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1 ABSTRACT 

The current methodologies of catalytic enantioselective allylation of aldehydes were 

studied on conjugated dienals and later on haloacrylaldehydes as the substrates. The resulting 

enantioenriched homoallylalcohols were prepared by reactions promoted either by 

commercial Brønsted acid catalysts or by Lewis base catalysts developed by our group, often 

with high enantio- and diastereoselectivities. Subsequently, the methodology was expanded 

on catalytic enantioselective crotylation and pentenylation reactions, practically unknown not 

only with these substrates. The applicability of this synthetic approach was demonstrated on 

preparation of several natural products or their intermediates. 

 

Stávající metodologie katalytické enantioselektivní allylace aldehydů byly aplikovány 

na konjugované dienaly a později také na haloakrylaldehydy. Vznikající enantiomerně 

obohacené homoallylalkoholy byly, často ve vysoké enantio- a diastereomerní čistotě, získány 

reakcemi katalyzovanými buď komerčními Brønstedovskými kyselinami nebo Lewisovskými 

bázemi vyvinutými naší laboratoří. Následně byl tento postup rozšířen o krotylace a 

pentenylace, dosud téměř nepublikované nejen v případě těchto výchozích látek. Použitelnost 

studovaných reakcí v organické syntéze byla demonstrována na přípravě několika přírodních 

látek či jejich intermediátů. 
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2 INTRODUCTION 

2.1 Allylation reactions  

Allylation is a reaction of an electrophile with an allylmetal nucleophile giving rise to 

a new C-C bond. The electrophile can be an aldehyde, ketone, imine derivative, 

α,β-unsaturated carbonyl compound (conjugate addition may take place),
2
 acetal,

3
 epoxide

4
 

and carboxylic acid chloride.
5
 This work focuses only on allylation of aldehydes, which yields 

homoallylic alcohols (Scheme 1). 

 

 

Scheme 1. Allylation of an aldehyde. 

 

Allylation is a specific type of nucleophilic addition to the carbonyl group, because it 

may include allylic rearrangement of the nucleophile. This is clearly visible in the case of 

crotylations (Rʹ = Me), which can be accompanied by double bond migration (Scheme 2). 

 

 

Scheme 2. Relative stereochemistry and possible transition states of allylation of aldehydes. 

 

Concerning the relative stereochemistry, depending on the reaction mechanism and the 

transition state (TS), allylation of aldehydes may proceed stereoselectively through acyclic 

transition state [both (E)-and (Z)-reagent yield either syn- or anti-product] or 

stereospecifically through cyclic transition state [(E)-reagent yields anti-product while 

(Z)-reagent yields syn-product] (Scheme 2).  

1 
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Importantly, it is also possible to influence the absolute stereochemistry, either by 

asymmetric catalysis (the subject of this work), by using enantiopure chiral allylation reagent 

or by allylation of an enantiopure chiral aldehyde. Various protocols for chiral Lewis base 

(LB*), Lewis acid (LA*) or Brønsted acid (BA*) catalysis are known; the most important of 

them are summarized in the next chapter.
 

Regarding the substrate scope, literally every procedure for catalytic allylation of 

aldehydes was studied on benzaldehyde and variously substituted aromatic aldehydes. Among 

other favorite substrates belong heteroaromatic aldehydes or cinnamaldehyde, less commonly 

aliphatic α,β-unsaturated aldehydes and cyclohexyl carbaldehyde were used. The substrates 

that provide sometimes excellent and sometimes miserable enantioselectivities (depending on 

the method) are aliphatic aldehydes. 

Finally, the terminal double bond of homoallylalcohols can be elaborated by a number 

of methods (Scheme 3).  

 

Scheme 3. Possible further transformations of homoallylalcohols: a) metathesis, 

b) epoxidation, c) ozonolyzis or dihydroxylation/diol-cleavage, d) Wacker oxidation, 

e) hydroboration,
6
 f) Heck coupling,

7
 g) cyclization (X = OAc,

8a
 I,

8b
 F),

8c
 h) iodocyclization.

9
 

 

 Addition of substituted allylmetal species is equally important, because it gives rise to 

a product with two vicinal stereocentres. These two facts make the reaction attractive for use 

in natural product synthesis. 
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3 OUR MOTIVATION FOR THE WORK 

Asymmetric allylation of aldehydes is a reaction that has found wide application in 

organic chemistry, including synthesis of rather complex natural products (e.g. epothilone A 

and B by Danischefski,
10

 (+)-roxaticin by Krische
11

 or salinosporamid A by Corey).
12

 

One can notice that allylations with a stoichiometric amount of chiral auxiliary are 

typically used in the field of natural product synthesis. In contrast, catalytic enantioselective 

allylation as the alternative requires only small amounts of an expensive chiral auxiliary, 

provided the catalyst is efficient enough. The search for efficient catalysts lasts for several 

decades and our group contributed to it among others with bis(isochinoline)-N,Nʹ-dioxides 

possessing the (R)-tetrahydrofuryl substituent (XIIa on Figure 2). Despite the good progress 

in the field over the last years, two aspects related to catalytic enantioselective allyation 

attracted our attention. 

Firstly, we noticed that in comparison to benzaldehyde, other types of aldehydes (such 

as saturated, unsaturated etc.) have received much lesser attention. This contrasts with the fact 

that the corresponding products could be conveniently used for syntheses of structurally 

diverse natural products. 

Secondly, we were even more curious about the possibility of expanding the 

methodology on processes related to allylation, such as crotylation, pentenylation etc. These 

reactions received little attention under catalytic conditions, even though they promise 

enhanced enantioselectivities compared to simple allylation. Equally importantly, crotylation, 

pentenylation etc. would potentially allow to approach more complex products, because two 

substituents of the main hydrocarbon chain together with two stereocentres are formed in one 

step.  
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4 STATE OF THE ART 

4.1 Catalytic allylation of benzaldehyde 

All major protocols for catalytic asymmetric allylation of aldehydes are given in this 

chapter. For the sake of simplicity and comparability, only some of catalysts related to 

allylation of benzaldehyde as the benchmark substrate are described (Scheme 4, Table 1). 

 

 

Scheme 4. Catalytic enantioselective allylation of benzaldehyde. 

4.1.1 Lewis acid catalyzed allylations 

The addition of allylsilanes to aldehydes, referred to as Sakurai-Hosomi allylation, can 

be catalyzed by number of Lewis acids. As the Lewis acid I. Yamamoto used a zinc(II) salt 

together with a phosphine-oxide ligand (S,S)-I (Figure 1) in the presence of 

allyltrichlorosilane (Table 1, reaction 1),
13

 while H. Yamamoto used for the reaction a 

silver(I) salt, chiral ligand (Sa)-II and allyltrimethoxysilane as the reagent (reaction 2).
14

 

Several years before that the latter author reported silver(I) salt and (Sa)-II catalyzed reaction 

of benzaldehyde with another reagent – allyltributyltin (reaction 3).
15

 Addition of allyltin can 

also be catalyzed by a dimeric Maruoka’s catalyst formed in situ from (Sa)-III and 

titanium(IV) salt, which represented a variant of the so called Keck’s allylation (reaction 4).
16

 

Later, a chromium(II) complex was successfully applied as a Lewis acid catalyst, namely by 

Kwiatkowski who described (R,R)-IV catalyzed addition of allyltributyltin under high 

pressure conditions (reaction 5).
17

 Loh published an non-toxic indium(III)/(Sa)-III catalyzed 

addition of allyltributyltin on benzaldehyde in CH2Cl2
18a

 or preferentially in an ionic liquid 

(bmim)PF6,
18b

 which makes this the “green” allylation procedure (reaction 6).
 

 

 

Figure 1. 
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4.1.2 Lewis base catalyzed allylations 

An early example of Lewis base catalyzed allylation was addition of allyltribromotin 

under proline derivative (S)-V catalysis (Table 1, reaction 7, Figure 2).
19

 Nevertheless, many 

more reactions with allyltrichlorosilane are known. After Kobayashi noticed that DMF greatly 

accelerates addition of allyltrichlosilane on aldehydes,
20

 Denmark found that the effect of 

HMPA is even greater and therefore developed various chiral HMPA derivatives to bring 

about asymmetry, the most efficient being (S,S)-VI (reaction 8).
21

 Subsequently, number of 

other types of Lewis-base catalysts followed: Benaglia’s phosphine oxide (Sa)-VII (reaction 

9),
22

 Lioa’s sulfoxide (R)-VIII (used in stoichiometric amount, but recyclable; reaction 10)
23

 

and other. Nevertheless, the major role belongs to N-oxides. Historically, the first of them was 

Nakajima’s axially chiral (Sa)-IX (reaction 11).
24

 Then N-oxide catalysts of many other 

structural types followed: Kočovský’s (+)-X (reaction 12)
25

 and Ramanathan’s (+)-XI 

(reaction 13)
26 

catalysts containing elements of central chirality, N,Nʹ-dioxide (R,Sa)-XIIa 

(reaction 14)
27

 prepared by our group and possessing both central and planar chirality, 

Andrus’ cyclophane (S,Rp)-XIII with planar chirality (reaction 15)
28

 and many other. 

 

 

Figure 2. 

4.1.3 Brønsted acid catalyzed allylations 

The addition of allylboronates to aldehydes proceeds slowly at ambient temperature 

even without catalysis. Brønsted acid catalysts accelerate the reaction greatly and thus bring 

the possibility for asymmetry. Hall used the in situ formed complex (R,R)-XIV (Table 1, 

reaction 16, Figure 3),
29

 while Antilla used very efficient chiral phosphoric acid (Ra)-XVa 

(reaction 17).
30
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Figure 3. 

4.1.4 Metal-mediated allylations 

Easily accessible allylhalogenides can also be conveniently used for allylation of 

aldehydes under Barbier-type reaction conditions using main group- or transition-metal 

mediator. Complex of chromium(III) and salen-like ligand (R,R)-XVI (Figure 4) was applied 

in the Nozaki-Hiyama-Kishi allylation (Table 1, reaction 18).
31

 As well, non-toxic, function-

group tolerant and bench stable indium was utilized with ligand (R,S)-XVII (reaction 19).
32

 

 

 

Figure 4. 

4.1.5 Transition-metal catalyzed allylations 

As well, simple allyl alcohol was used as the allylation reagent by Zhou. The reaction 

was catalyzed by palladium(II) acetate, chiral phosphine (Ra)-XVIII (Table 1, reaction 20, 

Figure 5) and an umpolung reagent Et3B.
33

 Similarly addition of allylacetates to aldehydes 

was achieved by Feringa using palladium catalyst, phosphoramidite (Sa,R,R)-XIX ligand and 

Et2Zn (reaction 21).
34

 Krische applied iridium catalyst with the phosphine ligand (‒)-XX 

(reaction 22). This reaction utilizes transfer-hydrogenation: benzaldehyde is formed in situ by 

oxidation of benzyl alcohol and at the same time the iridium catalyst is reduced. Remarkably, 

the asymmetric induction was close to absolute despite the high reaction temperatures.
35

 
 

 

 

Figure 5. 
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Table 1. An overview of protocols for asymmetric allylation of benzaldehyde. 

 

Reaction M Catalyst  or ligand (mol%), additives Conditions Yield (%) ee (%) 

1 Cl3Si ZnI2 (10)/(S,S)-I (10) THF, r.t., 24 h 74 86 (R) 

2 (MeO)3Si AgOTf (2)/(Ra)-II (5)
[a]

 THF, ‒20 °C, 4 h 97 95 (R) 

3 Bu3Sn AgOTf (5)/(Sa)-II (5) THF, ‒20 °C, 8 h 88 96 (S) 

4 Bu3Sn (iPrO)3TiCl (20)/(Sa)-III (20), Ag2O CH2Cl2, 0 °C 90 96 (R) 

5 Bu3Sn (R,R)-IV (1) CH2Cl2, 20 °C, 24 h, 10 kbar 89 86 (R) 

6 Bu3Sn (Sa)-III (20)/InCl3 (20) 4Å MS, CH2Cl2, ‒78 °C to r.t. 76 92 (S) 

7 Br3Sn (S)-V (110), iPr2NEt 4Å MS, CH2Cl2, ‒78 °C, 10 h 75 56 (R) 

8 Cl3Si (S,S)-VI (5), iPr2NEt CH2Cl2, ‒78 °C, 8 h 85 87 (S) 

9 Cl3Si (Sa)-VII (10), iPr2NEt MeCN, 0 °C, 40 h 85 93 (R) 

10 Cl3Si (R)-VIII (150), iPr2NEt CH2Cl2, ‒78 °C, 12 h 77 90 (S) 

11 Cl3Si (Sa)-IX (10), iPr2NEt CH2Cl2, ‒78 °C 95 87 (S) 

12 Cl3Si (+)-X (10), Bu4NI, iPr2NEt CH2Cl2, -60 °C, 24 h 72 98 (S) 

13 Cl3Si (S,Rp)-XI (1.5), iPr2NEt MeCN, ‒40 °C, 6 h 95 93 (S) 

14 Cl3Si (R,Sa)-XIIa (1), iPr2NEt THF, ‒78 °C, 1 h 98 96 (S) 

15 Cl3Si (+)-XIII (20), Bu4NI, iPr2NEt CHCl3/DCE (1/1), ‒78 °C, 24 h 87 83 (S) 

16 (Pin)B (R,R)-XIV (10), Na2CO3 4Å MS, PhMe, ‒78 °C, 3 h 99 71 (R) 

17 (Pin)B (Ra)-XVa (5) PhMe , ‒30 °C 99 98 (R) 

18 Br (R,R)-XVI (10)/CrCl3 (10)
[b]

 THF, 5 °C 72 90 (R) 

19 Br (R,S)-XVII (200)/In (200), Py THF/hexane, ‒78 °C, 1.5 h 99 93 (S) 

20 HO (Ra)-XVIII (10)/Pd(OAc)2 (5), Et3B THF, 25 °C, 24 h 80 80 (R) 

21 AcO (Sa,R,R)-XIX (10)/Pd(PhCN)2Cl2 (5), Et2Zn THF, 0 °C to r.t., 15 h 73 37 (R) 

22 AcO (-)-XX (5)/[Ir(cod)Cl]2 (2.5)
[c]

 THF, 100 °C, 20 h 76 96 (R) 
[a]

 KF (5)/18-crown-6 (5). 
[b]

 Mn (300), Et3N (20), TMSCl (150). 
[c]

iPrOH (200), 3-NO2-C6H4CO2H (10), Cs2CO3 (20). 
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4.2 Catalytic crotylation of benzaldehyde 

In contrast to allylations, there are significantly less examples of catalytic 

enantioselective crotylation in the literature. Again only reactions with benzaldehyde were 

chosen for this methodology comparison (Scheme 5 and Table 2), but unlike the previous 

chapter majority of the catalysts are mentioned. For comparison, enantioselectivities of 

corresponding allylation reactions are also listed.  

 

 

Scheme 5. Catalytic enantioselective crotylation of benzaldehyde. 

4.2.1 Lewis acid catalyzed crotylations 

Both H. Yamamoto’s strategies for Ag(I)/(Ra)-II catalyzed crotylation of 

benzaldehyde – addition of crotyltrimethoxysilane
36

 (Table 2, reactions 1 and 2) and addition 

of crotyltributyltin
15

 (reactions 3 and 4) are examples of reactions with open transition state, 

which is clearly visible from the fact that both (E)- and (Z)-crotylation reagents provide 

anti-products. The asymmetric induction exceeded 90% ee in all cases. 

4.2.2 Lewis base catalyzed crotylations 

Unlike the anti-selective Lewis acid catalyzed reactions, Lewis base catalyzed reaction 

of crotyltrichlorosilane with benzaldehyde is applicable to preparation of both anti- and 

syn-products. Denmark’s phosphoramide (S,S)-VI was unexpectedly more enantioselective in 

the syn-crotylation (Table 2, reactions 5 and 6),
37

 while Kobayashi’s (S,Sp)-XXI (Figure 6) 

afforded higher enantioselectivity for anti-crotylation (reactions 7 and 8).
38

 The asymmetric 

induction of N-oxide and N,Nʹ-dioxide catalysts, such as Kotora’s (R,Ra)-XIIa,
27

 Kočovský’s 

(+)-XXII,
39

 Nakajima’s (Sa)-IX
24

 and Zhu’s (Ra)-XXIII
40

 oscillated around 90% for both 

anti- and syn-reaction (reactions 9-13), while Hayashi’s (Ra)-XXIV
41

 and Benaglia’s 

(Sa)-XXV
42

 did not exceed 80% ee (reactions 14-16). 
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Figure 6. 

4.2.3 Brønsted acid catalyzed crotylations 

Both applied Brønsted acid catalysts, Antilla’s (Ra)-XVa (Table 2, reactions 17 and 

18)
30

 and Hu’s (Ra)-XXVI (reactions 19 and 20, Figure 7),
43

 are remarkably enantioselective 

(up to 99% ee) and diastereoselective (up to 99/1) for both anti- and syn-selective crotylation. 

Commercial availability of the former catalyst and of both (E)- and (Z)-reagents together with 

low sensitivity to moisture makes these reactions perfect in almost every way (excluding the 

catalyst price though).  

 

Figure 7. 

4.2.4 Other modes of catalysis of crotylation 

For completeness, the published examples of metal mediated crotylation with 

(S,S)-XXVII (Table 2, reaction 21, Figure 8) by Guiry 
44

 and transition-metal catalyzed 

crotylation with (Sa)-XXVIII (reaction 22) by Krische
45

 are mentioned. Both reactions suffer 

from somewhat worse anti/syn product ratio. Nevertheless, the advantage of the latter method 

is that but-3-en-2-yl acetate lacking the E/Z purity issues can be used for the crotylation. 

 

 

Figure 8.
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Table 2. An overview of protocols for asymmetric crotylation of benzaldehyde. 

 
Reaction M E/Z Catalyst or ligand (mol%) Conditions Yield (%) dr

[a]
 ee (%)

[a]
 

[b]
 

1 (MeO)3Si 83/17 (Ra)-II (6)/AgF (10) MeOH, ‒20 °C to r.t., 24 h 77 92/8 96 (R,R) / 62 (R,S) - 

2 (MeO)3Si 1/99 (Ra)-II (6)/AgF (10) MeOH, ‒20 °C to r.t., 24 h 82 94/6 94 (R,R) / 60 (R,S) 

3 Bu3Sn 95/5 (Ra)-II (20)/AgOTf (20) THF, ‒20 °C to r.t., 8 h 56 85/15 94 (R,R) / 64 (R,S) 96 

4 Bu3Sn 2/98 (Ra)-II (20)/AgOTf (20) THF, ‒20 °C to r.t., 8 h 72 85/15 91 (R,R) / 50 (R,S) 

5 Cl3Si E (S,S)-VI (5) CH2Cl2, ‒78 °C, 8 h 82 99/1 86 (S,S)  / - 87 

6 Cl3Si Z (S,S)-VI (5) CH2Cl2, ‒78 °C, 8 h 89 1/99  - / 94 (S,R) 

7 Cl3Si E (S,SP)-XXI (20) THF, -60 °C, 4 d. 90 98/2 83 (S,S)  / - 85 

8 Cl3Si Z (S,SP)-XXI (20) THF, -60 °C, 4 d. 80 2/98  - / 77 (S,R) 

9 Cl3Si 86/14 (R,Ra)-XIIa (1) PhCl, ‒40 °C, 24 h 82 71/29 91 (R,R) / 87 (R,S) 93 

10 Cl3Si 87/13 (+)-XXII (10) MeCN, ‒40 °C, 18 h 90 99/1 98 (S,S)  / - 96 

11 Cl3Si 2/98 (+)-XXII (10) MeCN, ‒40 °C, 18 h 26 17/83  - / 87 (S,R) 

12 Cl3Si 97/3 (Sa)-IX (10) CH2Cl2, ‒78 °C 66 97/3 86 (R,S)  / - 87 

13 Cl3Si 86/14 (Ra)-XXIII (1) CH2Cl2, -80 °C, 16 h. 64 86/14 94 (S,S)  / 95 (S,R) 95 

14 Cl3Si 96/4 (Ra)-XXIV (0.1) MeCN, -45 °C, 2.5 h 84 96/4 73 (S,S)  / - 94 

15 Cl3Si 1/99 (Ra)-XXIV (0.1) MeCN, -45 °C, 2.5 h 82 1/99   - / 77 (S,R)  

16 Cl3Si 80/20 (Sa)-XXV (20) MeCN, 0 °C, 48 h. 40 80/20 69 (S,S)  / - 63 

17 (Pin)B E (Ra)-XVa (5) PhMe , 0 °C 96 98/2 99 (R,R) / - 98 

18 (Pin)B Z (Ra)-XVa (5) PhMe , ‒30 °C 95 2/98  - / 94 (R,S) 

19 (Pin)B E (Ra)-XXVI (5) PhMe, -70 °C, 6 h 98 99/1 99 (R,R) / - 99 

20 (Pin)B Z (Ra)-XXVI (5) PhMe, -70 °C, 6 h 99 1/99  - / 99 (R,S) 

21 Br E (R,R)-XXVII (10)/CrCl3 (10)
[b]

 THF/MeCN 7/1, r.t., 16 h 77 77/23 82 (R,R) / 90 (R,S) 87 

22 AcO - (S)-XXVIII (5)/[Ir(cod)Cl]2 (2.5)
[c]

 THF, 90 °C, 48 h 65 86/14 95 (R,R) / - - 
[a]

Anti/syn. 
[b]

 ee (%) of the corresponding allylation reaction. 
[b]

 Mn (300), TMSCl, iPr2NEt. 
[c]

 4-CN-3-NO2-C6H4CO2H (10), Cs2CO3 (20), iPrOH. 
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4.3 Catalytic pentenylation of benzaldehyde 

For benzaldehyde as the substrate, only three examples of catalytic enantioselective 

pentenylations have been reported. The first of them, the sulfoxide (S)-XXIX catalyzed 

addition of (E)-pentenyltrichlorosilane, proceeded with rather low enantioselectivity of 72% 

(Scheme 6, reaction a).
46

 A slightly higher asymmetric induction of 80% was achieved by 

Kobayashi in his Bolm’s ligand (S,S)-XXX mediated syn-selective pentenylation using an 

α-substituted boronate as the pentenylation reagent in aqueous medium (reaction b).
47

 Finally, 

the third reaction by Murakami is truly remarkable (reactions c and d).
48

 Murakami simply 

used pente-1-ne as the pentenylation reagent – in the first step, pentene was borylated on the 

terminal carbon in the presence of a rhodium catalyst, which also recovered the double bond. 

In the consecutive step, the double bond migrated to allylic position thanks to an iridium 

catalyst and the resulting reagent reacted with benzaldehyde in the presence of the Brønsted 

acid catalyst (Ra)-XVa. Yield, enantioselectivity and diastereoselectivity were very good 

considering the complexity of the reaction.  

 

 

Scheme 6. Enantioselective pentenylation of benzaldehyde. 
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4.4 Other catalytic allylations of benzaldehyde 

Finally, the list of published catalytic enantioselective allylations of benzaldehyde 

with differently substituted allylation reagents is rather modest (considering all the possible 

substituents, catalytic systems etc.), thus making this an appealing field for further research. 

The products can be divided into five groups: 1) α-substituted, 2) β-substituted, 3) 

γ-substituted (anti-selective), 4) γ-substituted (syn-selective), and 5) bridged. Mostly high 

diastereoselectivities, but not always high enantioselectivities were achieved. For the reagents 

and conditions see the reference for each catalyst (IX,
24

 XXXI,
49,50

 XXXII,
51

 XXIII,
40

 

XVa,
52,53

 XVIII,
33

 XXX,
54

 XXXIII).
55 

 

 

Scheme 7. Enantioselective allylations of benzaldehyde with differently substituted allylation 

reagents. Catalysts are given in the brackets.  
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4.5 Allylation of specific types of aldehydes 

Now I would like to describe catalytic enantioselective allylations from the substrate 

point of view and to summarize the reported allylations of two particular aldehydes. Unlike 

the previous chapters, the following reaction overviews are complete. To the best of our 

knowledge no catalytic enantioselective crotylation and pentenylation of the following 

aldehydes was published. 

4.5.1 Conjugated dienals 

Three different approaches for catalytic allylation of conjugated dienals have been 

reported (Scheme 8). The first of them utilizes Lewis acid catalyzed addition of 

allyltributyltin as one step in the synthesis of the protected aetheramide A (reaction a),
56

 and 

the C4-C24 macrolactin A fragment (reaction b).
57

 High catalyst and ligand loadings were 

needed in both cases. 

Secondly, Lewis base catalysis was used for allylation of conjugated dienals. High 

enantioselectivity of 92% ee was achieved in a chiral phosphortriamide catalyzed allylation of 

aldehyde (reaction c). The product was further elaborated and the total synthesis of 

papulacandin D was thus completed.
58 

The N-oxide catalyst METHOX showed a wide 

substrate scope, two of the substrates being conjugated dienals. The products were obtained 

with 86 and 88% ee (reaction d).
59

 

The third approach relied on a transition-metal catalyzed addition of allylboronate and 

in the presence of the chiral phosphine ligand (R,R)-XXXIV (reaction e). This reaction was 

accompanied by an interesting isomerization of the α,β-double bond.
60
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Scheme 8. Catalytic asymmetric allylations of conjugated dienals. 
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4.5.2 Haloacrylaldehydes 

By the time we considered haloacrylaldehydes as the substrates for allylation reactions 

only one example of catalytic enantioselective allylation of β-haloacrylaldehyde was known 

(Scheme 9, reaction a). The product of the Lewis acid catalyzed reaction was obtained in a 

low yield and enantioselectivity.
61

 After we had published our results, other paper describing 

Brønsted acid (Ra)-XVa catalyzed allylation of 43c with allylboronate was released (reaction 

b).
62

 

 

Scheme 9. Catalytic asymmetric allylations of haloacrylaldehydes. 

 

For comparison, protocols with stoichiometric amount of chiral auxiliary derived from 

camphor (XXXIa,
61,63a-d 

XXXIb,
63e

 XXXIc
63f

), ephedrine (XXXII and XXXIII)
61

 or tartrate 

(XXXIV
64

 and XXXV
61

) are listed (Figure 9). 

 

 

Figure 9. Asymmetric allylation of haloacrylaldehydes with chiral reagents. Yields, 

asymmetric inductions and absolute configurations of the corresponding products are given. 

Substrates are in the brackets. 
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4.6 Pteroenone 

4.6.1 Isolation and bioactivity 

Now basic properties and known syntheses of three natural products will be described. 

Pteroenone is a secondary metabolite isolated from the pteropod Clione antarctica (a shell-

less mollusk) by Yoshida in 1995.
65

 The reason the mollusk produces pteroenone is to repel 

predators, several species of fishes. Another inhabitant of the ocean, an antarctic hyperiid
I
 

amphipod Hyperiella dilatata, cunningly makes use of pteroenone as well: as this amphipod 

is also a prey of the fish, it attaches the pteroenone-emitting Clione on its shell and thus gets 

under the protection of this defensive metabolite. 

4.6.2 Current syntheses 

Pteroenone was synthesized merely by Kiyota, namely in 2005
66a

 and 2010.
66b

 Both 

syntheses utilize aldol addition of Evans’ oxazolidinone on dimethylhexadienal in the key 

step (Scheme 10, step a).  

 

 

Scheme 10. Kiyota’s synthesis of (R,S)-pteroenone. 

                                                 
I
 Hyperiide is a suborder of the order Amphipoda [různonožci] of the class Crustacea [korýši]. 
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4.7 Antillatoxin 

4.7.1 Isolation and bioactivity 

Antillatoxin is a lipopeptide consisting of three amino acids and the substituted 

conjugated diene moiety. The compound was discovered by W. H. Gerwick in extract from 

marine cyanobacterium Lyngbya majuscule collected in Curacao. At the time of its isolation 

antillatoxin belonged to the most ichtyotoxic compounds known (LD50 = 50 ng/mL).
67

 

4.7.2 Current syntheses 

Until now, four groups dealt with the total synthesis of antillatoxin, each of them with 

completely different approach: a) T.-P. Loh
68

 used racemic indium-mediated allylation of 

dimethylhexadienal (Scheme 11, the first line). The resulting syn-alcohol was epimerized to 

anti-alcohol by Dess-Martin periodinane oxidation and Luche reduction back to alcohol. Then 

chiral resolution was carried out by esterification of the alcohol with (S)-acetylmandelic acid. 

The resulting esters were chromatographically separated and then hydrolyzed again. This 

sequence was considerably tedious, as it also required repeated installation and removal of the 

TBS protecting group, which is not drawn. The reason for all this hard work is that Shioiri
69

 

and White
70

 found out that the originally proposed syn-arrangement of C4-C5 in pteroenone 

was incorrect and the natural product contained anti-arrangement. b) T. Shiori
69

 utilized aldol 

addition with enantiopure propanoate for the synthesis of antillatoxin (Scheme 11, the second 

line). c) J. D. White
70

 used a natural (R)-hydroxyisobutyric acid derivate as the source of 

chirality (Scheme 12, the first line) and d) M. Inoue
71

 applied a chiral Lewis acid catalyzed 

aldol addition (Scheme 12, the second line). 
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Scheme 11. Key steps of Loh’s and Shioiri’s total syntheses of antillatoxin. 

