 
chloride 15, which was present as a contaminant of sulfide 17 in some 
runs. I t  was found subsequently that unreacted chloride could be 
removed from the sulfide by slower and more careful chromatography, 
the chloride undergoing decomposition on the column. The amount 
of unreacted chloride in the product may also be suppressed by using 

CHZCH~) ,  1.78 (s, 3, C(2) CH3), 1.57 (s, 3, C(6) CH3), 1.16 (t, 3, J = 

3,7,11,15-Tetramethylhexadeca-2,6,10,14(E,E,E)-tetra- 

a 1.6:1.6:1.0 ratio of geranyl phenyl sulfide, n-butyllithium, and 
chloride 15 in the alkylation reaction. 
6-(2'-Tetrahydropyranyloxy)-4-methyl-4(E)-hexenal (19). 

A stream of ozone (flow rate, 2.25 mmol/min; 155 mmol) was passed 
through a solution of 23 g (96.8 mmol) of geranyl tetrahydropyranyl 
ether (18) in 150 mL of dichloromethane at  -78 'C.l1 The cooling bath 
was removed, 60 mL of dimethyl sulfide was added, and the solution 
was allowed to warm to room temperature overnight with stirring. The 
solvent was evaporated and the crude product was purified by chro- 
matography on 400 g of silica gel with 30% ether in hexane as eluent: 
yield, 9.67 g (41%). The NMR spectral data for aldehyde 19 are in 
agreement with those reported.1' 
3-Methyl-2,6(E,Z)-octadien-l-o1 (20). Et,hyltriphenylphos- 

phonium bromide (26 g, 70 mmol) was added to a stirred suspension 
of 2.73 g (70 mmol) of sodium amide in 275 mL of liquid ammonia a t  
-33 "C. After 1 h at  -33 "C, the ammonia was allowed to evaporate 
and 275 mL of dry benzene was added. The resulting deep red sus- 
pension was heated a t  reflux temperature for 1 h, cooled, filtered to 
remove sodium bromide, and transferred to a cold (0 "C), vigorously 
stirred solution of 7.42 g (35 mmol) of aldehyde 19 in 68 mL of 1:l  
benzene-pentane. After 1 h a t  0 "C, the cooling bath was removed and 
the solvent was removed on a rotary evaporator. The residue was 
suspended in hexane and filtered through silica gel to remove tri- 
phenylphosphine oxide. The resulting tetrahydropyranyl ether (7.1 
g, 32 mmol) was subjected to methanolysis with 200 mg of p-tolu- 
enesulfonic acid in 200 mL of methanol. The product was isolated by 
a standard extraction procedure with hexane and purified by chro- 
matography on 180 g of silica gel with 25% ethyl acetate in hexane as 
eluent, affording 2.62 g (53%) of the cis alcohol (20): IR (neat) 700 
cm-' (C=C cis); 'H NMR (CDC13) 6 5.3-5.6 (br, 3, vinyl H),  4.15 (d, 
2, J = 7 Hz, CHzOH), 2.12 (m, 4, -CHzCHz-), 1.70 (br s, -4.5, 
1.5CH3), 1.56 (br s, -1.5, 0.5CH3). A TLC analysis on silica gel im- 
pregnated with 10% silver nitrate using 50% ethyl acetate in hexane 
as developing solvent showed the presence of a small amount of the 
trans isomer (Rf  0.13) along with the cis alcohol (Rf  0.07). Anal. Calcd 
for CgH160: C, 77.09; H, 11.50. Found: C, 76.66; H, 11.42. 
3-Methyl-2,6(E,E)-octadien-l-ol (21). The trans alcohol was 

