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Chapter3 

Chapter 3 
Enantiopure Saturated Isoprenoid 
Building Blocks 

3.1   Introduction 
The chiral saturated isoprenoid unit is a central structural element in many natural 

products including pheromones,1 vitamins,2 marine natural products,3 and archaebacterial 

lipids4  (Figure 3.1).  
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Pheromone from the Apple leafminer (Lyonetia prunifoliella)
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Figure 3.1 Some natural products containing the saturated isoprenoid motif. 
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Chapter3 

As a consequence, many efforts have been devoted to the synthesis of versatile and 

enantiopure isoprenoid building blocks, which can be functionalized at both ends (Figure 

3.2). In the quest for efficient and general synthetic protocols, organic chemists have 

adopted various strategies among which are chiral pool approaches, enzymatic protocols 

and chiral auxiliary based methods. Remarkably, until recently, asymmetric catalysis has 

received little attention in the synthesis of enantiopure isoprenoid building blocks. 

OR2R1O n

syn-1,5-dimethyl-motif

OR2R1O n

anti-1,5-dimethyl-motif  

Figure 3.2 Versatile enantiopure saturated isoprenoid building blocks. 

3.2   Previously reported strategies 

3.2.1   Chiral pool and substrate control strategies 
The most straightforward way to prepare chiral building blocks like the ones depicted in 

Figure 3.2, is to couple two enantiopure fragments. This approach has been used by 

Eguchi4d to synthesize the syn-motif and by Mori to make the anti-motif (Scheme 3.1).5 

Cross-coupling is achieved by reaction of alkyl halide 3.1 with the anion derived from 

sulfon 3.2, followed by reductive removal of the phenylsulfonyl group with sodium 

amalgam. Similar strategies using Wittig-6 or Horner-Wadsworth-Emmons7 cross-coupling 

protocols followed by hydrogenation of the resulting olefin have also been used. 

HO
CO2Me

TBSO

3 steps

I
78%

THPO
4 steps

SO2Ph

THPO OTBS

+

63%

THPO OTBS

SO2Ph
nBuLi,
HMPA

88%

Na-Hg87%

3.1

3.2

 

Scheme 3.1 Synthesis of the anti-1,5-dimethyl-motif by Mori.5 

 Ferreira et al. developed a chiral pool strategy starting from (-)-isopulegol to obtain the 

anti-motif and from (+)-neo-isopulegol to prepare the syn-motif (Scheme 3.2).8 In the key 
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step, the second methyl center is introduced using a hydroboration reaction as described by 

Schulte-Elte.9 The stereochemical outcome of this step relies on the configuration of the 

hydroxyl moiety in the ring. The diastereoselectivity is modest (50-60% de), but the 

isomers can be separated by conventional column chromatography. The enantiopure 

building blocks 3.3 or 3.4 are obtained after six additional steps. 

OH OH

OH

O

O

OBn

OH

OBn

1) B2H6

2) H2O2, NaOH

3 steps 3 steps

60% de

(-)-isopulegol

OH

2 steps

(+)-neo-isopulegol

OH

OH

1) B2H6

2) H2O2, NaOH

H H

50% de

6 steps OH

OBn

3.3

3.4

Scheme 3.2 Synthesis from (-)-isopulegol and (+)-neoisopulegol.8 

One of the first procedures to selectively make the syn-motif was published by Cohen et 

al. in 1976.10 They converted enantiopure aldehyde 3.5 into a diastereomeric mixture (1:1) 

of alcohols (3.6) and separated the epimers (Scheme 3.3). Subsequent partial hydrogenation 

of syn-alcohol 3.6a to cis-alkene 3.7 with Lindlar catalyst set the stage for chirality transfer 

via a Claisen rearrangement. Heating of 3.7 in the presence of triethyl orthoacetate and 

catalytic propionic acid (Johnson-Faulkner conditions)11 afforded the desired syn-product 

3.8 (82%, 78% de). Interestingly, Birch reduction of anti-alcohol 3.6b to trans-alkene 3.9 

followed by a [3,3]-sigmatropic rearrangement under identical conditions gave 3.8 as well 

(74% de). Since the stereochemical outcome of the reaction seems to depend on the 

configuration of both the alcohol and the alkene, this method should also be capable of 

producing the anti-motif but the authors did not explore this. 
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t-BuO O
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3.6b anti
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OH

t-BuO

OH

3.7

3.9

t-BuO CO2Et

3.8

Li

83%

separation of epimers

syn:anti 1:1

3.6a
Lindlar, H2

3.6b
Na, NH3

CH3C(OEt)3,
EtCO2H

82%,
de 74-78%

 
Scheme 3.3 Chirality transfer via Claisen rearrangement.10 

A recently published method for the assembly of a building block containing the syn-

motif uses remote stereocontrol of a methyl-substituent to selectively introduce a hydroxyl 

moiety in a 1,5-anti-fashion (Scheme 3.4).12 It was proposed that the stereoselectivity 

results from reaction of allylic bromide 3.10 with bismuth (0) to form complex 3.11, which 

gives olefin 3.13 (90% de) after reaction with aldehyde 3.12. Reduction of the olefin and 

substitution of the hydroxyl moiety for a methyl group subsequently gave 3.14 in 3 steps. 

Br OBn

3.10

I2Bi OBn

3.11

OBn

OH

TBSO

TBSO CHO
3.12

66%, 90% de

2 steps
OBnTBSOOBn

OTs

TBSO
i) MeLi, CuCN

ii) OsO4, NMO83%

73%

3.13

3.14

Zn(0)

BiI3

 

Scheme 3.4 Synthesis of the syn-motif by asymmetric induction followed by substitution.12 

One of the first chiral pool-based methods capable of producing both the syn- and the 

anti-motif was developed by Hanessian et al in 1985.13 In their approach, they used a 

substituted enantiopure butyrolactone derivative to control the stereochemistry of an alpha-

methylation process (3.15 to 3.16 Scheme 3.5). After chain extension and elaborate 

functional group manipulations they repeated this process (3.18 to 3.19) to introduce the 

second methyl group. Eventually, they obtained syn-building block 3.20 in fourteen steps 
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from S-glutamic acid with an overall yield of 17% from 3.15. A slight modification in the 

route also gave access to anti-building block 3.23 via hydrogenation of olefin 3.21. 

O
O

RO

3.15 R= naphthylsulfonate

O
O

RO

O
O

R

3.17 R = SPh
3.18 R = H

O
O

O
O

O
O

OTBDPSHO

OTBDPSHO

HO2C CO2H

NH2

S-glutamic acid

3 steps
LiN(TMS)2,
MeI

de > 83%

5 steps

LiN(TMS)2,
MeI

de > 83%

4 steps

3.17

Pd/C,
H2

OTBDPSOTBDPS

OTBDPS OTBDPS

5 steps

3.20

3.23

3.16

3.19

3.21 3.22  
Scheme 3.5 Substituted butyrolactone as a  template for �-methylation.13 

3.2.2   Chiral auxiliary methods 
In 1988, Heathcock and Finkelstein employed a chiral auxiliary assisted aldol 

condensation in combination with chirality transfer via a Claisen rearrangement to prepare 

both the syn- and the anti motif from a common precursor (Scheme 3.6).14 

N O

O

i) Bu2BOTf,
   (iPr)2EtN

ii) CH2=CH2CHO
O

N O

OOOH

CO2H

OH

KOH, MeOH

O

O

OTBS
HO2C

OTBS

HO2C
OTBS

i)   LDA, THF, -78oC
ii)  TBSCl, HMPA
iii) 0oC

i)   LDA, THF, HMPA, -78oC
ii)  TBSCl
iii) 0 oC

E-enolate

Z-enolate

3 steps 83%, de 91%

80%, de 89%

3.24

3.25

3.26

3.27  

Scheme 3.6 Chiral auxiliary-assisted aldol condensation followed by transfer of chirality.14 
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 Ester 3.25 was synthesized in three steps from allylic alcohol 3.24, which was itself 

obtained with high diastereo- and enantioselectivity using the Evans oxazolidone 

protocol.15 Subsequently, 3.25 was selectively converted via a Claisen rearrangement into 

either 3.26 (syn, de 91%) or 3.27 (anti, de 89%) by formation of the E- or Z-enolate 

respectively as reported by Ireland and co-workers.16 

Bérubé and Deslongchamps developed a method to synthesize the syn-motif, in which 

they use a Diels-Alder cyclization to control the relative stereochemistry of two methyl 

groups (3.28, Scheme 3.7).17 Functional group manipulations subsequently furnish 

carbonate 3.29 in five steps, after which reaction with lithiated (S)-�-methylbenzylamine 

gives a separable mixture (1:1) of 3.30a and 3.30b. A final key element in their approach is 

the insertion of a methylene unit via allene formation and hydrogenation in order to mutate 

from a 1,4-syn to a 1,5-syn dimethyl relationship. 
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+ O
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∆

95%

Br

Br
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N

OPh

Br Br

OHHO

Br Br

O

O

H
N

PH

+

O
H
N

OPh

C
OH O

H
N

OPh

OH

5 steps

42%

(S)-Ph(Me)CHNH2,
n-BuLi

86%

99%

H2, PtO2

3.28 3.29

3.30a 3.30b

3.31 3.32

3.30a:3.30b = 1:1
separated by HPLC

3.30b, MeLi

 

Scheme 3.7 Diels-Alder reaction in combination with diastereomeric separation.17 

Another strategy to obtain the syn-motif was published in 1997 by Berkowitz and Wu 

(Scheme 3.8).4c They used a cyclic hydroboration/oxidation protocol on 2,6-dimethylhepta-

1,6-diene to acquire meso-ketone 3.34 with high diastereoselectivity (>99% de).18 

Subsequent desymmetrization by deprotonation with a chiral base and quenching with 

trimethylsilyl chloride gave silyl enol ether 3.35 (97% ee). Finally, saturated isoprenoid 

building block 3.36 was isolated after oxidative ring opening and reductive work-up. 
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ThxBH2
B

3.33

O

OH
HO

O

1) NaCN

2) (CF3CO)2O

i)  O3

ii) NaBH4

95%

51%
3.34

3.35

OTMSi)  nBuLi,
    R,R-[Ph(Me)CH]2NH

ii) TMSCl
3.3685%

 
Scheme 3.8 Cyclic hydroboration in combination with desymmetrization using a chiral 

base followed by ring opening.4c 

3.2.3   Enzymatic approaches 
In 1985, Gramatica et al. combined a chiral pool strategy with an enzymatic approach  

for the preparation of both the syn- and the anti- isoprenoid motif.19 Hydrogenation of 

optically active �-methyl-�,�-unsaturated aldehyde 3.37 in the presence of bakers’ yeast 

resulted in the formation of 1,5-dimethylated acyclic unit 3.38 (Scheme 3.10) in good 

diastereoselectivity with an overall yield of 11%. 

O OH* *

syn or anti depending on SM

Bakers' yeast

40% yield 
88% de

AcO AcO
2 steps

29% 3.383.37

(S)- or (R)-
citronellol

 

Scheme 3.9 Enzymatic hydrogenation. 

The enzymatic equivalent of Berkowitz’ desymmetrization strategy (Scheme 3.8) was 

already developed by Chênevert and Desjardins in 1996 (Scheme 3.10).20 They used a 

lipase for the selective mono-acetylation of meso-2,6-dimethyl-1,7-heptanediol (3.39), 

which was obtained via oxidative ring opening  of borocane 3.33.18 

OAc OH

B

H2O2, NaOH

31% over 3 steps, 95% ee

lipase

3.33
3.40OH OH3.39

thexyl

 

Scheme 3.10 Enzymatic desymmetrization. 
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3.2.4   Catalytic asymmetric methods 
 In 1987, Noyori et al. synthesized C15-chain 3.42 (99% de, Scheme 3.11) via catalytic 

asymmetric hydrogenation of allylic alcohol 3.41 using a Ru-BINAP complex.21 The chiral 

center of enantiopure starting material 3.41 could have been introduced using the same 

catalyst, but the authors chose to employ the chiral pool in this particular case. 