 

 

 

Scheme 12. Key steps of White’s and Inoue’s total syntheses of antillatoxin. 
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4.8 Tiacumicin 

4.8.1 Isolation and bioactivity 

 

 

Figure 10. Tiacumicin B and mangrolide A aglycones and their saccharine decoration. 

 

Tiacumicin B (Figure 10) is a potent macrocyclic antibiotic isolated from bacterium 

Dactylosporangium cultivated from soil sample from USA.
72

 The compound also bears the 

names lipiarmycin A3 (from “leap year” due to its prior isolation from Actinoplanes bacteria 

from India on February 29
th

 1972)
73

 and clostomicin B1 (isolated from Micronospora bacteria 

from Japan).
74

 In the realm of pharmaceuticals the compound is called fidaxomicin and it is 

marketed under the trade names Dificid and Dificlir as a drug against gram-positive bacterium 

Clostridium difficile causing diarrhea spreading typically in hospitals. The antibiotic acts as a 

bacterial nucleic acid polymerase inhibitor. Despite the greatly improved biosynthesis, the 

drug belongs to the most expensive antibiotics of today. The unnatural C19 S isomer was 

found less bioactive. The interesting story behind the co-identity of tiacumicin, lipiarmycin, 

clostomicin and fidaxomicin and the adventurous road to a marketed drug is described 

elsewhere.
75,76,77

 A very similar structure of the aglycone belongs to mangrolide A.
78

 

4.8.2 The current syntheses 

At the time we chose the tiacumicin aglycone as our synthetic target, no total synthesis 

had been reported. However, in 2015 three different total syntheses of the aglycone were 

published by J. Zhu, K. Gademann and K.-H. Altmann as consecutive papers in one journal 

issue.
79,80,81

 Still in 2015, the total synthesis of the fully decorated macrolide was reported.
82

 

Recently, two papers by E. Roulland describing the synthesis of the aglycone were released.
83 

The synthesis by J. Zhu
79

 is linear and uses a stoichiometric amount of the Evans’ 

oxazolidinone reagent for the creation of two stereocentres (Scheme 13, step j) and camphor-

derived reagents for the creation of the remaining three stereocentres (steps a and q). 
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Scheme 13. Synthesis of protected tiacumicin aglycone by J. Zhu. 
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The synthesis of K. Gademann
80

 is more concise, because it uses Stille cross-coupling 

for junction of two advanced fragments prepared in parallel manner (Scheme 14, step m). For 

the formation of stereocentres again stoichiometric Evans’ oxazolidinone synthesis (step e) 

and Brown’s allylation with camphor reagent [(+)-Ipc]2B(allyl) were used (step i). The very 

first compound, chiral epoxide, was prepared by kinetic resolution of the corresponding 

unsaturated alcohol using Sharpless’ epoxidation. 

 

Scheme 14. Synthesis of protected tiacumicin aglycone by K. Gademan. 
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The synthesis by K.-H. Altmann
81

 resembles the previous work. Both the Sharpless’ 

epoxidation (Scheme 15, step a) and the Evans’ oxazolidinone synthesis (step e) were used. In 

contrast, the chiral Leighton’s reagent was used for the asymmetric allylation (step j) and 

Suzuki cross-coupling for construction of the diene scaffold (step p). Because the coupling 

was also the macrocyclization step, the double-bond-geometry problems encountered by the 

two previous groups in their metathetic macrocyclization step were avoided. 

 

 
Scheme 15. Synthesis of deprotected tiacumicin aglycone by K.-H. Altmann. 
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E. Roulland published one unsuccessful
83b

 and one successful
83a,b

 pathway toward the 

monoprotected tiacumicin aglycone. The key steps of the synthesis are Wittig rearrangement 

(step m, Scheme 16) and alkyne-allene coupling (step o). The commercial (R)-propylene 

oxide and the product of Sharpless’ epoxidation (step g) were used as the sources of chirality. 

 

 

Scheme 16. Synthesis of monoprotected tiacumicin aglycone by E. Roulland. 
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The similar-aglycone-scaffold possessing mangrolide A was synthesized also in 2015 

by J. DeBrabander using process similar to the previous works (Scheme 17).
78

 With respect to 

an ambiguity concerning the C9-C10 E or Z double bond geometry described in chapter 6.4.9 

it should be noted that in the DeBrabanter’s work the Horner-Wadsworth-Emmons reaction  

afforded solely the Z product. He used this product for synthesis of the unnatural C9-C10 Z 

analogue of mangrolide A (step m). 

 

 

Scheme 17. Synthesis of mangrolide A aglycone methyl ether by J. DeBrabander. 
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5 OBJECTIVES OF THE WORK 

The target of the work is to study catalytic asymmetric allylation of conjugated dienals 

(and potentially of other types of less extensively utilized aldehydes). The first goal was to 

compare several catalysts including the highly efficient chiral binolphosphoric acids XV with 

the N,Nʹ-dioxide catalysts XII developed in our group (Scheme 18, line 1). The second goal 

was to expand the chosen methodologies on catalytic enantioselective crotylation and 

pentenylation of conjugated dienals (line 2). The third goal was to apply these reactions in 

natural product synthesis (line 3). The molecule of tiacumicin aglycone potentially accessible 

by enantioselective catalytic pentenylation of the corresponding dienal was the ultimate goal 

of our synthetic endeavors. However, before starting the work on this rather complicated 

compound, we wanted to gain the necessary knowledge by applying catalytic enantioselective 

crotylation on simpler syntheses of pteroenone and antillatoxin intermediate. 

 

 

Scheme 18. The work outline. 
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6 RESULTS AND DISCUSSION 

6.1 Pteroenone 

6.1.1 The proposed synthesis 

As pteroenone contains the vicinal hydroxyl and methyl group with defined 

stereochemistry, we envisioned that this pattern could be formed by a catalytic 

enantioselective anti-crotylation of dimethylhexadienal (Scheme 19, step a). Further 

oxidation of the terminal alkene to ketone and its α-oxidation could allow preparation of 

pteroenone (step b). Starting with the same starting material ‒ dimethylhexadienal ‒ this 

pathway would constitute a synthetic alternative to the Kiyota’s aldol addition approach. 

 

 

Scheme 19. Our proposal of synthesis of pteroenone using enantioselective crotylation. 

 

Apart from focusing on anti-crotylation of dimethylhexadienal, we also wanted to 

evaluate the results of simple allylation and of syn-crotylation of this substrate to be able to 

spot the basic trends. Especially the syn-crotylation was a reaction of interest for us because it 

could also provide the outlook on the synthesis of tiacumicin, which contains the 

syn-arrangement of the vicinal alkyl-alcohol functionality as well. 

6.1.2 Preparation of dimethylhexadienal 5 

A known five-step procedure utilizing ethyl-2-bromopropionate and tiglic aldehyde 

was applied for the synthesis of the allylation reactions dimethylhexadienal 5 (Scheme 

20).
84,85,86

 The central step of this pathway was the construction of the C2-C3 double bond of 

3 by Wittig reaction, which was completely E-selective (step c). The product 5 was obtained 

in overall 45% yield. 
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Scheme 20. Synthesis of dienal 5. 

6.1.3 Preparation of crotylation reagents 

For the later study of catalytic crotylation, both commercially unavailable (E)- and 

(Z)-crotyltrichlorosilanes were prepared by the known processes. The former, (E)-8, was 

prepared in three steps using crotonal as the substrate,
87,88

 while (Z)-8 was prepared by a 

palladium-catalyzed hydrosilylation of butadiene (Scheme 21).
88

 

 

 

Scheme 21. The preparation of (E)- and (Z)-crotyltrichlorosilanes. 

6.1.4 Enantioselective allylation of dienal 5 

Firstly, several standard protocols for a simple allylation of 5 were compared (Table 

3). Lewis-acid catalysis employing silver or titanium salt and (Sa)-II or (Sa)-III (Figure 11) as 

the chiral ligands was started with (reactions 2-4). The product (S)-9 was obtained in 

promising enantioselectivities up to 89% ee (reaction 3); however, conversions and isolated 

yields were low in all three reactions. In contrast, the Brønsted-acid (Sa)-XVa catalyzed 

reaction provided (S)-9 in 78-99% yield and 87% enantioselectivity in the presence of 5 mol% 

of the catalyst (reactions 5-7). Reduction of the catalyst loading to 2.5 and 1.25 mol% led to a 

moderate drop of enantioselectivity, namely to 85 and 83%. Next, the Lewis-base catalysts 

(R,Ra)- and (R,Sa)-XIIa provided the product (R)- and (S)-9 with a rather low 

enantioselectivity in the range of 55-69% (reactions 8-10), regardless of the solvent polarity 

(THF or toluene). For comparison, the standard Brown allylation (reaction 11) furnished the 

product (R)-9 with 63% ee. Because of higher yields, just catalysts (Sa)-XVa and (R,Sa)-XIIa 

were chosen for the next reactions. 
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Table 3. Enantioselective allylation of dienal 5. 

 

R. [M] Catalyst (mol%) Solvent T. (°C) Time (h) Yield (%) ee (%) 

1 BrMg - Et2O 23 2 95 - 

2 (MeO)3Si (Sa)-II (5)/AgOTf (5)
[a]

 THF -20 60 27 77 (S) 

3 Bu3Sn (Sa)-II (30)/AgOTf (30) THF -20 60 40 89 (S) 

4 Bu3Sn (Sa)-III (100)/Ti(OiPr)4 (100) CH2Cl2 -20 60 21 63 (S) 

5 (Pin)B (Sa)-XVa (5) PhMe -20 15 78 87 (S) 

6 (Pin)B (Sa)-XVa (2.5) PhMe -20 15 99 85 (S) 

7 (Pin)B (Sa)-XVa (1.25) PhMe -20 15 94 83 (S) 

8 Cl3Si (R,Ra)-XIIa (5) THF -40 15 33 60 (R) 

9 Cl3Si (R,Sa)-XIIa (5) THF -40 15 57 69 (S) 

10 Cl3Si (R,Sa)-XIIa (5) PhMe -40 60 30 55 (S) 

11 (+)-Ipc2B - Et2O -114 3 67 63 (R) 
[a]

 KF (5 mol%) and 18-crown-6 (5 mol%) as additives. 

 

 

Figure 11. The allylation catalysts. 

6.1.5 Enantiomeric excess determination – the Mosher method 

As the standard NMR spectroscopy technique does not allow distinction of 

enantiomers and as we did not find suitable conditions for chiral-stationary-phase-HPLC 

analysis of allylation products 9, we decided to apply the Mosher method. This approach 

consists in derivatization of the racemic and enantioenriched products by additional 

enantiopure functionality. The original mixture of enantiomers thus changes into mixture of 

diastereomers, which can be distinguished by NMR spectroscopy and thus their ratio can be 

determined. 
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Scheme 22. Mosher method of determination of ee. 

6.1.6 Enantioselective anti-crotylation of dienal 5 

Then we moved to anti-selective crotylations of the dienal 5 as the gateway to the later 

synthesis of pteroenone. Gratifyingly, the obtained enantioselectivities in general exceeded 

those of the simple allylation. The phosphoric acid catalyst XVa was tested in three different 

solvents (Table 4, reactions 2-5) and it was concluded that the highest enantioselectivity was 

obtained in the least polar toluene, namely 93-94% ee. The reason could be that in non-polar 

solvents the hydrogen cation and the chiral phosphonate anion form the closest pair allowing 

efficient chirality transfer in this Brønsted acid catalyzed reaction. 

 

Table 4. Enantioselective anti-crotylation of dienal 5. 

 

R.
[a]

 [M] Catalyst (mol%) Solvent Temp. (°C) Yield (%) ee (%) dr
[b]

 

1 (Pin)B - PhMe 23 55 - 99/1 

2 (Pin)B (Sa)-XVa (10) THF -20 61 47 (R,R) 96/4 

3 (Pin)B (Sa)-XVa (10) CH2Cl2 -20 53 64 (R,R) 96/4 

4 (Pin)B (Sa)-XVa (10) PhMe -20 64 93 (S,S) 99/1 

5 (Pin)B (Ra)-XVa (10) PhMe -20 44 94 (R,R) 99/1 

6 Cl3Si (R,Ra)-XIIa (2.5) THF -40 52 15 (R,R) 95/5 

7 Cl3Si (R,Sa)-XIIa (2.5) THF -40 68 96 (S,S) 95/5 

8 (S,S)-80 Sc(OTf)3 (4) CH2Cl2 23 18 89 (R,R) 92/8 
[a]

 Reaction time 15 h in all cases. 
[b]

 Anti/syn ratio. 
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Figure 12. The (S,S)-Leighton reagent. 

 

Regarding the Lewis base catalysis, much higher asymmetric induction (and opposite 

absolute configuration) was achieved with (R,Sa)-XIIa (96% ee) than with (R,Ra)-XIIa 

(15% ee) (Table 4, reactions 6-7). Next, the reaction with the enantiopure Leighton allylation 

reagent (S,S)-80 (Figure 12) was carried out for comparison with the catalytic protocols. The 

product anti-10 was obtained with a good enantioselectivity, but with a low conversion 

mirroring into a low yield (reaction 8). The diastereomeric ratios were excellent (92/8 to 99/1) 

for all reactions. 

6.1.7 Enantioselective syn-crotylation of dienal 5 

Although not needed for synthetic purposes, we wanted to compare 

enantioselectivities of allylation and anti-crotylation with syn-crotylation (Table 5). The re-

actions with crotylboronates catalyzed by phosphoric acids XVa provided the product syn-10 

with diminished enantioselectivity of 80-85% (reactions 1-2, Figure 35) despite high catalyst 

loading. Similarly, reactions with crotyltrichlorosilane catalyzed by N,Nʹ-dioxide (R,Sa)-XIIa 

provided the product with rather low enantioselectivity of 85% (reaction 3). Reaction 4 shows 

that the enantioselectivity rather strongly depended on the catalyst loading. On the other hand,

 

Table 5. Enantioselective syn-crotylation of dienal 5. 

 

R.
[a]

 [M] Catalyst (mol%) Solvent Temp. (°C) Yield (%) ee (%) dr
[b]

 

1 (Pin)B - PhMe 23 44 - 1/99 

2 (Pin)B (Ra)-XVa (10) PhMe -20 55 80 (R,S) 6/94 

3 (Pin)B (Sa)-XVa (10) PhMe -20 64 81 (S,R) 5/95 

4 Cl3Si (R,Sa)-XIIa (2.5) THF -40 49 85 (S,R) 2/98 

5 Cl3Si (R,Sa)-XIIa (1.25) THF -40 33 74 (S,R) 10/90 

6 Cl3Si (R,Ra)-XIIa (2.5) THF -40 31 33 (S,R) 1/99 
[a]

 Reaction time 15 h in all cases. 
[b]

 Anti/syn ratio. 
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all the reactions were sufficiently diastereoselective, although in the cyclic transition state the 

methyl substituent of the allylation reagent is forced to occupy the less convenient axial 

position (see the Scheme 2). 

6.1.8 Absolute configuration determination – the Mosher method 

Derivatization of secondary alcohols with both enantiomers of Mosher’s acid allows 

determination of the absolute configuration of the alcohol, although the method is not as 

reliable as RTG crystallography (Scheme 23). It is assumed that in solution the Mosher esters 

adopt the conformation in which the atoms H-C-OCO-CF3 lie in one plain, and thus the 

phenyl ring gets to proximity and shields either substituent R
1
 or R

2
. The method requires 

acquisition of 
1
H NMR (or 

13
C) spectra of both Mosher esters (R)-MTPA-X and (S)-MTPA-X  

and calculation of the chemical shift differences (in ppm) for all the corresponding signals: 

Δδ(H
x
) = δ(H

x
 in (R)-MTPA-X) ‒ δ(H

x
 in (S)-MTPA-X). The necessary prerequisite is that all 

Δδ values are positive for all atoms in one substituent and negative for all atoms in the other 

substituent. Negative Δδ values for signals in R
1
 mean that the phenyl ring shielded the 

substituent R
1
in the compound (R)-MTPA-X. Conversely, positive Δδ values for signals in R

1
 

mean that the phenyl ring shielded the substituent R
2
 in the compound (R)-MTPA-X. This 

allows drawing the correct structure. 

 

Scheme 23. Mosher method of absolute configuration determination for secondary alcohols. 

 

The method was applied for alcohols 9, anti-10 and syn-10 prepared from dienal 5 in 

the presence of catalyst (Sa)-XVa (Figure 13). The absolute configuration of these 

dialkylcarbinols was determined to be (S) in all cases. 
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Figure 13. Δδ(H
x
) values for allylation, and anti- and syn-crotylation products 9 and 10. 

 

6.1.9 Steps toward pteroenone – the model case 

Since the preparation of larger amount of dienal 5 was problematic in the beginning, 

further reactions toward pteroenone were initially tested on the easily accessible model 

compound 12. As it later turned out, the choice of the model compound was not fortunate, 

because most of reactions of this alkene with the isolated double bond proceeded differently 

than in the real case of the conjugated diene 19. 

The protected tiglinal allylation product 12 was prepared (Scheme 24, steps a and b) 

and with this substrate three different methods for the chemoselective oxidation of the 

terminal double bond were tested. The mCPBA-mediated epoxidation of diene 12 

unfortunately provided the undesired oxiran 13 by preferential oxidation of the electron rich 

trisubstituted double bond (step c). For this reason, Wacker oxidation of alkene 12 was carried 

out and a separable mixture of the desired ketone 14 and the undesired aldehyde 15 was 

obtained (step d). The tested deprotection of the aldol 16 proceeded without problems in the 

presence of hydrofluoric acid (step e). Thirdly, oxidation of 12 with OsO4 (step f) and the 

subsequent cleavage of diol 17 with NaIO4 (step g) was carried out and the desired aldehyde 

18 was obtained as the single product in good yield (step g). 
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Scheme 24. Oxidation of terminal double bond of a model compound 12. 

6.1.10 Racemic synthesis of pteroenone 

After this oxidation methods survey we turned to the real case of dienal 5 (Scheme 

25). Trienol anti-10 was prepared by a reaction of dienal 5 with (E)-crotylboronate in toluene 

(step a) or with (E)-crotyltrichlorosilane in DMF (which also acts as the Lewis base catalyst; 

step b). The latter was affected by unexpectedly lower diastereoselectivity. In both cases the 

resulting alcohol 10 was protected with TBS group (step b) and the product 19 was subjected 

to the OsO4/NaIO4 oxidation sequence. Unlike the model compound 12, the reaction was not 

chemoselective and the undesired aldehyde-ketone 22 was isolated (step e). Therefore the 

Wacker oxidation was considered. In contrast to the model case, no aldehyde was formed as a 

side product and the ketone 23 was the only product (step f). Disappointingly, the isolated 

yield was only 26% and the rest of the compound remained unreacted. We hypothesize that 

the palladium catalyst unproductively coordinates to the electron-rich diene moiety rather 

than to the terminal double bond, which diminishes its activity in the product-yielding 

reaction. Modification of the reaction conditions (catalyst structure, temperature, reaction time 

and protecting group) did not improve the conversion. Concerning the protecting group 

choice, TES in alkene 20 turned out to be unstable under the reaction conditions and therefore 

deprotected 10 was isolated. The MOM protecting group of 21 did not promote the reaction 

either and the product 25 was isolated in 16% yield only. The subsequent alkylation step
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Scheme 25. Racemic synthesis of anti- and syn-pteroenone. 
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provided the TBS-protected pteroenone 28 in 45% yield (step h). Despite the low yield of the 

Wacker oxidation, we decided to use this approach for the enantioselective synthesis of 

pteroenone. The amount of the product could be increases by recovering the unreacted 

starting material and resubmitting it to the reaction. 

Nevertheless, for the synthesis of racemic pteroenone (required as the standard for 

measurement of enantioselectivity of the enantioenriched product) different approach was 

chosen. Dienal 5 was condensed with propionitrile, yielding inseparable mixture of 

hydroxynitriles 26 (step i). This compound was protected with TBS group (step j) prior to 

alkylation with in-situ generated propyllithium. Acidic hydrolysis provided inseparable 

mixture of anti- and syn-28 in high 84% yield (step k). After deprotection, the diastereomers 

could be separated by chromatography furnishing anti- and syn-pteroenone in 68% and 32% 

yield (step l). The diastereomeric ratio changed slightly in favor of the anti-product over the 

reaction sequence. 

 

6.1.11 The deprotection step – the model case 

Getting back to the deprotection reaction, it should be mentioned that the conditions 

for deprotection of aldol 28 resulted from additional screening of conditions. The reason is 

that the conditions previously found for deprotection of the model aldol 14 (HF/MeCN, see 

step e on Scheme 24) were found unsuitable for the aldol 28 with the neighboring conjugated 

diene system. As the screening on similar diene-aldol 30
II
 showed (Table 6), the conjugated 

substrates are much more sensitive not only to even weakly acidic conditions (reaction 1), but 

also to weakly basic conditions (reaction 2) despite reduced reaction temperature. It is due to 

easy acid- or base catalyzed elimination of water providing the fully conjugated product 31. 

Luckily, it turned out that the conditions for removal of TES reported by Kiyota
66b

 are 

applicable for removal of the TBS group as well, if the reaction time is prolonged from 2 to 

24 hours (reaction 3). Attempts to accelerate the reaction by heating the mixture to 40 °C led 

to an increased amount of the dehydration product 31 (reaction 4). 

 

                                                 
II
 The protected aldol 30 was prepared in two steps by condensation of dienal 5 with acetone and decoration of 

the resulting aldol 29 with TBS group (see the experimental part). 
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Table 6. Deprotection of a model compound 30. 

 

R. Reagent (eq.) ~pH Solvent Temp. (°C) Time (h) 29 (%) 31 (%) 

1 HF (2) 5 MeCN 0 0.25 0 100
[a]

 

2 TBAF (2) 9 THF 0 0.5 0 90 

3 HF (10), TBAF (20) 7 THF 23 24 >95
[a]

 <5
[a]

 

4 HF (10), TBAF (20) 7 THF 40 15 90
[a]

 10
[a]

 
[a]

Conversion according to 
1
H NMR. 

6.1.12 Enantioselective synthesis of pteroenone 

Having all the necessary knowledge, the enantioselective synthesis of pteroenone was 

continued with. Dienal 5 was treated with (E)-crotylboronate in the presence of 2.5 mol% of 

phosphoric acid (Sa)-XVa (Scheme 26, step a). The product (S,S)-10 was obtained in a high 

yield (86%), enantioselectivity (>95% ee) and diastereoselectivity (>95/5). Then the 

previously developed reaction sequence was followed. Trienol (S,S)-10 was protected with 

the TBS group in 86% isolated yield (step b). The subsequent Wacker oxidation of (S,S)-19 

furnished the product in 30% yield (with one repetition of the reaction with the recovered 

starting material; step c). The next reaction step, deprotonation of ketone (R,S)-23 with LDA 

and alkylation with EtI provided the product (R,S)-28, sadly in yield as low as 32% due to 

difficult manipulation with this small-scale reaction under anhydrous condition (step d).

 

 

Scheme 26. Enantioselective synthesis of pteroenone. 
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Finally, the product (R,S)-28 was smoothly deprotected under the optimized conditions 

(Scheme 26, step e) to furnish the nature-identical (R,S)-pteroenone
III

 in 54% yield and with 

undiminished enantio- and diastereopurity (Figure 14). 

 

 

Figure 14. Determination of enantiomeric excess and diastereomeric ratio of (R,S)-pteroenone 

from 
1
H NMR spectra of Mosher derivates of: a) anti-pteroenone; b) syn-pteroenone; c) 

(R,S)-pteroenone. 

 

 

                                                 
III

 According to the concordant sense of optical rotation of the prepared and the nature-isolated product.
66b

 

a) 

b) 

c) 
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6.2 Antillatoxin intermediate 

6.2.1 The synthesis proposal 

As there are already four total syntheses of antillatoxin, we decided to demonstrate the 

applicability of our catalytic enantioselective allylation by synthesis of a known early 

intermediate only (dihydropyranone on Scheme 11 and Scheme 27). We envisioned a very 

straightforward and short reaction sequence, in which the key catalytic anti-crotylation of the 

dienal (step a) would be followed by construction of the dihydropyranone ring by acylation of 

the hydroxyl with acrylate and ring-closing metathesis (step b). 

 

 

Scheme 27. The plan of synthesis of antillatoxin intermediate by enantioselective crotylation. 

6.2.2 Preparation of dimethylhexadienal 37 

Wittig olefination, which was previously used for construction of the double bond of 

hexadienal 5, turned out to be unsuitable for construction of the tert-butyl substituted double 

bond of hexadienal 37 (Scheme 28, step a), because the reaction proceeded very unwillingly 

(toluene, reflux, 6 days, 62% yield). Therefore, for preparation of this aldehyde the Loh’s six-

step procedure based on aldol condensation was used (steps b-g).
68

 

 

 

Scheme 28. Preparation of dienal 37 by condensation reactions. 
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6.2.3 Enantioselective anti-crotylation of dienal 37 

With the aldehyde 37 in hand the key catalytic anti-crotylation reaction was studied. 

For the reaction with pinacol crotylboronate, four differently substituted chiral phosphoric 

acids XV were tested (Table 7, Figure 15) and the most potent was the original 

triisopropylphenyl substituted acid XVa, which induced enantioselectivity of 94% ee (entry 

3). However, the highest enantioselectivity of 99% ee was achieved with the dioxide catalyst 

(R,Sa)-XIIa (entry 8) in the reaction with (E)-crotyltrichlorosilane. 

 

Table 7. Enantioselective anti-crotylation of dienal 37. 

 

R. [M] Catalyst (mol%) Solvent
[a]

 Yield (%) ee (%) dr
[b]

 

1 (Pin)B - PhMe 76 - 99/1 

2 (Pin)B
[c]

 - PhMe 65 - 1/99 

3 (Pin)B (Sa)-XVa (2.5) PhMe 80 94 (S,S) 99/1 

4 (Pin)B (Sa)-XVb (2.5) PhMe 49   9 (S,S) 99/1 

5 (Pin)B (Ra)-XVc (2.5) PhMe 73 83 (R,R) 99/1 

6 (Pin)B (Sa)-XVd (2.5) PhMe 70 75 (S,S) 99/1 

7 Cl3Si (R,Ra)-XIIa (2.5) THF 45   7 (R,R) 99/1 

8 Cl3Si (R,Sa)-XIIa (2.5) THF 61 99 (S,S) 99/1 
[a]

 Reaction time 60 h and temperature ‒40 °C in all cases. 
[b]

Anti/syn ratio. [c] Z-

crotylboronate used, in other cases E-crotylboronate used. 

 

 

Figure 15. The allylation catalysts. 
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6.2.4 Absolute configuration determination 

 The Mosher method was applied on the product 38 prepared under (Sa)-XVa catalysis. 

 

 

Figure 16. Δδ(H
x
) values in 

1
H NMR (in bold) and 

13
C NMR spectra; the anomalous values 

are underlined. 

6.2.5 Synthesis of the antillatoxin intermediate 

On a larger scale the crotylation of dienal 37 was carried out with crotylboronate and 

the phosphoric acid catalyst XVa (Scheme 29, step a). The resulting homoallylalcohol 

(S,S)-38, was obtained in good 80% yield and acceptable enantioselectivity of 93% ee. The 

product was then treated with acryloyl chloride (step c) and the obtained tetraene 39 was 

cyclized by the ring-closing metathesis in 94% yield and retained enantioselectivity 93% ee 

(step d, Figure 38). The reaction conditions for the metathesis reaction were finely tuned, as 

described in the next paragraph. The compound (S,S)-40 turned out to be identical to the one 

prepared by T. Shiori.
69,IV

 Thus, the synthesis of the antillatoxin intermediate was completed. 

It should also be noted that prior to the enantioselective synthesis of the intermediate 

40 the the racemic product was prepared (see the yields in brackets). 

 

                                                 
IV

 T. Shioiri prepared all four possible isomers of the dihydropyranone that is (S,R)-40, (R,R)-40, (R,S)-40 and 

(S,S)-40 and subsequently also the corresponding four isomers of antillatoxin. In this work, we synthesized the 

isomer (S,S)-40, which is the precursor for the unnatural (S,S)-antillatoxin. In principle, the (R,R)-40 precursor of 

the natural (R,R)-antillatoxin could also be prepared using this methodology – using the (Ra)-XVa catalyst in the 

crotylation step instead of the (Sa)-XVa isomer. 
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Scheme 29. Formal enantioselective synthesis of antillatoxin. 

6.2.6 Optimization of ring-closing metathesis of alkene 39 

Despite dihydropyranone 40 is a six-membered ring compound, which are usually 

very easily prepared by metathetic reactions, some optimization of the reaction conditions had 

to be undertaken (Table 8). The reactions were run on small scale in NMR tubes in deuterated 

solvents for the sake of easy reaction monitoring. 