prepared by the Schlosser method as described in detail below for the 
synthesis of 34. A solution of 15 g (70 mmol) of aldehyde 19 in 50 mL 
of dry THF was allowed to react with the phosphorane prepared from 
27.5 g (74.3 mmol) of ethyltriphenylphosphonium bromide in 10 mL 
of THF and two successive 95-mL portions (71.3 mmol) of an 0.75 M 
solution of phenyllithium in THF. The resulting crude ether (15.8 g, 
70.5 mmol) was subjected to methanolysis with 400 mg of p-tolu- 
enesulfonic acid in 400 mL of methanol. The product was isolated by 
the standard extraction procedure with hexane and purified by 
chromatography on 450 g of silica gel with 25% ethyl acetate in hexane 
as eluent. The resulting yellow oil was distilled to afford 4.21 g (42%) 
of the trans alcohol (21): bp 71-73 "C (0.8 mm); IR (neat) 970 cm-l 
(C=C trans); 'H NMR (CDC13) 6 5.3-5.6 (br, 3, vinyl H),  4.15 (d, 2, 
J = 7 Hz, CHzOH), 2.06 (br s, 4, -CHzCHz-), 1.65 (br, s, -4.5, 
1.5CH3), 1.58 (sh, -1.5, 0.5CH3). A TLC analysis of the alcohol on 
silica gel impregnated with 10% silver nitrate using 50% ethyl acetate 
in hexane as developing solvent showed the presence of a small 
amount of the cis isomer (Rf  0.07) along with the trans (R f  0.13). Anal. 
Calcd for CgH160: C, 77.09; H ,  11.50. Found: C, 77.14; H, 11.59. 

3,7,1 l-Trimethylhexadeca-2,4,10,14( E,E,E,E)-tetraen-1-01 
(27). A solution of 4.16 g (29.7 mmol) of alcohol 21 in 16 mL of pentane 
was allowed to react with 4.0 g (14.8 mmol) of phosphorous tribromide 
for 1 h at  0 "C following the procedure of Nadeau for the preparation 
of farnesyl bromide.4c After addition of 1 mL of methanol, the solution 
was washed twice with water, twice with 1096 sodium bicarbonate, and 
again with water. The solution was dried (NaZS04) and evaporated 
to give 5.56 g (92Oh) of the allylic bromide, which was converted to the 
phenyl sulfide by reaction with 3.79 g (28.7 mmol) of sodium thio- 
phenoxide as described above for geranyl phenyl sulfide. The yield 
of sulfide 23 was 3.5 g (51% from alcohol 21) after purification by 
chromatography on 65 g of silica gel with 10% ether in hexane as el- 
uent. 

A solution of 3.55 g (12.1 mmol) of chloride 15 in 15 mL of dry THF 
was added slowly to the lithio derivative of sulfide 23 which had been 
generated from 3.46 g (14.9 mmol) of the sulfide and 6.03 mL (13.4 
mmol) of a 2.2 M solution of n-butyllithium in 90 mL of THF fol- 
lowing the procedure of Altman, Ash, and Mar~on.~a The product was 
isolated as described and purified by chromatography on 630 g of silica 
gel with dichloromethane as eluent affording 4.97 g (86%) of alkylated 
sulfide 25. The reduction of 4.92 g (10.3 mmol) of 25 with 2.1 g (300 
mmol) of lithium in 150 mL of liquid ammonia a t  -78 O C  was carried 
out in the same manner as described above for the reduction of sulfide 
17. The crude alcohol (3.6 g) was purified by chromatography on 300 
g of silica gel with 40% ether in hexane as eluent to give 1.6 g (56%) of 
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the 16'-nor alcohol (27): IR (neat) 970 cm-' (trans-CH=CH); lH 
NMR (CDC13) 6 5.0-5.6 (br, 5, vinyl H), 4.18 (d, 2, J = 7 Hz, CHzOH), 
2.06 (br s, 12,3-CH&H2-), 1.68 (br s, -4.5, -1.5CH3), 1.60 (br s, -7.5, 
-2.5CH3). A TLC analysis on silica gel impregnated with 5% silver 
nitrate using 50% ethyl acetate in hexane as developing solvent showed 
the presence of a small amount (estimated to be 5% or less) of the cis 
isomer ( R f  0.13) along 'with 27 ( R f  0.2). Anal. Calcd for C19H320: C, 
82.55; H, 11.67. Found: C, 82.48; H, 11.67. 