OH

OH

99%, de 99%
H2 (100 bar), MeOH
0.2 mol%Ru((S)-BINAP)

Ph2
P

P
Ph2

Ru

O

O

O

O

3.41

3.42  
Scheme 3.11 Catalytic asymmetric hydrogenation with Ru-binap.21 

More recently, Negishi and co-workers applied the Zr-catalyzed enantioselective 

carboalumination of alkenes to the preparation of 3.42 (Scheme 3.12).22 The key step starts 

with the hydroalumination of a terminal alkene to give intermediate 3.43. Subsequent 

addition of a second terminal alkene in the presence of (-)-[ZrCl2(nmi)2] (5 mol%) and 

isobutylaluminoxane (IBAO) results in enantioselective alkylalumination by 3.43 to form 

intermediate 3.44, which gives rise to the desired methyl-branched product 3.45 (82%, ee 

93%) after protonation. The second methyl center is introduced (96% 3R) by repetition of 

this process on terminal alkene 3.46, which is obtained in three steps from 3.45. 

OTBS

AliBu2

Zr

Cl Cl

(-)-[ZrCl2(nmi)2]

DiBAl-H

CH2=CH2(CH2)2OTBS

IBAO, Zr-cat (5 mol%)

Bu2Ali

OTBS

H3O+

82%,
93% ee

3 steps

76%

1) DiBAl-H, iBu3Al,
    Zr-cat (5 mol%), IBAO,
    CH2=CH2(CH2)2OTBS,

2) TBAF 72%, 96% 3R OH
3.42

3.43

3.44 3.45

3.46  
Scheme 3.12 Hydroalumination/Zirconium-catalyzed alkylalumination protocol.22 



 

 

 

  83 

 

 

 

 
Chapter3 

Enantiopure Saturated Isoprenoid Building Blocks 

3.3   A general catalytic asymmetric method23 
Even though an impressive number of methods for the synthesis of enantiopure saturated 

isoprenoid building blocks have been reported in the past (§ 3.2), there is still ample room 

for improvement. Some of the approaches discussed above are just too elaborate, while 

others are incapable of delivering all diastereomers or require a stoichiometric amount of 

chiral material. Moreover, the obtained levels of stereoselectivity are often far from perfect 

(ee or de < 98%), which necessitates tedious separations of diastereomers or enantiomers.   

As for the two asymmetric catalytic methods, it should be noted that in both cases only the 

syn-isoprenoid unit was synthesized and that one end of the molecule was restricted to a 

saturated alkyl chain. In order to avoid these constraints in synthetic flexibility and 

stereocontrol, we have focused on the development of a general catalytic method to access 

all 4 diastereoisomers of a versatile building block, that can be functionalized at both 

termini. 

3.3.1   Strategy 
Our approach is based on the Cu-phosphoramidite-catalyzed asymmetric conjugate 

addition (ACA) of dialkylzinc reagents to cyclic substrates, which was developed in our 

group in 1997.24 We anticipated that this protocol, used iteratively in the ACA of Me2Zn to 

cycloocta-2,7-dienone (3.47) followed by oxidative ring opening, would enable the rapid 

assembly of enantiopure syn- and anti-isoprenoid building blocks (Figure 3.3). However, 

quenching of the zinc enolate after the second 1,4-addition with a proton source would 

result in a meso compound (3.49) in case of the cis-adduct. To avoid a racemic product 

after ring opening, an alternative procedure was explored, involving in situ trapping of the 

zinc enolate as a silyl enol ether. 
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O
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OZnMeOZnMe
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ent-L* L*
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1,4-addition
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1,4-addition

O

3.50: trans

O

3.49: cis (meso)

H+H+

oxidative ring opening

enantiopure anti-building blocksyn-building block

loss of chiral
information

N
Ph

Ph3.48

oxidative ring opening

HO

O

OH

racemic

HO

O

OH

enantiopure

 
Figure 3.3 General strategy and the problem of formation of a meso-compound. 

3.3.2   Synthesis 
Cycloocta-2,7-dienone (3.47) was prepared from cyclooctanone in one step via oxidation 

with IBX (o-iodoxybenzoic acid) as described by Nicolaou et al. (Scheme 3.13).25 The 

subsequent conjugate addition of Me2Zn (1.5 eq) to 3.47 in the presence of copper(II) 

triflate (2.5 mol%) and chiral phosphoramidite L* (5 mol%)26 yielded the desired product 

(7R)-3.48 with excellent enantioselectivity (ee > 99%). However, due to the formation of 

side product 3.51 (33%) resulting from partial Michael addition of the intermediate zinc-

enolate to 3.47, the isolated yield amounted to a modest 65%. A range of conditions were 

tested to suppress this side reaction (Table 3.1), resulting in the isolation of (7R)-3.48 in 

85% yield (>99% ee) when the catalyst loading and the amount of Me2Zn were doubled and 

the substrate was slowly added to the reaction mixture over 5 hours (entry 7).  

In the second 1,4-addition, Michael reaction of the zinc-enolate was sufficiently 

suppressed by slow addition of (7R)-3.48, allowing for the use of 2.5 mol% of catalyst and 

1.5 equivalents of dimethylzinc. The stereochemical outcome of the reaction was solely 

determined by the nature of the phosphoramidite ligand, overruling any induction of the 

previously introduced chiral center. Use of L* resulted in the isolation of (3R,7R)-3.50 
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(>98% de) after quenching with a proton source, while ent-L* led to the formation of meso-

3.49 (>98% de) as determined by 1H-NMR (§ 3.3.3).4c 

Table 3.1 Optimization of the 1,4-addition of Me2Zn to cycloocta-2,7-dienone (3.47).a 

entry 
catalyst loading 

(mol%) 
Me2Zn 

(eq) Additionb Temperature 
(oC) 

Ratioc 
3.48:3.51 

1 2.5 1.5 normal -25 66 : 33 

2 2.5 1.5 normal -50 71 : 29d 

3 2.5 1.5 reversed -25 74 : 26 

4 2.5 1.5 reversed 0 79 : 9 : 11e 

5 5.0 3.0 normal -25 76 : 24 

6 5.0 5.0 reversed -25 > 95 : 5 

7 5.0 3.0 reversed -25 95 : 5 

8 2.5 5.0 reversed -25 88 : 12 
a ee > 99% under all conditions. b Normal addition means addition of Me2Zn to a solution of 
3.47, while reversed addition denotes adding 3.47 to a solution of  Me2Zn. c Determined by 
GC-MS. d Incomplete conversion. e Second (unknown) side product present. 
 

O

OTMS OTMS

MeO

O

O

OH
MeO

O

OH

O

O

+

(7R)-3.48 3.51

(3R,7R)-3.52 (3S,7R)-3.53

(3R,7R)-3.56 (3R,7S)-3.57

85%, ee > 99%

1) IBX, DMSO,
    12 h, 85oC, 69%

2) Me2Zn, Cu(OTf)2, L*, 
    toluene, -25oC, 12 h

45% from (7R)-3.48

i)  Me2Zn, Cu(OTf)2, L*, CH2Cl2, -25oC, 12 h
ii) Et3N, TMEDA, TMSOTf, Et2Zn, rt, 2 h

ee > 99%, de > 98% ee > 99%, de > 98%

1) O3, MeOH, CH2Cl2,  -78oC, 
    15 min, then NaBH4, rt, 12 h
2) MeOH, TMSCl, reflux, 12 h

i)  Me2Zn, Cu(OTf)2, ent-L*, CH2Cl2, -25oC, 12 h
ii) Et3N, HMPA, TMSCl, Et2Zn, rt, 2 h

 
Scheme 3.13 Synthesis of all diastereomers of an enantiopure building block. 
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In situ trapping of the zinc-enolate with TMSOTf or TMSCl in the presence of 

triethylamine to obtain silyl enol ethers (3R,7R)-3.52 and (3S,7R)-3.53 typically required 

elongated reaction times and often resulted in low conversions.27 Moreover, the cis-adduct 

appeared to be prone to racemization under those conditions, probably due to an 

equilibrium between the (meso-)ketone and the silyl enol ether. In order to change the 

reactive properties of the zinc-enolate, we explored different additives which are known to 

break up enolate clusters. In case of the trans-adduct, addition of Et3N and TMEDA 

followed by quenching with TMSOTf, which was dried with Et2Zn prior to use, resulted in 

quantitative formation of 3.52 within 2 hours. When HMPA was used instead of TMEDA 

and TMSOTf was replaced with the milder TMSCl, similar results were obtained for 3.53 

without partial racemization (conversion > 95%, ee > 99%). Unfortunately, due to the 

volatility of  the silyl enol ethers, the isolated yields remained low. This problem was partly 

overcome by changing the reaction solvent from toluene to dichloromethane, which did not 

adversely affect the stereochemical selectivity (de and/or ee). Ring opening of 3.52 and 

3.53 was accomplished by ozonolysis and the resulting aldehyde was reduced upon work-

up with sodium borohydride. The crude carboxylic acids (3.54/3.55) were then heated 

under reflux in MeOH in the presence of TMSCl to give the methyl esters (3R,7R)-3.56 

and (3R,7S)-3.57 in an overall yield of 45% from (7R)-3.48. The enantiomers (3S,7S)-3.56 

and (3S,7R)-3.57 were isolated in comparable yield and (stereochemical) purity from (7S)-

3.48 by using the opposite enantiomer of the ligand, i.e. ent-L* in place of L* and vice 

versa.  

The conversion of silyl enol ethers 3.52 and 3.53 into methyl esters 3.56 and 3.57 was 

performed many times and during the course of time small alterations in the procedure led 

to the optimal protocol with high reproducibility, which is described above. In general, a 

trade-off seemed to exist between different factors influencing the eventual isolated yield of 

the methyl ester. When the conversion of 3.48 into carboxylic acid 3.54 or 3.55 was 

performed as a one pot procedure, 3.56/3.57 was isolated in 40% yield after esterification 

along with di-ester 3.58 (36%, Scheme 3.14). In this case the prime loss of product was 

caused by oxidation of the aldehyde during ozonolysis due to the presence of amines 

(Figure 3.4).28 In contrast, extensive purification of the silyl enol ether by column 

chromatography and concentration resulted in a clean ozonolysis/reduction product, but 
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part of the silyl enol ether was lost during rotary evaporation and/or because of 

decomposition on the silica. 

O

3.48

1) i) 1,4-addition
    ii) trapping enolate
    iii) ozonolysis
    iv) reduction

2) esterification
MeO

O

OH

3.56, 40%

MeO

O

OMe

O

+
3.58, 36%

 
Scheme 3.14 Conjugate addition, Zn-enolate trapping and ozonolysis/reduction in one pot. 

HO

O

OH

O
OTMS

O3 O

OTMS
O

O
H

NEt3

H+

 
Figure 3.4 Amine-mediated rearrangement to the dicarboxylic acid during ozonolysis.28 

3.3.3   Determination of the relative and absolute stereochemistry 
Compounds 3.49 and 3.53 could be distinguished from their respective diastereomers 

3.50 and 3.52 by 1H-NMR (Figure 3.5). As expected, comparison with data from the 

literature4c proved that the methyl substituents of 3.49 and 3.53 were indeed in a cis-

relationship to each other making the relative stereochemistry of 3.50 and 3.52 trans by 

default. 

The absolute configurations of the enantiomers of syn-building block 3.57 were 

determined by comparison of  their optical rotations with the literature value of (3R,7S)-

3.57.4c,29 From this information, the absolute configuratons of 3.48 and of the enantiomers 

of anti-building block 3.56 were deduced. This assignment was confirmed by comparison 

of the optical rotation of pheromone (10S,14S)-3.67, which was synthesized from anti-

building block (3R,7R)-3.56 (§ 3.4), to its literature value.5 
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Figure 3.5 Assignment of the relative stereochemistry of 3.49 and 3.50 by 1H-NMR. 