 

Table 8. Optimization of ring-closing metathesis of rac-39. 

 

R. Catalyst Solvent T (°C) 
NMR conversion (%) with catalyst amount (mol%) 

1.25 2.5 3.75 5.0 6.25 7.5 

1 G II
[a]

 CD2Cl2 40 - - - 76 - - 

2 G II CD2Cl2 40 21 50 74 85 93 97 

3 G I CD2Cl2 40 19 31 45 56 - - 

4 G II C6D6 80 53 73 83 89 96 - 

5 G II C7F8/C6D6 (7/1) 80 57 68 93 - - - 

6 G II
[b]

 C7F8/C6D6 (7/1) 80 72 87 >90 - - - 

7 G I
[b]

 C7F8/C6D6 (7/1) 80 4 - - - - - 

8 HG II
[b]

 C7F8/C6D6 (7/1) 80 94 - - - - - 

9 HG I
[b]

 C7F8/C6D6 (7/1) 80 12 - - - - - 
[a]

 Catalyst added in one portion, otherwise in 1.25 mol% portions. 
[b]

 Ti(OiPr)4 (20 mol%) as 

an additive. 
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Figure 17. Grubbs and Hoveyda-Grubbs metathesis catalysts of 1
st
 and 2

nd
 generation. 

 

The reaction with 5 mol% of Grubbs 2
nd

 generation catalyst (G II, Figure 17) added in 

one portion reached 76% conversion to 40 (Table 8, entry 1). If the catalyst was added in 

portions (1.25 mol% each), the conversion slightly increased (entry 2). Further increase of the 

conversion was achieved in perfluorotoluene
89

/deuterobenzene as the solvent (entry 5). 

Deuterobenzene was added for preserving the reaction components solubility and the 

possibility of NMR monitoring. Addition of titanium(IV) isopropoxide also allowed 

decreasing the catalyst loading. This additive is believed to coordinate to the carboxylate 

functionality and thus to block the non-productive coordination of the ruthenium catalyst to 

this site (entry 6). Finally, the ultimate promotion of the reaction allowing to use 1.25 mol% 

catalyst loading only was achieved in the presence of Hoveyda-Grubbs 2
nd

 generation catalyst 

(entry 8). 
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6.3 Allylation of haloacrylaldehydes 

The Inoue’s synthesis of antillatoxin and its analogue by a late-stage derivatization of 

the macrocyclic vinyliodide (Scheme 12) inspired us to modify our approach. Instead of 

tedious preparation of diverse aldehydes and catalytic enantioselective allylation of each of 

them individually (Scheme 30, step a), we decided to use a haloacrylaldehyde as the common 

substrate for synthesis of all selected natural products. In the first stage (b) the aldehyde 

moiety of haloacrylaldehyde would be elaborated by enantioselective allylation and in the 

second stage (c), structurally variable hydrocarbons (even of rather complicated structures) 

would be attached by cross-coupling reactions. 

 

 

Scheme 30. Modular synthesis of natural products from common substrate. 

 

As the first two synthetic targets, again the molecules of pteroenone and antillatoxin 

intermediate were chosen (Figure 18). 

 

 

Figure 18. Compounds potentially available by the modular approach. 
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More importantly, this approach promised to simplify the synthesis of tiacumicin 

greatly, namely by dividing the otherwise linear synthesis of the complex compound into two 

parallel syntheses of smaller blocks ‒ the blue C15-C20 block and the black/red C5-C14 

block, which would be coupled in the very last reaction step (see also the Scheme 37). 

Similarly, in collaboration with colleagues in our group this approach would also be applied 

in syntheses of callyspongiolide and aetheramide A intermediates. 

6.3.1 Preparation of halomethacrylaldehydes 

At first, for a broader substrate scope both double bond isomers of 

iodomethacryladehyde 43a were prepared (Scheme 31). The aldehyde (E)-43a was prepared 

by oxidation of the corresponding alcohol (step c),
90

 which was accessed either by 

condensation of methylmalonate and iodoform (step a) followed by reduction of the resulting 

acid (E)-41 (step b)
91

 or by zirconium-catalyzed methylalumination of propargyl alcohol (step 

d).
92

 Likewise, copper-catalyzed addition of methylmagnesium bromide on propargyl alcohol 

furnished alcohol (Z)-42 (step e),
93

 which was also oxidized with manganese(IV) oxide to 

yield the aldehyde (Z)-43a (step f).
94

 

 

 

Scheme 31. Preparation of aldehydes (E)- and (Z)-43a. 

 

As well, for the study of the halogen atom influence on enantioselective allylation 

reactions the chloro- or bromo- analogues of (E)-43a were also demanded. Results from 

chapter 6.4.6 suggested that the easiest approach to the analogues could consist in trans-

halogenation of iodomethacrolein (E)-43a by Michael addition of hydrogen halide and 

elimination of hydrogen iodide (Scheme 32). On a small scale the reactions were monitored in 
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NMR tubes. With 10 eq. of aqueous HCl (E)-43a was smoothly transformed to 

chloromethacrolein 43b within 8 hours at 80 °C (step a). Similar reaction with 10 eq. aqueous 

HBr led to formation of bromomethacrolein 43c in ca. 80% conversion. Additionally, an 

unknown aldehyde was formed in ca. 17% conversion (step b). On the large scale, the 

reaction of (E)-43a with hydrochloric acid provided the unknown aldehyde as the main 

product (step c). To elucidate its structure, the expected volatility of this substance was 

overcome by reaction with allylboronate. The resulting product 44d could be isolated and 

characterized (step d). It was discovered that the unknown aldehyde was pentenal 43d. This 

compound was obviously assembled by condensation of two molecules of propanal, which 

could result from acid-catalyzed Michael addition of water on 43b followed by retro-aldol 

condensation.
V
 Repeating the large-scale reaction in the presence of anhydrous CaCl2 allowed 

preparation of the desired 43b as the only product (step e). This substance was used for 

allylation reactions without isolation. 

 

 

Scheme 32. Catalyzed isomerization of (E)-43a. 

6.3.2 Enantioselective allylation of aldehydes (E)-43a and 43b 

For the reaction of iodomethacrylaldehyde (E)-43a with allylboronate, four differently 

substituted phosphoric acid catalysts XV were tested (Table 9, Figure 19). The allylation in 

the presence of the mesityl-substituted (Sa)-XVa catalyst proceeded with excellent 94% or 

96% enantioselectivity (reaction 2). In contrast, enantioselectivities of the bis(trifluoromethyl) 

                                                 
V
 The anticipated mechanism: 

 



50 

 

substituted (Sa)-XVb, anthryl substituted (Ra)-XVc and phenanthryl substituted (Sa)-XVd 

were in range of 2-48% ee (reactions 3-5), which is hard to rationalize. The selectivity of the 

N,Nʹ-dioxide (R,Ra)-XIIa catalyzed reaction with allyltrichlorosilane was rather poor, 57% ee 

(reaction 6). In contrast, the (R,Sa)-XIIa catalyzed allylation of (E)-43a  afforded the product 

(E,S)-44a in excellent selectivity of 98% ee (reaction 7). 

The most efficient catalysts (Sa)-XVa and (R,Sa)-XIIa were also used for the allylation 

of chloromethacrylaldehyde 43b, which proceed with enantioselectivity of 91% and 97% ee 

(reactions 9 and 10). It was concluded that the halogen atom does not influence the 

enantioselectivity of the allylation reaction. 

 

Table 9. Enantioselective allylation of aldehydes (E)-43a and 43b. 

 

R. X [M] Catalyst (mol%) Solvent
[a]

 Yield (%) ee (%)
 

1 I (Pin)B - PhMe 69 - 

2 I (Pin)B (Sa)-XVa (2.5) PhMe 70 96 (S) 

3 I (Pin)B (Sa)-XVb (2.5) PhMe 90 2 (S) 

4 I (Pin)B (Sa)-XVc (2.5) PhMe 86 48 (S) 

5 I (Pin)B (Ra)-XVd (2.5) PhMe 92 42 (R) 

6 I Cl3Si (R,Ra)-XIIa (2.5) THF 71 57 (R) 

7 I Cl3Si (R,Sa)-XIIa (2.5) THF 65 98 (S) 

8 Cl (Pin)B - PhMe 45 - 

9 Cl (Pin)B (Sa)-XVa (2.5) PhMe 50 91 (S) 

10 Cl Cl3Si (R,Sa)-XIIa (2.5) THF 44 97 (S) 
[a]

 Reaction time 60 h and temperature ‒40 °C in all cases. 

 

 

Figure 19. The allylation catalysts. 
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6.3.3 Enantioselective anti-crotylation of aldehydes (E)-43a and 43b 

Very similar results were obtained in the anti-selective crotylations of (E)-43a and 43b 

(Table 10). Again, the catalysts (Sa)-XVa and (R,Sa)-XIIa were the most efficient and 

provided the product (E)-45a with enantiopurity of 94 and 98% ee (entries 3 and 8), and the 

product 45b with 96 and 95% ee (entries 10 and 11). 

 

Table 10. Enantioselective anti-crotylation of aldehydes (E)-43a and 43b. 

 

R. X [M] Catalyst (mol%) Solvent
[a]

 Yield (%) ee (%)
 

dr
[b]

 

1 I (Pin)B - PhMe 89 - 99/1 

2 I (Pin)B
[c]

 - PhMe 81 - 1/99 

3 I (Pin)B (Sa)-XVa (2.5) PhMe 95 94 (S,S) 99/1 

4 I (Pin)B (Sa)-XVb (2.5) PhMe 85   1 (S,S) 99/1 

5 I (Pin)B (Sa)-XVc (2.5) PhMe 97 84 (S,S) 99/1 

6 I (Pin)B (Ra)-XVd (2.5) PhMe 75 80 (R,R) 99/1 

7 I Cl3Si (R,Ra)-XIIa (2.5) THF 79 69 (R,R) 99/1 

8 I Cl3Si (R,Sa)-XIIa (2.5) THF 60 98 (S,S) 99/1 

9 Cl (Pin)B - PhMe 65 - 99/1 

10 Cl (Pin)B (Sa)-XVa (2.5) PhMe 68 96 (S,S) 99/1 

11 Cl Cl3Si (R,Sa)-XIIa (2.5) THF 48 95 (S,S) 99/1 
[a]

 Reaction time 60 h and temperature ‒40 °C in all cases. 
[b] 

Anti/syn ratio. 

 
[c]

 (Z)-crotylboronate used, in other reactions (E)-crotylboronate was used. 

6.3.4 Enantioselective allylation of aldehyde (Z)-43a 

The results in case of aldehyde (Z)-43a were very different (Table 11). The 

enantioselectivities in the presence of catalysts XV were very low, namely 23% in maximum 

with (Sa)-XVa (reaction 2). On top of that, the reactions of allyltrichlorosilane with (Z)-43a 

were also accompanied with partial Z to E double bond isomerization (reactions 6 and 7). The 

possible mechanism of this isomerization will be discussed later. 
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Table 11. Enantioselective allylation of aldehyde (Z)-43a. 

 

R. [M] Catalyst (mol%) Solvent
[a]

 Yield (%) Z/E ee (%) 

1 (Pin)B - PhMe 98 99/1 - 

2 (Pin)B (Sa)-XVa (2.5) PhMe 74 99/1 23 

3 (Pin)B (Sa)-XVb (2.5) PhMe 75 99/1 1 

4 (Pin)B (Sa)-XVc (2.5) PhMe 88 99/1 4 

5 (Pin)B (Ra)-XVd (2.5) PhMe 96 99/1 4 

6 Cl3Si (R,Ra)-XIIa (2.5) THF 88 86/14 -
[b]

 

7 Cl3Si (R,Sa)-XIIa (2.5) THF 61 76/24 -
[b]

 
[a]

 Reaction time 60 h and temperature ‒40 °C in all cases. 
[b]

 Not determined. 

6.3.5 Enantioselective anti-crotylation of aldehyde (Z)-43a 

Similar difficulties were also associated with enantioselective syn-selective 

crotylations (Table 12). All XV catalyzed reactions of (Z)-43a with allylboronate were highly 

diastereoselective, but negligibly enantioselective (reactions 3-6). The N,Nʹ-dioxide XII 

catalyzed reactions of (Z)-43a with crotyltrichlorosilane (E)-8 were also affected by the Z to E 

isomerization of the substrate. 

 

Table 12. Enantioselective anti-crotylation of aldehyde (Z)-43a. 

 

R. [M] Catalyst (mol%) Solvent
[a]

 Yield (%) Z/E ee (%) dr
[b]

 

1 (Pin)B - PhMe 88 99/1 - 99/1 

2 (Pin)B
[c]

 - PhMe 89 98/2 - 1/99 

3 (Pin)B (Sa)-XVa (2.5) PhMe 88 99/1 11 99/1 

4 (Pin)B (Sa)-XVb (2.5) PhMe 86 99/1 0 99/1 

5 (Pin)B (Sa)-XVc (2.5) PhMe 95 99/1 3 99/1 

6 (Pin)B (Ra)-XVd (2.5) PhMe 91 99/1 1 98/2 

7 Cl3Si (R,Ra)-XIIa (2.5) THF 87 80/20 -
[d]

 94/6 

8 Cl3Si (R,Sa)-XIIa (2.5) THF 49 81/19 -
[d]

 95/5 
[a]

 Reaction time 60 h and temperature ‒40 °C in all cases.
 [b]

 Anti/syn ratio. 
[c]

 (Z)-

crotylboronate used, in other reactions (E)-crotylboronate was used.
 [d]

 Not determined. 
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6.3.6 Absolute configuration determination 

The compounds 44a, 44b, 45a and 45b prepared by (Sa)-XVa catalyzed reactions were 

subjected to Mosher method of absolute configuration determination. 

 

 

 
Figure 20. Δδ(H

x
) values in 

1
H NMR spectra (in bold) and in 

13
C NMR spectra; the 

anomalous values are underlined. 

6.3.7 Application of the modular approach in synthesis – part 1 

The anti-crotylation of iodoacrylaldehyde (E)-43a was intended to be applied in 

synthesis of pteroenone and tiacumicin (Scheme 33). A large-scale (Sa)-XVa catalyzed 

reaction provided the homoallylalcohol (E,S,S)-45a with 95% enantiopurity and in 81% yield 

(step a). The product was coupled with two different vinylboronates 46a and 46b (steps c) 

and the resulting (S,S)-10 and (S,S)-38 were obtained in acceptable yields of 88% and 62% 

and enantiopurity of 97%. Further steps towards pteroenone and antillatoxin intermediate are 

described in the previous chapters and were not repeated. The vinylboronates 46a and 46b 

were prepared by combination of two known processes: non-catalyzed hydroboration of the 

corresponding alkynes
95

 and formation of adducts with pyridine (step d).
96

 The advantage of 

the pyridine adducts over free boronate is double: the compounds are solid and bench stable. 
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Scheme 33. Steps towards pteroenone and antillatoxin using the modular synthesis approach. 

6.3.8 Preparation of iodoacrylaldehyde 49 

The callyspongiolide intermediate (Figure 21) could also be prepared with the use of 

catalytic enantioselective anti-crotylation, this time using iodomethacrylaldehyde 49 as the 

substrate. The aldehyde could be prepared by two different pathways (Scheme 34), the first of 

them consisting in hydrozirconation of propargyl alcohol, the subsequent reaction with iodine 

(step a)
97

 and oxidation of the resulting alcohol to aldehyde 49 (step b). Because of difficult 

workup of the step a, the alcohol 48 was prepared by a longer, but more reliable reaction 

sequence. The conjugated addition of iodide on methyl propiolate in acetic acid furnished the 

iodoester (Z)-47 (step c).
98

 This product was isomerized with hydroiodic acid (step d)
99

 and 

the resulting ester (E)-47 was reduced to alcohol with LiAlH4 (step e).
100

 The final aldehyde 

49, prepared by oxidation of alcohol 48 with MnO2, was very volatile and was for this reason 

used without isolation. 

 

 

Figure 21. The callyspongiolide intermediate. 
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Scheme 34. Synthesis of iodomethacrolein 49. 

6.3.9 Enantioselective allylation and anti-crotylation of iodoacrylaldehyde 49 

The allylation of iodoacrylaldehyde 49 in the presence of both catalysts (Sa)-XVa and 

(R,Sa)-XIIa was less enantioselective than usually (74% ee and 75% ee, reaction 2 and 3, 

Table 13). On the contrary, the anti-crotylations were satisfactorily stereoselective again, 

especially using the XVa catalyst - 94% and 95% ee (reactions 5 and 6). 

 

Table 13. Enantioselective allylation and anti-crotylation of iodomethacrolein 49. 

 

Reaction R [M] Catalyst (mol%) Solvent
[a]

 Yield (%) ee (%) dr
[b]

 

1 H (Pin)B - PhMe 65 - - 

2 H (Pin)B (Sa)-XVa (2.5) PhMe 91 74 (S) - 

3 H Cl3Si (R,Sa)-XIIa (2.5) THF 85 75 (S) - 

4 Me (Pin)B - PhMe 56 - 99/1 

5 Me (Pin)B (Sa)-XVa (2.5) PhMe 93 94 (S,S) 99/1 

6 Me (Pin)B (Ra)-XVa (2.5) PhMe 91 95 (R,R) 99/1 

7 Me Cl3Si (R,Sa)-XIIa (2.5) THF 84 84 (S,S) 99/1 
[a]

 Reaction time 60 h and temperature ‒40 °C in all cases. 
[b]

Anti/syn ratio.
 

6.3.10 Application of the modular approach in synthesis – part 2 

Compounds (R,R)-51, (S,S)-51 and (E,R)-44a were used by my colleagues in their 

syntheses of natural products intermediates. Callyspongiolide intermediate (R,S,R)-53 and its 

unnatural isomer (S,R,R)-53 were prepared by E. Matoušová using Sonogashira cross-
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coupling of (R,R)- or (S,S)-51 with enyne (R)-54 demonstrating that this cross-coupling 

reaction is also applicable for the modular approach.
101

 

 

 

Scheme 35. Syntheses of callyspongiolide intermediate and its isomer. 

 

Compound (R)-55 prepared by enantioselective allylation of iodomethacrylaldehyde 

(E,R)-44a in the presence of (Ra)-XVa catalyst was used by T. Peňaška in his synthesis of 

aetheramide intermediate (R,R,R)-56 and its unnatural epimer (R,S,R)-56.
102

 

 

 

Scheme 36. Synthesis of aetheramide intermediate and its epimer. 



57 

 

6.4 Tiacumicin aglycone intermediate 

6.4.1 The proposed synthesis 

Publication of three total syntheses of tiacumicin by Zhu,
79

 Gademann
80

 and 

Altmann
81

 changed our original plan and instead of construction of the whole tiacumicin 

macrolacton we decided to prepare one of the known intermediates only (the blue compound 

made by Zhu on Scheme 13). For its construction, some of the reactions rehearsed in the 

previous syntheses of pteroenone and antillatoxin could be applied. The methodology of 

catalytic enantioselective allylation and crotylation expanded to pentenylation should allow 

preparation of homoallylic alcohol with ethyl substituent (Scheme 37). The established 

terminal double bond could be potentially functionalized by cross-metathesis (step a) and the 

resulting unsaturated aldehyde would be elaborated by another allylation reaction (step b). 

The resulting C5-C14 tiacumicin fragment was intended to be coupled with the C15-C20 

fragment in a Suzuki cross-coupling (step c) providing the target tiacumicin aglycone 

intermediate. The C15-C20 fragment differs from a similar Altmann’s compound (the blue 

one on Scheme 15) only in the protecting groups, but we decided to construct this compound 

in a completely different way. Natural (S)-lactate transformed into benzyloxyaldehyde cay be 

allylated by a known process in syn-diastereoselective fashion (step d). Then functionalization 

of the established terminal double bond by cross-metathesis would follow to furnish the target 

vinylboronate (step e). The preparation of this C15-C20 fragment was the subject of the 

diploma thesis of V. Havlíček (who did the reactions on Scheme 38 and reactions 1 and 2 in 

Table 14).
103 

 

 

Scheme 37. Our proposal of the tiacumicin aglycone intermediate synthesis. 
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6.4.2 Synthesis of the C15-C20 fragment 

The synthesis of the the C15-C20 fragment started with the chiral pool compound 

ethyl (S)-lactate (Scheme 38). The α-hydroxyl was protected with benzyl group (step a)
104

 and 

the resulting ester (S)-58 was reduced to aldehyde (S)-59 with the DIBAL reagent (step b).
105

 

The aldehyde was then subjected to a diastereoselective tin(IV) chloride catalyzed allylation 

with allyltrimethylsilane (step c).
106

 The newly formed hydroxyl was in the next step 

protected with TBS group.
107

  

 

 

Scheme 38. Synthesis of the C15-C20 fragment. 

 

Next, the key cross-metathesis step was studied (Table 14). Firstly, the alkene (S,S)-61 

was coupled with 2 equivalents of pinacol isopropenylboronate 62 in the presence of 10 mol% 

of Hoveyda-Grubbs 2
nd

 generation catalyst in toluene at 100 °C (reaction 1, Table 14). The 

substrate conversion was almost complete and the reaction mixture contained 73% of the 

desired (Z,S,S)-63 product and 16% of the (E,S,S)-double bond isomer of 63. Using 

perfluorotoluene as the solvent led to much lower conversion (reaction 2). Then the 

possibility of decreasing the catalyst loading was tested. In microwave reactions, reasonable 

amounts of the product 63 were afforded together with variable amounts of the unreacted 

material and the unexpected compound 63ʹ missing the methyl group (reactions 3-5). Such a 

loss of the methyl group has already been reported and is caused by thermal isomerization of 

isopropenylboronate to prop-1-enylboronate, which then undergoes the cross-metathesis 

reaction (Scheme 39).
108,109

 To avoid this process we returned to the thermal reactions and 

even with 5 mol% of the HG II catalyst the product 63 was obtained 84% and 86% yield and 

the amounts of the unreacted starting materials and the byproduct 63ʹ remained negligible 

(reactions 6 and 7). No large-scale experiment needed to be done as combining the crude 

0.1 mmol scale reactions mixtures allowed isolation of (Z,S,S)-63 in amount sufficient for the 

further purposes. 
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Table 14. Cross-metathesis of alkene 61 and isopropenyboronate 62. 

 

R. 61/62 Catal.(mol%) Solvent T (°C) Time (h) 
Products ratio (%)

[a]
 

63 Z/E
[b]

 
62 63 63ʹ 63ʹʹ 

1 1/2 HG II (10) PhMe 100 15 2 89 0 9 82/18 

2 1/2 HG II (10) C7F8 100 15 18 48 0 34 77/23 

3 1/3 HG II (5) PhMe 100 1 (MW) 15 65 3 17 82/18 

4 1/3 HG II (5) DCE 100 1 (MW) 2 63 24 2 81/19 

5 1/3 G II (5) PhMe 100 1 (MW) 0 56 43 0 77/23 

6 1/3 HG II (5) PhMe 100 15 2 84 7 7 82/18 

7 1/3 HG II (5) DCE 100 15 0 86 9 5 83/17 
[a]

 Ratio in the crude reaction mixture based on 
1
H NMR. 

[b]
 (Z,S,S)-63/(E,S,S)-63 ratio.

 

 

 

Scheme 39. Thermal isomerization of boronate 62 and its cross-metathesis. 

6.4.3 Preparation of the pentenylation reagents 

Before focusing on the synthesis of tiacumicin, we wanted to study both syn- and 

anti-selective pentenylation of iodomethacrolein (E)-43a in general. As none of the (E)- or 

(Z)-pentenylboronate and (E)- or (Z)-trichlorosilane reagents are commercially available, all 

four compounds needed to be prepared. This has proven to be unexpectedly challenging. 

For the purpose of synthesis of pentenyltrichlorosilane (Z)-65, (Z)-pentenylalcohol 

was converted into the corresponding bromide (Z)-64 using PBr3 (Scheme 40, step a).
110

 The 

published process had to be modified, as it was found that the reaction temperature above 

5 °C and the temperature during the work-up above 35 °C promote E/Z isomerization of the 

double bond. (The product also isomerized when stored over molecular sieves at ‒30 °C). The 

subsequent substitution of bromine for trichlorosilane (step b) was also associated with severe 

isomerization, surprisingly affording only small amount of the (E)-isomer, but vast amount of 

the α-substituted compound 65. We hoped that analogical reaction using chloropentene as the 

substrate could be more (Z)-selective. Preparation of the pure (Z)-chloropentene also suffered 
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from the competing internal nucleophilic substitution providing the α-isomer of 66. 

Gratifyingly, replacing PCl3 reagent (step c)
111

 with thionyl chloride
VI

 (step d) allowed 

obtaining (Z)-66 in reasonable purity. As hoped for, the transformation of (Z)-66 to 

trichlorosilane (Z)-65 proceeded with less isomerization. 

Conveniently, the chloropentene (Z)-66 of miserable isomeric purity could be used for 

the palladium-catalyzed borylation furnishing the pure pentenylboronate (E)-68 (step g).
112

 

 

 

Scheme 40. Preparation of reagents (Z)-65 and (E)-68. 

 

Neither the preparation of pentenyltrichlorosilane (E)-65 was straightforward (Scheme 

41). At first, the commercial (E)-pentenoic acid was esterificated (step a) prior to the intended 

hydride reduction, but the prepared ester 69a was found to contain 8% of the Z isomer coming 

from the isomerically impure starting material. The pure 69b was attempted to be prepared by 

Wittig reaction (step d), however, the resulting E/Z ratio did not exceed 91/9 again. Therefore 

a different process based on ethylation of propargyl alcohol (step e)
113

 and reduction of the 

resulting pentynol 72 (step f) with DIBAL was carried out
114

 and this time the pure pentenol 

(E)-73 was obtained. The hydroxyl group was exchanged for bromine (step g)
115

 and then 

trichlorosilyl group was installed without a loss of isomeric purity of the resulting 

pentenyltrichlorosilane (E)-65 (step h).
116

 

                                                 
VI

 Interestingly, the reaction of (Z)-pentenol with thionyl chloride turned out to be solvent dependent. The 

reaction in CH2Cl2 provided the desired chloropentene (Z)-66, while the reaction in Et2O yielded pure sulfinate 

67 as the product. This ester could in principle be converted to chloropentene (Z)-66 using oxalyl chloride and 

DMF as the catalyst, however, the conversion did not exceed 58%. 
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Scheme 41. Preparation of the reagent (E)-65. 

 

Finally, the synthesis of pentenylboronate (Z)-68 was dealt with (Table 15). Boric acid 

was condensed with pinacol (step a)
117

 and the resulting ester-anhydride 74 was solvolyzed 

with isopropanol yielding the ester 75 (step b). Then the isopropoxy group of this borate was 

substituted for chloromethyl and boronate 76a was obtained (step c).
118

 The chlorine atom 

could be exchanged for iodine (76b) in a Finkelstein reaction (step d).
119

 In a separate 

reaction sequence the commercial pentenoic acid of the 92/8 E/Z ratio was transformed into 

the pure (Z)-bromobutene 77 (e),
120

 which was then lithiated with tert-butyllithium and the 

resulting compound was treated with chloromethylboronate 76a to afford the 

pentenylboronate (Z)-68. However, the yield was rather low and large quantity of 

butenylboronate 68ʹ was formed as well (Table 15, reaction 1).
VII

 The formation of 68ʹ was 

suppressed by decreasing the reaction temperature to ‒100 °C, which unfortunately also 

further decreased the yield of 68 (reaction 2). To avoid formation of 68ʹ, (Z)-butenyl lithium 

was transmetallated in order to allow chloromethylboronate 76a to react with a softer 

nucleophile. Despite similar example ‒ with (Z)-propenylmagnesium bromide ‒ was 

reported,
121

 the use of a Grignard reagent did not bring much improvement (reaction 3). In 

                                                 
VII

 The formation of 68ʹ could be driven by transformation of vinyllithium (salt of a weak acid) into allyllithium 

(salt of a stronger acid): 
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contrast, the reaction of 76a with butenylzinc chloride was 68ʹ free (reaction 4). Increasing 

the amount of the alkenylzinc chloride did not increase the yield, but resulted in generation of 

68ʹ again (reaction 5). The further reactions were carried out with variable amount of 

alkenylzinc bromide at ‒100 °C and with variable order of reagent addition (reactions 6-9). 

The highest yield of (Z)-68 reached 75% (reaction 9) and was found to be good enough. 

 

Table 15. Preparation of reagent (Z)-68. 