3,7,1 l-Trimethylhexadeca-2,6,lO,l4(E,E,E,~-tetraen-l-ol (26). 
This compound was prepared in exactly the same manner as described 
above for its trans isomer. Phenyl sulfide 22 (2.15 g), prepared in 54% 
yield from 2.46 g of dienol20, was lithiated and coupled to chloride 
15 to give 3.42 g (86%) of' sulfide 24 after chromatographic purification. 
Reductive cleavage of tlne phenylthio and benzyl groups with lithium 
in liquid ammonia gave rise to 1.12 g (56%) of the 16-nor alcohol 26 
following purification by column chromatography: IR (neat) 700 cm-l 
(cis-CH=CH); lH NMR (CDC13) 6 5.3-5.6 (br, 5, vinyl H), 4.15 (d, 
2,  J = 7 Hz, CIIzOH), 2.08 (br s, 12, 3 CHzCHz), 1.68 (br s, -4.6, 
-1.5C:H:3), 1.60 (br s, -7.5, -2.5CH3); high resolution MS, calcd for 
C19H:j20 276.2453, found 276.2455. A TLC analysis on silica gel im- 
pregnated with 506 silvcr nitrate as above revealed the presence of a 
small amount of the cis isomer. 
5,9-Dimethyl-4,8(E)-decadien-l-o1 (30) was prepared as de- 

scribed above for the syinthesis of 6. Geranyl bromide (22.1 g, 0.1 mol) 
was added a t  -30 "C to a suspension of the copper-lithium enolate 
of ethyl acetate, prepar'ed from 0.2 mol of lithium diisopropylamide, 
17.6 g (0.2 mol) of ethyl acetate, and 76 g (0.4 mol) of cuprous iodide 
in 425 mL of dry THF.' The resulting ester (26.4 g, 0.1 mol) without 
purification was slowly added to a suspension of 3.78 g (0.1 mol) of 
lithium aluminum hydride in 50 mL of dry ether. The reaction was 
heated a t  reflux for 2 ti and the product was isolated as described 
above. Purification by chromatography on 290 g of silica gel with 40% 
ethyl acetate in hexane as eluent afforded 11.7 g (64% from geraniol) 
of geranylethanol (30).:!l 
5,9-Dimethyl-4,8(E)-decadienyl Iodide (31). A solution of 4.96 

g (27.3 mmol) of' alcohol 30 and 6.23 g (32.8 mmol) of p-toluenesul- 
fonyl chloride in 20 mL of pyridine was allowed to stand a t  -20 "C 
for 24 h and the product was isolated by extraction." Analysis by TLC 
with 25% ethyl acetate in hexane as developing solvent showed the 
presence of a less polar impurity (RlO.75) along with the tosylate (R, 
0.6). Inspection of the NMR spectrum indicated the impurity to be 
the corresponding chloride, which was removed by chromatography 
on 500 g of silica gel with 25% ethyl acetate in hexane as eluent. The 
NMR spectral data of the purified tosylate (4.38 g, 48%) were identical 
with those reported." 

The tosylate (4.38 g, 13 mmol) was added to a suspension of 4.32 
g (28.8 mmol) of sodium iodide in 40 mL of refluxing a c e t ~ n e . ~ ~ ~ ~ ~  
After 45 min a t  reflux temperature, the mixture was diluted with 
water and extracted with pentane. Isolation of the product by the 
standard extraction procedure with ether followed by chromatography 
on 225 g of silica gel with pentane as eluent afforded 1.56 g (41%) of 
iodide (31). The NMR spectral data were identical with those re- 
ported.31 

[ 5,9-Dimethyl-4,8( E:)-decadienyl]triphenylphosphonium 
Iodide (32). A solution of 1.55 g (5.3 mmol) of 31 and 1.7 g (6.5 mmol) 
of triphenylphosphine i n  1.2 mL of benzene was shielded from light 
and allowed to stand for 4 days at  room temperature.31 The solution 
was added to 100 mL of ether with rapid stirring. After 15 min, the 
precipitate was filtered and washed thoroughly with ether to give 1.29 
g (44%) of phosphonium salt 32: mp 97-98 "C (lit.3* 97-98 "C). 
3,11,15-Trimethylhexadeca-2,6,10,14( E,E,E)- tetraen- 1-01 (34). 