3.4   Application in the total synthesis of apple leafminer pheromones 
To demonstrate the synthetic value of the catalytic approach described in paragraph 3.3, 

it was employed in the total synthesis of two synergistic - female-produced - pheromones 

3.67 and 3.71 (Scheme 3.15) of the apple leafminer (Lyonetia prunifoliella). This insect 

causes a pest in apple orchards in the eastern regions of North America. Field trapping 

experiments with mixtures of pheromones extracted from female glands have shown 

promising results in controlling their procreation.30 The total synthesis of all 

diastereoisomers of 3.67 and 3.71 by Mori and co-workers using a chiral pool strategy 

(Scheme 3.1) showed that (10S,14S)-3.67 and (5S,9S)-3.71 are the isomers with the 

strongest biological activity.5,31 

In our case, the total synthesis of (10S,14S)-3.67 and (5S,9S)-3.71 required elongation of 

both ends of anti-building block (3R,7R)-3.56 with alkyl chains. To this end, the primary 

alcohol of 3.56 was treated with p-toluenesulfonyl chloride in pyridine to afford 3.59 in 

95% yield (Scheme 3.15; Path A). Subsequent chain elongation by reaction with n-

propylmagnesium bromide in the presence of catalytic CuBr�SMe2 or Li2CuCl4 furnished 

O

meso-3.49

O

(3R,7R)-3.50
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3.60 in a disappointing 41% yield. Crude GC-MS showed that the poor yield was caused by 

partial addition of the Grignard reagent to the methyl ester. This urged us to pursue a 

different strategy (Path B), which started with the protection of  primary alcohol 3.56 as a 

tetrahydropyranyl (THP) ether (3.61, 83%). Reduction of 3.61 with LiAlH4 (3.62, 81%) 

followed by formation of the corresponding tosylate yielded 3.63 (73%). Subjection of 3.63 

to 6-heptenylmagnesium bromide (5.0 eq) and catalytic Li2CuCl4 (5 mol%) resulted in the 

isolation of 3.64 in a satisfying 80% yield. The THP-ether was then cleaved under acidic 

conditions (3.65, 96%), after which tosylate 3.66 (66%) was obtained as before. Finally, 

chain extension with n-PrMgBr (16.0 eq) and stoichiometric CuBr�SMe2 gave 3.67 as the 

sole product. In contrast, the use of (semi)-catalytic amounts of CuBr�SMe2 or Li2CuCl4 and 

a smaller excess of Grignard reagent (5.0 eq) was less successful, as it resulted in 

incomplete conversion after 12 hours and partial exchange of the tosyl group by a bromide. 

In an attempt (Path C) to avoid the (extra) THP-protection and deprotection steps, 

methyl ester 3.59 was reduced to alcohol 3.68 (94%) with DiBAl-H. We were happy to 

find, that the tosyl moiety was not affected under these conditions. The subsequent chain 

elongation with n-PrMgBr once more gave the best result when stoichiometric CuBr�SMe2 

and a large excess of Grignard reagent (16.0 eq) were used (3.69, 99%). Transformation of 

the hydroxyl moiety into a tosyl group was performed as before to give 3.70 (94%). Finally, 

Cu-catalyzed (25 mol%) coupling to 6-n-heptenylmagnesium bromide (5.0 eq) or n-

hexylmagnesium bromide (5.0 eq) proceeded readily to furnish 3.67 (90%) and 3.71 (~ 

70%), respectively. The yield of  3.71 was estimated by GC as the final product could not 

be separated from dodecane, which resulted from homocoupling of the Grignard reagent. 

It should be mentioned that apart from tosylates, bromides were also tested in Cu-

catalyzed coupling reactions with Grignard reagents (Path D). Treatment of alcohol 3.56 

with N-bromosuccinimide and triphenylphosphine afforded primary bromide 3.72 in 87% 

yield, after which reduction with LiAlH4 gave alcohol 3.73 (81%). However, reaction with 

n-PrMgBr in the presence of (semi)-catalytic CuBr�SMe2 or Li2CuCl4 produced a complex 

mixture containing only traces of the desired compound 3.69. Investigation by crude 1H-

NMR and GC-MS led to the identification of (at least) two side products resulting from �-

elimination (3.74) and �-hydride transfer (3.75).32 
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Scheme 3.15 Synthesis of apple leafminer pheromones. 
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3.5   Limitations of the catalytic system 
As mentioned in paragraph 3.3.2, the stereochemical outcome of the second ACA with 

Me2Zn to enone 3.48 was completely dominated by the chiral catalyst. From previous 

experience, we also knew that in the case of a six-membered ring, the first methyl 

substituent directs the second conjugate addition towards the trans-product (Figure 3.6).33 

We therefore decided to explore the limitations of the catalytic system by investigating the 

situation for the seven-membered ring. 

OO O

> 99% de70 30

+

O

L*ent-L*

 
Figure 3.6 Diastereoselectivity in the conjugate addition to the six-membered ring.33 

Interestingly, the one-step synthesis of starting material cyclohepta-2,6-dienone (3.76) 

from cycloheptanone by oxidation with IBX as performed for the eight-membered ring 

gave no conversion in our hands, even though this transformation had been described in the 

original paper.25 We therefore resorted to the traditional method to prepare 3.76, which 

consists of a four step sequence involving conversion of cycloheptanone into a cyclic 

acetal, �,��-dibromination, elimination and finally deprotection of the ketone (22% yield 

over 4 steps).34 Subsequent ACA of dimethylzinc to 3.76 under standard conditions (2.5 

mol% Cu(OTf)2, 5.0 mol% L*, 1.5 eq Me2Zn, normal addition) gave  3.77 (ee > 99%) in 

68% isolated yield (Scheme 3.16). Remarkably, coupling of the zinc-enolate to the starting 

material was not observed in this case. The introduction of the second methyl group was 

conducted under identical circumstances and proceeded with complete stereocontrol giving 

either (2R,6R)-3.78 in the presence of L* or meso-3.79 when ent-L* was used. The 

diastereomeric excess was determined by 1H-NMR to be over 98%. 
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meso-3.79

1,4-addition

 
Scheme 3.16 Iterative conjugate addition on the seven-membered ring. 

In analogy to the synthesis of saturated isoprenoid building blocks from eight-membered 

rings, 2,6-dimethyl-substituted seven-membered rings can be used to prepare linear chiral 

building blocks with a 1,4-dimethyl motif. To prove this principle, (6R)-3.77 was subjected 

to a 1,4-addition, after which the zinc-enolate was trapped as before to give trans-silyl enol 

ether (2R,6R)-3.80 (Scheme 3.17). Ozonolysis of (2R,6R)-3.80 followed by a reductive 

work-up and esterification of the crude carboxylic acid (3.81) resulted in the isolation of 

building block (2R,6R)-3.82 with an overall yield of 32% from 3.77. 

TMSO

(3R,6R)-3.80

MeO

O

OH

(3R,6R)-3.82

i)  1,4-addition, L*
ii) Et3N, TMEDA, 
    TMSOTf, Et2Zn, 
    rt, 1 h

ee > 99%, de > 98%

1) O3, MeOH, 
    CH2Cl2,  -78oC,
    15 min, then 
    NaBH4, rt, 12 h

2) MeOH, TMSCl,
    reflux, 12 h
32% from (6R)-3.77

(6R)-3.77

 

Scheme 3.17 Synthesis of a chiral building  block with the 1,4-dimethyl-motif. 

Even though the 1,4-dimethyl motif is not as omnipresent in nature as the saturated 

isoprenoid unit, there are some natural products which contain this structural element.14,35 

3.6   Summary and concluding remarks 
In this chapter the development of a general catalytic method to prepare all 

diastereoisomers of an enantiopure saturated isoprenoid building block (3.56/3.57) in good 

yield (26% over 5 steps) and with high selectivity (ee > 99% and de > 98%) was described. 

The synthetic value of this protocol has been demonstrated by its application in the concise 

total synthesis of two pheromones in 10 steps with an overall yield of 20% for 3.67 and 
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15% for 3.71. In theory, 3.56 and 3.57 can also be utilized in cross-coupling reactions to 

access oligoisoprenoids of any desired stereochemistry and length (provided they have an 

even number of methyl substituents; see chapter 4). This approach should, therefore, show 

broad application in the total synthesis of a range of natural products and analogues thereof. 

In addition, the limitations of the catalytic system have been investigated by comparing 

the iterative ACA on the seven-membered ring (complete control) with previously obtained 

results on the six-membered ring (predominantly trans-product). 

3.7   Experimental section 
For general information: see Chapter 2. Optical rotations were measured on a Schmidt + 

Haensch polarimeter (Polartronic MH8) with a 10 cm cell (c given in g/100 mL). Enantio- 

and diastereoselectivities were determined by capillary GC analysis (Chiraldex B-TA 

column (30 m x 0.25 mm) or Betadex 120 column (30 m x 0.25 mm)) using a flame 

ionization detector (in comparison with racemic products). Racemic 3.48 was prepared by 

1,4-addition of Me2CuLi to 3.47 in Et2O at 0 oC. A racemic mixture of diastereoisomers 

3.56/3.57 was synthesized by 1,4-addition of Me2CuLi to racemic 3.48 in Et2O at 0 oC 

followed by trapping of the enolate with TMSCl in the presence of Et3N. Racemic 3.77 was 

synthesized by 1,4-addition of Me2Zn to 3.76 in the presence of Cu(OTf)2 and racemic 

MonoPhos. A racemic mixture of diastereomers 3.78/3.79 was prepared by repeating this 

protocol on racemic 3.77. 

 
Cycloocta-2,7-dienone (3.47):25 Preparation of IBX: Oxone (272 g, 0.44 mol, 1.46 eq) was 

suspended in water (650 mL) and o-iodobenzoic acid (75 g, 0.30 mol) was added. 
The resulting mixture was stirred at 75 oC for 3 h and then allowed to cool to 
room temperature over 1 h. After cooling for an additional 30 min at 0 oC, the 
suspension was filtered and the residue was washed with water (6 x 150 mL) and 
acetone (2 x 150 mL). The product was dried overnight in the air to give IBX 

(74.3 g, 0.26 mol, 88%) as a white solid.  
Cyclooctanone (4.5 g, 36 mmol) was dissolved in DMSO (548 mL) and IBX (40 g, 143 
mmol, 4.0 eq) was added. The resulting solution was slowly heated to 85 oC and stirred for 
6 h and then overnight at 65 oC. After cooling to room temperature, the mixture was diluted 
with Et2O until two layers appeared. The DMSO-layer was extracted with Et2O (9x). The 
combined ether extracts were washed with aq. NaHCO3 (5% w/w, 3x), water and brine 
(sat.), dried (MgSO4) and concentrated. Purification by column chromatography (n- n-
pentane-Et2O 4:1) gave 3.47 (3.0 g, 25 mmol, 69%) as a light yellow liquid. 1H-NMR 

O
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(CDCl3, 300 MHz) � = 1.77 (m, 2H, C5-H), 2.38 (m, 4H, C4-H), 6.35 (m, 4H, C2-H, C3-H) 
ppm. 13C-NMR (CDCl3, 50.3 MHz) � = 25.0 (t), 27.1 (t), 135.9 (d), 141.5 (d) ppm. 
 
O,O�-(R)-(1,1�-dinaphthyl-2,2�-diyl)-N-N�-di-(S,S)-1-phenylethylphosphoramidite26 

(R,S,S)-L*: (R)-(+)-Binol (6.0 g, 21.0 mmol) was dissolved in 
PCl3 (24.0 mL, 275 mmol) and the resulting solution was 
heated under reflux overnight (80 oC) while protected from 
moisture with a CaCl2-tube. Subsequently, the PCl3 was 
removed via distillation using a hotgun; traces were removed 
by co-evaporation with toluene (24.0 mL). Upon drying in 
vacuo for 30 min, a solid formed, which was dissolved in dry 

toluene (24.0 mL) and cooled to 0 oC under argon (solution A). In a separate reaction 
vessel, S-(-)-bis(�-methylbenzyl)amine (5.74 mL, 25.1 mmol) was dissolved in dry THF 
(27.2 mL) and cooled to 0 oC. To this solution, n-BuLi (1.6 M in n-hexanes, 17.7 mL, 28.4 
mmol, 1.2 eq) was added and the resulting mixture was stirred under argon at 0 oC for 30 
min (solution B). Solution B (46 mL, 23 mmol, 1.1 eq) was then added to solution A and 
the thus obtained mixture was stirred for 2 h under argon at 0 oC (brown). Subsequently, 
excess amine-salt was precipitated by addition of Et2O, after which these salts were 
removed by filtration over a glass frit. The filtrate was concentrated in vacuo to give a 
yellow foam. The product was purified by crystallization from acetone followed by column 
chromatography (n-pentane-Et2O 50:1) to give (R,S,S)-L* (7.3 g, 13.6 mmol, 65%) as 
white crystals. 1H-NMR (CDCl3, 300 MHz) � = 1.85 (d, J = 8.5 Hz, 6H), 4.51 (m, 2H), 7.11 
(m, 10H), 7.20 (m, 3H), 7.42 (m, 4H), 7.61 (d, J = 4.8 Hz, 1H), 7.95 (m, 4H) ppm. 31P-
NMR (80.8 MHz) � = 144.7 ppm. 
 