 

Reaction X MYn 76/77 Temp. (°C) Yield (%)
[a]

 68/68ʹ 

1
[b]

 Cl - 1/1 -78 32 58 / 42 

2
[b]

 Cl - 1/1 -100  18 100 / 0 

3
[b,c,d]

 Cl MgBr2 1/2 -78 10
[e]

 60 / 40 

4
[b,c,d]

 Cl ZnCl2 1/1 -78 18
[e]

 100 / 0 

5
[b,c,d]

 Cl ZnCl2 1/2 -78 35 85 / 15 

6
[f,c,g]

 Cl ZnBr2 1/2 -100 62 100 / 0 

7
[h,c,g]

 Cl ZnBr2 1/1 -100 54 100 / 0 

8
[h,c,g]

 I ZnBr2 1/1 -100 43 100 / 0 

9
[h,c,g]

 Cl ZnBr2 1/1.3 -100 75 100 / 0 
[a]

 Isolated yield. 
[b]

 The boronate (neat) was added to the vinylmetal.
 [c]

 After 

lithiation Et2O was evaporated and the residue was dissolved in THF. 
[d]

 The 

magnesium or zinc salt was added to butenyllithium. 
[e]

 
1
H NMR yield.

 [f]
 The 

vinylmetal was added to the boronate. 
[g]

 The butenyllithium added to the zinc 

salt. 
[h]

 The boronate (in THF) was added to the vinylmetal over 30 min. 

 

For the later use also the (R,R)-Leighton reagent was prepared. The commercial supply 

of the Leighton reagent was discontinued and while the (S,S)-enantiomer was still in stock, 

the (R,R)-enantiomer had to be prepared by ourselves, for which a known sequence was 

followed.
81,122

 (R,R)-Cyclohexyl diamine was treated with 4-bromobenzaldehyde to yield the 

diimine (R,R)-78. Reduction of the diimine furnished substituted the diamine (R,R)-79, which 

was converted into the Leighton reagent (R,R)-80 by a reaction with allyltrichlorosilane. 
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Scheme 42. Preparation of Leighton reagent (R,R)-80. 

 

 The enantiomeric purity of (R,R)-79 (>99% ee) was confirmed by 
1
H NMR 

spectroscopy. A diastereomeric salt of the amine was formed by mixing it with excess of 

(S)-mandelic acid suspended in CDCl3 (Figure 22). After filtration of the acid excess exactly 

2/1 mixture of the acid and the amine was obtained without the need of titration. With this 

method it was also verified that rac-80 used in chapter 6.4.9 and prepared by mixing (R,R)-80 

and (S,S)-80 was indeed a racemic compound (50.2/49.8 er; see the experimental). 

 
Figure 22. 

1
H NMR (CDCl3) spectra of a) (S)-mandelic acid, b) rac-79, c) rac-79 · 2 (S)-

mandelic acid, d) (R,R)-79 · 2 (S)-mandelic acid, >99% er. R = CH2-C6H4-p-Br. 

a) 

b) 

c) 

d) 
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6.4.4 Enantioselective pentenylation reactions 

Regarding the methodology of allylation reactions, the performance of all four 

pentenylation reagents was studied with iodomethacrylaldehyde (E)-43a as the substrate. In 

the case of anti-selective reactions the best enantioselectivity of 98% ee was achieved in the 

phosphoric acid (Ra)-XVa catalyzed reaction (Table 16, reaction 2, Figure 23). Enantiopurity 

as low as 83% ee was induced by the N,Nʹ-dioxide catalyst (R,Sa)-XIIa (reaction 4). These 

reactions also suffered from vast halogen atom exchange and both products 81a and 81b were 

isolated. The possible mechanism of this unexpected and interesting reaction will be 

discussed later. It should also be noted that at 23 °C in DMF the halogen exchange occurred 

to much lesser extent, as the 69% isolated yield of 81a suggests (reaction 3). 

 

Table 16. Enantioselective anti-pentenylation of (E)-43a. 

 

R. [M] Catalyst (mol%) Conditions Yield (%) 81a/81b ee (%) dr
[a]

 

1 (Pin)B - PhMe, 23 °C, 5 d 69 100/0 - 96/4 

2 (Pin)B (Ra)-XVa (2.5) PhMe, ‒40 °C, 10 d 51 100/0 98 (R,R) 96/4 

3 Cl3Si - DMF, 23 °C, 2 h 69 -
[b] 

- 96/4 

4 Cl3Si (R,Sa)-XIIa (2.5) THF, ‒40 °C, 3 d 32, 44
[c]

 42/58 83 (S,S) 99/1 
[a]

Anti/syn ratio. 
[b]

 Not determined. 
[c]

 Isolated yield of (E,S,S)-81b. 

 

 

Figure 23. The pentenylation catalysts. 

 

In the syn-selective pentenylation of iodomethacrylaldehyde (E)-43a, the 

enantioselectivity of the (Ra)-XVa catalyzed reaction with pentenylboronate (Z)-68 reached 

81% ee only (Table 17, reaction 2). In contrast, the enantioselectivity of the (R,Sa)-XIIa 

catalyzed addition of pentenyltrichlorosilane (Z)-65 was 98% ee (reaction 4). Nevertheless, 

the undesired halogen exchange still took place and resulted in merely 30% isolated yield of 
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vinyliodide (E,S,R)-81a and 38% yield of vinyl chloride (E,S,R)-81b. Because of higher 

enantioselectivity, we decided that the reaction with pentenyltrichlorosilane and the XIIa 

catalyst (reaction 4) will be later applied in the synthesis of tiacumicin. As the undesired 

vinylchloride 81b would most likely by unwilling to react in the Suzuki cross-coupling step of 

the proposed tiacumicin synthesis (Scheme 37), its formation had to be suppressed as much as 

possible. The improved 81/19 ratio of 81a/81b was reached if the pentenyltrichlorosilane was 

added into the reaction mixture over 3 hours (reaction 4). Furthermore, addition over 6 hours 

led to the excellent 93/7 ratio (reaction 5). In the latter reaction, the racemic catalyst rac-XIIb 

was used. 

 

Table 17. Enantioselective syn-pentenylation of (E)-43a. 

 

R. [M] Catalyst (mol%) Conditions Yield (%) 81a/81b ee (%) dr
[a]

 

1 (Pin)B (Ra)-XVa (2.5) PhMe, ‒40 °C, 10 d 81 100/0 81 (R,S) 6/94 

2 Cl3Si - DMF, 23 °C, 2 h 62 -
[b] 

- 8/92 

3 Cl3Si (R,Sa)-XIIa (2.5) THF, ‒40 °C, 3 d 30, 38
[c]

 44/56 98 (S,R) 1/99 

4 Cl3Si
[d]

 (R,Sa)-XIIa (2.5) THF, ‒40 °C, 4 h 76 81/19 97 (S,R) 3/97 

5 Cl3Si
[e]

 rac-XIIb (2.5) THF, ‒40 °C, 7 h 86 93/7 - 1/99 
[a]

Anti/syn ratio.
 [b]

 Not determined. 
[c]

 Isolated yield of 81b. 
[d]

 Added over 3 hours. 
[e]

 Added 

over 6 hours. 

6.4.5 Enantioselective syn-crotylation of (E)-43a 

We were curious whether the performance of the phosphoric acid catalyst XVa is poor 

in syn-selective allylation reactions in general (the enantioselectivity of pentenylation of 

(E)-43a was only 81%, Table 17, reaction 1). For this reason the syn-selective crotylation of 

(E)-43a was studied. The trend was confirmed, as the selectivity of (Ra)-XVa was only 

81% ee again (Table 18, reaction 1). In contrast, excellent asymmetric induction of 97% ee 

was achieved in the syn-crotylation with the (R,Sa)-XIIa catalyst (reaction 2). This result is 

also comparable with the 98% enantioselectivity of the syn-pentenylation (Table 17, reaction 

2). Interestingly ‒ unlike the pentenylation reactions ‒ the N,Nʹ-dioxide catalyzed crotylation 

was not accompanied with the unwanted halogen exchange at all. 
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Table 18. Enantioselective syn-crotylation of (E)-43a. 

 

R.
[a]

 [M] Catalyst (mol%) Solvent Yield (%) ee (%) dr
[b]

 

1 (Pin)B (Ra)-XVa (2.5) PhMe 56 81 (R,S) 1/99 

2 Cl3Si (R,Sa)-XIIa (2.5) THF 57 97 (S,R) 1/99 
[a]

 Reaction time 60 h and temperature ‒40 °C in both cases. 
[b]

Anti/syn ratio. 

6.4.6 Isomerization and halogen exchange of (Z)-43a  

As shown above, both the anti- and syn-selective pentenylations suffer from iodine to 

chlorine exchange when using the trichlorosilyl reagents, the N,Nʹ-dioxide catalysts XII and 

iPr2NEt for the reactions. The extent of the substitution exceeded in some cases 50%, 

although neither crotylation nor allylation were accompanied with this side-process. In 

addition, iodomethacrylaldehyde (Z)-43a underwent partial Z to E double bond isomerization 

in allylation and crotylation reactions (Table 11, Table 12).  

Obviously, the reasonable mechanism for all these undesired reactions could be 

nucleophilic addition-elimination, for which iodoacrylaldehydes 43a are potent substrates. At 

first we studied, which of the reaction components promote the Z to E isomerization of 43a 

(Table 19).  

 

Table 19. Isomerization and halogen exchange of (Z)-43a. 

 

Reaction  rac-XIIb iPr2NEt Cl3Si(allyl) 
(Z)-43a/(E)-43a/43b ratio 

30 min. 7 days 20 days 

1 2.5% - - 97/2/1 - - 

2 - 3 eq. - 97/2/1 - - 

3 - - 2 eq. 18/85/0 0/25/75 0/2/98 

4 - 3 eq. 2 eq. 82/16/2 1/77/22 0/75/25 

 

Neither the N,Nʹ-dioxide catalyst XIIb (reaction 1), nor iPr2NEt (reaction 2) caused 

the isomerization to occur. In contrast to the Lewis bases, allyltrichlorosilane (a Lewis acid) 
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induced rapid isomerization (reaction 3). Furthermore, within 20 days, the complete halogen 

atom substitution took place as well. To exclude the possibility that these processes are 

actually driven by HCl resulting from hydrolysis of trichlorosilane with traces of water, the 

isomerization in the presence of trichlorosilane and base trapping HCl was carried out 

(reaction 4). Although decelerated, the isomerization and halogen exchange still proceeded. It 

shows that these undesired reactions are inherently caused by allyltrichlorosilane and thus can 

hardly be avoided. 

Considering that the Z to E isomerization as well as the halogen exchange proceed 

rapidly even at ‒40 °C in the presence of the trichlorosilane reagent and the N,Nʹ-dioxide 

catalyst, it can be suggested that both compounds collaborate in this process. It was 

published
123

 that chlorosilane, N,Nʹ-dioxide and an aldehyde form a complex, which is either 

neutral or charged due to dissociation of one of the chlorine atoms. In the first step the 

aldehyde (Z)-43a could be activated by the silicon moiety to undergo the Z to E isomerization 

(Scheme 43). In the second step, the dissociated chloride atom could undergo Michal addition 

to the activated aldehyde. Subsequent elimination of the more weakly bonded iodine atom 

would complete the halogen exchange.  

 

Scheme 43. Proposed mechanism for reactions related to allylation of haloacrylaldehydes. 

 

The Z to E isomerization must have low activation energy as it can compete with the 

addition of allyltrichlorosilane. If the allylation reaction rate drops because of increased 

bulkiness of the R substituent, the halogen exchange reaction can also come to play. As the 

products structures and the resulting I/Cl ratio at ‒40 °C and at ‒78 °C show (Scheme 43), the 

barrier for halogen exchange is actually lower than that of the pentenylation reaction (R = Et). 

The only functional method for restraining the unwanted halogen substitution was changing 

the reaction rates by changing the reagents concentration. Maintaining the concentration of 

chloropentenyltrichlorosilane as low as possible by gradual addition suppressed the trans 

halogenation to some extent (Table 17). 
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6.4.7 The olefination step – the model case 

Getting back to the synthesis of tiacumicin, the next reaction of the proposed sequence 

was functionalization of the terminal double bond of homoallylalcohol 81 by cross-metathesis 

(Scheme 37). To confirm that this trisubstituted double bond could be formed with absolute 

(E)-selectively a model reactions of the previously prepared alkene 12 with methacrolein 97 

was carried out in the presence of 5% of Grubbs 2
nd

 generation catalyst (Scheme 44). Indeed, 

at the first glance the 
1
H NMR spectrum showed the E/Z ratio to be as low as 82/18. However, 

it turned out that actually two different products 82 and 82ʹ in this ratio were formed. The 

former was the expected product of cross-metathesis, while the later was the product of 

reaction of 82 with ethylene produced by the cross-metathesis. Despite such an awkward side 

reaction, it was confirmed that the cross-metathesis is E selective and can be applied in 

synthesis of tiacumicin. 

 

Scheme 44. Cross-metathesis of a model compound 12. 

6.4.8 The olefination step – the real case 

To study the real case of the reaction, the starting material 81 was prepared on a larger 

scale (Scheme 45). At first, the racemic anti-selective
VIII

 pentenylation of 

iodomethacrylaldehyde (E)-43a was carried out with (E)-68 (step a and b). The resulting 

homoallylic alcohol anti-(E)-81a was protected with TES group (step c) and the product 83a 

was treated with methacrolein 97 in the cross-metathesis reaction (step d). Unlike the model 

reaction (Scheme 44), no product was formed probably due to additional steric hindrance of 

the ethyl group in the allylic position, which did not apply for the model substance 12. The 

attempt to promote the reaction by using protected methallyl alcohol 99 possessing more 

electron-rich double bond in comparison with that of methacrolein failed either (step e). For 

                                                 
VIII

 The synthesis of tiacumicin required to prepare 81a with the syn relative configuration. However, as the 

pentenylboronate (Z)-68 was not available in the beginning, the anti-selective reagent (E)-68 was used instead 

and the initial steps in synthesis of tiacumicin were studied on the corresponding product anti-81a. 
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this reason, the cross-metathesis was replaced with the ring-closing-metathesis approach, as 

higher reactivity was expected due to intramolecular fashion of the latter reaction. 

 

 

Scheme 45. Olefination of anti-(E)-81a by metathesis reactions. 

 

Figure 24. Metathesis catalysts developed by Grubbs, Hoveyda, Grela, Plenio and Nolan. 
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The compound anti-(E)-81a was treated with methacryloyl chloride to furnish the 

unsaturated ester 84 (step f). This product was then subjected to the ring-closing metathesis 

(step g), which definitely required optimization, because the reaction conditions optimized for 

the substrate 39 (Scheme 29, Table 8) failed to afford the product (Table 20, reaction 1). 

Using the more reactive Grela’s catalyst (Figure 24) led to minute 3% amount of the product 

85 together with 9% of the deacylated product 81a though (reaction 2). The reaction in 

toluene with 10 mol% of the Grela’s catalyst afforded 14% of the product 85 (reaction 3). 

Also reactions in perfluorotoluene were tested with 5 mol% of several catalysts using the 

microwave reactor to promote the reactivity. The catalyst turn-over number more than 

doubled, but the conversion remained still low (reactions 4-6). The reaction with continuous
IX

 

addition of the catalyst over 6 hours reached 35% conversion of 84 (reaction 7), but instead of 

further optimization attempts perhaps more reactive substrate 86 was chosen for the reaction. 

 

Table 20. Optimization of conditions for ring-closing metathesis of ester 84. 

 

R. Catalyst (mol%) Solvent T. (°C)  Time (h) Yield (%) 84/85
[a]

 TON 

1 HG II (5)
[b]

 C7F8/C6D6 (6/1) 80 20 0 - 0 

2 Grela (3×1.7)
[b]

 C7F8/C6D6 (6/1) 80 24 3, 9
[c]

 - 0.6 

3 Grela (10) toluene 100 24 14 - 1.4 

4 Grela (5) C7F8 100 4 (MW) - 84/16 3.2 

5 Plenio (5) C7F8 100 4 (MW) - 84/16 3.2 

6 Nolan (5) C7F8 100 4 (MW) - 79/21 4.2 

7 Nolan (5)
[d]

 C7F8/PhMe (2/1) 100 24 - 65/35 7.0 
[a]

 By 
1
H NMR.

 [b]
  Ti(OiPr)4 (20 mol%) as an additive. 

[c]
 Yield of 81a. 

[d]
 Added over 6 h. 

 

From occasional examples in the literature
124

 it was concluded that the ring-closing 

metathesis of sterically congested acetal 86 rather than of ester 84 could be feasible (Scheme 

45). The reason might be double: 1) the double bond electron density depleting carbonyl is 

substituted for the electron donating alkoxy group; 2) the acetal is more flexible due to the 

absence of the rather rigid conjugated α,β-unsaturated carbonyl system. 

                                                 
IX

 As the continuous addition of the catalyst is not compatible with the microwave irradiation due to sealing of 

the vessel, the reaction was done under thermal conditions. Addition of toluene ensured the catalyst solubility. 
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The acetal 86 was prepared by transacetalization of methacrolein diethyl acetal 98 in 

good 86% yield. Unlike the ester 84, the cyclization of the acetal 86 proceeded even under the 

original antillatoxin reaction conditions (Table 8), namely with 45% conversion to 87 (Table 

21, reaction 1). Grela’s catalyst and Nolan’s catalyst were more reactive under these 

conditions reaching 65% and 75% conversion (reactions 2 and 3). The efficacy of both 

catalyst rose slightly with significant reduction of the reaction time under microwave 

conditions. The product 87 was formed in 73% and 79% yield (reactions 4 and 5). The 

ultimate increase to 97% and 95% yield was achieved when the catalyst was added in two 

equal portions and the reaction time was prolonged (reactions 6 and 7). It was found that as 

the reaction proceeds, the catalyst turnover number decreases, which makes achieving the full 

conversion difficult. Still, the discovered reaction conditions were found good enough. 

 

Table 21. Optimization of conditions for ring-closing metathesis of acetal 86. 

 

R. Cat. (%) Additive (mol%) Solvent T. (°C) Time (h) 86/87
[a]

 TON 

1 HG II (5) Ti(OiPr)4 (20) C7F8/C6D6 2/1 80 3 55/45 9.0 

2 Grela (5) Ti(OiPr)4 (20) C7F8/C6D6 2/1 80 40 35/65 13.0 

3 Nolan (5) Ti(OiPr)4 (20) C7F8/C6D6 2/1 80 40 25/75 15.0 

4 HG II (5) Ti(OiPr)4 (20) PhMe 100 1 (MW) 27/73 14.6 

5 Nolan (5) Ti(OiPr)4 (100) PhMe 100 1 (MW) 21/79 15.8 

6 HG II (2×2.5) Ti(OiPr)4 (100) PhMe 100 2×4 (MW) 3/97 19.4
[b]

 

7 Nolan (2×2.5) Ti(OiPr)4 (100) PhMe 100 2×4 (MW) 5/95 19.0
[b]

 
[a]

 Determined by 
1
H NMR. 

[b]
Results before the second catalyst batch added: 86/87 29/71,  

TON 28.4 (reaction 6); 86/87 22/78, TON 31.2 (reaction 7). 

 

Next, the reaction conditions for hydrolysis of the acetal 87 and the Z to E double 

bond isomerization were searched for (Scheme 46).  

 

 

Scheme 46. Acid-catalyzed hydrolysis of acetal 87 including the α,β-double bond isomerization. 
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Although the sequence was expected to proceed in one step, the initial results proved 

otherwise. The product of ring-closing metathesis (α- and β-anomers mixture of 87), was 

treated with 1M HCl at ambient temperature, which led to hydrolysis of the acetal and 

formation of lactol 88 (Scheme 47, step a). This product was obtained as a separable mixture 

of anomers with the α-anomer as the major one (in case of acetal 87 it was not possible to 

determine, which anomer was the major one). It should be noted that separate reactions of 

pure α- and β-anomers of 87 with hydrochloric acid afforded identical mixtures of α- and 

β-anomers of 88 in ratio 76/24, while the pure β-anomer of 88 could be prepared by reaction 

of 87 with aqueous acetic acid at reflux (step b). Luckily enough, unlike all the other products 

this substance was solid and ca. 1 mm long crystals could be grown in 20 minutes by slow 

concentration of the pentane solution. Thus, the relative configuration of the hemiacetal group 

could be determined by means of X-ray diffraction (Figure 25). 

 

 

 

 

 

 

 

 

 

 

Figure 25. Crystal structure of racemic lactol 88β. 
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Scheme 47. Hydrolytic and reductive opening of lactol anti-88. 
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As none of the reaction conditions let to the desired ring-opening of acetal 88, the use 

of Lewis acid catalysis was considered. The reaction of 88 with 40% of iodine led to different 

products depending on the solvent used. In anhydrous THF the desired aldol anti-(E)-89 was 

formed in traces, but the main product was the interesting compound 89ʹ isolated in 20% yield 

(step c). The iodobutyloxy group of this acetal inevitably originated from the tetrahydrofuran 

ring, opened in the presence of iodine.
X
 As well, traces of the bizarre compound 89ʹʹ were 

isolated. Finally, the desired product anti-(E)-89 was obtained in sufficient 67% yield by the 

reaction in aqueous THF as the solvent (step d). Next, the hydroxyl group of anti-(E)-89 was 

silylated and the resulting aldehyde anti-(E)-90 could serve as a potential substrate for 

synthesis of tiacumicin C11 epimer (anti-arrangement on C11-C12 instead of the natural syn). 

As an alternative to the acid mediated opening of acetal 88, the reductive opening 

thereof with LiBH4 provided the diol anti-(Z)-91 (step f). This diol could also be transformed 

into the protected hydroxyaldehyde anti-(Z)-90 (steps g-i), which is a substrate for potential 

synthesis of unnatural C9-C10 Z double bond isomer of tiacumicin. 

As well, it was found out that for simplification of the process, the ring-closing 

metathesis of 86 and the subsequent hydrolysis can be combined to avoid the tedious 

chromatographic isolation of the two discrete diastereomers of acetal 87. In this telescopic 

process the single isomer 88β was obtained in mediocre 64% yield (Scheme 48). 

 

 

Scheme 48. The one-pot ring-closing metathesis/hydrolysis of acetal 86. 

 

Because of the lengthy development and uncertain outcome of this metathesis 

approach to anti-(E)-81a, the possibility of classic ylide olefination was studied 

simultaneously (Scheme 49). J. Zhu used this approach on a similar compound in his 

synthesis of tiacumicin.
79

 The reagent for the Horner-Wadsworth-Emmons reaction was 

easily prepared from ethyl bromopropionate (step a). The resulting phosphonate 96 was then 

                                                 
X
 Various examples of Lewis acid mediated opening of THF by iodide anion have been reported.

125
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treated with aldehyde anti-94a prepared in two steps by oxidation of alkene anti-(E)-83a (step 

b). The product anti-95a (step c) was obtained in good yield as a separable mixture of major 

(Z)- and minor (E)-95a double bond isomers. More conveniently, the pure (E)-95a was prepa-

red by the standard Wittig reaction of anti-94a with the previously prepared ylide 2 (step d). 

 

 

Scheme 49. Olefination of anti-94a by Wittig reaction. 

 

To conclude this chapter, both approaches (the ring-closing metathesis and the Wittig 

olefination) were found feasible for elaboration of the double bond of anti-(E)-81a. 

Finally, before proceeding to the further synthesis of tiacumicin aglycone 

intermediate, the preparation of the reagents for the metathesis reactions should be briefly 

described (Scheme 50).  

 

 

Scheme 50. Preparation of reagents for metathesis olefination reactions. 
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Oxidation of methallyl alcohol provided methacrolein 97 (step a), whereas protection 

of methallyl alcohol with TMS group furnished the other cross-metathesis reagent 99 (step b). 

The diethyl acetal 98 was prepared from methacrolein 97 in 23% yield (step c). Unexpectedly, 

the product 98ʹ was obtained too. Its generation can be attributed to Michael addition of 

ethanol to methacrolein preceding the acetalization due to the energetic reaction conditions. 

6.4.9 Racemic synthesis of the tiacumicin aglycone intermediate 

Simultaneously with the work on the above mentioned olefination reactions the 

preparation of pinacol pentenylboronate (Z)-68 was successfully completed and thus repeating 

the reaction sequence towards aldehyde (E)-90a with the desired syn-configuration was 

possible. For the large-scale synthesis of this compound, the Wittig olefination approach was 

chosen (Scheme 51). As the non-catalyzed addition of pentenylboronate to iodomethacryl-

aldehyde takes several days to complete, benzensulfonic acid was used to accelerate the 

reaction (step a). The resulting alcohol syn-(E)-81a was protected with TES group (step b) 

and the terminal double bond of syn-83a was oxidized to aldehyde, either by dihydroxylation 

with OsO4 and cleavage with NaIO4 in 90% yield (step c and e) or by ozonolyzis in lower 

51% yield (step d). The olefination of the aldehyde syn-94a with ylide 2 furnished the 

unsaturated ester syn-(E)-95a (step f), which was reduced to alcohol syn-(E)-93a (step g) and 

oxidized to the aldehyde syn-(E)-90a (step h). All the reactions provided the corresponding 

products in high yields, which could compensate the higher number of reaction steps. The 

aldehyde syn-(E)-90 will be for clarity of the next paragraphs labeled as (S*,R*)-90a. 

 

 

Scheme 51. Synthesis of syn-(E)-90a using the Wittig olefination approach. 
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Allylation of the racemic aldehyde (S*,R*)-90a was firstly carried out in racemic 

fashion ‒ that is with racemic reagents or in the presence of racemic catalyst (Table 22). We 

hoped that in terms of relative configuration the newly formed stereocentrum in 100a could 

be controlled by the already existing stereocentres in 90a. This turned out to be true in the 

case of allylation of (S*,R*)-90a with allyltrichlorosilane catalyzed by rac-XIIb (reaction 2, 

Figure 26), which was highly diastereoselective, unfortunately in favor of the syn-product 

(R*,S*,R*)-100a, while the synthesis of the tiacumicin intermediate required preparation of  

the anti-product (S*,S*,R*)-100a). The reactions of (S*,R*)-90a with allylboronate (reaction 

1) and racemic Leighton reagent 80 (reaction 3) showed very low diastereoselectivity. 

 

Table 22. Allylation of aldehyde (S*,R*)-90a. 

 

Reaction [M] Catalyst Yield (%) dr
[a]

 

1 (Pin)B - 67 40/60 

2 Cl3Si rac-XIIb 71 <5/95 

3 rac-80 Sc(OTf)3 -
[b]

 39/61 
[a]

 Ratio of anti-(S*,S*,S*)-100a/syn-(R*,S*,R*)-100a; based 

on isolated yields. 
[b]

 Not isolated; the conversion of 90a to 

products was complete according to TLC. 

 

 

Figure 26. The allylation catalysts and reagents. 

 

This means that for the preferential formation of the anti-(S*,S*,R*)-100a product the 

reactions needed to be repeated with enantiopure catalysts or reagents, which could change 

the anti/syn ratio of the product 100. 

For the purpose of this paragraph the reaction of racemic (S*,R*)-90a is drawn as two 

separate reactions: allylation of enantiopure (S,R)-90a and (R,S)-90a (Table 23). This is 

useful, because enantioselective allylation of the racemic substrate will most likely give 
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different anti/syn product ratio for each enantiomer of the starting material. This fact is called 

“double stereodifferentiation”
126

 and means that the reaction of one enantiomer of the 

substrate with one enantiomer of the reagent (or chiral catalyst) will give better anti/syn ratio 

(the “matched pair”) then the reaction of the other enantiomer of the substrate with the 

original enantiomer of the reagent (the “mismatched pair”). 

 

Table 23. Allylation of aldehydes (R,S)-90a and (S,R)-90a. 

 

R. [M] Catalyst Total yield (%) dr
[a]

 
Allylation of 

(S,R)-90a, dr
[b]

 

Allylation of 

(R,S)-90a, dr
[c]

 

1 (Pin)B (Sa)-XVa 84 35/65 2/98 76/24 

2 (Pin)B (Ra)-XVa 88 34/66 77/23 3/97 

3 Cl3Si (R,Sa)-XIIa 94 <5/95 <5/95 <5/95 

4 (R,R)-80 Sc(OTf)3 57 65/35 1/99 96/4 

5 (S,S)-80 Sc(OTf)3 50 60/40 96/4 1/99 
[a]

 Ratio of anti-(S*,S*,R*)-100a/syn-(R*,S*,R*)-100a; based on isolated yields. 
[b]

 Ratio of anti-(S,S,R)-100a/syn-(R,S,R)-100a. 
[c]

 Ratio of anti-(R,R,S)-100a/syn-(S,R,S)-100a. 