8'-Norgeranylgeranio1(34) was prepared by the Schlosser method13 
as modified by Johnson and co-worker~. '~ Phenyllithium was pre- 
pared in ether solution,:33 the ether was evaporated, and T H F  was 
added. The use of commercial phenyllithium (Ventron Corp.) resulted 
in the formation of detectable amounts of the cis isomer. Phospho- 
nium salt 32 (4.54 g, 8.2 mmol) was placed in a three-neck flask 
equipped with a mechanical stirrer, an addition funnel, and a gas inlet. 
The flask was evacuated for 1 h a t  0.5 mm and filled with an argon 
atmosphere, and 8 mL of dry T H F  was added. A 6.8-mL aliquot (8.0 
mmol) of a 1.17 kf solution of phenyllithium in THF was added to the 
well-stirred suspension a.nd the resulting deep red solution was stirred 
for 10 rnin at  room temperature. The solution was then cooled to -78 
"C and 1.65 g (7.8 mmod) of aldehyde 19 in 8 mL of dry THF was 
added over 15 min by slowly dripping the solution down the side of 
the cold reaction flask. After 15 min, an additional 6.8 mL (8.0 mmol) 
of phenyllithium solution in THF was added in the same manner. The 
resulting deep red solution was then diluted with an amount (30 mL) 
of anhydrous ether sufficient to bring the THF-ether ratio to 1:l. The 
reaction mixture was allowed to warm to -25 "C, stirred for 30 min, 
and quenched by additi'on of 16 mL of methanol. The cooling bath 

was removed and the stirring was continued overnight. The solution 
was poured into water and the organic products were isolated by the 
standard extraction procedure with ether. After purification by 
chromatography on 200 g of silica gel with 15% ether in hexane as el- 
uent, the tetrahydropyranyl ether (975 mg) was dissolved in 30 mL 
of methanol containing 30 mg of p-toluenesulfonic acid and the so- 
lution was allowed to stand overnight at  room temperature. Water 
was added and the organic products were isolated by the standard 
extraction procedure with ether. Purification by chromatography on 
100 g of silica gel with 25% ethyl acetate in hexane as eluent gave 620 
mg (29% overall) of 8'-nor alcohol (34): IR (neat) 970 cm-I (trans- 
CH=CH); 'H NMR (CDC13) 6 5.3-5.5 (br, 2, CH=CH), 4.9-5.2 (br, 
3, other vinyl H), 4.13 (d, 2, J = 7 Hz, CHzOH), 2.07,1.98 (2 br s, 12, 
3-CH&Hz-), 1.66 (br s, 6, 2CH3), 1.58 (br s, 6, 2CH3). 

A TLC analysis on silica gel impregnated with 10% silver nitrate 
using 33% ethyl acetate in hexane as developing solvent showed one 
spot (Rf  0.33). A GLC analysis of the trimethylsilyl derivative (column 
B, 258 "C) showed the presence of a small amount (<3%, retention 
time, 22.4 min) of an impurity along with alcohol 34 (retention time, 
24.6 rnin). Anal. for C19H320: C, 82.55; H, 11.67. Found: C, 82.78; H, 
11.55. 

5-Methyl-4-hexen-1-01 (37) was prepared from 3-methyl-2- 
buten-1-01 in the same manner as described above for the syntheses 
of alcohols 6 and 30. Thus, 8.6 g of 3-methyl-2-buten-1-01 was con- 
verted to the bromide (35; 14.8 g) with phosphorous tribromide and 
the latter was used to alkylate the copper-lithium enolate anion of 
ethyl a ~ e t a t e . ~  The resulting unpurified ester (15 g) was reduced with 
3.8 g of lithium aluminum hydride in 50 mL of ether. The yield of 
5-methyl-4-hexen-1-01 (37) was 7.9 g (69% overall) after purification 
by chromatography on 300 g of silica gel with 40% ethyl acetate in 
hexane as eluent. The NMR spectral data for this compound agreed 
with those in the literature." 
6-Iodo-2-methyl-2-hexene (38). Methanesulfonyl chloride (4.93 