(R)-7-Methyl-cyclooct-2-enone (3.48): Cu(OTf)2 (240 mg, 0.664 mmol, 5 mol%) and 

R,S,S-L* (715 mg, 1.33 mmol, 10 mol%) were dissolved in dry toluene (40 
mL) and stirred at room temperature for 30 min under argon. The solution was 
cooled to -25 oC and Me2Zn (2.0 M in toluene, 20.0 mL, 40.0 mmol, 3.0 eq) 
was added over 2 min. After stirring for 5 min, 3.47 (1.62 g, 13.3 mmol) 
dissolved in toluene (40 mL) was added via a syringe pump over 5 h. The 

resulting solution was stirred at -25 oC overnight and then quenched with aq. NH4Cl (sat.), 
extracted with Et2O (3x), washed with brine (sat.) and dried (Na2SO4). The Et2O was 
removed under vacuum and the product purified by column chromatography (n-pentane-
Et2O 95:5 to 9:1) to give (7R)-3.48 as a colorless liquid (1.56 g, 11.3 mmol, 85.0%, ee 
>99%) and 3.51 (< 5%) as a colorless oil. 1H-NMR (CDCl3, 400 MHz) � = 1.01 (d, J = 6.8 
Hz, 3H), 1.36 (m, 1H), 1.56-1.74 (m, 3H), 2.13 (m, 1H), 2.46 (dd, J = 8.4, 13.6 Hz, 1H), 
2.42-2.62 (m, 2H), 2.70 (dd, J = 5.6, 13.6 Hz, 1H), 6.04 (d, J = 12.0 Hz, 1H), 6.35 (dt, J = 
7.2, 12.4 Hz, 1H) ppm. 13C-NMR (CDCl3, 50.3 MHz) � = 21.5 (t), 21.8 (q), 28.0 (t), 28.8 
(d), 32.0 (t), 50.0 (t), 133.3 (d), 141.5 (d), 204.4 (s) ppm. Ee determination: GC Chiraldex 
B-TA, 30 m x 0.25 mm, He-flow = 1.0 mL/min, Ti = 70 oC for 5 min, Tf = 150 oC, rate 10 

oC/min, rt 23.5 (S), 23.8 (R) min. MS(EI) for C9H14O: m/z = 138 [M+], 
HRMS calcd for C9H14O: 138.104, found: 138.105. 
1H-NMR 3.51 (CDCl3, 400 MHz) � = 1.06 (d, J = 6.8 Hz, 3H), 1.42-
1.82 (m, 8H), 2.11-2.27 (m, 3H), 2.40-2.66 (m, 6H), 5.80 (d, J = 12.4 
Hz, 1H), 5.86 (d, J = 12.4 Hz, 1H), 6.22 (m, 2H) ppm. 13C-NMR 3.51 
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(CDCl3, 50.3 MHz) � = 18.4 (q), 20.3 (t), 22.6 (t), 28.4 (t), 29.8 (d), 30.0 (t), 30.1 (t), 33.4 
(d), 48.7 (t), 61.3 (d), 128.6 (d), 138.7 (d), 140.4 (d), 207.4 (s) ppm. MS(CI) for C17H24O2: 
m/z = 278 (M + NH4)

+. 
 
meso-3,7-Dimethyl-cyclooctanone (2.49): The 1,4-addition on 3.48 was performed as 

described for the synthesis of 3.53. The reaction was 
quenched with aq. NH4Cl (sat.) and work-up was done as 
for 3.48. The product was isolated as a colorless oil after 
purification by column chromatography (n-pentane-Et2O 

9:1). NMR data were as reported in the literature4c: 1H-NMR (CDCl3, 400 MHz) � = 0.98 
(d, J = 6.4 Hz, 6H), 1.28 (m, 3H), 1.49 (m, 1H), 1.68 (m, 2H), 2.18 (m, 4H), 2.52 (dd, J = 
8.4, 18.0 Hz, 2H) ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 22.3 (q), 22.5 (t), 32.4 (d), 36.3 
(t), 50.2 (t), 215.2 (s) ppm. 
 
(3R,7R)-3,7-Dimethyl-cyclooctanone (2.50): The 1,4-addition on 3.48 was performed as 

described for the synthesis of 3.52. The reaction was quenched with aq. 
NH4Cl (sat.) and the work-up was done as for 3.48. The product was 
isolated as a colorless oil after purification by column chromatography (n-
pentane-Et2O 9:1). 1H-NMR (CDCl3, 400 MHz) � = 0.99 (d, J = 6.8 Hz, 

6H), 1.15 (m, 2H), 1.38 (m, 2H), 1.63 (m, 2H), 2.18 (m, 2H), 2.22 (m, 4H) ppm. 13C-NMR 
(CDCl3, 100.6 MHz) � = 23.3 (q), 23.7 (t), 32.1 (d), 36.1 (t), 50.3 (t), 215.9 (s) ppm. 
 
[((3R,7R)-3,7-Dimethyl-cyclooct-1-yl)oxy]-trimethylsilane (3.52): Cu(OTf)2 (6.6 mg, 18 

�mol, 2.5 mol%) and R,S,S-L* (20 mg, 37 �mol, 5 mol%) were dissolved 
in dry DCM (2.5 mL) and the mixture was stirred at room temperature for 
30 min under argon. Subsequently, the solution was cooled to -25 oC and 
Me2Zn (2.0 M in toluene, 0.54 mL, 1.08 mmol, 1.5 eq) was added over 2 
min. After stirring for 5 min, (7R)-3.48 (100 mg, 0.72 mmol) dissolved in 

DCM (2.0 mL) was added via a syringe pump over 5 h. The resulting solution was stirred at 
-25 oC overnight after which Et3N (0.30 mL, 2.17 mmol, 3.0 eq), TMEDA (0.55 mL, 3.6 
mmol, 5.0 eq) and a pre-stirred (30 min) solution of TMSOTf (0.65 mL, 3.62 mmol, 5.0 eq) 
and Et2Zn (1.1 M in toluene, 0.27 mL, 0.30 mmol, 0.42 eq) were added. The mixture was 
then stirred for 2 h while slowly warming to ambient temperature. Et2O (2.5 mL) was added 
to the solution and the reaction mixture was flashed over a silica-plug (SiO2 inactivated 
with Et3N prior to use). The Et2O was evaporated under vacuum and the product purified 
by column chromatography (n-pentane; SiO2 inactivated with Et3N prior to use) to give 
(3R,7R)-3.52 (ee > 99%, de > 98%) as a volatile colorless liquid with still some toluene 
present. 3.52 was immediately used in the next step without further removal of the toluene. 
For the purpose of analysis the toluene was removed in vacuo from a small sample of the 
product. 1H-NMR (CDCl3, 400 MHz) � = 0.18 (s, 9H), 0.89 (d, J = 6.8 Hz, 3H), 0.97 (d, J = 
6.4 Hz, 3H), 0.92-1.16 (m, 3H), 1.36-1.78 (m, 5H), 2.12-2.32 (m, 2H), 4.35 (d, J = 8.8 Hz, 
1H) ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 0.4 (q), 22.5 (q), 23.2 (q), 23.6 (t), 30.8 (d), 
33.5 (d), 34.9 (t), 39.7 (t), 40.5 (t), 111.9 (d), 151.0 (s) ppm. MS(EI) for C13H26OSi: m/z = 
226 [M+]. Ee determination: Betadex 120, 30 m x 0.25 mm, He-flow = 1.0 mL/min, T = 
100 oC for 30 min, rt. 22.9 (3S,7S), 23.7 (3R,7R) min. 

OTMS
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[((3S,7R)-3,7-Dimethyl-cyclooct-1-yl)oxy]-trimethylsilane (3.53): Cu(OTf)2 (16 mg, 45 

�mol, 2.5 mol%) and S,R,R-L* (49 mg, 90 �mol, 5 mol%) were dissolved 
in dry DCM (6.3 mL) and the mixture was stirred at room temperature for 
30 min under argon. Subsequently the solution was cooled to -25 oC and 
Me2Zn (2.0 M in toluene, 1.36 mL, 2.71 mmol, 1.5 eq) was added over 2 
min. After stirring for 5 min, (7R)-3.48 (250 mg, 1.81 mmol) dissolved in 

DCM (5 mL) was added via a syringe pump over 5 h. The resulting solution was stirred at -
25 oC overnight, after which Et3N (0.76 mL, 5.5 mmol, 3.0 eq, freshly distilled from CaH2), 
HMPA (1.6 mL, 9.0 mmol, 5.0 eq, freshly distilled from CaH2 under reduced pressure) and 
a pre-stirred (30 min) solution of TMSCl (1.15 mL, 9.0 mmol, 5.0 eq, freshly distilled from 
CaH2) and Et2Zn (1.1 M in toluene, 0.69 mL, 0.76 mmol, 0.42 eq) were added. The 
resulting mixture was stirred for 2 h while slowly warming to ambient temperature. 
Isolation was performed as for compound 3.52  to give (3S,7R)-3.53 (ee > 99%, de >98%) 
as a volatile colorless liquid with still some toluene present. 3.53 was immediately used in 
the next step without further removal of the toluene. Complete removal of toluene in vacuo 
was performed for an analytical sample. NMR data were as reported in the literature4c: 1H-
NMR (CDCl3, 400 MHz) � = 0.18 (s, 9H), 0.95 (d, J = 4.8 Hz, 3H), 0.97 (d, J = 4.8 Hz, 
3H), 1.08-1.18 (m, 1H), 1.21-1.36 (m, 2H), 1.53-1.61 (m, 2H), 1.70-1.79 (m, 2H), 1.87-
1.98 (m, 1H), 2.21- 2.32 (m, 1H), 2.60 (dd, J = 4.8, 14.0 Hz, 1H), 4.44 (d, J = 7.6 Hz, 1H) 
ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 0.3 (q), 21.5 (q), 23.5 (q), 24.7 (t), 32.0 (d), 33.7 
(d), 34.2 (t), 37.1 (t), 39.7 (t), 113.3 (d) 149.9 (s) ppm. MS(EI) for C13H26OSi: m/z = 226 
[M+]. Ee determination: Betadex 120, 30 m x 0.25 mm, He-flow = 1.0 mL/min, T = 100 oC 
for 30 min, rt. 23.9 (3R,7S), 25.7 (3S,7R) min. 
 
Methyl 8-hydroxy-(3R,7R)-3,7-dimethyloctanoic acid (3.56): (3R,7R)-3.52 (0.72 mmol) 

was dissolved in MeOH (3.6 mL) and DCM (3.6 mL) and O3 
was bubbled through the solution at -78 oC until the solution 
colored green/blue (10-15 min). The solution was then 

purged with argon, after which NaBH4 (274 mg, 7.2 mmol, 10 eq) was added and the 
reaction mixture was allowed to slowly warm to ambient temperature. After stirring 
overnight, the reaction mixture was concentrated and the residue was taken up in Et2O. 
Subsequently, aq. HCl (10%) was added and the aqueous layer was extracted with Et2O 
(3x). The combined ether extracts were dried (MgSO4) and concentrated. The crude product 
was used in the next reaction without purification. An analytical sample was purified by 
column chromatography (n-pentane-EtOAc 1:2) to give (3R,7R)-3.54 as a colorless oil.  