 

Usually, one has the enantiopure starting material and evaluates, which enantiomer of 

the reagent gives the superior anti/syn ratio easily by NMR spectroscopy. In our case, we did 

not have the enantiopure substrate (S,R)-90a in hand, so we took the racemic (S*,R*)-90a 

anyway and evaluated the anti/syn ratio (specifically the anti-(S,S,R)-100a/syn-(R,S,R)-100a 

ratio) in a more complicated way: Determining the global anti-(S*,S*,R*)-100a/syn-

(R*,S*,R*)-100a ratio by NMR spectroscopy and the enantiomeric ratios anti-(S,S,R)-

100a/anti-(R,R,S)-100a and syn-(R,S,R)-100a/syn-(S,R,S)-100a by HPLC with chiral 

stationary phase allowed us to calculate what the anti-(S,S,R)-100a/syn-(R,S,R)-100a ratio for 

allylation of pure (S,R)-90a under each reaction conditions would be. In addition, the 

diastereoselectivities of the allylation of (R,S)-90a were calculated and are listed as well. 
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It turned out that the allylation of aldehyde (S,R)-90a with allylboronate catalyzed by 

(Sa)-XVa represents the “matched pair” and gives the unwanted syn-(R,S,R)-100a product in 

high diastereoselectivity of 2/98 (reaction 1). The desired anti-(S,S,R)-100a can be 

synthesized by the (Ra)-XVa catalyzed allylation of (S,R)-90a, but this “mismatched pair” 

provides the product in lower diastereoselectivity of 77/23 (reaction 2). The reaction of 

aldehyde 90a with allyltrichlorosilane catalyzed by N,Nʹ-dioxide catalyst XII was previously 

found to proceed in the substrate control mode (Table 22, reaction 3), which means that the 

diastereomer syn-(R,S,R)-100a is produced in <5/95 selectivity regardless of the catalyst 

absolute configuration (reaction 3). The allylation of (R,S)-90a with (R,R)-Leighton reagent 

80 yields the unwanted syn-(R,S,R)-100a in excellent 1/99 diastereoselectivity. The reaction 

of (R,S)-90a with (S,S)-Leighton reagent 80 has already been reported by K. H. Altmann
81

 

and even though it constitutes the “mismatched pair”, it yielded the wanted anti-(S,S,R)-90a 

in very good 96/4 diastereoselectivity. In conclusion, not to repeat th already known reaction 

with Leighton reagent we chose the second-best (Ra)-XVa catalyzed reaction to be later 

applied in synthesis of tiacumicin. It should be expressly mentioned, that the spectra of anti-

(S,S,R)-90a were identical to the Altmanns’. 

Both diastereomers of the C5-C14 fragment 100a were then coupled with the C15-C20 

fragment 63 (Scheme 52). For these reactions the conditions established in a different reaction 

in Altmann’s synthesis of tiacumicin were used
81

 and the products were isolated in 68% and 

74% yields, respectively. Despite the inert argon atmosphere, formation of ketone (S,S)-102 

was observed to some extent in both reactions. 

 

 
Scheme 52. Completion of synthesis of the tiacumicin aglycone intermediate and its epimer. 

 

The product anti-(S*,S*,R*,S,S)-101 is a mixture of diastereomers anti-(S,S,R,S,S)-101 

and anti-(R,R,S,S,S)-101. The former diastereomer was as a pure substance prepared by J. 

Zhu.
79

 Strangely enough, when we compared the 
1
H and 

13
C NMR spectra of Zhu’s product 

and our anti-(S,S,R,S,S)-component of anti-(S*,S*,R*,S,S)-101, the number and multiplicities 

of signals matched, but the chemical shifts were in disagreement, especially in case of the 

four marked signals (Figure 27).  
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Figure 27. 
1
H NMR spectra of a) (S,S,R,S,S)-101 by J. Zhu

79
 and b) (S*,S*,R*,S,S)-101 by us. 

The hydrogen atoms with largest shift difference are highlighted. 

 

For this reason, all the possible sources of the discrepancy were considered. The 

Suzuki cross-coupling can be hardly suspected from inducing any isomerization in this case, 

therefore the identity of both fragments 63 and 100a, which 101 is composed of, was checked 

again. While the vinyliodide anti-100a was previously found identical to the substance 

reported by K.-H. Altmann,
81

 vinylboronate 63 has not been reported before. Going one-step 

back, the vinylboronate 63 was synthesized from alkene 62 (Table 14), which is a known 

compound with spectra identical to ours.
107

 The remaining possibility ‒ incorrect double bond 

geometry of 63 ‒ can be precluded as well. This double bond was established by cross-

metathesis, which preferentially provides (Z)-products.
XI

 In addition, NMR spectra of similar 

(Z)- and (E)-configured vinylboronates were compared with our products 63 (Figure 28) with 

the conclusion that the structure of (Z,S,S)-63 is correct. 

                                                 
XI

 Mind the CIP rules for the double bond geometry in this case – the methyl has priority over the boron atom. 

a) 

b) 
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Figure 28. Support for the Z double bond geometry of 63 resulting from comparison of 

1
H NMR shifts of the olefinic hydrogen atom (in red) in a) a known (Z)-boronate,

81
, b) 

(Z,S,S)-63 c) (E,S,S)-63 and d,e) known (E)-boronates.
128,127

 

 

For these reasons, we suggest that the structure of Zhu’s compound 101 is wrong. It 

should be mentioned that regarding the three published total syntheses of tiacumicin 

aglycone, the correctness of the Gademann’s product was confirmed by later synthesis of the 

fully decorated nature-identical tiacumicin disaccharide. Altmann’s synthesis was confirmed 

by X-ray structure of one of the final tiacumicin aglycone products. In contrast, Zhu’s 

synthesis does not contain such proof and unfortunately, neither any of his intermediates nor 

the final product is a known compound. 

Judging from the distribution of hydrogen atoms with the largest shift difference 

(Figure 28) it can be proposed that our and Zhu’s products differ in the C9-C10 double bond 

a) 

b)  

c)  d)  e)  
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geometry. For construction of this double bond Zhu used the HWE reaction of the 

corresponding aldehyde with phosphonate 96 (Scheme 13, step n) and obtained the product in 

80/20 E/Z ratio. Although far from typical, it cannot be excluded that Z was in fact the major 

isomer. Such a result was also encountered in this work on a similar substrate anti-94a 

affording 95a in 36/64 E/Z ratio [Scheme 49, step c; compare also with the steps l (100/0 E/Z) 

and m (6/94 E/Z) in synthesis of mangrolide A on Scheme 17]. Two more examples of such a 

behavior were found in the literature.
129,130

 Nevertheless, for confirmation of this hypothesis, 

the tiacumicin aglycone intermediate 101 with Z configuration of the C9-C10 would have to 

be synthesized and the spectra compared. The reaction pathway toward this tiacumicin isomer 

was developed (Scheme 47), but the synthesis was not completed because of limited time for 

the work. 

6.4.10 Enantioselective synthesis of tiacumicin aglycone intermediate 

With the optimized individual reaction steps toward the racemic tiacumicin aglycone 

intermediate in hand, the enantioselective synthesis was dealt with (Scheme 53, Figure 29).  

 

 
Scheme 53. Formal enantioselective synthesis of tiacumicin isomers. 
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Figure 29. Reagents and catalysts related to the tiacumicin synthesis. 

 

Iodomethacrylaldehyde (E)-43a was treated with pentenyltrichlorosilane (Z)-65 in the 

presence of 2.5 mol% of (R,Sa)-XIIa and the inseparable mixture of iodo- and chloroalcohol 

(S,R)-81 in 73/27 ratio was obtained (step a). Even though the allylation reagent was also 

added over 6 hours using a syringe pump, the content of vinyl chloride was higher than in a 

similar small-scale reaction (93/7; Table 17, reaction 5). The enantiomeric excess of the 

product reached satisfactory 96% ee and the diastereomeric ratio was 93/7. Conveniently, the 

catalyst (R,Sa)-XIIa could be recovered in 64% yield for potential re-use. The absolute 

configuration of the resulting homoallylic alcohol (S,R)-81 is opposite to the configuration of 

the C11 and C12 stereocentres in the natural tiacumicin ‒ the product with the correct 

absolute configuration was not prepared, because the opposite enantiomer of the catalyst 

(S,Ra)-XIIa is not easily accessible. Despite this imperfection, the further synthesis provided 

the proof of the concept. In the next step, the homoallylic alcohol (S,R)-81a was protected 

with the TES group (step b), oxidized (step c) and coupled with ylide 2 in the Wittig reaction 

(step d) yielding ester (R,S)-95 in 59% yield over the three steps. The subsequent reduction 

(step e) and partial oxidation (step f) proceeded smoothly and pure unsaturated aldehyde 

(R,S)-90a was obtained. The aldehyde was then treated with allylboronate in the presence of 

the (Ra)-XVa catalyst (reaction g). Anti-alcohol (R,R,S)-100a was isolated as the major 

product in 47% yield and the minor syn-alcohol (S,R,S)-100a was obtained in 26% yield. 

Each of the diastereomers was then coupled with the C15-C20 tiacumicin fragment (Z,S,S)-63 

(reaction h). In the Suzuki cross-coupling only the vinyliodide 100a participated in the 

reaction and the unreacted vinyl chloride 100b was separated by column chromatography. 

The resulting tiacumicin aglycone intermediate isomers anti-(R,R,S,S,S)-101 and 

syn-(S,R,S,S,S)-101 were isolated in 87% and 80% yield. Comparing the NMR spectra of the 

respective racemic and enantioselective products allowed assignment of signals of all four 

101 isomers (Figure 30). 
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Figure 30. The complete assignment of 

1
H (in bold) and 

13
C NMR signals of a) anti- 

(S,S,R,S,S)-101, b) anti-(R,R,S,S,S)-101, c) syn-(R,S,R,S,S)-101 and d) syn-(S,R,S,S,S)-101. 

a) 

b) 

c) 

d) 
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Unfortunately, the 
1
H and 

13
C NMR spectra also revealed that the diastereomeric 

purities of both products anti-(R,R,S,S,S)-101 and syn-(S,R,S,S,S)-101 are as low as 77/23 and 

75/25.  Repeated purification of both compounds by preparative thin layer chromatography 

and by preparative HPLC with chiral stationary phase allowed partial improvement of the 

diastereopurity to 92/8 and 90/10, respectively (Figure 31 and Figure 32). 

 

 

Figure 31. Diastereomeric purity of anti-(R,R,S,S,S)-101 – 
1
H NMR (CDCl3) spectra outset. 

 

 

Figure 32. Diastereomeric purity of syn-(S,R,S,S,S)-101– 
1
H NMR (C6D6) spectra outset. 
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The origin of the diminished diastereopurity was searched for: The purity of the 

building blocks anti-(R,R,S)-100a and syn-(S,R,S)-100a was previously verified by HPLC 

with chiral stationary phase, therefore the purity of vinylboronate (Z,S,S)-63 was questioned. 

This compound contains two dependent stereocentres, the C18 stereocentrum being 

established in a diastereoselective allylation of (S)-59 (Scheme 38, step c). Not only (S)-59, 

but also the preceding α-substituted carbonyl compound (S)-58 possessed single 

stereocentrum. Although prepared according to published procedure, in principle partial 

racemization might had occurred with both compounds. As the optical activity of lactate 

(S)-58 corresponds to the maximal published value, the racemization most likely happened 

with the aldehyde (S)-59. The substances 59, 60 and 63 were completely consumed in the 

reactions, so to evaluate the enantiopurity of this fragment, the left-over compound (S,S)-61 

was deprotected (Scheme 54, step a) and esterified with both enantiomers of Mosher acid 

(steps b and c). Indeed, the purities of the resulting diastereomers (R)- and (S)-MTPA-(S,S)-

60 were as low as 81%, which means that compounds (S)-59 through (Z,S,S)-63 were indeed 

contaminated with ca. 19% of the opposite enantiomers.  

 

 

Scheme 54. Verification of enantiomeric purity of (S,S)-61 by the Mosher method. 

 

As the aldehyde (S)-59 was prepared by reduction of ester (S)-58 with DIBAL 

followed by addition of water (Scheme 38, step b), the resulting alkaline environment could 

promote the racemization by abstraction of the rather acidic α-hydrogen atom.  

The reason why the racemization of (S)-59 was not revealed sooner is triple. Firstly, 

the reported optical activities of (S,S)-60 are 53.9, 27.2
131

 and 17.6.
132

 Despite the diminished 

values, all three authors claim syntheses of enantiopure natural compounds so in this respect 
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the value 34.2 obtained in this work seemed conceivable. Secondly, the reported optical 

activity of the following compound (S,S)-61, which is the last known compound in this 

reaction sequence, is only 2.5, which is too little to reveal any discrepancy. Thirdly, the 
1
H 

NMR spectrum of the “racemic” compound anti-(S*,S*,R*,S,S)-101 previously synthesized 

by coupling of anti-(S*,S*,R*)-100 and (Z,S,S)-63 in principle did not allow to reveal the 

decreased diastereomeric purity of anti-(S*,S*,R*,S,S)-101. For clarity, the following 

equations are given:  

 

(R,R,S)-100 + (S,S)-63 (81%) + (R,R)-63 (19%) → (R,R,S,S,S)-101 (81%) + (R,R,S,R,R)-101 (19%)  

(S,S,R)-100 + (R,R)-63 (19%) + (S,S)-63 (81%)  → (S,S,R,R,R)-101 (19%) + (S,S,R,S,S)-101 (81%)  

 

Taking into account that the products anti-(R,R,S,S,S)-101  and anti-(R,R,S,R,R)-101 are 

enantiomers and the products anti-(S,S,R,R,R)-101 and anti-(S,S,R,S,S)-101 are also 

enantiomers, the 
1
H NMR spectrum of anti-(S*,S*,R*,S,S)-101 consist of two sets of signals 

with equal intensity, which is exactly the same result as if no (R,R)-63 was present. 

Despite all the complications described on the last pages, in principle, the aim of 

application of catalytic enantioselective pentenylation in synthesis of tiacumicin aglycone 

intermediate was achieved. 
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7 CONCLUSIONS 

In summary, all the objectives of the work were fulfilled. The study of catalytic 

enantioselective allylation of dimethylhexadienal allowed choosing two efficient catalysts, 

namely triisopropylphenyl substituted binolphosphoric acid XVa and (R)-tetrahydrofuryl 

substituted bis(isoquinoline)-N,Nʹ-dioxide derivative XIIa. In case of catalytic 

enantioselective anti- and syn-selective crotylation of dienals, excellent enantio- and 

diastereoselectivities were achieved with these catalysts and the method was successfully 

applied in the synthesis of pteroenone and antillatoxin intermediate. The allylation, 

crotylation and anti- and syn-selective pentenylation reactions were then studied with 

iodoacrylaldehydes as the substrates, because the resulting enantioenriched iododienols are 

more widely applicable building blocks in organic synthesis. This was demonstrated by 

syntheses of pteroenone, antillatoxin intermediate and most importantly tiacumicin aglycone 

intermediate. 

Finally, to summarize the overall performance of the catalysts (Ra)- or (Sa)-XVa and 

(R,Sa)-XIIa, it should be said that in most reaction their enantio- and diastereoselectivities 

were high and comparable. In the case that the selectivity of XIIa dropped, the selectivity of 

XVa was retained and vice versa. Such catalyst substitutability could be beneficial for the 

general application of this reaction. 

In my opinion, this work opens doors to further systematic study of catalytic 

enantioselective allylation of aldehydes with variously substituted allylation reagents. 
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8 APPENDIX 

8.1 Enantiomeric excess – selected chromatograms/spectra 

 

 

Figure 33. 
19

F NMR spectrum of a) (R)-MTPA-rac-9; b) (R)-MTPA-(S)-9 prepared under 

(Sa)-BINAP/AgOTf catalysis (Table 3, reaction 3). 

 

 

 

Figure 34. 
19

F NMR spectra of a) (R)-MTPA-rac,anti-10; b) (R)-MTPA-(R,R)-10 prepared 

under (Ra)-XVa catalysis (Table 4, reaction 5). 

a) 

b) 

a) 

b) 



90 

 

 

 

Figure 35. 
19

F NMR spectra of a) (R)-MTPA-rac,syn-10; b) (R)-MTPA-(S,R)-10 prepared 

under (Sa)-XVa catalysis (Table 5, reaction 3). 

  

 

  

 

Figure 36. 
1
H NMR spectra of a) (S)-MTPA-rac-38; b) (S)-MTPA-(S,S)-38 prepared from 

dienal 37 under (R,Sa)-XIIa catalysis (Table 7, reaction 8). 

 

a) 

b) 

a) 

b) 
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Figure 37. 
19

F NMR spectra of ester of a) (S)-MTPA-rac-38, b) (S)-MTPA-(S,S)-38 prepared 

from dienal 37 under (Sa)-XVa catalysis (on large scale, Scheme 33). 

 

 

 

 

Figure 38. HPLC chromatograms a) rac-40 and b) (S,S)-40 (Scheme 33). Conditions: Lux 

Cellulose-4, 225 nm, 23 °C, heptane/iPrOH 90/10, 1 mL/min. 

a) 

b) 

a) 

b) 
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Figure 39. HPLC chromatograms of a) rac-(E)-44a; b) (E,S)-44a prepared under (R,Sa)-XIIa 

catalysis (Table 9, reaction 7). Conditions: Lux Cellulose-3, 225 nm, 23 °C, hexane/iPrOH 

95/5, 1 mL/min. 

 

 

 

 

Figure 40. 
19

F NMR spectra of a) (S)-MTPA-rac-44b; b) (S)-MTPA-(S)-44b prepared under 

(R,Sa)-XIIa catalysis (Table 9, reaction 10).  

a) 

b) 

a) 

b) 
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Figure 41. HPLC chromatograms of a) rac,anti-(E)-45a; b) (E,S,S)-45a prepared under 

(R,Sa)-XIIa catalysis (Table 10, reaction 8). Conditions: Lux Cellulose-3, 225 nm, 23 °C, 

hexane/iPrOH 97.5/2.5, 1 mL/min. 

 

 

  

  

Figure 42. 
19

F NMR spectra of a) (S)-MTPA-rac-44b; b) (S)-MTPA-(S,S)-44b prepared under 

(Sa)-XVa catalysis (Table 10, reaction 10). 

 

a) 

b) 

a) 

b) 
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Figure 43. HPLC chromatograms of a) rac-50; b) (S)-50 prepared under (R,Sa)-XIIa catalysis 

(Table 13, reaction 3). Conditions: Lux-Cellulose-4, 225 nm, 23 °C, heptane/iPrOH 98/2, 

1 mL/min. 

 

 

 

 

Figure 44. HPLC chromatograms of a) rac-(E)-51; b) (S,S)-51 prepared under (Sa)-XVa 

catalysis (Table 13, reaction 6). Conditions: Lux Cellulose-4, 225 nm, 23 °C, heptane/iPrOH 

98/2, 1 mL/min. 

a) 

b) 

a) 

b) 
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Figure 45. HPLC chromatograms of a) anti-(E)-45a and b) (E,S,S)-45a prepared under 

(Sa)-XVa catalysis (on large scale, Scheme 33). Conditions: Lux Cellulose-4, 225 nm, 23 °C, 

heptane/iPrOH 99/1, 1 mL/min. 

 

 

  

  

Figure 46. 
19

F NMR spectra of a) (S)-MTPA-rac,anti-10 and b) (S)-MTPA-(S,S)-10 prepared 

from vinlyiodide (E,S,S)-45a (Scheme 33). 

 

a) 

b) 

a) 

b) 
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Figure 47. 
19

F NMR spectra of ester of a) (S)-MTPA-rac-38, b) (S)-MTPA-(S,S)-38 prepared 

from vinyliodiode (E,S,S)-45a (Scheme 33). 

 

 

 

Figure 48. HPLC chromatogram of a) syn-(E)-45a b) (E,S,R)-45a prepared under (R,Sa)-XIIa 

catalysis (Table 18, reaction 2). Conditions: Lux Cellulose-3, 225nm, 23°C, heptane/iPrOH 

98.5/1.5, 1 mL/min. 

 

a) 

b) 

a) 

b) 
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Figure 49. HPLC chromatogram of a) anti-(S*,S*,R*)-100a; b) anti-(S,S,R)-100a prepared 

under (Ra)-XVa catalysis. Conditions: Lux Cellulose-2, 225nm, 23°C, heptane/iPrOH 

99.5/0.5, 1 mL/min. 

 

 

 

 

Figure 50. HPLC chromatogram of a) syn-(R*,S*,R*)-100a; b) syn-(R,S,R)-100a prepared in 

the presence of Leighton reagent (R,R)-80 catalysis. Conditions: Lux Cellulose-1, 225nm, 

23°C, heptane/iPrOH 99/1, 1 mL/min. 

a) 

b) 

a) 

b) 
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Figure 51. HPLC chromatogram of a) anti-(E)-81a; b) (E,R,R)-81a prepared under (Ra)-XVa 

catalysis (Table 16, reaction 2). Conditions: Lux Cellulose-3, 225nm, 23°C, heptane/iPrOH 

98.5/1.5, 1 mL/min. 

 

 

 

Figure 52. HPLC chromatogram of a) syn-(E)-81a; b) (E,S,R)-81a prepared under (R,Sa)-XIIa 

catalysis (Table 17, reaction 4). Conditions: Lux Cellulose-3, 225nm, 23°C, heptane/iPrOH 

98.5/1.5, 1 mL/min. 

a) 

b) 

a) 

b) 
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8.2 Selected NMR spectra 

 

 

Figure 53. 
1
H and 

13
C NMR (CDCl3) spectra of anti-pteroenone. 
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Figure 54. 
1
H and 

13
C NMR (CDCl3) spectra of syn-pteroenone. 
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Figure 55. 
1
H and 

13
C NMR (CDCl3) spectra of antillatoxin intermediate (S,S)-40.  
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Fig. 56. 
1
H and 

13
C NMR (CDCl3) spectra of tiacumicin aglycone intermediate (R,R,S,S,S)-101.  
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Fig. 57. 
1
H and 

13
C NMR (CDCl3) spectra of tiacumicin aglycone intermediate (S,R,S,S,S)-101.  
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9 EXPERIMENTAL PART 

9.1 General remarks 

The following general procedures were used in all reactions unless otherwise noted. Oxygen 

and moisture sensitive reactions were carried out under argon overpressure using dry solvents 

and reaction vessels previously dried by heat gun under reduced pressure. All commercially 

available reagents were purchased in the best quality and used without further purification 

unless otherwise noted. Solvents were purified and dried by distillation as follows: THF, Et2O 

and toluene from sodium/benzophenone and CH2Cl2 from CaH2. All reactions were 

monitored by using TLC on E. Merck silica gel 60 F254 coated aluminium plates. Compounds 

were detected at long wave UV (254 nm) or visualized using anisaldehyde stain (15 g 

anisaldehyde, 2.5 mL conc. H2SO4, 250 mL EtOH) or KMnO4 stain (1.5 g KMnO4, 10 g 

K2CO3, 1.25 mL 10 wt.% NaOH, 200 mL water.) and subsequent heating. Column 

chromatography was performed on Merck silica gel 60 (0.040-0.063 µm, 240-400 mesh) or 

Merck PLC silica gel 60 F254, 0.5 mm. 
1
H, 

13
C, 

19
F, 

11
B and 

31
P NMR spectra were recorded 

on Varian UNITY 300 MHz, Bruker AVANCE III HD 400 MHz and Bruker AVANCE III 

600 MHz spectrometer. Chemical shifts are given in δ scale (ppm units). All NMR spectra 

were referenced to residual solvent signal of CDCl3 (
1
H δ 7.26, 

13
C δ 77.16). NMR 

experiments with internal standard were performed by using mesitylene. Infrared spectra were 

recorded with Thermo Nicolet AVATAR 370 FT-IR spectrometer on KBr tablets of the 

compounds via DRIFT method and reported in wave numbers (cm
-1

). High resolution mass 

spectra were recorded on VG-Analytical ZAB-SEQ. Optical rotations measured on 

AUTOMATIC POLARIMETR, Autopol III are given in deg·mL·g
-1

·dm
-1

 with accuracy ±2 

and the mass concentrations (marked as c are given in g/100 mL). In this respect it is 

necessary to note that given the low concentration of some measured samples, the final error 

of the measurement is rather large. 
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9.2 Pteroenone 

9.2.1 Preparation of dimethylhexadienal 5 

(1-Ethoxycarbonylethyl)triphenylphosphonium bromide (1) 

 

The title compound was prepared according to the previously reported procedure.
84

 

Suspension of PPh3 (1 eq., 50 mmol, 13.1 g) and ethyl 2-bromopropionate (1 eq., 6.5 mL) was 

heated (without solvent) at 50 °C for 15 h. The resulting solid was crushed with a spatula 

and grained in a mortar into a fine powder. The powder was then washed with hexanes 

(3 × 50 mL) through a sintered glass funnel under reduced pressure. Drying under reduced 

pressure provided 21.7 g (98 %) of the title compound in the form of colorless crystals. 

M.p. 153-156 °C (lt.
133

 156-157 °C); 
1
H NMR (CDCl3, 300 MHz) δ 8.02-7.95 (m, 6H), 

7.79-7.73 (m, 3H), 7.70-7.64 (m, 6H), 7.02-6.89 (m, 1H), 3.99 (ddq, J = 17.9, 

10.7, 7.1 Hz, 2H), 1.68 (dd, J = 18.52, 7.1 Hz, 3H), 0.99 (t, J = 7.1 Hz, 3H); 
13

C NMR 

(CDCl3, 75 MHz) δ 135.0, 134.4 (d, J = 10.0 Hz), 130.2 (d, J = 12.8 Hz), 118.0 (d, 

J = 86.1 Hz), 62.9, 36.8 (d, J = 50.5 Hz), 13.4 (d, J = 49.0 Hz); 
31

P NMR (CDCl3, 75 MHz) 

δ 28.37. The analytical data are in agreement with the published values.
84

 

Ethyl 2-(triphenylphosphoranylidene)-propionate (2) 

 

The title compound was prepared according to the previously reported procedure.
84

 A solution 

of NaOH (2 eq., 4.0 g) in H2O (80 mL) was cooled to 0 °C. Then solution of salt 1 (1 eq., 

49 mmol, 21.7 g) in CH2Cl2 (40 mL) was slowly added and the resulting mixture was stirred 

for 30 minutes at room temperature. Then the layers were separated and the aqueous phase 

was washed with CH2Cl2 (3 × 40 mL). The combined organic phases were washed with brine 

(80 mL), dried over MgSO4, filtered, and concentrated under reduced pressure giving 17.0 g 

(96 %) of the title compound as a yellow solid (in equilibrium of Z and E resonance forms
134

 

in ratio 2/1). 
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M.p. 168-170 °C (lt.
135

 156-157 °C); the major (Z)-2: 
1
H NMR (CDCl3, 300 MHz) 

δ 7.70-7.43 (m, 15H), 3.71 (q, J = 7.1 Hz, 2H), 1.62 (d, J = 13.8 Hz, 3H), 0.46 (t, J = 7.1 Hz, 

3H); 
13

C NMR (CDCl3, 75 MHz) δ 170.7, 133.61 (d, J = 9.5 Hz), 132.0 (d, J = 7.0 Hz), 

131.58, 128.5 (d, J = 12.0 Hz), 57.4, 31.8 (d, J = 120.1 Hz), 14.2, 13.0 (d, J = 13.0 Hz); 
31

P 

NMR (CDCl3, 75 MHz) δ 22.63; the minor (E)-2: 
1
H NMR (CDCl3, 300 MHz) δ 4.06 (q, 

J = 7.1 Hz, 2H), 1.61 (d, J = 14.1 Hz, 3H), 1.24 (t, J = 7.1 Hz, 3H);
XII

 
13

C NMR (CDCl3, 

75 MHz) δ 170.5, 133.67 (d, J = 9.3 Hz), 132.1 (d, J = 14.2 Hz), 131.61, 125.6 (d, 

J = 12.0 Hz), 58.0, 32.9 (d, J = 126.3 Hz), 15.4, 12.3 (d, J = 12.0 Hz); 
31

P NMR (CDCl3, 

75 MHz) δ 22.45. The analytical data are in agreement with the published values.
84

 

Ethyl (2E,4E)-2,4-dimethylhexa-2,4-dienoate (3) 

 

The title compound was prepared according to the previously reported procedure.
85

 Ylide 2 

(1 eq., 17.0 g) was dissolved in toluene (100 mL) and tiglic aldehyde was added (1 eq., 

46.9 mmol, 4.5 mL). The yellow suspension was heated at 80 °C for 15 hours; then it was 

cooled to 20 °C and concentrated under reduced pressure on a rotary evaporator to volume of 

~20 mL. Hexane was added (30 mL) to the resulting suspension to precipitate Ph3PO 

completely. The precipitate was filtered through a sintered glass funnel and washed with 

hexane (3 × 30 mL). The obtained filtrate was concentrated under reduced pressure. Column 

chromatography of the residue (40 g of silica gel, 5/1 hexanes/Et2O) afforded 7.2 g (91 %) of 

the title compound as a colorless liquid. 