g, 43 mmol) was added over 5 min to a stirred solution of 4.48 g (39.3 
mmol) of 37 and 6.06 g (60 mmol) of triethylamine in 50 mL of di- 
chloromethane at 0 "C.3* After 15 min a t  0 "C, the solution was ex- 
tracted with 50 mL of ice-cold water and the aqueous phase was ex- 
tracted with dichloromethane. The combined dichloromethane layers 
were extracted twice with cold IC% hydrochloric acid, three times with 
10% sodium bicarbonate, and once with saturated sodium chloride. 
Drying (MgS04) and evaporation provided 6.74 g (89%) of the 
methanesulfonate, which was converted to the iodide by reaction with 
9.9 g (66 mmol) of sodium iodide in 100 mL of acetone for 21 h at  room 
temperature." The reaction mixture was diluted with pentane and 
filtered through Celite 545 to give 6.9 g of crude iodide after evapo- 
ration. Further purification by chromatography on 90 g of silica gel 
with pentane as eluent afforded 5.44 g (69%) of iodide 38, the spectral 
properties of which agreed with data reported in the literature." 
(5-Methyl-4-hexeny1)triphenylphosphonium Iodide (39). Io- 

dide 38 (5.44 g, 24.2 mmol) was allowed to react with 7.92 g (30 mmol) 
of triphenylphosphine in 9 mL of benzene for 7 days as described 
above for 32. Precipitation of the salt from ether furnished 6.4 g (54%) 
of phosphonium iodide 39: mp 142-143 "C (1it.l1 134-135 "C). The 
difference in melting points may have been caused by the use of dif- 
ferent solvents for crystallization. 
3,7,15-Trimethylhexadeca-2,6,lO,l4(E,E,E)-tetraen-l-ol (43). 

A solution of 8.8 g (39 mmol) of trans,trans-farnesol, 4.9 g (59 mmol) 
of dihydropyran, and 40 mg of p-toluenesulfonic acid monohydrate 
in 25 mL of dry ether was allowed to stand overnight a t  4 0C.35 
Evaporation of the solvent and excess dihydropyran afforded 10.8 g 
(91%) of the tetrahydropyranyl ether 41, which was dissolved in 50 
mL of dichloromethane and subjected to ozonolysis (flow rate, 2.25 
mmol/min; 56 mmol) as described above for the preparation of alde- 
hyde 19. The crude product was purified by chromatography on 250 
g of silica gel with 30% ether in hexane as eluent affording 2.2 g (2%) 
of 19, as well as 2.2 g (22%) of the desired aldehyde (42). 

A solution of 2.2 g (7.8 mmol) of aldehyde 42 in 8 mL of dry THF 
was allowed to react with the phosphorane generated from 4.0 g (8.2 
mmol) of phosphonium salt 32 and two successive 20-mL (8.0 mmol) 
portions of a 0.4 M solution of phenyllithium in T H F  in the manner 
described above for the preparation of 34. Isolation of the product 
followed by chromatographic purification on 200 g of silica gel with 
15% ether in hexane as eluent afforded 1.48 g (53%) of tetrahydro- 
pyranyl ether 43. Methanolysis of 1.48 g (4.12 mmol) of the ether with 
50 mg of p-toluenesulfonic acid in 50 mL of methanol gave 1.23 g of 
crude alcohol. Purification by chromatography on 100 g of silica gel 
with 25% ethyl acetate in hexane as eluent provided 740 mg (34% 
overall from 42) of the 12'-nor alcohol (43): IR (neat) 970 cm-' 
(trans-CH=CH); 'H NMR (CDC13) 6 5.3-5.5 (br, 2,  CH=CH), 
4.9-5.2 (br, 3, other vinyl H),  4.13 (d, 2, J = 7 Hz, CHzOH), 2.05 (br 
s, 12, 3-CHzCHz-), 1.68 (br s, 6, 2CH3), 1.60 (br s, 6, 2CH3); high- 
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resolut ion MS, calcd for C19H320 276.2453, found 276.2452. A TLC 
analysis o n  silica gel impregnated w i t h  10% silver n i t ra te using 33% 
ethyl acetate as developing solvent showed one spot (Rf  0.33). Analysis 
o f  the t r imethy ls i ly l  derivative by GLC (column B, 258 "C) showed 
the presence o f  a small  amount  (<3%, retention t ime 22.7 min)  o f  a n  
impurity along w i t h  alcohol 43 (retention t ime 25.3 min). Anal. Calcd 
for CI9H32O: C, 82.55; H, 11.67. Found: C, 82.16; H, 11.61. 
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