1H-NMR (CDCl3, 300 MHz) � = 0.91  (d, J = 6.6 Hz, 3H), 
0.96 (d, J = 6.6 Hz, 3H), 1.06-1.45 (m, 7H), 1.61 (m, 1H), 
1.97 (m, 1H), 2.11 (dd, J = 7.6, 14.8 Hz, 1H), 2.33 (dd, J = 
5.7, 14.8 Hz, 1H),  3.46 (m, 2H), 7.04 (brs, 1H) ppm. 13C-

NMR (CDCl3, 100.6 MHz) � = 16.3 (q), 19.5 (q), 24.0 (t), 29.9 (d), 32.9 (t), 35.3 (d), 36.6 
(t), 41.5 (t), 67.9 (t), 178.5 (s) ppm. MS(CI) for C10H20O3: m/z = 206 (M + NH4)

+, HRMS 
calcd for C10H20O3-O: 172.146, found: 172.147. 
3.54 was dissolved in anhydrous MeOH (11 mL) and TMSCl (0.26 mL, 2.1 mmol, 3.0 eq) 
was added. The resulting solution was heated under reflux overnight while protected from 
moisture with a CaCl2-tube, after which TLC (n-pentane-EtOAc 4:1) showed complete 
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conversion. The mixture was cooled to room temperature and concentrated, after which aq. 
NaHCO3 (sat.) was added to the residue and the product was extracted with Et2O (3x). The 
combined organic layers were washed with brine (sat.), dried (MgSO4) and concentrated. 
The product (3R,7R)-3.56 (65 mg, 0.32 mmol, 45% from (7R)-3.48) was isolated as a 
colorless oil after purification by column chromatography (n-pentane-EtOAc 6:1 to 3:1). 
(3R,7R)-3.56: [�]D

20 = +15.6o (c = 1.27, CHCl3), (3S,7S)-3.56 (prepared in an identical way 
from 3.47 by two consecutive conjugate additions using S,R,R-L*): [�]D

20 = -14.4o (c = 
0.71, CHCl3). 

1H-NMR (CDCl3, 400 MHz) � = 0.90 (d, J = 6.8 Hz, 3H), 0.92 (d, J = 6.8 
Hz, 3H), 1.05-1.42 (m, 7H), 1.60 (m, 1H), 1.94 (m, 1H), 2.11 (dd, J = 8.0, 14.4 Hz, 1H), 
2.33 (dd, J = 6.4, 14.4 Hz, 1H), 3.41 (dd, J = 6.4, 10.8 Hz, 1H), 3.48 (dd, J = 6.0, 10.8 Hz, 
1H), 3.65 (s, 3H) ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 16.4 (q), 19.6 (q), 24.1 (t), 30.1 
(d), 33.0 (t), 35.5 (d), 36.7 (t), 41.6 (t), 51.3 (q), 68.2 (t), 173.7 (s) ppm. MS(CI) for 
C11H22O3: m/z = 220 (M + NH4)

+, HRMS calcd for C11H22O3-O: 186.162, found: 186.162. 
 
Methyl 8-hydroxy-(3R,7R)-3,7-dimethyloctanoic acid (3.56) using a one-pot 

conversion of 3.48 into 3.54: Silyl enol ether 3.52 was 
formed as described earlier starting from 50 mg (0.36 mmol) 
of 3.48. To the reaction mixture was added MeOH (2.0 mL) 

and O3 was bubbled through the solution at -78 oC until the solution colored green (5 min). 
The solution was then purged with argon, after which NaBH4 (137 mg, 3.6 mmol, 10 eq) 
was added and the reaction mixture was allowed to slowly warm to ambient temperature. 
After stirring overnight, the reaction mixture was concentrated and the residue was taken up 
in Et2O. Subsequently, aq. HCl (10%) was added and the aqueous layer was extracted with 
Et2O (3x). The combined organic layers were dried (MgSO4) and concentrated. The crude 
carboxylic acid was dissolved in anhydrous MeOH (5.0 mL) and heated under reflux with a 
CaCl2-tube in the presence of TMSCl (0.14 mL, 1.08 mmol, 3.0 eq). After work-up and 
purification (see 3.56), the product (3R,7R)-3.56 (29 mg, 0.14 mmol, 40%) and a side 
product which proved to be 2,6-dimethyl-octanedioic acid dimethyl ester 3.58 (30 mg, 0.13 
mmol, 36%) were isolated as colorless oils. 1H-NMR 3.58 (CDCl3, 300 MHz) � = 0.91 (d, J 

= 6.6 Hz, 3H), 1.13 (d, J = 6.9 Hz, 3H), 1.12-1.67 (m, 6H), 
1.93 (m, 1H), 2.09 (dd, J = 7.8, 15.0 Hz, 1H), 2.28 (dd, J = 
5.7, 15.0 Hz, 1H), 2.42 (m, 1H), 3.65 (s, 6H) ppm. 13C-
NMR (CDCl3, 50.3 MHz) � = 16.9 (q), 19.5 (q), 24.4 (t), 

30.0 (d), 33.6 (t), 36.3 (t), 39.2 (d), 41.4 (t), 51.2 (q), 51.3 (q), 173.5 (s), 171.1 (s) ppm. 
MS(CI) for C12H22O4: m/z = 248 (M + NH4)

+. 
 
Methyl 8-hydroxy-(3R,7S)-3,7-dimethyloctanoic acid (3.57): (3S,7R)-3.53 (1.81 mmol) 

was dissolved in MeOH (9 mL) and DCM (9 mL) and O3 
was bubbled through the solution at -78 oC until the solution 
colored green/blue (10-15 min). The solution was then 
purged with nitrogen, after which NaBH4 (684 mg, 18.1 

mmol, 10 eq) was added and the reaction mixture was allowed to slowly warm to ambient 
temperature. After stirring overnight, the reaction mixture was concentrated and the residue 
was taken up in Et2O. Subsequently, aq. HCl (10%) was added and the water layer was 
extracted with Et2O (3x). The combined organic layers were dried (MgSO4) and 
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concentrated. The crude product 3.55 (182 mg, 0.97 mmol, 53%) was used in the next 
reaction without purification. An analytical sample was purified by column 
chromatography (n-pentane-EtOAc 1:2) to give (3R,7S)-3.55  as a colorless oil. NMR data 

were as reported in the literature4c: 1H-NMR (CDCl3, 400 
MHz) � = 0.91 (d, J = 6.8 Hz, 3H), 0.96 (d, J = 6.8 Hz, 3H), 
1.05-1.46 (m, 7H), 1.59 (m, 1H), 1.95 (m, 1H), 2.14 (dd, J = 

7.6, 15.2 Hz, 1H), 2.33 (dd, J = 6.4, 15.2 Hz, 1H),  3.42 (dd, J = 6.0, 10.4 Hz, 1H), 3.50 
(dd, J = 5.6, 10.4 Hz, 1H), 5.8-6.8 (s,br 1H) ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 16.4 
(q), 19.7 (q), 24.0 (t), 30.0 (d), 33.0 (t), 35.4 (d), 36.7 (t), 41.4 (t), 68.0 (t), 178.7 (s) ppm. 
3.55 (182 mg, 0.97 mmol) was dissolved in anhydrous MeOH (15 mL) and TMSCl (0.37 
mL, 2.9 mmol, 3.0 eq) was added. The resulting solution was heated under reflux overnight 
while protected from moisture with a CaCl2-tube, after which TLC (n-pentane-EtOAc 4:1) 
showed complete conversion. The mixture was cooled to room temperature and 
concentrated, after which aq. NaHCO3 (sat) was added to the residue and the product was 
extracted with Et2O (3x). The combined organic layers were washed with brine (sat.), dried 
(MgSO4) and concentrated. The product (3R,7S)-3.57 (163 mg, 0.81 mmol, 45% from (7R)-
3.48) was isolated as a colorless oil after purification by column chromatography (n-
pentane-EtOAc 6:1 to 3:1). (3R,7S)- 3.57: [�]D

20 = -3.3o (c = 1.22, CHCl3), Lit.4c,29 [�]D
25 = 

-3.9o, (3S,7R)- 3.57 (prepared in an identical way from 3.47 by two consecutive conjugate 
additions with S,R,R-L* and R,S,S-L*): [�]D

20 = +3.02 (c = 0.91, CHCl3). NMR data were 
as reported in the literature4c: 1H-NMR 3.57 (CDCl3, 400 MHz) � = 0.92 (t, J = 6.8 Hz, 6H), 
1.04-1.44 (m, 7H), 1.60 (m, 1H), 1.95 (m, 1H), 2.11 (dd, J = 8.0, 14.4 Hz, 1H), 2.30 (dd, J 
= 6.0, 14.8 Hz, 1H), 3.41 (dd, J = 6.4, 10.4 Hz, 1H), 3.50 (dd, J = 6.0, 10.4 Hz, 1H), 3.66 
(s, 3H) ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 16.4 (q), 19.6 (q), 24.1 (t), 30.2 (d), 33.0 
(t), 35.6 (d), 36.8 (t), 41.5 (t), 51.2 (q), 68.1 (t), 173.7 (s) ppm. MS(CI) for C11H22O3: m/z = 
220 (M + NH4)

+, HRMS calcd for C11H22O3-O: 186.162, found: 186.163. 
 
 (3R,7R)-3,7-Dimethyl-8-(toluene-4-sulfonyloxy)-octanoic acid methyl ester (3.59): 

(3R,7R)-3.56 (116 mg, 0.57 mmol) was dissolved in dry 
pyridine (1.7 mL) and p-TsCl (164 mg, 0.86 mmol, 1.5 eq) 
was added at 0 oC. The resulting solution was stirred at 4 oC 

under argon overnight and then quenched with water. The aqueous layer was extracted with 
Et2O (3x) and the combined organic layers were washed with aq. CuSO4 (sat.), aq. NaHCO3 

(sat.)  and brine (sat.), dried (MgSO4) and concentrated to give 3.59 (194 mg, 0.54 mmol, 
95%) as a light yellow oil which was used in the next reaction without purification. An 
analytical sample was purified by column chromatography (n-pentane-EtOAc 4:1). 1H-
NMR (CDCl3, 400 MHz) � = 0.87 (d, J = 6.4 Hz, 3H), 0.89 (d, J = 6.8 Hz, 3H), 1.00-1.36 
(m, 6H), 1.77 (m, 1H), 1.89 (m, 1H), 2.09 (dd, J = 8.0, 14.4 Hz, 1H), 2.25 (dd, J = 6.4, 14.4 
Hz, 1H), 2.44 (s, 3H), 3.65 (s, 3H), 3.80 (dd, J = 6.4, 9.2 Hz, 1H), 3.86 (dd, J = 6.0, 9.2 Hz, 
1H), 7.34 (d, J = 8.0 Hz, 2H), 7.78 (d, J = 8.0 Hz, 2H) ppm. 13C-NMR (CDCl3, 50.3 MHz) 
� = 16.2 (q), 19.5 (q), 21.5 (q), 23.8 (t), 30.1 (d), 32.6 (t), 32.7 (d), 36.5 (t), 41.5 (t), 51.2 
(q), 74.9 (t), 127.8 (d), 129.7 (d), 173.5 (s) ppm. MS(EI) for C18H28O5S: m/z = 356 [M+], 
HRMS calcd for C18H28O5S: 356.166, found: 356.164. 
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(3R,7S)-3,7-Dimethyl-undecanoic acid methyl ester (3.60): The solution of n-PrMgBr 
(1.5 M in THF) was prepared as described for the 
synthesis of 3.69. The Grignard reagent (0.37 mL, 0.56 
mmol, 4.0 eq) was added in a dropwise fashion to a 

solution of 3.59 (50 mg, 0.14 mmol) and CuBr�SMe2S (7.2 mg, 35 �mol, 25 mol%) in dry 
THF (1.3 mL) at -78 oC under argon. After stirring for 1 h at -78 oC, the solution was 
allowed to slowly warm to 0 oC and stirred overnight. The reaction was quenched with aq. 
NH4Cl (sat.), extracted with Et2O (3x) and the combined organic layers were washed with 
brine (sat.), dried (MgSO4) and concentrated. Crude GC-MS showed a mixture of products 
from which 3.60 (13 mg, 0.06 mmol, 41%) was isolated as a colorless oil after purification 
by column chromatography (n-pentane- Et2O 95:5). 1H-NMR (CDCl3, 200 MHz) � = 0.82-
0.94 (t + 2d, J = 6.2 Hz and J = 6.6 Hz, 9H), 1.00-1.40 (m, 16H), 1.96 (m, 1H), 2.11 (dd, J 
= 8.0, 14.4 Hz, 1H), 2.31 (dd, J = 5.8, 14.4 Hz, 1H), 3.66 (s, 3H) ppm. 
 