Rf (5/1 hexanes/Et2O) 0.4; 
1
H NMR (CDCl3, 300 MHz) δ 7.11 (s, 1H), 5.71 (q, J = 6.9 Hz, 

1H), 4.19 (q, J = 7.1 Hz, 2H), 1.99 (s, 3H), 1.83 (s, 3H), 1.74 (d, J = 7.0 Hz, 3H), 1.29 (t, 

J = 7.1 Hz, 3H); 
13

C NMR (CDCl3, 75 MHz) δ 169.4, 143.1, 133.2, 130.9, 125.0, 60.7, 16.1, 

14.5, 14.5, 14.14, 14.09. The analytical data are in agreement with the published values.
136

 

(2E,4E)-2,4-Dimethylhexa-2,4-dien-1-ol (4) 

 

                                                 
XII

 Other signals overlap with those of the major isomer. 
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A solution of ester 3 (1 eq., 42.8 mmol, 7.2 g) in Et2O (60 mL) was cooled with an ice bath to 

0 °C and while intensively stirred, Red-Al (2.3 eq., 65 wt.% solution in toluene, 12.4 mL) was 

added dropwise. After 2 hours of stirring the reaction mixture was quenched by addition of 

MeOH (~5 mL) at 0 °C. The emerged precipitate was dissolved by addition of solution of 

sodium-potassium tartrate (2.3 eq., 27.8 g) in H2O (100 mL). Then the organic layer was 

separated and the aqueous phase was washed with Et2O (3 × 30 mL), the combined organic 

phases were dried over MgSO4, and concentrated under reduced pressure. Column 

chromatography of the residue (40 g of silica gel, 10/1→5/1 hexanes/Et2O) yielded 4.8 g 

(88 %) of the title compound as a colorless liquid. 

Rf (5/1 hexanes/Et2O) 0.2, Rf (Et2O) 0.6; 
1
H NMR (CDCl3, 300 MHz) δ 5.87 (s, 1H), 5.41 (qt, 

J = 6.8, 1.5 Hz, 1H), 4.02 (s, 2H), 1.80 (s, 3H), 1.75 (s, 3H), 1.68 (d, J = 6.9 Hz, 3H); 
13

C 

NMR (CDCl3, 75 MHz) δ 134.0, 133.1, 129.7, 124.8, 69.7, 16.6, 15.4, 13.8. The analytical 

data are in agreement with the published values.
136

 

(2E,4E)-2,4-Dimethylhexa-2,4-dienal (5) 

 

The title compound was prepared according to the previously reported procedure.
86

 Four 

portions of PCC (1.5 eq., 12.2 g) was added to an ice cold solution of alcohol 4 (1 eq., 

37.6 mmol, 4.8 g) in CH2Cl2 (60 mL). Then the cooling bath was removed and after 2 hours 

of stirring the resulting black suspension was filtered through a sintered glass funnel equipped 

with compressed celite and silica gel layers and washed with CH2Cl2 (3 × 30 mL). The filtrate 

was then concentrated under reduced pressure on rotator evaporator and the residue was 

purified by column chromatography (40 g of silica gel, 5/1 hexanes/Et2O). Distillation of the 

crude product afforded 2.8 g (59%) of the title compound as a pale yellow liquid.  

B.p. (3 mbar) 73-76 °C; Rf (5/1 hexanes/Et2O) 0.5; 
1
H NMR (CDCl3, 600 MHz) δ 9.36 (s, 

1H), 6.71 (s, 1H), 5.97 (q, J = 7.0 Hz, 1H), 1.95 (s, 3H), 1.93 (s, 3H), 1.80 (dd, J = 7.0, 0.4 

Hz, 3H); 
13

C NMR (CDCl3, 151 MHz) δ = 196.3, 155.1, 136.7, 135.2, 134.2, 15.7, 14.5, 10.7. 

The analytical data are in agreement with the published values.
136
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9.2.2 Preparation of crotylation reagents 

(E)-Crotylalcohol ((E)-6) 

 

The title compound was prepared according to the previously reported procedure.
87

 Pellets of 

LiAlH4 (0.38 eq., 5.5 g) were crushed in mortar and suspended in Et2O (150 mL). The 

resulting suspension was cooled to 0 °C and crotonaldehyde (1 eq., 362 mmol, 30 mL) was 

added. The mixture was stirred at 20 °C for 15 hand then MeOH (~5 mL) and 1 M solution of 

sodium-potassium tartrate (0.49 eq., 50 g) in H2O (180 mL) were consecutively added. The 

emulsion was diluted with Et2O (200 mL) and stirred over 5 hours, during which the solids 

partly dissolved. The organic phase was separated and the water phase was extracted with 

Et2O (3 × 50 mL), the combined organic phases were washed with brine (2 × 100 mL), dried 

over MgSO4, filtered, and concentrated under reduced pressure. Distillation of the residue 

yielded 15.0 g (58 %, 95/5 E/Z) of the title compound as a colorless liquid. 

B.p. (1013 mbar) 117-121 °C (lt.
137

 118-122 °C); the major (E)-6:
1
H NMR (CDCl3, 

600 MHz) δ 5.74-5.62 (m, 2H), 4.08-4.06 (m, 2H), 1.71-1.70 (m, 3H), 1.44 (br s, 1H); 

13
C NMR (CDCl3, 75 MHz) δ 130.3, 128.4, 63.9, 17.8; the minor (Z)-6:

1
H NMR (CDCl3, 

600 MHz) δ 4.21 (m, 2H), 1.67 (d, J = 5.2 Hz).
XII

 The analytical data are in agreement with 

the published values.
138

 

(E)-Crotyl bromide ((E)-7) 

 

The title compound was prepared according to the previously reported procedure.
87

 A 250 mL 

three-neck round-bottom flask was filled with Et2O (80 mL) and alcohol (E)-6 (95/5 E/Z; 

1 eq., 206 mmol, 17.5 mL). The solution was cooled to 0 °C and PBr3 (0.35 eq., 6.8 mL) was 

slowly added. After 4 h the reaction mixture was carefully quenched with H2O (15 mL) while 

cooling to 0 °C. The organic layer was separated and washed with saturated aqueous Na2CO3 

(3 × 20 mL).  The aqueous phase was washed with pentane (30 mL) and the combined 

organic phases were dried over MgSO4, filtered, and concentrated under reduced pressure 

while cooling the evaporation flask with an ice bath. Distillation of the residue furnished 

23.17 g (83 %, 94/6 E/Z) of the title compound as a colorless liquid. 
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B.p. (1013 mbar) 105-107 °C (lt.
139

 100-103 °C); the major (E)-7: 
1
H NMR (CDCl3, 

300 MHz) δ 5.85-5.65 (m, 2H), 3.95-3.93 (m, 2H), 1.74-1.72 (m, 3H); 
13

C NMR (CDCl3, 

75 MHz) δ 131.5, 127.7, 33.6, 17.8; the minor (Z)-7: 
1
H NMR (CDCl3, 300 MHz) δ 4.01 (d, 

J = 7.8 Hz, 2H), 1.78 (d, J = 6.8 Hz).
XII

 The analytical data are in agreement with the 

published values.
138

 

(E)-Crotyltrichlorosilane ((E)-8) 

 

The title compound was prepared according to the previously reported procedure.
88

 A 100 mL 

flask was charged with Et2O (30 mL), Cl3SiH (1.1 eq., 9.5 mL) and crotyl bromide 

(E)-7 (94/6 E/Z; 1 eq., 85.8 mmol, 8.4 mL). Another 250 mL three-neck flask was charged 

with Et2O (60 mL), CuCl (2 mol%, 0.17 g) and Et3N (1.1 eq., 13.2 mL). The suspension in the 

250 mL flask was cooled to 0 °C and the content of the 100 mL flask was transferred to the 

three-neck-flask by a syringe. The resulting suspension was stirred at 20 °C for 3 hours, and 

then it was filtered through a sintered glass funnel and washed with dry Et2O (40 mL). The 

filtrate was concentrated under reduced pressure on a rotatory evaporator. Distillation of the 

residue furnished 9.6 g (59 %, 91/9 E/Z) of the title compound as a colorless liquid.  

B.p. (1013 mbar) 140-142 °C (lt.
88b

 142 °C); the major (E)-8: 
1
H NMR (CDCl3, 300 MHz) 

δ 5.61 (dqt, J = 15.2, 6.5, 1.2 Hz, 1H), 5.38 (dtq, J = 15.2, 7.5, 1.7 Hz, 1H), 2.26 (dquint, 

J = 7.5, 1.2 Hz, 2H), 1.71 (ddd, J = 6.4, 2.7, 1.2 Hz, 3H); 
13

C NMR (CDCl3, 75 MHz) δ 130.6, 

119.4, 29.4, 18.3; the minor (Z)-8: 
1
H NMR (CDCl3, 300 MHz) δ 2.35 (m, 2H), 1.67 (ddt, 

J = 7.9, 1.8, 1.8 Hz).
XII

 The analytical data are in agreement with the published values.
88c 

(Z)-Crotyltrichlorosilane ((Z)-8) 

 

The title compound was prepared according to the previously reported procedure.
88

 Butadiene 

(1.8 eq., 118 mmol, 10 mL) was condensed in a liquid nitrogen cold trap immersed and 

poured into a 250 mL screw cap flask with Et2O (100 mL) cooled to ‒78 °C. After Pd(PPh3)4 

(0.125 mol%, 97 mg) and Cl3SiH (1 eq., 6.8 mL) were added, the flask was sealed and 
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smoothly warmed up to 20 °C. After 40 hours of stirring at this temperature the flask was 

opened and its content was filtered on a filter paper. The filter was rinsed with dry Et2O 

(10 mL) and the filtrate was concentrated under reduced pressure. Distillation of the residue 

furnished 9.5 g (75 %, 2/98 E/Z) of the title compound as a colorless liquid. 

B.p. (1013 mbar) 141-142 °C (lt.
88c

 142-143 °C); the major (Z)-8: 
1
H NMR (CDCl3, 

300 MHz) δ 5.78-5.67 (dqt, J = 10.7, 5.5, 1.3 Hz, 1H), 5.42 (dtq, J = 10.6, 8.2, 1.8 Hz, 1H), 

2.35 (d, J = 8.2 Hz, 2H), 1.66 (d, J = 6.9 Hz, 3H); 
13

C NMR (CDCl3, 75 MHz) δ 128.5, 118.7, 

24.9, 13.2; the minor (E)-8: 
1
H NMR (CDCl3, 300 MHz) δ 2.26 (m, 2H).

XII
 The analytical 

data are in agreement with the published values.
88c

 

9.2.3 Enantioselective allylation of 5 

(5E,7E)-5,7-Dimethylnona-1,5,7-trien-4-ol (rac-9) 

 

Table 3, reaction 1. Aldehyde 5 (1 eq., 0.5 mmol, 62 mg) was dissolved in Et2O (2 mL) and 

allylmagnesium bromide (1.1 eq., 1 M solution in Et2O, 550 µL) was slowly added to the 

solution at 20 °C. The mixture was stirred for 2 hours and then the reaction was quenched 

with a saturated aqueous NH4Cl (10 mL). The mixture was diluted with Et2O (5 mL) and the 

organic layer was separated. The aqueous phase was extracted with Et2O (3 × 10 mL), the 

combined organic phases were washed with brine (10 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. Column chromatography of the residue (10 g of silica 

gel, 10/1→5/1 hexanes/Et2O) furnished 80 mg (95 %) of the title compound as a colorless 

liquid of a pleasant smell. 

Rf (5/1 hexanes/Et2O) 0.13; 
1
H NMR (CDCl3, 300 MHz) δ 5.87 (s, 1H), 5.78 (ddt, J = 17.2, 

10.1, 7.1 Hz, 1H), 5.40 (q, J = 6.8 Hz, 1H), 5.11 (m, 2H), 4.05 (t, J = 6.5 Hz, 1H), 2.33 (m, 

2H), 1.77 (s, 3H), 1.73 (s, 3H), 1.71 (br s, 1H), 1.68 (d, J = 6.9 Hz, 3H); 
13

C NMR (CDCl3, 

75 MHz) δ 135.7, 134.8, 132.9, 129.9, 124.6, 117.6, 77.0,
XIII

 40.0, 16.6, 13.6, 13.3; IR (KBr) 

ν 3342 (br m), 3075 (w), 2977 (s), 2932 (s), 2917 (s), 2860 (s), 1832 (w), 1640 (m), 1443 (s), 

1380 (m), 1353 (m), 1323 (m), 1302 (m), 1290 (m), 1257 (w), 1204 (w), 1186 (w), 1114 (w), 

1045 (s), 1015 (s), 997 (s), 914 (s), 884 (m), 629 (w), 576 (w), 540 (w), 513 (w); MS (Cl
+
 

                                                 
XIII

 Peak overlaps with the signal of CDCl3, which is visible from its increased intensity. 
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TOF) m/z 167.1 (8%), 165.1 (8%), 150.1 (11%), 149.1 (100%), 126.1 (7%), 125.1 (63%), 

121.1 (13%), 109.1 (5%), 107.1 (12%), 97.1 (11%), 95.1 (7%); HRMS (Cl
+
 TOF) m/z  

C11H19O [M+H]
+
 calculated 167.1436, found 167.1429. 

(4S,5E,7E)-5,7-Dimethylnona-1,5,7-trien-4-ol ((S)-9) or (4R,5E,7E)-5,7-dimethylnona-

1,5,7-trien-4-ol ((R)-9) 

 

(S)-BINAP/AgOTf/KF catalyzed reaction (Table 3, reaction 2). A Schlenk flask was 

charged with (S)-BINAP (5 mol%, 2.6 mg), AgOTf (5 mol%, 2.6 mg), KF (5 mol%, 0.6 mg), 

18-crown-6 (5 mol%, 2.6 mg) and THF (1.5 mL). The flask was then wrapped in an 

aluminum foil to exclude light. After 30 minutes of stirring at 20 °C the reaction mixture was 

cooled down to ‒78 °C and aldehyde 5 (1 eq., 0.2 mmol, 25 mg) followed by 

allytrimethoxysilane (3 eq., 100 µL) were added. Then the flask was moved to a freezer (‒20 

°C). After two days only traces of product were identified via TLC analysis, therefore the 

reaction was stirred for another 3 days at room temperature. Then volatiles were removed 

under reduced pressure and column chromatography of the residue (10 g of silica gel, 

10/1→5/1 hexanes/Et2O) yielded 9 mg (27 %, 77 % ee) of (S)-9 as a colorless liquid.  

(S)-BINOL/Ti(OiPr)4 catalyzed reaction (Table 3, reaction 3).A Schlenk flask was charged 

with (S)-BINOL (1 eq., 0.2 mmol, 57 mg), 4 Å molecular sieves, and CH2Cl2 (1.5 mL). The 

resulting suspension was warmed to refluxed and Ti(OiPr)4 (1 eq., 60 µL) was added. The 

resulting orange reaction mixture refluxed for another 1 hour and then, after cooling to 20 °C 

aldehyde 5 (1 eq., 0.2 mmol, 25 mg) was added. Then the mixture was cooled to ‒78 °C and 

allyltributyltin (1.1 eq., 70 µL) was injected into the reaction mixture. Then the Schlenk flask 

was moved to freezer (‒20 °C) for 3 days. As only traces of product were formed according to 

TLC analysis, the reaction mixture was warmed to 20 °C and stirred for another 3 days. Then 

the volatiles were removed under reduce pressure and column chromatography of the residue 

(10 g of silica gel, 10/1→5/1 hexanes/Et2O) yielded 7 mg (21 %, 63 % ee) of (S)-9 as a 

colorless liquid.  

(S)-BINAP/AgOTf catalyzed reaction (Table 3, reaction 4).A Schlenk flask was charged 

with (S)-BINAP (30 mol%, 37 mg), AgOTf (30 mol%, 15 mg) and THF (1.5 mL). The flask 

was then wrapped in an aluminum foil to exclude light and the mixture was cooled to ‒78 °C 

before aldehyde 5 (1 eq., 0.2 mmol, 25 mg) and allyltributyltin (1.1 eq., 25 µL) were added. 



112 

 

After two days of reaction in freezer (‒20 °C) the reaction mixture was concentrated under 

reduced pressure on a rotatory evaporator. Column chromatography of the residue (10 g of 

silica gel, 10/1→5/1 hexanes/Et2O) yielded 13 mg (40 %, 89 % ee) of (S)-9 as a colorless 

liquid.  

Representative procedure for XVa catalyzed reactions (Table 3, reaction 6). Catalyst 

(Sa)-XVa (2.5%, 2 mg) was dissolved in toluene (1.5 mL) and the solution was cooled to ‒78 

°C, then aldehyde 5 (1 eq., 0.1 mmol, 12 mg) and allylboronic acid pinacol ester (1.2 eq., 

23 µL) were added. The reaction mixture was then kept in a freezer (‒20 °C) overnight. After 

that H2O (10 mL) and Et2O (10 mL) were added. The aqueous layer was separated and 

extracted with Et2O (3 × 10 mL), the combined organic phases was dried over MgSO4, 

filtered, and concentrated under reduced pressure. Column chromatography of the residue 

(10 g of silica gel, 10/1→5/1 hexanes/Et2O) yielded 17 mg (99%, 85% ee) of (S)-9 as a 

colorless liquid. 

Representative procedure for XIIa catalyzed reactions (Table 3, reaction 9). Catalyst 

(R,Sa)-XIIa (5 mol%, 4 mg) and toluene (1.5 mL) were inserted into a Schlenk flask. The 

solution was cooled to ‒40 °C and aldehyde 5 (1 eq., 0.2 mmol, 25 mg), iPr2NEt (3 eq., 

104 µL) and allyltrichlorosilane (2 eq., 58 µL) were added. The reaction mixture was stirred 

at ‒40 °C overnight, then Na2CO3 (5 mL) was added to quench the reaction. The resulting 

mixture was diluted with CH2Cl2 (10 mL), the organic layer was separated and the aqueous 

phase was extracted with CH2Cl2 (3 × 10 mL). The combined organic extracts were washed 

with brine (2 × 15 mL), dried over MgSO4, filtered, and concentrated under reduced pressure 

on a rotatory evaporator. Column chromatography of the residue (10 g of silica gel, 10/1→5/1 

hexanes/Et2O) yielded 19 mg (57%, 69% ee) of (S)-9 as a colorless liquid. 

Addition of (+)-Ipc2-B-(allyl)borane (Table 3, reaction 11). Aldehyde 5 (1 eq., 0.2 mmol, 

24 mg) was dissolved in Et2O (5 mL) and the reaction mixture was cooled to ‒116 °C by 

EtOH/N2 (l) cooling bath. Subsequently (+)-B-allyldiisopinocampheylborane (1.5 eq., 1 M in 

pentane, 0.3 mL) was added and the reaction mixture was stirred at ‒116 °C for 2 hours, then 

MeOH (~1 mL) was added to quench the reaction mixture. The resulting mixture was warmed 

up and concentrated under reduced pressure on a rotatory evaporator. Column 

chromatography of the residue (30 g of silica gel, 10/1→5/1 hexanes/Et2O) yielded 22 mg 

(67 %, 63 % ee) of (R)-9 as a colorless liquid.  

[α]D
20

 +11.9 (c 1.34, CHCl3) for (S)-9 of 85% ee.
 
The 

1
H and 

13
C NMR spectra correspond to 

the previously obtained data for rac-9. 



113 

 

9.2.4 Enantioselective anti-crotylation of 5 

(3S*,4S*,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-ol (anti-10) 

 

Table 4, reaction 1. Aldehyde 5 (1 eq., 0.2 mmol, 24 mg) was treated with trans-crotylboronic 

acid pinacol ester (2 eq., 80 µL) in toluene (1.5 mL) at 20 °C for 15 hours. Then silica gel was 

added and the volatiles were removed under reduced pressure on rotatory evaporator. Column 

chromatography of the residue (10 g of silica gel, 10/1→5/1 hexanes/Et2O) yielded 20 mg 

(55 %, 99/1 dr) of title compound as a colorless liquid.  

Rf (5/1 hexanes/Et2O) 0.25; 
1
H NMR (CDCl3, 300 MHz) δ 5.84 (s, 1H), 5.76 (dddd, J = 18.3, 

10.2, 8.3, 0.8 Hz, 1H), 5.41 (qq, J = 6.8, 0.9 Hz, 1H), 5.20-5.12 (m, 2H), 3.65 (d, J = 8.6 Hz, 

1H), 2.34 (sext., J = 7.5 Hz, 1H), 1.76 (s, 3H), 1.74 (d, J = 0.9 Hz, 3H), 1.68 (d, J = 6.9 Hz, 

3H), 0.91 (dd, J = 6.8, 0.7 Hz, 3H);
 13

C NMR (CDCl3, 75 MHz) δ 141.4, 134.2, 133.1, 132.5, 

124.8, 116.6, 82.0, 42.5, 17.0, 16.7, 13.8, 12.8; IR (KBr) ν 3404 (br w), 3072 (w), 2959 (s), 

2929 (s), 2860 (s), 1718 (w), 1676 (w), 1640 (w), 1452 (m), 1419 (w), 1377 (m), 1323 (w), 

1302 (w), 1260 (w), 1239 (w), 1180 (w), 1096 (m), 1072 (m), 1012 (s), 911 (m), 881 (w), 806 

(w); MS (Cl
+
 TOF) m/z 181.2 (11%), 179.1 (9%), 164.2 (12%), 163.1 (100%), 137.1 (5%), 

135.1 (10%), 126.1 (6%), 125.1 (70%), 121.1 (12%), 109.1 (8%), 107.1 (13%), 97.1 (11%), 

95.1 (6%); HRMS (Cl
+
 TOF) m/z [M+H]

+
 calculated for C12H21O 181.1592, found 181.1585. 

(3S,4S,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-ol ((S,S)-10) or (3R,4R,5E,7E)-3,5,7-

trimethylnona-1,5,7-trien-4-ol ((R,R)-10) 

 

Representative procedure for XVa catalyzed reactions (Table 4, reaction 5). A Schlenk 

flask was charged with (R)- XVa catalyst (10 mol%, 15 mg) and toluene (1.5 mL). The 

resulting solution was cooled to ‒78 °C before aldehyde 5 (1 eq., 0.2 mmol, 24 mg) and 

trans-crotylboronic acid pinacol ester (2 eq., 80 µL) were added and the reaction mixture was 

stirred at ‒20 °C overnight. Subsequently H2O (10 mL) and Et2O (10 mL) were added. The 

aqueous phase was separated and extracted with Et2O (3 × 10 mL), afterwards the combined 

organic phases were washed with brine (3 × 15 mL), dried over MgSO4, filtered, and 
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concentrated under reduced pressure on a rotatory evaporator. Column chromatography of the 

residue (10 g of silica gel, 10/1→5/1 hexanes/Et2O) yielded 16 mg (44%, 99/1 dr, 94% ee) of 

(R,R)-10 as a colorless liquid. 

Representative procedure for XIIa catalyzed reactions (Table 4, reaction 7). Aldehyde 5 

(1 eq., 0.2 mmol, 24 mg) was added to a solution of catalyst (R,Sa)-XIIa (2.5 mol%, 2.2 mg) 

in THF (1 mL) which was then cooled to ‒40 °C. Subsequently iPr2NEt (3 eq., 104 µL) and 

trans-crotyltrichlorosilane (2 eq., 64 µL) were added and the resulting solution was stirred at 

‒40 °C for 15 hours. Then the reaction was quenched by addition of the saturated aqueous 

Na2CO3 (5 mL) and diluted by CH2Cl2 (10 mL). The organic phase was separated and 

aqueous layer was extracted with CH2Cl2 (3 × 10 mL). The combined organic phases were 

washed with brine (2 × 15 mL), dried over MgSO4, filtered, and concentrated under reduced 

pressure. Column chromatography of the residue (10 g of silica gel, 10/1→5/1 hexanes/Et2O) 

furnished 30 mg (68%, 95/5 dr, 96% ee) of (S,S)-10 as a colorless liquid. 

Addition of Leighton reagent (Table 4, reaction 8). (S,S)-trans EZ-CrotylMix was dissolved 

in dry dichloromethane (1.5 mL) and the reaction mixture was cooled down to ‒10 °C. 

Subsequently aldehyde 5 (1 eq., 0.2 mmol, 24 mg) was added and the resulting solution was 

stirred for 3 days. Then TBAF (1.2 eq., 84 mg) was added and the reaction mixture was 

stirred for another 30 minutes at 20 °C. Afterwards the solvent was evaporated under reduced 

pressure and column chromatography of the residue (10 g of silica gel, 10/1→5/1 

hexanes/Et2O) furnished 13 mg (36%, 92/8 dr, 80% ee) of (R,R)-10 as a colorless liquid. 

[α]D
20

 +38.2 (c 1.44, CHCl3) for (S,S)-10 of 96% ee. The 
1
H and 

13
C NMR spectra correspond 

to the previously obtained data for syn-10. 

9.2.5 Enantioselective syn-crotylation of 5 

(3R*,4S*,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-ol (syn-10) 

 

Table 5, reaction 1. Aldehyde 2 (1 eq., 0.2 mmol, 24 mg) was dissolved in toluene (1.5 mL) 

and treated with cis-crotylboronic acid pinacol ester (2 eq., 80 µL). After 15 hours of stirring 

silica gel was added and the solvent was evaporated under reduced pressure. Column 

chromatography of the residue (10 g of silica gel, 10/1→5/1 hexanes/Et2O) yielded 21 mg (58 

%, 99/1 dr) of the title compound as a colorless liquid. 
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Rf (5/1 hexanes/Et2O) 0.25; 
1
H NMR (CDCl3, 300 MHz) δ 5.84 (s, 1H), 5.74 (ddd, J = 17.6, 

10.4, 7.3 Hz, 1H), 5.38 (q, J = 6.8 Hz, 1H), 5.08-4.98 (m, 2H), 3.82 (d, J = 7 Hz, 1H), 2.42 

(sext., J = 6.9 Hz, 1H), 1.73 (s, 6H), 1.67 (d, J = 6.9 Hz, 3H), 1.05 (d, J = 6.7 Hz, 3H); 
13

C 

NMR (CDCl3, 75 MHz) δ 141.1, 135.2, 133.1, 130.9, 124.6, 114.4, 81.5, 41.5, 16.8, 15.0, 

14.0, 13.8; IR (KBr) ν 3374 (br m), 3078 (w), 2977 (s), 2956 (s), 2923 (s), 2857 (s), 1823 (w), 

1637 (w), 1458 (m), 1416 (m), 1377 (m), 1311 (m), 1227 (w), 1192 (w), 1171 (w), 1147 (w), 

1111 (w), 1090 (w), 1006 (s), 964 (m), 908 (s), 884 (m), 677 (s); MS (Cl
+
 TOF) m/z 181.2 

(10%), 179.1 (10%), 164.2 (12%), 163.1 (100%), 137.1 (5%), 135.1 (10%), 126.1 (5%), 125.1 

(72%), 121.1 (12%), 109.1 (6%), 107.1 (12%), 97.1 (11%), 95.1 (5%); HRMS (Cl
+
 TOF) m/z 

[M+H]
+
 calculated for C12H21O 181.1592, found 181.1584. 

(3R,4S,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-ol ((S,R)-10) or (3S,4R,5E,7E)-3,5,7-

trimethylnona-1,5,7-trien-4-ol ((R,S)-10) 

 

Representative procedure for XVa catalyzed reactions (Table 5, reaction 3). A Schlenk 

flask was charged with corresponding (Sa)-XVa catalyst (10 mol%, 15 mg), and toluene 

(1.5 mL). This solution was cooled to ‒78 °C, aldehyde 5 (1 eq., 0.2 mmol, 24 mg) and 

cis-crotylboronic acid pinacol ester (2 eq., 80 µL) were added and the reaction mixture was 

stirred at ‒20 °C for 15 hours. Then H2O (10 mL) and Et2O (10 mL) were poured in, the 

layers were separated and the aqueous layer was extracted with Et2O (3 × 10 mL). The 

combined organic phases were washed with brine (3 × 15 mL), dried over MgSO4, filtered, 

and concentrated under reduced pressure on a rotatory evaporator. Column chromatography 

of the residue (10 g of silica gel, 10/1→5/1 hexanes/Et2O) furnished 23 mg (64%, 95/5 dr, 

80% ee) of the title compound as a colorless liquid. 

Representative procedure for XIIa catalyzed reactions (Table 5, reaction 4). Aldehyde 5 

(1 eq., 0.2 mmol, 24 mg) was added to a solution of (R,Sa)-XIIa (2.5 mol%, 2.2 mg) dioxide 

in THF (1 mL) previously cooled to ‒40 °C. Subsequently iPr2NEt (3 eq., 104 µL) and 

cis-crotyltrichlorosilane (2 eq., 64 µL) were added and the resulting solution was stirred at 

‒40 °C overnight. Then the reaction was quenched by addition of the saturated aqueous  

NaHCO3 (5 mL) and diluted with CH2Cl2 (10 mL). The separated aqueous phase was 

extracted with CH2Cl2 (3 × 10 mL) and  the combined organic phases were washed with brine 

(2 × 15 mL), dried over MgSO4, filtered, and concentrated under reduced pressure on a 
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rotatory evaporator. Column chromatography of the residue (10 g of silica gel, 10/1→5/1 

hexanes/Et2O) furnished the title compound as 21 mg (49%, 98/2 dr, 85% ee) of colorless 

liquid. 

[α]D
20

 -18.6. (c 1.18, CHCl3) for syn-(R,S)-10 of 81% ee. The recorded spectra of were 

consistent with those of syn-10 in all cases. 

9.2.6 Steps toward pteroenone – the model case 

(E)-5-Methylhepta-1,5-dien-4-ol (11) 

 

A solution of tiglic aldehyde (1 eq., 10 mmol, 970 µL) in THF (20 mL) was cooled to 0 °C 

and allylmagnesium bromide (1.1 eq., 0.83 M solution in Et2O, 13.25 mL) was added. Then 

the cooling bath was removed and the reaction mixture was stirred at 23 °C for 3 hours. 

Subsequently the reaction was quenched by addition of saturated aqueous NH4Cl (20 mL) and 

the mixture was then transferred to a separatory funnel, the aqueous phase was extracted with 

Et2O (2 × 10 mL) and the combined extracts were washed with brine (2 × 20 mL). The 

resulting solution was dried over MgSO4, filtered, concentrated under reduced pressure. 

Column chromatography (15 g of silica gel, 3/1 pentane/Et2O) furnished 1.25 g (99 %) of the 

title compound as a colorless liquid. 

Rf (3/1 pentane/Et2O) 0.4; 
1
H NMR (CDCl3, 600 MHz) δ 5.76 (ddt, J = 17.1, 10.1, 7.1 Hz, 

1H), 5.50 (m, 1H), 5.13 (m, 2H), 4.04 (t,J = 6.6 Hz, 1H), 2.31 (m, 2H), 1.61 (m, 6H); 

13
C NMR (CDCl3, 151 MHz) δ 137.2, 135.0, 120.8, 117.6, 76.5, 39.9, 13.0, 11.3; IR (KBr) 

ν 3354, 3075, 2977, 2917, 2863, 1826, 1733, 1673, 1643, 1437, 1416, 1380, 1329, 1290, 

1260, 1213, 1123, 1090, 1045, 1003, 988, 955, 914, 863, 830, 806, 764, 713, 644, 

546; HRMS m/z calculated for C8H13O [M+H]
+
 125.0966, found: 125.0962. The analytical 

data are in agreement with the published values.
140

 

(E)-4-(tert-Butyldimethylsilyloxy)-5-methylhepta-1,5-diene (12)
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To a stirred suspension of TBSCl (1.5 eq., 1.845 g), DMAP (10 mol. %, 0.1 g) and imidazole 

(3 eq., 1.667 g) in toluene (20 mL) dienol 11 (1 eq., 8.16 mmol, 1.03 g) was added. The 

reaction mixture was stirred at 60 °C for 15 hours and then the reaction was quenched by 

addition of H2O (20 mL). The organic phase was separated and the aqueous phase was 

extracted with Et2O (3 × 10 mL). The combined organic extracts were washed with brine 

(30 mL), dried over MgSO4, filtered and concentrated under reduced pressure. Column 

chromatography of the residue (75 g of silica gel, 20/1 hexanes/Et2O) yielded 1.8 g (89%) of 

the title compound as a colorless liquid. 

Rf (5/1 hexanes/Et2O) 0.75. 
1
H NMR (CDCl3, 300 MHz) δ 5.73 (ddt, J = 17.2, 10.2, 7.1 Hz, 

1H), 5.37 (q, J = 6.7 Hz, 1H), 5.00 (m, 2H), 3.98 (t, J = 6.6 Hz, 1H), 2.23 (m, 2H), 1.57 (m, 

6H), 0.88 (s, 9H), 0.02 (s, 3H), -0.02 (s, 3H); 
13

C NMR (CDCl3, 75 MHz)δ 138.1, 136.1, 

119.9, 116.1, 78.6, 41.4, 26.0, 18.4, -4.5, -4.8; IR (KBr) ν 3078, 2956, 2929, 2896, 2884, 

2854, 1826, 1667, 1637, 1470, 1461, 1437, 1047, 1392, 1359, 1335, 1323, 1254, 1222, 1186, 

1075, 1003, 934, 914, 869, 830, 815, 773, 668, 546; HRMS m/z calculated for C14H29OSi 

[M+H]
+
 241.1988, found: 241.1980. 

(2S*,3R*)-4-(tert-Butyldimethylsilyloxy)-5,6-epoxy-5-methylheptene (13) 

 

A solution of mCPBA (1.1 eq., 38 mg) in CH2Cl2 (5 mL) was cooled to 0 °C and the protected 

dienol 12 (1 eq., 0.2 mmol, 48 mg) was added. The reaction mixture was stirred at 0 °C for 

3 hours and then the reaction was quenched by addition of aqueous NaOH (1 M, 1 mL). Then 

the mixture was partitioned between CH2Cl2 (10 mL) and brine (10 mL). The organic phase 

was dried over MgSO4, filtered and concentrated under reduced pressure. Column 

chromatography of the residue (25 g of silica gel, 10/1 hexanes/Et2O) yielded 42 mg (82 %, 

57/43 dr) of colorless liquid. 

Rf (5/1 hexanes/Et2O) 0.55; Rf (10/1 hexanes/Et2O) 0.3; anti-13: 
1
H NMR (CDCl3, 600 MHz) 

δ 5.81 (dddd, J = 17.1, 12.1, 6.9, 6.4 Hz, 1H), 5.08-5.01 (m, 2H), 3.28 (dd, J = 8.0, 3.8 Hz, 

1H), 2.90 (q, J = 5.5 Hz, 1H), 2.40-2.36 (m, 1H), 2.29-2.24 (m, 1H), 1.26 (d, J = 4.8 Hz, 

3H),1.22 (s, 3H), 0.87 (s, 9H), 0.02 (s, 3H), 0.01 (s, 3H); 
13

C NMR (CDCl3, 151 MHz) 

δ 135.4, 116.9, 76.8, 62.2, 58.8, 38.6, 38.6, 25.99,  18.26, 13.9, 12.0, -4.30, -4.6; syn-13: 

1
H NMR (CDCl3, 600 MHz) δ 5.71 (dddd, J = 17.1, 10.1, 7.6, 6.7 Hz, 1H), 3.15 (dd, J = 7.5, 

6.6 Hz, 1H), 2.78(q, J = 5.5 Hz, 1H), 2.21-2.16 (m, 1H), 1.25 (d, J = 4.8 Hz, 3H), 1.23 (s, 
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3H), 0.90 (s, 9H), 0.09 (s, 3H), 0.04 (s, 3H);
XII

 
13

C NMR (CDCl3, 151 MHz) δ 134.9, 117.0, 

78.9, 63.4, 57.1, 40.3, 26.0, 18.32, 13.5, 10.9, -4.34, -4.9; IR (KBr) ν 3075, 2995, 2953, 2926, 

2884, 2860, 1829, 1643, 1470, 1461, 1434, 1413, 1389, 1377, 1359, 1338, 1311, 1251, 1120, 

1102, 1078, 1033, 1012, 988, 940, 911, 872, 836, 809, 776, 737, 659; HRMS m/z calculated 

for C14H29O2Si [M+H]
+
: 257.1937, found: 257.1928. 

Wacker oxidation of alkene 12 

 

To suspension of PdCl (25 %, 13 mg) and CuCl (1.5 eq., 44 mg) in DMF/H2O (4/1, 2.5 mL) 

alkene 12 (1 eq., 0.3 mmol, 72 mg) was added. Oxygen atmosphere was introduced by 

bubbling the gas through the reaction mixture for 30 minutes and maintained by attaching a 

balloon with oxygen. The reaction mixture was stirred at 23 °C for 15 hours, after which it 

was diluted with H2O (10 mL), the layers were separated and the aqueous phase was extracted 

with Et2O (3 × 10 mL). The combined organic phases were washed with brine (3 × 10 mL), 

dried over MgSO4, filtered, concentrated under reduced pressure. Column chromatography of 

the residue (50 g of silica gel, 20/1→10/1→5/1 hexanes/Et2O) furnished 48 mg (62 %) of 

ketone 14 and 16 mg (21 %) of aldehyde 15, both as colorless liquids. 

(E)-4-(tert-Butyldimethylsilyloxy)-5-methylhept-5-en-2-one (14) 

Rf (5/1 hexanes/Et2O) 0.4; 
1
H NMR (CDCl3, 600 MHz) δ 5.45 (m, 1H), 4.48 

(dd, J = 8.9, 4.0 Hz, 1H), 2.73 (dd, J = 14.2, 8.9 Hz, 1H), 2.33 (dd, 

J = 14.2, 4.1 Hz, 1H), 2.14 (s, 3H), 1.56 (s, 6H), 0.83 (s, 9H), 0.00 (s, 3H), -0.04 (s, 3H); 
13

C 

NMR (CDCl3, 151 MHz) δ 208.0, 137.4, 120.6, 75.5, 50.6, 31.8, 25.9, 18.2, 13.0, 11.0, -4.7, 

-5.2; IR(KBr) ν 2953, 2929, 2896, 2881, 2857, 1721, 1670, 1473, 1461, 1416, 1392, 1359, 

1329, 1248, 1222, 1159, 1075, 1006, 937, 887, 836, 809, 776, 665, 549; HRMS m/z 

calculated for C14H29O2Si [M+H]
+
: 257.1937, found:257.1932. 

(E)-4-(tert-Butyldimethylsilyloxy)-5-methylhept-5-enal (15) 

Rf (5/1 hexanes/Et2O) 0.45; 
1
H NMR (CDCl3, 600 MHz) δ 9.75 (t, J = 1.7 Hz, 

1H), 5.39 (q, J = 6.7 Hz, 1H), 3.99 (m, 1H), 2.39 (m, 2H), 1.85 (dt, J = 13.8, 

7.2 Hz, 1H), 1.75 (m, 1H), 1.57 (d, J = 6.7 Hz, 3H), 1.54 (s, 3H), 0.87 (s, 9H), 0.01 (s, 3H), -

0.04 (s, 3H); 
13

C NMR (CDCl3, 151 MHz) δ 202.9, 137.4, 120.5, 77.4, 40.4, 28.8, 26.0, 18.3, 
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13.1, 11.2, -4.6, -5.0; IR (KBr) ν 2950, 2932, 2884, 2857, 2815, 2711, 1724, 1667, 1473, 

1461, 1440, 1410, 1332, 1251, 1081, 1021, 1003, 961, 937, 887, 836, 809, 779, 662, 546; 

HRMS m/z calculated for C14H29O2Si [M+H]
+
: 257.1937, found:257.1932 

(E)-4-Hydroxy-5-methylhept-5-en-2-one (16) 

 

Compound 14 (1 eq., 2.5 mmol, 64 mg) was dissolved in MeCN (1 mL) and  the solution was 

cooled to 0 °C. Aqueous HF (10 eq., 48 %, 0.1 mL) was slowly added and the reaction was 

stirred at 0 °C for 30 minutes. Then saturated aqueous NaHCO3 (2 mL) was added dropwise 

to the cold reaction mixture. The resulting emulsion was partitioned between Et2O (10 mL) 

and H2O (10 mL), and the aqueous phase was extracted with Et2O (3 × 10 mL). The 

combined organic extracts were washed with brine (20 mL), dried over MgSO4, filtered, 

concentrated under reduced pressure. Column chromatography of the residue (10 g of silica 

gel, 5/1→1/2→1/0 hexanes/Et2O) yielded 31 mg (87%) of the title compound as a colorless 

liquid. 

Rf (Et2O) 0.5;
1
H NMR (CDCl3, 300 MHz) δ 5.52 (qdq, J = 6.7, 1.3, 1.0 Hz, 1H), 4.44 (dd, 

J = 9.6, 2.7 Hz, 1H), 2.81 (br s, 1H), 2.68 (dd, J = 17.0, 9.5 Hz, 1H), 2.58 (dd, J = 17.0, 

3.0 Hz, 1H), 2.18 (s, 3H), 1.61-1.60 (m, 3H), 1.59 (ddq, J = 7.0, 1.0, 0.8 Hz, 3H); 
13

C NMR 

(CDCl3, 75 MHz) δ 209.6, 136.3, 121.0, 73.0, 48.8, 30.9, 13.1, 11.8; IR(KBr)ν 3395, 2980, 

2923, 2860, 1709, 1577, 1562, 1506, 1437, 1422, 1377, 1362, 1314, 1263, 1233, 1204, 1168, 

1132, 1084, 1060, 994, 961, 928, 833, 785, 543; HRMS m/zc alculated for C8H14O2 [M+H]
+
: 

142.0994, found: 142.0995. 

(2R*,4R*,5E)-4-(tert-Butyldimethylsilyloxy)-5-methylhept-5-ene-1,2-diol (17) 

 

The solution of NMO (1.1 eq., 26 mg) in mixture of THF/tBuOH/H2O (5/5/1, 2.2 mL) was 

cooled to 0 °C. Subsequently the protected dienol 12 (1 eq., 0.2 mmol, 48 mg) and OsO4 

(5 %, 2.5 mg) were added and the reaction mixture was stirred vigorously at 23 °C for 1 hour. 

Then the saturated aqueous Na2SO3(10 mL) was poured to quench the reaction and the 

mixture was diluted with Et2O (15 mL). The organic layer was separated and the aqueous 
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phase was extracted with Et2O (3 × 10 mL). The combined organic phases were washed with 

brine (2 × 20 mL), dried over MgSO4, filtered and concentrated under reduced pressure. 

Column chromatography of the residue (25 g of silica gel, Et2O as the eluent) yielded 46 mg 

(84 %, 60/40 dr) of the title compound as a colorless liquid. 

Rf (Et2O) 0.45; the major anti-17:
1
H NMR (CDCl3, 300 MHz) δ 5.53 (qt, J = 6.8, 1.2 Hz, 1H), 

4.32 (t, J = 5.0 Hz, 1H), 3.91-3.85 (m, 1H), 3.59 (d, J = 11.1 Hz, 1H), 3.48-3.43 (m, 1H),1.81 

(dt, J = 14.4, 9.6 Hz, 1H), 1,66-1.63 (m, J = 5.0 Hz, 1H), 1.61 (d, J = 6.8 Hz, 3H), 1.55 (s, 

3H),0.90 (s, 9H), 0.07 (s, 3H), 0.01 (s, 3H); 
13

C NMR (CDCl3, 75 MHz) δ 136.7, 120.0, 69.8, 

67.2, 37.9, 26.0, 18.3, 13.1, 12.5, -4.7, -5.2; the minor syn-17: 
1
H NMR (CDCl3, 300 MHz) 

δ 5.44 (m, 1H), 4.29 (dd, J = 9.6, 3.9 Hz, 1H), 3.60 (d, J = 11.1 Hz, 1H), 1.58-1.57 (m, 6H), 

1.47 (ddd, J = 14.4, 3.9, 2.2 Hz, 1H), 0.89 (s, 9H), 0.09 (s, 3H), 0.00 (s, 3H);
XII

 
13

C NMR 

(CDCl3, 75 MHz) δ 137.9, 121.1, 79.6, 71.7, 67.1, 38.9, 29.9, 18.2, 11.1, -4.3, -5.1;
XII

 IR 

(KBr) ν 3354, 2950, 2926, 2890, 2863, 1473, 1464, 1437, 1410, 1389, 1377, 1359, 1254, 

1069, 1033, 1009, 937, 914, 875, 836, 812, 779, 671, 579; HRMS (ESI) m/z calculated for 

C14H30O3SiNa [M+Na]
+
: 297.18564, found: 297.18572. 

(E)-3-(tert-Butyldimethylsilyloxy)-4-methylhex-4-enal (18) 

 

In several portions NaIO4 (1.2 eq., 44 mg) was added to a solution of diol 17 (1 eq., 

0.16 mmol, 46 mg) in MeOH/H2O (1/1, 2 mL) at 0 °C and the resulting slurry was stirred at 

0 °C for 30 minutes. Then the mixture was partitioned between H2O (10 mL) and Et2O 

(10 mL). The aqueous phase was extracted with Et2O (3 × 10 mL), the combined organic 

extracts were washed with brine (20 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure. Column chromatography of the residue (25 g of silica gel, 1/20→1/10 

hexanes/Et2O) yielded 27 mg (66 %) of the title compound as a colorless liquid. 

Rf (5/1 hexanes/Et2O) 0.6; 
1
H NMR (CDCl3, 600 MHz) δ 9.73 (dd, J = 3.0, 2.3 Hz, 

1H),5.51-5.48 (m, 1H), 4.53 (dd, J = 8.3, 4.4 Hz, 1H), 2.65 (ddd, J = 15.3, 8.3, 3.0 Hz, 1H), 

2.39 (ddd, J = 15.3, 4.4, 2.3 Hz, 1H), 1.59-1.58 (s, 6H), 0.86 (s, 9H), 0.04 (s, 3H), -0.01 (s, 

3H); 
13

C NMR (CDCl3, 151 MHz) δ 202.4, 137.0, 120.9, 74.1, 50.2, 25.8, 18.2, 13.1, 11.2, 

-4.6, -5.1; IR (KBr) ν 2956, 2929, 2884, 2854, 2708, 1724, 1470, 1464, 1404, 1386, 1377, 

1365, 1320, 1257, 1216, 1189, 1078, 1006, 943, 836, 812, 776, 671; HRMS m/z calculated for 

C13H27O2Si [M+H]
+
: 243.1780, found: 243.1774. 
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9.2.7 Racemic synthesis of pteroenone 

(3R*,4S*,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-ol (anti-10) 

 

Addition of (E)-crotylboronic acid pinacol ester. A Schlenk flask was charged with toluene 

(20 mL) and aldehyde 5 (1 eq., 5.0 mmol, 0.6 mL). After cooling to 0 °C (E)-crotylboronic 

acid pinacol ester (1.25 eq., 1.3 mL) was slowly added. The reaction mixture was stirred at 20 

°C overnight before H2O (20 mL) and Et2O (20 mL) were added. The resulting emulsion was 

transferred into a separatory funnel and layers were separated. The aqueous phase was 

extracted with Et2O (3 × 20 mL). The combined organic phases were dried over MgSO4, 

filtered, and concentrated under reduced pressure. Column chromatography of the residue 

(50 g of silica gel, 20/1→10/1→5/1 hexanes/Et2O) yielded 686 mg (76 %, >95/5 dr) of the 

title compound as a colorless oil.  

Addition of (E)-crotyltrichlorosilane. To an ice-cold solution of aldehyde 5 (1 eq., 

6.9 mmol, 1 mL) in DMF (10 mL) was slowly added (E)-crotyltrichlorosilane (1.6 eq., 

1.7 mL). The resulting solution was stirred at 0 °C for 2 hours. Subsequently the reaction 

mixture was quenched by addition of H2O (20 mL) and Et2O (20 mL). The separated aqueous 

layer was extracted with Et2O (3 × 15 mL), the combined organic phases were washed with 

brine (3 × 30 mL), dried over MgSO4, filtered, and concentrated under reduced pressure. 

Column chromatography of the residue (100 g of silica gel, 20/1→10/1→1/5 hexanes/Et2O) 

yielded 776 mg (63 %, 81/19 dr) of the title compound as a colorless liquid. 

The obtained 
1
H NMR spectrum was in agreement with the previously obtained data. 

(3S*,4S*,5E,7E)-4-(tert-Butyldimethylsilyloxy)-3,5,7-trimethylnona-1,5,7-triene (19) 

 

Trienol anti-10 (1 eq., 3.8 mmol, 686 mg) was added to a solution of imidazole (2 eq., 

514 mg) and DMAP (10 mol%, 46 mg) in DMF (20 mL). The reaction mixture was stirred at 

room temperature for 15 hours before hydrolysis (20 mL). The aqueous phase was extracted 

with Et2O (3 × 20 mL), the combined organic phases were washed with brine (3 × 15 mL), 
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dried over MgSO4, filtered, and concentrated under reduced pressure. Column 

chromatography of the residue (50 g of silica gel, 20/1 hexanes/Et2O) yielded 1 g (94 %, 

>95/5 dr) of the title compound as a colorless liquid.  

Rf (5/1 hexanes/Et2O) 0.7, Rf (20/1 hexanes/Et2O) 0.5; 
1
H NMR (CDCl3, 600 MHz) δ 5.86 

(ddd, J = 17.4, 10.1, 7.0 Hz, 1H), 5.72 (s, 1H), 5.35 (qp, J = 6.8, 1.3 Hz, 1H), 4.98 (ddd, 

J = 17.2, 2.0, 1.2 Hz, 1H), 4.97 (ddd, J = 10.5, 2.0, 1.0 Hz, 1H), 3.64 (d, J = 7.8 Hz, 3H), 

2.3 (m,  H), 1.71 (m,  H), 1.68 (d, J = 1.6 Hz, 3H), 1.67 (dquint, J = 7.0, 1.0 Hz, 3H), 0.87 (s, 

9H), 0.85 (d, J = 6.9 Hz, 3H) , 0.01 (s, 3H), -0.03 (s, 3H); 
13

C NMR (CDCl3, 151 MHz) 

δ 142.4, 15.9, 133.3, 131.0, 123.9, 113.8, 83.8, 42.3, 26.0, 18.4, 16.72, 16.67, 13.8, 13.1, -4.3, 

-4.8; IR (KBr) ν 3075 (w), 2959 (s), 2926 (s), 2884 (m), 2857 (s), 1721 (w), 1691 (w), 1640 

(w), 1476 (m), 1461 (m), 1419 (w), 1389 (w), 1374 (w), 1356 (w), 1335 (w), 1317 (w), 1248 

(m), 1069 (s), 1036 (m), 1006 (w), 940 (w), 911 (m), 866 (m), 836 (s), 812 (w), 776 (s), 674 

(w); MS (Cl
+
 TOF) m/z 296.2 (5%), 295.2 (22%), 293.2 (16%), 280.2 (12%), 279.2 (56%), 

241.2 (8%), 240.2 (20%), 239.2 (100%), 238.2 (7%), 237.2 (35%), 199.2 (7%), 163.1 (13%); 

HRMS (Cl
+
 TOF) m/z [M+H]

+
 calculated for C18H35OSi 295.2451, found 295.2457. 

(3S*,4S*,5E,7E)-4-(Triethylsilyloxy)-3,5,7-trimethylnona-1,5,7-triene (rac-20) 

 

Alcohol anti-10 (1 eq., 6.9 mmol, 1.2 g) was dissolved in DMF (20 mL) and imidazole (2 eq., 

0.9 g), DMAP (10 mol%, 84 mg) and TESCl (1.5 eq., 1.7 mL) were added. The reaction 

mixture was stirred at 20 °C for 3 h prior to it was poured into a separatory funnel together 

with Et2O (20 mL) and H2O (30 mL). The aqueous phase was separated and extracted with 

Et2O (3 × 20 mL), the combined organic fractions were washed with brine (3 × 30 mL), dried 

over MgSO4, filtered, and concentrated under reduced pressure. Column chromatography of 

the residue (100 g of silica gel, 20/1 hexanes/Et2O) yielded 1.9 g (97 %, >95/5 dr) of the title 

compound as a colorless liquid.
 

Rf (5/1 hexanes/Et2O) 0.68; 
1
H NMR (CDCl3, 600 MHz) δ 5.89 (ddd, J = 17.5, 10.4, 7.2 Hz, 

1H), 5.73 (s, 1H), 5.35 (qp, J = 6.8, 1.3 Hz, 1H), 5.01-4.96 (m, 2H), 3.65 (d, J = 7.9 Hz, 1H), 

2.34-2.27 (m, 1H), 1.72 (quint, J = 1.0 Hz, 3H), 1.70 (d, J = 1.3 Hz, 3H), 1.68 (dquint, 

J = 6.8, 0.9 Hz, 3H), 0.92 (t, J = 7.9 Hz, 9H), 0.85 (d, J = 6.9 Hz, 3H), 0.55 (q, J = 8.0 Hz, 

6H); 
13

C NMR (CDCl3, 151 MHz) δ 142.3, 136.0, 133.3, 131.0, 124.0, 113.7, 83.7, 42.1, 
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16.7, 16.6, 13.8, 13.0, 7.1, 5.1; IR (KBr) ν 3072 (w), 2956 (s), 2935 (s), 2911 (s), 2875 (s), 

1637 (w), 1464 (m), 1413 (m), 1374 (m), 1341 (w), 1239 (m), 1314 (w), 1239 (m), 1198 (w), 

1168 (w), 1072 (s), 1009 (s), 970 (w), 911 (m), 881 (m), 860 (m), 809 (w), 782 (w), 746 (s), 

725 (s), 686 (w); MS (ESI TOF) m/z 366.3 (12%), 165.3 (43%), 334.2 (35%), 333.2 (100%), 

317.2 (40%), 305.2 (5%); HRMS (ESI TOF) m/z [M+Na]
+
 calculated for C18H34OSiNa 

317.22711, found 317.22727. 

(3S*,4S*,5E,7E)-4-(Methoxymethoxy)-3,5,7-trimethylnona-1,5,7-triene (21) 

 

A solution of trienol anti-10 (81/19 dr; 1 eq., 2.22 mmol, 0.4 g) and iPr2NEt (3 eq., 1.16 mL) 

in CH2Cl2 (10 mL) was cooled to 0 °C, then MOMBr (2 eq., 360 µL) was slowly added. The 

reaction mixture was allowed to warm to 20 °C and stirred overnight. Subsequently the 

reaction was quenched by addition of  0.5 M HCl (10 mL), extracted by Et2O (3 × 20 mL), the 

combined organic phases were washed with brine (30 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. Column chromatography of the residue (50 g of 

silica gel, 5/1 hexanes/Et2O) furnished 0.4 g (81 %, 84/16 dr) of the title compound as a 

colorless liquid.  

Rf (5/1 hexanes/Et2O) 0.15; 
1
H NMR (CDCl3, 600 MHz) δ 5.89 (ddd, J = 17.4, 10.3, 7.6 Hz, 

1H), 5.82 (s, 1H), 5.42 (q, J =  6.8 Hz, 1H), 5.09 (ddd, J = 17.3, 1.8, 1.1 Hz, 1H), 5.03 (ddd, 

J = 10.3, 1.8, 0.9 Hz, 1H), 4.63 (d, J = 6.7 Hz, 1H), 4.44 (d, J = 6.7 Hz, 1H), 3.64 (d, 

J = 9.2 Hz, 1H, 3.35 (s, 3H), 2.45-2.38 (m, 1H), 1.74 (s, 3H), 1.69-1.67 (m, 6H), 0.88 (d, 

J = 6.9 Hz, 3H); 
13

C NMR (CDCl3, 75 MHz) δ 142.2, 134.5, 132.9, 131.4, 130.0, 124.9, 

122.1, 114.0, 93.1, 86.5, 55.6, 40.2, 23.8, 17.0, 15.0, 13.6, 12.6; IR (KBr) ν 3078 (w), 2977 

(m), 2962 (m), 2929 (m), 2878 (m), 2818 (w), 2773 (w), 1823 (w), 1646 (w), 1452 (m), 1419 

(w), 1395 (w), 1374 (w), 1314 (w), 1254 (w), 1219 (w), 1162 (m), 1129 (m), 1096 (s), 1036 

(vs), 955 (w), 917 (m), 884 (w), 689 (w); MS (Cl
+
 TOF) m/z 225.2 (3%), 223.2 (3%), 193.2 

(10%), 191.1 (6%), 170.1 (8%), 169.1 (70%), 165.1 (12%), 163.1 (100%), 149.1 (5%), 137.1 

(5%), 135.1 (6%), 125.1 (5%), 121.1 (7%), 109.1 (6%), 107.1 (9%); HRMS (Cl
+
 TOF) m/z 

[M+H]
+
 calculated for C14H25O2 225.1855, found 225.1861. 
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(2R*,3S*,4E)-3-(tert-Butyldimethylsilyloxy)-2,4-dimethyl-6-oxohept-4-enal (22) 

 

The dihydroxylation step. Triene 19 (81/19 dr; 1 eq., 0.2 mmol, 60 mg) was dissolved in a 

mixture of tBuOH, THF, and H2O (5/5/1, 2.2 mL) and cooled to 0 °C. Then NMO (1.1 eq., 

26 mg) and OsO4 (5 mol%, 2.5 mg) were added and the reaction mixture was warmed to 

20 °C and stirred for 1 hour. Afterward the reaction mixture was quenched by addition of a 

saturated aqueous Na2SO3 (10 mL), diluted with Et2O (10 mL), and the organic and aqueous 

layers were separated. The aqueous phase was extracted with Et2O (3 × 10 mL), the combined 

organic fractions were washed with brine (3 × 30 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. The crude product was used in the next step without 

further purification. 

The diol cleavage step. The crude dihydroxylation product was dissolved in mixture of 

MeOH and H2O (1/1, 2 mL), cooled to 0 °C and NaIO4 (1.2 eq., 48 mg) was added. After 30 

minutes of stirring at 0 °C TLC analysis indicated that the starting material was not consumed 

completely, therefore another portion of NaIO4 (1.2 eq., 48 mg) was added. The reaction was 

diluted after additional one hour of stirring at 0 °C by H2O (10 mL) and Et2O (10 mL). The 

layers were separated, the aqueous phase was extracted with Et2O (3 × 10 mL) and the 

combined organic fractions were washed with brine (30 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. Column chromatography of the residue (50 g of silica 

gel, Et2O as the eluent) yielded 50 mg (88 %, 82/18 dr) of the title compound as a colorless 

liquid.  