 (3R,7R)-3,7-Dimethyl-8-(tetrahydro-pyran-2-yloxy)-octanoic acid methyl ester (3.61): 

To a solution of 3.60 (210 mg, 1.04 mmol) in 
dichloromethane (3.2 mL) were added 3,4-dihydro-2H-
pyran (DHP, 128 �l, 1.40 mmol, 1.35 eq) and p-
toluenesulfonic acid⋅H2O (2.0 mg, 11 �mol, 1.1 mol%). 

The resulting solution was stirred for 2 h at room temperature, after which aq. NaHCO3 
(sat.) was added. The aqueous layer was extracted with dichloromethane (3x) and the 
combined organic layers were washed with brine (sat.), dried (MgSO4), filtered and 
concentrated. 3.61 (248 mg, 0.87 mmol, 83%) was isolated as a colorless liquid after 
purification by column chromatography (n-pentane-Et2O 9:1 to 4:1). 1H-NMR (CDCl3, 400 
MHz, mixture of diastereomers) � = 0.88 (d, J = 6.8 Hz, 3H), 0.90 (d, J = 6.4 Hz, 3H), 
1.04-1.60 (m, 10H), 1.65-1.98 (m, 4H), 2.09 (dd, J = 8.4, 14.8 Hz, 1H), 2.28 (dd, J = 6.0, 
14.8 Hz, 1H), 3.11, 3.20 (each dd, J = 6.4, 9.6 Hz and J = 6.0, 9.6 Hz, 1H), 3.48 (m, 1H), 
3.48, 3.57 (each dd, J = 6.4, 9.6 Hz, 1H), 3.64 (s, 3H), 3.83 (m, 1H), 4.54 (m, 1H) ppm. 
13C-NMR (CDCl3, 100.6 MHz) � = 16.9 (q), 17.0 (q), 19.4 (t), 19.5 (q), 24.1 (t), 25.4 (t), 
30.2, (d), 30.6 (t), 33.19 (d), 33.25 (d), 33.6 (t), 36.8 (t), 41.5 (t), 51.2 (q), 61.96 (t), 62.03 
(t), 72.8 (t), 73.0 (t), 98.7 (d), 98.9 (d), 173.6 (s) ppm. MS(EI) for C16H30O4-H: m/z = 285 
[M-H]+, HRMS calcd for C16H30O4-H: 285.207, found: 285.206. 
 
 (3R,7R)-3,7-Dimethyl-8-(tetrahydro-pyran-2-yloxy)-octan-1-ol (3.62): A solution of 

3.61 (243 mg, 0.85 mmol) in Et2O (1.4 ml) was added to a 
suspension of LiAlH4 (35 mg, 0.93 mmol, 1.05 eq) in Et2O 
(0.93 mL) at -78 oC. The resulting mixture was stirred for 

45 min and then quenched with water followed by aq. NaOH (15% w/w) at 0 oC. After 
stirring for 30 min, the suspension was filtered through celite and the filtrate was extracted 
with Et2O (3x). The combined organic layers were dried (K2CO3), filtered and concentrated 
to give 3.62 (179 mg, 0.69 mmol, 81%) as a mixture of diastereomers. 1H-NMR (CDCl3, 
400 MHz) � = 0.90 (m, 6H),1.02-1.88 (m, 16 H), 3.14, 3.23  (each dd, J = 6.4, 9.6 Hz and J 
= 6.0, 9.6 Hz, 1H), 3.47-3.53 (m, 1H), 3.50, 3.60 (each dd, J = 6.0, 9.6 Hz, 1H), 3.63-3.73 
(m, 2H), 3.86 (m, 1H), 4.56 (m, 1H) ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 17.0 (q), 17.1 
(q), 19.4 (t), 19.5 (q), 24.1 (t), 25.4 (t), 29.3 (d), 30.6 (t), 33.22 (d), 33.28 (d), 33.7 (t), 37.2 

O

MeO

OTHP

O

MeO

OTHP
HO



Chapter 3 

 

 

100 

 

 

 

 
Chapter3 

(t), 39.9 (t), 61.1 (t), 62.0 (t), 62.1 (t), 72.9 (t), 73.1 (t), 98.7 (d), 99.0 (d) ppm. MS(EI) for 
C15H30O3-H: m/z = 257 [M-H]+, HRMS calcd for C15H30O3-H: 257.212, found: 257.211. 
 
[(3R,7R)-3,7-Dimethyl-8-(tetrahydro-pyran-2-yloxy) octyl] p-toluenesulfonate (3.63): 

3.62 (173 mg, 0.67 mmol) was dissolved in dry pyridine 
(1.7 mL) and p-TsCl (166 mg, 0.87 mmol, 1.3 eq) was 
added at 0 oC. The resulting solution was stirred at 4 oC 

under argon overnight and then quenched with water. The aqueous layer was extracted with 
Et2O (3x) and the combined organic layers were washed with aq. CuSO4 (sat.), aq. NaHCO3 

(sat.)  and brine (sat.), dried (MgSO4) and concentrated. 3.63 (203 mg, 0.49 mmol, 73%) 
was obtained as a colorless oil after purification by column chromatography (n-pentane-
EtOAc 92:8 to 9:1). 1H-NMR (CDCl3, 400 MHz, mixture of diastereomers) � = 0.79 (d, J = 
6.0 Hz, 3H), 0.89 (t, J = 6.4 Hz, 3H), 1.00-1.86 (m, 16 H), 2.44 (s, 3H), 3.12, 3.20 (each dd, 
J = 6.4, 9.2 Hz and J = 6.0, 9.6 Hz, 1H), 3.46-3.52 (m, 1H), 3.49, 3.57 (each dd, J = 6.4, 9.6 
Hz, 1H), 3.85 (m, 1H), 4.03-4.08 (m, 2H), 4.55 (m, 1H), 7.34 (d, J = 8.4 Hz, 2H), 7.78 (d, J 
= 8.4 Hz, 2H) ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 16.9 (q), 17.0 (q), 18.9 (q), 19.46 
(t), 19.51 (t), 21.5 (q), 24.0 (t), 25.4 (t), 29.01 (d), 29.03 (d), 30.6 (t), 33.19 (d), 33.26 (d), 
33.7 (t), 35.6 (t), 36.70 (t), 36.73 (t), 62.0 (t), 62.1 (t), 68.9 (t), 72.9 (t), 73.0 (t), 98.7 (d), 
99.0 (d), 127.7 (d), 129.7 (d), 133.1 (s), 144.5 (s) ppm. MS(CI) for C22H36O5S: m/z = 430 
(M + NH4)

+. 
 
2-((2R,6S)-2,6-Dimethyl-pentadec-14-enyloxy)-tetrahydro-pyran (3.64): Preparation 

Grignard: 6-heptenyl bromide (185 �L, 1.21 
mmol) in dry THF (2.1 mL) was added 
dropwise to Mg (44 mg, 1.8 mmol, 1.5 eq) in 

an argon-purged flask and then stirred for 1 h at 45 oC. The resulting solution was used 
immediately. Preparation Li2CuCl4: CuCl2 (161 mg, 1.20 mmol) and LiCl (102 mg, 2.40 
mmol, 2.0 eq) were dissolved in dry THF (12.0 mL) and stirred for 1 h under argon.  
To a solution of 3.63 (100 mg, 0.24 mmol) in dry THF (1.3 mL) were added in a dropwise 
fashion the Grignard reagent (2.2 mL, 1.2 mmol, 5.0 eq) and Li2CuCl4 (0.1 M in THF, 121 
�l, 12 �mol, 5 mol%) at -78 oC under argon. After stirring for 1 h at -78 oC, the solution 
was allowed to slowly warm to 0 oC and stirred overnight. The reaction was quenched with 
aq. NH4Cl (sat.), extracted with Et2O (3x) and the combined organic layers were washed 
with brine (sat.), dried (MgSO4) and concentrated. 3.64 (66 mg, 0.19 mmol, 80%) was 
isolated as a colorless oil after purification by column chromatography (n-pentane-Et2O 
98:2). 1H-NMR (CDCl3, 400 MHz, mixture of diastereomers) � = 0.82 (d, J = 6.4 Hz, 3H), 
0.92 (t, J = 7.2 Hz, 3H), 1.04-1.87 (m, 26 H), 2.04 (m, 2H), 3.13, 3.24 (each dd, J = 6.8, 9.2 
Hz and J = 6.0, 9.2 Hz, 1H), 3.47-3.53 (m, 1H), 3.50, 3.60 (each dd, J = 6.4, 9.6 Hz, 1H), 
3.86 (m, 1H), 4.57 (m, 1H), 4.91-5.02 (m, 2H), 5.82 (m, 1H) ppm. 13C-NMR (CDCl3, 100.6 
MHz) � = 17.0 (q), 17.1 (q), 19.4 (t), 19.50 (t), 19.54 (q), 24.2 (t), 25.4 (t), 27.0 (t), 28.8 (t), 
29.0 (t), 29.4 (t), 29.8 (t), 30.6 (t), 32.6 (d), 33.27 (d), 33.33 (d), 33.7 (t), 33.87 (t), 33.90 
(t), 37.0 (t), 37.2 (t), 62.0 (t), 62.1 (t), 73.0 (t), 73.2 (t), 98.6 (d), 98.9 (d), 114.0 (t), 139.1 
(d) ppm. MS(EI) for C22H42O2: m/z = 338 [M]+, HRMS calcd for C22H42O2: 338.318, 
found: 338.319. 
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 (2R,6S)-2,6-Dimethyl-pentadec-14-en-1-ol (3.65): 3.64 (60 mg, 0.18 mmol) was 
dissolved in EtOH-H2O (19:1 v/v, 2.0 mL) and 
p-TsOH⋅H2O (3.0 mg, 16 �mol, 8.9 mol%) was 
added. The resulting solution was heated under 

reflux for 3 h and then cooled to room temperature. The reaction was quenched with K2CO3 
(s), after which brine (sat.) was added. The aqueous layer was extracted with Et2O (3x) and 
the combined organic layers were washed with brine (sat.), dried (MgSO4), filtered and 
concentrated. 3.65 (41 mg, 0.16 mmol, 91%) was isolated as a colorless oil after 
purification by column chromatography (n-pentane-Et2O 95:5 to 9:1). 1H-NMR (CDCl3, 
400 MHz) � = 0.83 (d, J = 6.8 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H), 1.02-1.40 (m, 20 H), 1.60 
(m, 1H), 2.03 (m, 2H), 3.41 (dd, J = 6.8, 10.4 Hz, 1H), 3.50 (dd, J = 5.6, 10.4 Hz, 1H), 
4.90-5.01 (m, 2H), 5.81 (m, 1H) ppm. 13C-NMR (CDCl3, 75.5 MHz) � = 16.4 (q), 19.5 (q), 
24.3 (t), 27.0 (t), 28.8 (t), 29.0 (t), 29.4 (t), 29.8 (t), 32.6 (d), 33.3 (t), 33.7 (t), 35.6 (d) 37.0 
(t), 37.2 (t), 68.3 (t), 114.0 (t), 139.1 (d) ppm. MS(EI) for C17H34O: m/z = 254 [M]+, HRMS 
calcd for C17H34O: 254.261, found: 254.261. 
 
(2R,6S)-2,6-Dimethylpentadec-14-en-1-yl p-toluenesulfonate (3.66): 3.65 (38 mg, 0.15 

mmol) was dissolved in dry pyridine (0.6 mL) 
and p-TsCl (43 mg, 0.22 mmol, 1.5 eq) was 
added at 0 oC. The resulting solution was 

stirred at 4 oC under argon overnight and then quenched with water. The aqueous layer was 
extracted with Et2O (3x) and the combined organic layers were washed with aq. CuSO4 

(sat.), aq. NaHCO3 (sat.)  and brine (sat.), dried (MgSO4) and concentrated. 3.66 (40 mg, 
0.10 mmol, 66%) and starting material 3.65 (11 mg, 43 �mol, 29%) were obtained as 
colorless oils after purification by column chromatography (n-pentane-Et2O 9:1 to 4:1). 1H-
NMR (CDCl3, 400 MHz) � = 0.80 (d, J = 6.8 Hz, 3H), 0.87 (d, J = 6.8 Hz, 3H), 1.00-1.41 
(m, 19 H), 1.76 (m, 1H), 2.04 (m, 2H), 2.45 (s, 3H), 3.80 (dd, J = 6.4, 9.6 Hz, 1H), 3.87 
(dd, J = 5.6, 9.2 Hz, 1H), 4.90-5.02 (m, 2H), 5.81 (m, 1H), 7.34 (d, J = 8.0 Hz, 2H), 7.78 
(d, J = 8.4 Hz, 2H) ppm. 13C-NMR (CDCl3, 75.5 MHz) � = 16.3 (q), 19.4 (q), 21.5 (q), 23.9 
(t), 26.9 (t), 28.8 (t), 29.0 (t), 29.4 (t), 29.8 (t), 32.5 (d), 32.7 (d), 32.8 (t), 33.7 (t), 36.90 (t) 
36.94 (t), 75.1 (t), 114.0 (t), 127.8 (d), 129.7 (d), 133.0 (s), 139.1 (d), 144.5 (s) ppm. 
MS(EI) for C24H40O3S: m/z = 408 [M]+, HRMS calcd for C24H40O3S: 408.270, found: 
408.271. 
 
(10S,14S)-10,14-Dimethyl-1-octadecene (3.67 from 3.66): Procedure as described for the 

synthesis of 3.69. A solution of 3.66 (10 mg, 24 
�mol) in dry THF (0.31 mL) was reacted with n-
PrMgBr (0.57 M in THF, 0.69 mL, 0.39 mmol, 

16 eq) in the presence of CuBr�SMe2 (5.0 mg, 24 µmol, 1.0 eq) to give 3.67 (6.9 mg, 24 
�mol, quantitative). Analytical data identical to the synthesis of 3.67 from 3.70 (described 
below).  
 

2R,6R)-2,6-Dimethyl-8-hydroxy-octyl p-toluenesulfonate 
(3.68): 3.59 (193 mg, 0.54 mmol) was dissolved in dry Et2O 
and DiBAl-H (20% wt in toluene, 2.24 mL, 2.71 mmol, 5.0 
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eq) was added at -78 oC. The resulting solution was stirred for 30 min under argon and then 
poured into an aqueous solution of potassium sodium tartrate and stirred until the phases 
became clear. The aqueous layer was extracted with Et2O (3x), the combined organic layers 
were washed with brine (sat.), dried (MgSO4) and concentrated. The product 3.68 (168 mg, 
0.51 mmol, 94%) was isolated after column chromatography (n-pentane-EtOAc 2:1) as a 
colorless oil. 1H-NMR (CDCl3, 400 MHz) � = 0.84 (t, J = 6.8 Hz, 6H), 0.98-1.36 (m, 7H), 
1.51 (m, 2H), 1.74 (m, 1H), 1.86 (brs, 1H), 2.42 (s, 3H), 3.63 (m, 2H), 3.78 (dd, J = 6.4, 9.2 
Hz, 1H), 3.84 (dd, J = 6.0, 9.2 Hz, 1H), 7.32 (d, J = 8.0 Hz, 2H), 7.74 (d, J = 8.0 Hz, 2H) 
ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 16.2 (q), 19.3 (q), 21.4 (q), 23.7 (t), 29.1 (d), 32.6 
(d), 32.6 (t), 36.8 (t), 39.6 (t), 60.8 (t), 75.0 (t), 127.7 (d), 129.6 (d), 132.8 (s), 144.5 (s) 
ppm. MS(EI) for C17H28O4S: m/z = 328 [M+], HRMS calcd for C17H28O4S: 328.171, found: 
328.172. 
 
(3R,7S)-3,7-Dimethyl-undecan-1-ol (3.69): n-Propyl bromide (0.74 mL, 8.13 mmol) in 

dry THF (13.6 mL) was added dropwise to Mg (257 mg, 
10.6 mmol, 1.3 eq) in an argon-purged flask and then 
stirred for 1 h at room temperature. The resulting solution 

was used immediately. The Grignard reagent (13.1 mL, 7.40 mmol, 16 eq) was added in a 
dropwise fashion to a solution of 3.68 (152 mg, 0.46 mmol) and CuBr�SMe2S (95 mg, 0.46 
mmol) in dry THF (5.7 mL) at -78 oC under argon. After stirring for 1 h at -78 oC, the 
solution was allowed to slowly warm to 0 oC and stirred overnight. The reaction was 
quenched with  aq. NH4Cl (sat.), extracted with Et2O (3x) and the combined organic layers 
were washed with brine (sat.), dried (MgSO4) and concentrated. 3.69 (92 mg, 0.46 mmol, 
99%) was isolated as a colorless oil after purification by column chromatography (n-
pentane- Et2O 4:1). 1H-NMR (CDCl3, 400 MHz) � = 0.83 (d, J = 6.0 Hz, 3H), 0.87 (d, J = 
6.8 Hz, 3H), 0.87 (t, J = 6.4 Hz, 3H), 1.00-1.40 (m, 14H), 1.48-1.70 (m, 3H), 3.66 (m, 2H) 
ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 14.0 (q), 19.5 (q), 19.5 (q), 22.9 (t), 24.2 (t), 29.2 
(t), 29.4 (d), 32.6 (d), 36.7 (t), 37.2 (t), 37.3 (t), 39.9 (t), 61.0 (t) ppm. MS(CI) for C13H28O: 
m/z = 218 (M + NH4)

+, HRMS calcd for C13H28O-H2O: 182.203, found: 182.205. 
 
(3R,7S)-3,7-Dimethyl-undecyl p-toluenesulfonate (3.70): Compound 3.69 (89 mg, 0.44 

mmol) was dissolved in dry pyridine (1.7 mL) and p-TsCl 
(135 mg, 0.71 mmol, 1.6 eq) was added at 0 oC. The resulting 
solution was stirred at 0 oC under argon overnight and then 

quenched with water. The aqueous layer was extracted with Et2O (3x) and the combined 
organic layers were washed with aq. CuSO4 (sat.), aq. NaHCO3 (sat.) and brine (sat.), dried 
(MgSO4) and concentrated to give 3.70 (148 mg, 0.42 mmol, 94%) as a light yellow oil 
which was used in the next reaction without purification. An analytical sample was purified 
by column chromatography (n-pentane-EtOAc 4:1). 1H-NMR (CDCl3, 400 MHz) � = 0.80 
(d, J = 6.8 Hz, 3H), 0.82 (d, J = 6.8 Hz, 3H), 0.88 (t, J = 6.8 Hz, 3H), 0.98-1.70 (m, 16H), 
2.45 (s, 3H), 4.06 (m, 2H),  7.34 (d, J = 8.4 Hz, 2H), 7.79 (d, J = 8.0 Hz, 2H) ppm. 13C-
NMR (CDCl3, 100.6 MHz) � =  14.1 (q), 19.0 (q), 19.5 (q), 21.5 (q), 22.9 (t), 24.0 (t), 29.1 
(d), 29.2 (t), 32.6 (d), 35.6 (t), 36.7 (t), 36.8 (t), 37.1 (t), 69.0 (t), 127.8 (d), 129.7 (d), 133.1 
(s), 144.5 (s) ppm. MS(EI) for C20H34O3S: m/z = 354 [M+], HRMS calcd for C20H34O3S-
C4H9: 297.152, found: 297.151. 
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(10S,14S)-10,14-Dimethyl-1-octadecene (3.67 from 3.70): 6-heptenyl bromide (0.38 mL, 

2.49 mmol) in dry THF (6.0 mL) was added 
dropwise to Mg (91 mg, 3.7 mmol, 1.5 eq) in an 
argon-purged flask and then stirred for 1 h at 45 

oC. The resulting solution was used immediately. The Grignard reagent (2.41 mL, 0.94 
mmol, 4.0 eq) was added in a dropwise fashion to a solution of 3.70 (84 mg, 0.24 mmol) 
and CuBr�SMe2 (10.3 mg, 50 µmol, 21 mol%) in dry THF (1.1 mL) at -78 oC under argon. 
After stirring for 1 h at -78 oC, the solution was allowed to slowly warm to 0 oC and stirred 
overnight. The reaction was quenched with aq. NH4Cl (sat.), extracted with Et2O (3x) and 
the combined organic layers were washed with brine (sat.), dried (MgSO4) and 
concentrated. 3.67 (60 mg, 0.21 mmol, 90%) was isolated as a colorless oil after 
purification by column chromatography (20 g SiO2, n-pentane). (10S,14S)-3.67: [�]D

20
 = 

+2.09o (c = 0.91, CHCl3), ), Lit.5 [�]D
25 = +1.78o. NMR data were as reported in the 

literature5: 1H-NMR (CDCl3, 400 MHz) � = 0.835, 0.838 (2d, J = 6.4 Hz, 6H), 0.89 (t, J = 
6.8 Hz, 3H), 1.00-1.42 (m, 26H), 2.04 (q, J = 7.6 Hz, 2H), 4.93 (dd, J = 1.6, 10.4 Hz, 1H), 
4.99 (dd, J = 1.6, 17.2, 1H), 5.82 (m, J = 6.8, 10.4, 16.8 Hz, 1H) ppm. 13C-NMR (CDCl3, 
100.6 MHz) � =  14.1 (q), 19.6 (q), 22.9 (t), 24.4 (t), 27.0 (t), 28.9 (t), 29.1 (t), 29.3 (t), 29.4 
(t), 29.6 (t), 29.8 (t), 32.6 (d), 33.7 (t), 36.7 (t), 37.0 (t), 37.3 (t), 114.0 (t), 139.2 (d) ppm. 
MS(EI) for C20H40: m/z = 280 [M+], HRMS calcd for C20H40: 280.313, found: 280.313. 
 
(5S,9S)-5,9-Dimethylheptadecane (3.71): hexyl bromide (0.38 mL, 2.69 mmol) in dry 

THF (6.0 mL) was added dropwise to Mg (91 mg, 
3.74 mmol, 1.4 eq) in an argon-purged flask and 
then stirred for 1 h at 45 oC. The resulting solution 

was used immediately. The Grignard reagent (2.23 mL, 0.94 mmol, 5.7 eq) was added in a 
dropwise fashion to a solution of 3.70 (58 mg, 0.16 mmol) and CuBr�SMe2 (10.3 mg, 50 
µmol, 31 mol%) in dry THF (1.1 mL) at -78 oC under argon. After stirring for 1 h at -78 oC, 
the solution was allowed to slowly warm to 0 oC and stirred overnight. Work-up was 
performed as described for 3.63. GC-MS of the crude product showed that only 3.71 and 
dodecane (approximately 40%) were present. As the dodecane could not be removed by 
column chromatography (20 g SiO2, n-pentane), the isolated yield of the reaction could not 
be determined. NMR data were as reported in the literature5: 1H-NMR (CDCl3, 400 MHz) � 
= 0.825, 0.827 (2d, J = 6.8 Hz, 6H), 0.89 (m, 6H), 1.03-1.40 (m, 28H) ppm. 13C-NMR 
(CDCl3, 100.6 MHz) � = 14.0 (q), 14.1 (q), 19.6 (q), 22.6 (t), 23.0 (t), 24.4 (t), 27.0 (t), 29.3 
(t), 29.6 (t), 30.0 (t), 31.9 (t), 32.7 (d), 36.7 (t), 37.1 (t), 37.3 (t) ppm. MS(EI) for C19H40: 
m/z = 268 [M+], HRMS calcd for C19H40: 268.313, found: 268.313. 
 
8-Bromo-(3R,7R)-3,7-dimethyl-octanoic acid methyl ester (3.72): (3R,7R)-3.56 (120 

mg, 0.59 mmol) was dissolved in dry THF (2.0 mL) and PPh3 
(171 mg, 0.65 mmol, 1.1 eq) and NBS (116 mg, 0.65 mmol, 
1.1 eq) were  added at 0 oC. The resulting solution was stirred 

under argon at 0 oC for 10 min and then allowed to warm to room temperature. Because 
TLC (n-pentane-Et2O 5:1) showed incomplete conversion after 1 h, more PPh3 (34 mg, 
0.13 mmol, 0.2 eq) and NBS (23 mg, 0.13 mmol, 0.2 eq) were added, which resulted in 
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complete conversion after another 15 min. The crude mixture (suspension) was then filtered 
over cotton and the residue was washed with Et2O. The filtrate was concentrated and 
purified by column chromatography (n-pentane-Et2O 5:1) to give 3.72 (137 mg, 0.52 mmol, 
87%) as a colorless oil. 1H-NMR (CDCl3, 300 MHz) � = 0.93 (d, J = 6.6 Hz, 3H), 1.00 (d, J 
= 6.6 Hz, 3H), 1.10-1.47 (m, 6H), 1.77 (m, 1H), 1.94 (m, 1H), 2.02 (m, 1H), 2.12 (dd, J = 
8.1, 14.7 Hz, 1H), 2.29 (dd, J = 6.0, 14.7 Hz, 1H), 3.28-3.45 (m, 2H), 3.66 (s, 3H) ppm. 
13C-NMR (CDCl3, 50.3 MHz) � = 18.6 (q), 19.6 (q), 24.0 (t), 30.1 (d), 34.8 (t), 35.0 (d), 
36.5 (t), 41.3 (t), 41.5 (t), 51.2 (q), 173.5 (s) ppm. MS(CI) for C11H21BrO2: m/z = 282 (M + 
NH4)

+. 
 
8-Bromo-(3R,7R)-3,7-dimethyl-octan-1-ol (3.73): To prepare a 1.0 M AlCl3-solution, 

AlCl3 (1.33 g, 9.97 mmol) was dissolved in dry Et2O (10.0 
mL).  
To a suspension of LiAlH4 (19 mg, 0.49 mmol, 1.05 eq) in dry 

Et2O (0.50 mL) was added AlCl3 (1.0 M in Et2O, 0.49 mL, 0.49 mmol, 1.05 eq). The 
resulting solution was cooled to -78 oC, after which a solution of 3.72 (123 mg, 0.46 mmol) 
in dry Et2O (0.75 mL) was added. The mixture was stirred for 45 min at -78 oC under argon 
and then quenched with H2O and diluted with aq. H2SO4 (2.0 M). The aqueous layer was 
extracted with Et2O (3x) and the combined organic layers were washed with brine (sat.), 
dried (MgSO4), filtered and concentrated. The product was purified by column 
chromatography (n-pentane-Et2O 3:1) to give 3.73 (89 mg, 0.38 mmol, 81%) as a colorless 
oil. 1H-NMR (CDCl3, 300 MHz) � = 0.90 (d, J = 6.6 Hz, 3H), 1.01 (d, J = 6.3 Hz, 3H), 
1.08-1.66 (m, 10H), 1.79 (m, 1H),  3.32 (dd, J = 6.0, 9.9 Hz, 1H), 3.39 (dd, J = 5.1, 9.9 Hz, 
1H), 3.67 (m, 2H) ppm. 13C-NMR (CDCl3, 75.5 MHz) � = 18.6 (q), 19.4 (q), 24.1 (t), 29.2 
(d), 34.9 (t), 35.1 (d), 37.0 (t), 39.8 (t), 41.4 (t), 61.0 (t) ppm. MS(CI) for C10H21BrO: m/z = 
254 (M + NH4)

+. 
 
Cyclohepta-2,6-dienone (3.76): Prepared from cycloheptanone in 22% overall 
yield over four steps.34 1H-NMR (CDCL3, 300 MHz) � = 2.45 (brs, 4H) 6.09 (d, J 
= 11.7 Hz, 2H), 6.60 (m, 2H) ppm. 
 

(6R)-6-Methyl-cyclohept-2-enone (3.77):33 Cu(OTf)2 (42 mg, 0.12 mmol, 2.5 mol%) and 
R,S,S-L* (125 mg, 0.23 mmol, 5.0 mol%) were dissolved in dry toluene (8.0 
mL) and stirred at room temperature for 1 h under nitrogen. Subsequently, a 
solution of 3.76 (500 mg, 4.62 mmol) in toluene (17 mL) was added, after 
which the mixture was cooled to -25 oC. Me2Zn (2.0 M in toluene, 3.47 mL, 
6.93 mmol, 1.5 eq) was added over 5 min and the resulting solution was stirred 

at -25 oC overnight and then quenched with aq. NH4Cl (sat.), extracted with Et2O (3x), 
washed with brine (sat.) and dried (Na2SO4). The Et2O was removed under vacuum and the 
product  was purified by column chromatography (n-pentane-Et2O 9:1 to 4:1) to give (6R)-
3.77 (395 mg, 3.18 mmol, 68.8%) as a colorless liquid. 1H-NMR (CDCL3, 300 MHz) � = 
1.01 (d, J = 6.6 Hz, 3H), 1.53 (m, 1H), 1.89 (m, 1H), 2.07 (m, 1H), 2.41 (m, 3H), 2.67 (dd, 
J = 4.5, 14.4 Hz, 1H), 5.99 (d, J = 11.7 Hz, 1H), 6.62 (m, 1H) ppm. 13C-NMR (CDCl3, 75.5 
MHz) � = 21.9 (q), 28.2 (t), 28.4 (d), 34.7 (t), 51.3 (t), 132.6 (d),  147.2 (d), 203.0 (s) ppm. 

Br
HO

O

O



 

 

 

  105 

 

 

 

 
Chapter3 

Enantiopure Saturated Isoprenoid Building Blocks 

(3R,6R)-3,6-Dimethyl-cycloheptanone (3.78): The procedure was performed   analogous 
to the preparation of 3.77. (3R,6R)-3.78 (44 mg, 0.31 mmol, 79%) was 
obtained from (6R)-3.77 (50 mg, 0.40 mmol) using Me2Zn (2.0 M in 
toluene, 0.30 mL, 0.60 mmol, 1.5 eq), R,S,S-L* (11 mg, 20 �mol, 5.0 
mol%) and Cu(OTf)2 (3.6 mg, 10 �mol, 2.5 mol%) in toluene (2.5 mL). 
Purification was achieved by column chromatography (n-pentane-Et2O 9:1 

to 4:1) to give 3.78 as a colorless liquid. 1H-NMR (CDCL3, 300 MHz) � = 0.99 (d, J = 6.9 
Hz, 6H), 1.25 (m, 2H), 1.82 (m, 4H), 2.38 (m, 4H) ppm. 13C-NMR (CDCl3, 50.3 MHz) � = 
24.1 (q), 31.5 (d), 38.2 (t), 52.2 (t), 213.5 (s) ppm. 
 
Meso-3,6-Dimethyl-cycloheptanone (3.79): The procedure was performed  analogous to 

the preparation of 3.77. Meso-3.79 (63 mg, 0.45 mmol, 56%) 
was obtained from (6R)-3.77 (100 mg, 0.81 mmol) using 
Me2Zn (2.0 M in toluene, 0.61 mL, 1.21 mmol, 1.5 eq), 
S,R,R-L* (22 mg, 40 �mol, 5.0 mol%) and Cu(OTf)2 (7.2 mg, 
20 �mol, 2.5 mol%) in toluene (5.0 mL). Purification was 

achieved by column chromatography (n-pentane-Et2O 9:1 to 4:1) to give 3.79 as a colorless 
liquid. 1H-NMR (CDCL3, 300 MHz) � = 0.96 (d, J = 7.2 Hz, 6H), 1.54-1.70 (m, 4H), 2.04 
(m, 2H), 2.23 (dd, J = 9.0, 14.7 Hz, 2H), 2.62 (dd, J = 3.6, 15.0 Hz, 2H) ppm. 13C-NMR 
(CDCl3, 50.3 MHz) � = 21.2 (q), 29.5 (d), 34.2 (t), 51.2 (t), 213.4 (s) ppm. MS(CI) for 
C9H16O: m/z = 158 (M + NH4)

+. 
 
((3R,6R)-3,6-Dimethyl-cyclohept-1-enyloxy)-trimethyl-silane (3.80): Cu(OTf)2 (14.6 

mg, 40 �mol, 2.5 mol%) and R,S,S-L* (43 mg, 81 �mol, 5.0 mol%) were 
dissolved in dry toluene (3.0 mL) and stirred at room temperature for 1 h 
under nitrogen. Subsequently, a solution of (6R)-3.77 (200 mg, 1.61 mmol) 
in toluene (7.0 mL) was added, after which the mixture was cooled to -25 
oC. Me2Zn (2.0 M in toluene, 1.21 mL, 2.42 mmol, 1.5 eq) was added over 5 

min and the resulting solution was stirred at -25 oC overnight. Subsequently, Et3N (0.67 
mL, 4.83 mmol, 3.0 eq), TMEDA (1.21 mL, 8.05 mmol, 5.0 eq) and a pre-stirred (30 min) 
solution of TMSOTf (0.87 mL, 4.83 mmol, 3.0 eq) and Et2Zn (1.0 M in n- hexanes, 0.37 
mL, 0.37 mmol, 0.23 eq) were added. The solution was stirred for 1 h while slowly 
warming to ambient temperature, after which the crude reaction mixture was flashed over a 
silica-plug (SiO2 inactivated with Et3N prior to use). The Et2O was evaporated under 
vacuum and the product  was purified by column chromatography (n-pentane; SiO2 
inactivated with Et3N prior to use) to give (3R,6R)-3.80 (254 mg, 1.20 mmol, 74%) as a 
volatile colorless liquid with still some toluene present. 3.80 was immediately used in the 
next step without further removal of the toluene. For the purpose of analysis the toluene 
was removed in vacuo from a small sample of the product. 1H-NMR (CDCl3, 300 MHz) � = 
0.15 (s, 9H), 0.89 (d, J = 6.6 Hz, 3H), 0.97 (d, J = 6.6 Hz, 3H), 1.23 (m, 2H), 1.55 (m, 2H), 
1.87 (m, 2H), 2.12-2.42 (m, 2H), 4.72 (m, 1H) ppm. 13C-NMR (CDCl3, 50.3 MHz) � = 0.2 
(q), 23.8 (q), 24.4 (q), 31.0 (d), 31.5 (d), 36.5 (t), 40.3 (t), 43.7 (t), 116.1 (d), 152.9 (s) ppm. 
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7-Hydroxy-(3R,6R)-3,6-dimethyl-heptanoic acid methyl ester (3.82): The procedure 
was performed analogous to the preparation of (3R,7R)-3.56 
from (3R,7R)-3.52. (3R,6R)-3.80 (250 mg, 1.18 mmol) was 
converted into (3R,6R)-3.82 (103 mg, 0.55 mmol, 46%)  via 
carboxylic acid (3R,6R)-3.81. The carboxylic acid was used in 

the next reaction without purification. An analytical sample was purified by column 
chromatography (n-pentane-EtOAc 3:7) to give a colorless oil. Purification of 3.82 was 
achieved by column chromatography (n-pentane-Et2O 2:1) to give a colorless oil as well.  

(3R,6R)-3.81: 1H-NMR (CDCl3, 300 MHz) � = 0.91  (d, J = 6.9 
Hz, 3H), 0.97 (d, J = 6.6 Hz, 3H), 1.16-1.42 (m, 5H), 1.58 (m, 
1H), 1.94 (m, 1H), 2.18 (dd, J = 7.8, 15.0 Hz, 1H), 2.34 (dd, J = 
6.3, 15.0 Hz, 1H), 3.47 (m, 2H) ppm. 13C-NMR (CDCl3, 50.3 

MHz) � = 16.3 (q), 19.5 (q), 30.1 (t), 30.3 (d), 33.6 (t), 35.6 (d), 41.3 (t), 68.1 (t), 178.3 (s) 
ppm. (3R,6R)-3.82: 1H-NMR (CDCl3, 300 MHz) � = 0.90 (d, J = 6.9 Hz, 3H), 0.93 (d, J = 
6.9 Hz, 3H), 1.12-1.41 (m, 5H), 1.57 (m, 1H), 1.93 (m, 1H), 2.14 (dd, J = 7.8, 14.7 Hz, 
1H), 2.30 (dd, J = 6.3, 14.7 Hz, 1H), 3.42 (dd, J = 6.3, 10.5 Hz, 1H), 3.49 (dd, J = 6.0, 10.5 
Hz, 1H), 3.66 (s, 3H) ppm. 13C-NMR (CDCl3, 100.6 MHz) � = 16.3 (q), 19.5 (q), 30.1 (t), 
30.4 (d), 33.7 (t), 35.7 (d), 41.5 (t), 51.3 (q), 68.1 (t), 173.6 (s) ppm. MS(CI) for C10H20O3: 
m/z = 206 (M + NH4)

+. 
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