Rf (Et2O) 0.7; the major anti-22: 
1
H NMR (CDCl3, 600 MHz) δ 9.73 (d, J = 2.4 Hz, 1H), 6.25 

(s, 1H), 4.13 (d, J = 6.5 Hz, 1H), 2.61 (pd, J = 7.0, 2.4 Hz, 1H), 2.22 (s, 3H), 2.08 (d, 

J = 1.3 Hz, 3H), 0.98 (d, J = 7.0 Hz, 3H), 0.88 (s, 9H), 0.06 (s, 3H), -0.01 (s, 3H); 
13

C NMR 

(CDCl3, 151 MHz) δ 203.7, 198.7, 155.2, 124.74, 79.5, 49.9, 32.16, 25.77, 18.21, 15.1, 11.5, -

4.4, -5.09; the minor syn-22: 
1
H NMR (CDCl3, 600 MHz) δ 9.70 (d, J = 1.0 Hz, 1H), 6.35 (s, 

1H), 4.56 (d, J = 2.5 Hz, 1H), 2.50 (qdd, J = 7.0, 3.3, 1.0 Hz, 1H), 2.21 (s, 3H), 2.05 (d, 

J = 1.3 Hz, 3H), 1.03 (d, J = 7.0 Hz, 3H), 0.89 (s, 9H), 0.03 (s, 3H), 0.01 (s, 3H); 
13

C NMR 

(CDCl3, 151 MHz) δ 203.6, 198.7, 155.2, 123.9, 75.5, 49.9, 32.23, 25.85, 18.25, 16.6, 7.13, -

4.3, -5.07. IR (KBr) ν 2953 (s),  2929 (s), 2899 (m), 2884 (m), 2857 (s), 2741 (w), 2708 (w), 

1775 (m), 1730 (s), 1694 (s), 1619 (m), 1476 (m), 1464 (m), 1389 (w), 1377 (w), 1362 (m), 
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1254 (s), 1210 (m), 1159 (m), 1138 (m), 1111 (m), 1081 (s), 1039 (m), 1006 (w), 967 (w), 

937 (w), 839 (vs), 776 (s), 866 (w); MS (ESI TOF) m/z 657 (8%), 656.3 (13%), 655.3 (38%), 

609.4 (30%), 325.2 (33%), 323.2 (100%), 307.2 (36%), 283.2 (8%); HRMS (ESI TOF) m/z 

[M+Na]
+
 calculated for C15H28O3SiNa 307.16999, found 307.17008. 

(3R*,4S*,5E,7E)-4-(tert-Butyldimethylsilyloxy)-3,5,7-trimethylnona-5,7-dien-2-one (rac-

23) 

 

To suspension of PdCl2 (25 mol%, 25 mg) and CuCl (1.5 eq., 80 mg) in DMF/H2O mixture 

(4/1, 2.5 mL) alkene rac-19 (>95/5 dr; 1 eq., 0.54 mmol, 159 mg) was added and O2 

atmosphere was introduced by bubbling the gas through the suspension for 30 minutes. After 

that the reaction flask was equipped with a balloon of O2 and the mixture was stirred at 20 °C 

for three days. Then the reaction mixture was diluted with H2O (10 mL) and extracted with 

Et2O (3 × 15 mL). The combined organic phases were then washed with brine (3 × 15 mL), 

dried over MgSO4, filtered, and concentrated under reduced pressure. Column 

chromatography of the residue (150 g of silica gel, 20/1→10/1 hexanes/Et2O) yielded 26 mg 

(16%, >95/5 dr) of ketone rac-23 and 77 mg (48%, >95/5 dr) of the unreacted starting 

material rac-19, both as colorless liquids. 

Rf (5/1 hexanes/Et2O) 0.45; 
1
H NMR (CDCl3, 600 MHz) δ  5.81 (s, 1H), 5.40 (qt, J = 6.8, 

5.4 Hz, 1H), 4.07 (d, J = 9.6 Hz, 1H), 2.85 (dq, J = 9.5, 7.0 Hz, 1H), 2.23 (s, 3H), 1.75 (m, 

3H), 1.72 (d, J = 1.5 Hz, 3H), 1.71 (d, J = 6.9 Hz, 3H), 0.86 (s, 9H), 0.85 (d, J = 7.0 Hz, 3H), 

0.02 (s, 3H), -0.01 (s, 3H); 
13

C NMR (CDCl3, 151 MHz) δ 212.9, 133.8, 132.8, 132.7, 124.6, 

82.9, 50.3, 31.4, 25.8, 18.1, 16.4, 13.6, 12.0, -4.6, -5.5; IR (KBr) ν 2953 (s), 2929 (s), 2893 

(m), 2884 (m), 2860 (s), 1715 (s), 1473 (m), 1458 (m), 1389 (w), 1374 (w), 1362 (m), 1347 

(m), 1251 (m), 1219 (w), 1168 (w), 1123 (w), 1063 (s), 1003 (m), 952 (w), 943 (w), 917 (w), 

884 (m), 857 (m), 833 (s), 818 (w), 800 (w), 776 (s), 671 (w); MS (Cl
+
 TOF) m/z 311.2 (6%), 

309.2 (7%), 296.2 (12%), 295.2 (53%), 254.2 (11%), 253.2 (62%), 240.2 (18%), 239.2 

(100%), 181.1 (5%), 179.1 (37%), 175.1 (5%); HRMS (Cl
+
 TOF) m/z [M+H]

+
 calculated for 

C18H35O2Si 311.2406, found 311.2404. 
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(3R*,4S*,5E,7E)-4-(Methoxymethoxy)-3,5,7-trimethylnona-5,7-dien-2-one (25) 

 

Alkene anti-21 (84/16 dr; 1 eq., 1.8 mmol, 0.4 g) was treated with PdCl2 (25 mol%, 79 mg) 

and CuCl (1.5 eq., 264 mg) in DMF/H2O mixture (4/1, 12.5 mL) under O2 atmosphere at 

40 °C for 3 days. Then the reaction mixture was diluted with H2O (10 mL) and extracted with 

Et2O (3 × 10 mL). The combined organic phases were then washed with brine (3 × 15 mL), 

dried over MgSO4, filtered, and concentrated under reduced pressure. Column 

chromatography of the residue (150 g of silica gel, 10/1 hexanes/Et2O) yielded 68 mg (16 %, 

~77/23 dr) of 25 and 156 mg (39%) of the starting material 21 as colorless liquids. 

Rf (5/1 hexanes/Et2O) 0.15; 
1
H NMR (CDCl3, 600 MHz) δ 5.9 (s, 1H), 5.36 (qdq, J = 6.8, 1.3, 

1.3 Hz, 1H), 4.60 (d, J = 6.6 Hz, 1H), 4.41 (d, J = 6.6 Hz, 1H), 4.12 (d, J = 10.3 Hz, 1H), 3.28 

(s, 3H), 2.88 (dq, J = 10.3, 7.1 Hz, 1H), 2.25 (s, 3H), 1.73 (s, 3H), 1.53-1.48 (m, 6H), 0.92 (d, 

J = 5.6 Hz, 3H); 
13

C NMR (CDCl3, 151 MHz) δ 212.3, 136.2, 131.9, 125.8, 122.6, 93.2, 85.1, 

55.9, 48.7, 30.5, 23.8, 16.7, 15.2, 13.8; IR (KBr) ν 2968 (m), 2932 (m), 2884 (m), 2854 (w), 

2821 (w), 2773 (w), 1715 (s), 1458 (m), 1374 (m), 1350 (m), 1254 (w), 1222 (m), 1177 (m), 

1156 (m), 1129 (m), 1099 (m), 1027 (vs), 949 (m), 925 (m), 890 (w), 845 (w), 803 (w), 603 

(w), 582 (w); MS (Cl
+
 TOF) m/z 240.2 (11%), 209.2 (5%), 207.2 (5%), 195.1 (8%), 180.1 

(35%), 179.1 (100%), 169.1 (89%), 161.1 (6%), 137.1 (43%), 135.1 (12%), 125.1 (16%), 

124.1 (16%), 123.1 (10%), 109.1 (7%), 107.1 (22%); HRMS (Cl
+
 TOF) m/z [M+H]

+
 

calculated for C14H24O3 240.1725, found 240.1717. 

(4E,6E)-3-Hydroxy-2,4,6-trimethylocta-4,6-dienenitrile (26) 

 

A Schlenk flask was charged with THF (5 mL) and cooled to ‒78 °C. Then nBuLi (2 eq., 

1.6 M/hexanes, 625 µL) and iPrNEt2 (2 eq., 140 µL) were added. After stirring for 15 minutes 

EtCN (2 eq., 76 µL) was injected and after another 1 hour aldehyde 5 (1 eq., 0.5 mmol, 

62 mg) was slowly added. The reaction mixture was stirred for 1 hour and then it was 

quenched by a saturated aqueous NH4Cl (30 mL). The organics were extracted with Et2O 

(3 × 15 mL), the combined organic phases were washed with brine (3 × 20 mL), dried 
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over MgSO4, filtered, and concentrated under reduced pressure. Column chromatography of 

the residue (75 g of silica gel, 2/1 hexanes/Et2O) furnished 53 mg (59 %, 57/43 dr) of the title 

compound as a colorless liquid.  

Rf (1/1 hexanes/Et2O) 0.3; the major anti-26: 
1
H NMR (CDCl3, 600 MHz) δ 5.95 (s, 1H), 

5.48-5.42 (m, 1H), 4.05 (dd, J = 7.8, 3.3 Hz, 1H), 2.80 (dq, J = 7.8, 7.2 Hz, 1H), 2.00 (br s, 

1H), 1.76-1.74 (m, 6H), 1.69 (d, J = 6.9 Hz, 3H), 1.24 (d, J = 7.1 Hz, 3H); 
13

C NMR (CDCl3, 

151 MHz) δ 133.9, 132.48, 131.84, 126.3, 121.7, 79.6, 31.1, 16.6, 15.1, 13.8, 12.6; the minor 

syn-25:
 1

H NMR (CDCl3, 600 MHz) δ 6.00 (s, 1H), 4.13 (dd, J = 7.0, 3.0 Hz, 1H), 2.85 (quint, 

J = 7.1 Hz, 1H), 1.83 (br s, 1H), 1.81 (d, J = 1.2 Hz, 3H), 1.34 (d, J = 7.1 Hz, 3H);
XII

 

13
C NMR (CDCl3, 151 MHz) δ 133.5, 132.49, 132.18, 126.1, 121.4, 78.5, 16.6, 13.9, 13.6;

XII
 

IR (KBr) ν 3437(br s), 2983 (s), 2944 (s), 2878 (m), 2241 (m), 1712 (s), 1619 (m), 1452 (s), 

1377 (s), 1272 (m), 1213 (s), 1126 (s), 1084 (s), 1069 (s), 1042 (s), 991 (m), 964 (m), 925 

(m), 884 (w), 594 (s), 543 (s); MS (Cl
+
 TOF) m/z 180.1 (22%), 162.1 (32%), 135.1 (10%), 

126.1 (10%), 125.1 (100%), 107.1 (8%), 84.1 (11%); HRMS (Cl
+
 TOF) m/z [M+H]

+
 

calculated for C11H18NO 180.1388, found 180.1386. 

(4E,6E)-3-(tert-Butyldimethylsilyloxy)-2,4,6-trimethylocta-4,6-dienenitrile (27) 

 

Nitrile 26 (57/43 dr; 1 eq., 1.1 mmol, 0.2 g) was dissolved in DMF (10 mL) and TBSCl 

(1.1 eq., 184 mg), imidazole (2 eq., 151 mg) and DMAP (10 mol%, 14 mg) were added. The 

resulting solution was stirred at 60 °C overnight. As the TLC analysis indicated only a partial 

conversion of the starting material, another portion of TBSCl (1 eq., 167 mg), imidazole 

(2 eq., 151 mg) and DMAP (1 eq., 14 mg) were added. After another two days of stirring at 

60 °C the reaction turned out to be completed. The reaction mixture was cooled to 20 °C and 

quenched by addition of H2O (20 mL) followed by Et2O (20 mL). The organic layer was 

separated and the aqueous phase was extracted with Et2O (3 × 20 mL). The combined organic 

fractions were washed with brine (3 × 30 mL), dried over MgSO4, filtered, and concentrated 

under reduced pressure on a rotatory evaporator. Column chromatography of the residue 

(100 g of silica gel, 20/1→10/1 hexanes/Et2O) yielded 195 mg (60 %, 62/38 dr) of the title 

compound as a colorless oil.  
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Rf (1/1 hexanes/Et2O) 0.7; the major anti-27: 
1
H NMR (CDCl3, 600 MHz) δ 5.84 (s, 1H), 5.41 

(m, 1H), 3.96 (d, J = 8.2 Hz, 1H), 2.74 (m, 1H), 1.73 (quint, J = 1.0 Hz, 3H), 1.69-1.67 (m, 

6H), 1.15 (d, J = 7.2 Hz, 3H), 0.91 (s, 9H), 0.13 (s, 3H), 0.03 (s, 3H); 
13

C NMR (CDCl3, 

151 MHz) δ 133.8, 132.63, 132.5, 122.3, 80.9, 32.3, 25.85, 18.3, 16.5, 15.0, 13.8, 12.2, -4.52, 

-5.06; the minor syn-27: 
1
H NMR (CDCl3, 600 MHz) δ 5.92 (s, 1H), 4.03 (d, J = 7.2 Hz, 1H), 

1.74 (d, J = 1.3 Hz, 3H), 1.74 (m, 3H), 1.29 (d, J = 7.1 Hz, 3H), 0.90 (s, 9H), 0.09 (s, 3H), 

0.02 (s, 3H);
XII

 
13

C NMR (CDCl3, 151 MHz) δ 133.1, 132.64, 121.6, 79.6, 31.6, 25.87, 14.2, 

13.3, -4.47, -5.10;
XII

 IR (KBr) ν 2956 (s), 2926 (s), 2887 (m), 2857 (s), 2244 (w), 1473 (m), 

1461 (m), 1419 (w), 1404 (w), 1380 (w), 1359 (w), 1338 (w), 1254 (m), 1189 (w), 1174 (w), 

1132 (w), 1084 (s), 1006 (m), 940 (w), 890 (m), 860 (m), 833 (s), 815 (w), 779 (s), 674 (w); 

MS (Cl
+
 TOF) m/z 296.2 (8%), 295.2 (12%), 294.2 (100%), 278.2 (18%), 240.2 (17%), 239.2 

(80%), 236.1 (45%), 162.1 (15%); HRMS (Cl
+
 TOF) m/z [M+H]

+
 calculated for C17H32NOSi 

294.2253, found 294.2256. 

(3S*,4R*,7E,9E)-6-(tert-Butyldimethylsilyloxy)-5,7,9-trimethylundeca-7,9-dien-4-one 

(rac-28) 

 

Synthesis from nitrile 27. A Schlenk flask was charged with Et2O (5 mL) and cooled to ‒78 

°C. Then tBuLi (10 eq., 1.55 M solution in pentane, 3.1 mL) and subsequently nPrI (5 eq., 

233 µL) were added and the solution was stirred at ‒78 °C for 30 minutes and 20 °C for 

another 30 minutes. After this time the reaction mixture was cooled to ‒78 °C again and a 

solution of compound 27 (62/38 dr; 1 eq., 477 µmol, 116 mg) in Et2O (2 mL) was added 

dropwise. The resulting solution was stirred at ‒78 °C for 30 minutes and then the reaction 

mixture was quenched by pouring the cold mixture into a saturated aqueous NH4Cl (15 mL). 

The organics were taken into Et2O (3 × 15 mL), the combined organic phases were washed 

with brine (25 mL), dried over MgSO4, filtered, and concentrated under reduced pressure. 



129 

 

Column chromatography of the residue (80 g of silica gel, 20/1 hexanes/Et2O) yielded 113 mg 

(84 %, 62/38 dr) of the title compound as a colorless liquid. 

Synthesis from protected aldol 23. A Schlenk flask was charged with THF (3 mL) and 

cooled to 0 °C before nBuLi (2 eq., 1.6 M solution in hexane, 0.5 mL) and iPr2NH (2.4 eq., 

140 µL) were added dropwise. After 30 minutes the solution was cooled to ‒78 °C and ketone 

23 (1 eq., 0.41 mmol, 125 mg) was slowly added. After 1 hour EtI (2.7 eq., 0.9 mL) was 

injected and after 30 minutes the reaction mixture was allowed to warm to 0 °C and stir for 

additional 3 hours. Subsequently the reaction mixture was quenched by addition of a saturated 

aqueous Na2S2O3 (10 mL), diluted with hexane (20 mL) and the organic phase was separated. 

The aqueous phase was extracted with hexane (3 × 10 mL), the combined organic phases 

were washed with brine (2 × 10 mL), dried over MgSO4, filtered, and concentrated under 

reduced pressure. Column chromatography of the residue (25 g of silica gel, 20/1 

hexanes/Et2O) yielded 62 mg (45 %, >95/5 dr) of the title compound as a colorless liquid. 

Rf (20/1 hexanes/Et2O) 0.2; the major anti-28: 
1
H NMR (CDCl3, 600 MHz) δ 5.77 (s, 1H), 

5.37 (q, J = 6.7 Hz, 1H), 4.07 (d, J = 9.6 Hz, 1H), 2.79 (qd, J = 9.7, 7.0 Hz, 1H), 2.49 (ddd, 

J = 7.8, 6.7, 2.9 Hz, 2H), 1.72 (s, 3H), 1.68-1.67 (m, 6H), 1.64-1.52 (m, 2H), 0.91 (t, 

J = 7.4 Hz, 3H), 0.81 (s, 9H), 0.79 (d, J = 7.0 Hz, 3H), -0.03 (s, 3H), -0.05 (s, 3H); 
13

C NMR 

(CDCl3, 151 MHz) δ 214.6, 134.1, 133.0, 132.8, 124.6, 82.9, 49.6, 47.0, 25.9, 18.2, 16.7, 

16.6, 14.0, 13.9, 13.8, 12.1, -4.4, -5.3; the minor syn-28: 
1
H NMR (CDCl3, 300 MHz) δ 5.71 

(s, 1 H), 5.31 (q, J = 6.4 Hz, 1 H), 2.34 (t, J = 7.2 Hz, 2H), 1.09 (d, J = 6.8 Hz, 3H), 0.88 (s, 

9H), 0.04 (s, 3H), -0.02 (s, 3H);
XII

 IR (KBr) ν 2953 (s), 2929 (s), 2884 (m), 2854 (s), 1715 (s), 

1053 (w), 1476 (m), 1458 (m), 1407 (w), 1389 (w), 1374 (m), 1362 (m), 1335 (w), 1254 (m), 

1216 (w), 1195 (w), 1168 (w), 1123 (w), 1060 (s), 1003 (m), 934 (w), 914 (w), 884 (m), 857 

(m), 839 (s), 779 (s), 971 (w); MS (Cl
+
 TOF) m/z 339.3 (12%), 337.3 (10%), 324.2 (13%), 

323.2 (62%), 282.2 (17%), 261.2 (70%), 240.2 (19%), 239.1 (100%), 207.2 (42%); HRMS 

(Cl
+
 TOF) m/z [M+H]

+
 calculated for C20H39O2Si 339.2719, found 339.2723. 

Deprotection of aldol rac-28 

 

A 2 mL polyethylene vial was charged with TBAF (20 eq., 0.3 g). Then THF (0.5 mL) and 

HF (10 eq., 48% aqueous solution, 17 µL) were added (approximately neutral pH was 
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achieved according to a test by pH indicator paper). The solution was cooled to 0 °C and 

0.5 mL of a THF solution of protected compound rac-28 (62/38 dr; 1 eq., 59 µmol, 20 mg) 

was added dropwise. Then the reaction mixture was warmed to 40 °C and stirred for 3 days. 

Subsequently the solution was poured into water and extracted with CH2Cl2(3 × 5 mL). The 

combined organic phases were washed with brine (10 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure on a rotatory evaporator. Column chromatography of the 

residue on TLC plate (2/1 hexanes/Et2O, 2 × evolved) yielded 8.1 mg (63 %) of 

anti-pteroenone diastereomer and 3.8 mg (29 %) of syn-pteroenone diastereomer as colorless 

liquids. 

(5R*,6S*,7E,9E)-6-Hydroxy-5,7,9-trimethylundeca-7,9-dien-4-one (anti-pteroenone) 

1
H NMR (CDCl3, 600 MHz) δ 5.86 (s, 1H), 5.41 (qp, J = 6.8, 1.3 Hz, 

1H), 4.12 (dd, J = 8.9, 3.7 Hz, 1H), 2.79 (dq, J = 8.9, 7.2 Hz, 1H), 2.52 

(dt, J = 17.3, 7.3 Hz, 1H), 2.48 (dt, J = 17.3, 7.3 Hz, 1H), 2.19 (d, J = 3.8 Hz, 1H), 1.76 (d, 

J = 1.3 Hz, 3H), 1.74 (s, 3H), 1.68 (d, J = 6.9 Hz, 3H), 1.62 (sext., J = 7.4 Hz, 2H), 0.95 (d, 

J = 7.2 Hz, 3H), 0.92 (t, J = 7.4 Hz, 3H); 
13

C NMR (CDCl3, 151 MHz) δ 215.5, 137.5, 133.6, 

132.9, 125.3, 81.0, 49.0, 45.3, 17.0, 16.7, 14.3, 13.9, 13.8, 12.7. The analytical data are in 

agreement with the published values.
66b

 

(5S*,6S*,7E,9E)-6-hydroxy-5,7,9-trimethylundeca-7,9-dien-4-one (syn-pteroenone) 

1
H NMR (CDCl3, 600 MHz) δ 5.95 (s, 1H), 5.37 (qp, J = 6.8, 1.3 Hz, 

1H), 4.31 (m, 1H), 2.76 (qd, J = 7.2, 4.3 Hz, 1H), 2.64 (d, J = 2.9 Hz, 

1H), 2.49 (dt, J = 10.1, 7.3 Hz, 1H), 2.45 (dt, J = 10.1, 7.3 Hz, 1H), 1.72 (m, 6H), 1.68 (d, 

J = 6.8 Hz), 1.60 (sext., J = 7.3 Hz, 2H), 1.08 (d, J = 7.2 Hz, 3H), 0.91 (t, J = 7.5 Hz, 3H); 

13
C NMR (CDCl3, 151 MHz) δ 215.6, 133.1, 133.0, 130.2, 145.5, 76.1, 48.7, 44.0, 17.1, 16.8, 

15.1, 13.9, 13.8, 10.5. The analytical data are in agreement with the published values.
66b 

9.2.8 The deprotection step – the model case 

(5E,7E)-4-Hydroxy-5,7-dimethylnona-5,7-dien-2-one (29) 
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A Schlenk flask was charged with THF (10 mL) and cooled to ‒78 °C. nBuLi (1.5 eq., 

4.36 mL) and iPr2NH (1.5 eq977 µL) were added dropwise and the mixture was stirred at ‒78 

°C for 30 minutes, then acetone (distilled from K2CO3 and stored over 4 Å molecular sieves; 

1.5 eq., 0.5 mL) was added. The reaction mixture was stirred at ‒78 °C for another 60 minutes 

before aldehyde 5 (1 eq., 4.7 mmol, 0.6 g) was added. After 15 minutes of stirring at ‒78 °C 

the reaction mixture was quenched by addition of a saturated aqueous NH4Cl (10 mL). Then 

the mixture was transferred to a separatory funnel, diluted with Et2O (10 mL) and H2O 

(5 mL), and the layers were separated. The aqueous phase was extracted with Et2O 

(3 × 10 mL), the combined organic extracts were washed with brine (3 × 20 mL), dried 

over MgSO4, filtered, and concentrated under reduced pressure. Column chromatography of 

the residue (100 g of silica gel, 5/1→2/1→1/1 Et2O/hexanes and then Et2O) furnished 543 mg 

(64 %) of the title compound as a colorless liquid.  

Rf (Et2O) 0.43; 
1
H NMR (CDCl3, 600 MHz) δ 5.95 (s, 1H), 5.42 (qp, J = 6.9, 1.4 Hz, 1H), 

4.50 (d, J = 9.4 Hz, 1H), 2.80 (d, J = 2.3 Hz, 1H), 2.74 (dd, J = 17.0, 3.0 Hz, 1H), 2.66 (dd, 

J = 17.0, 3.0 Hz, 1H), 2.23 (s, 3H), 1.79 (d, J = 1.3 Hz, 3H), 1.76 (d, J = 1.0 Hz, 3H), 1.70 (d, 

J = 6.9 Hz, 3H);
 13

C NMR (CDCl3, 151 MHz) δ 209.4, 134.5, 132.8, 130.0, 124.9, 73.5, 48.8, 

30.9, 16.5, 13.69, 13.67; IR (KBr) ν 3428 (br w), 2971 (m), 2914 (m), 2860 (m), 1079 (vs), 

1443 (m), 1419 (m), 1377 (s), 1356 (s), 1257 (w), 1236 (w), 1162 (m), 1060 (m), 1021 (w), 

988 (w), 937 (w), 887 (w), 549 (w), 516 (w); MS (ESI TOF) m/z 453.6 (12%), 388.5 (29%), 

387.5 (100%), 374.4 (47%), 329.4 (22%), 206.3 (9%), 205.3 (62%), 165.3 (6%); HRMS (ESI 

TOF) m/z [M+Na]
+
 calculated for C11H18O2Na 205.11990, found 205.11991. 

(5E,7E)-4-(tert-Butyldimethylsilyloxy)-5,7-dimethylnona-5,7-dien-2-one (30) 

 

Aldol 29 (1 eq., 3 mmol, 543 mg) was dissolved in DMF (10 mL). TBSCl (1.1 eq., 0.5 g), 

imidazole (2 eq., 0.4 g) and DMAP (10 mol%, 36 mg) were added and the reaction mixture 

was stirred at 20 °C overnight. Subsequently the reaction mixture was quenched by addition 

of H2O (15 mL) and the organics were extracted with Et2O (3 × 15 mL). The combined 

organic phases were washed with brine (3 × 20 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. Column chromatography of the residue (75 g of 



132 

 

silica gel, 10/1 hexanes/Et2O) furnished 780 mg (88 %) of the title compound as a colorless 

liquid. 

Rf (5/1 hexanes/Et2O) 0.45; 
1
H NMR (CDCl3, 600 MHz) δ 5.86 (s, 1H), 5.36 (qp, J = 6.9, 

1.2 Hz, 1H), 4.48 (dd, J = 9.0, 3.4 Hz, 1H) , 2.77 (dd, J = 14.2, 9.0 Hz, 1H) , 2.38 (dd, 

J = 14.3, 3.8 Hz, 1H), 1.72 (d, J = 1.1 Hz, 3H), 1.71 (s, 3H), 1.67 (d, J = 6.9 Hz, 3H), 0.85 (s, 

9H) , 0.03 (s, 3H) , 0.00 (s, 3H);
 13

C NMR (CDCl3, 151 MHz) δ 207.8, 135.6, 132.9, 129.8, 

124.5, 75.9, 50.5, 31.8, 25.8, 18.1, 16.4, 13.6, 13.0, -4.7, -5.3; IR (KBr) ν 2956 (s), 2929 (s), 

2896 (m), 2881 (m), 1854 (s), 1721 (s), 1473 (m), 1461 (m), 1437 (w), 1416 (w), 1389 (w), 

1356 (m), 1248 (s), 1162 (w), 1075 (s), 1033 (w), 1000 (m), 934 (w), 893 (w), 836 (vs), 809 

(w), 776 (s), 671 (w), 549 (w); MS (Cl
+
 TOF) m/z 297.2 (3%) 296.2 (12%), 281.2 (8%), 241.1 

(9%), 240.1 (83%), 239.1 (100%), 233.1 (12%), 195.1 (43%), 183.1 (17%), 182.1 (40%), 

181.1 (99%), 157.1 (70%), 147.1 (25%), 121.1 (40%), 115.0 (98%), 107.1 (73%), 105.1 

(22%), 93.1 (12%), 91.1 (31%), 77.0 (23%), 75.0 (95%), 73.0 (70%); HRMS (Cl
+
 TOF) m/z 

[M+H]
+
 calculated for C17H32O2Si  296.2172, found 296.2175. 

Deprotection of aldol 30 

 

Table 6, reaction 1. A solution of 30 (1 eq., 0.07 mmol, 21 mg) in CH3CN (0.5 mL) was 

slowly added to an ice cold HF (2 eq., 48% aqueous solution,  6 µL) dissolved in CH3CN 

(0.5 mL) in a polyethylene vial. The resulting mixture was kept in a fridge at 6 °C for 15 

hours. TLC analysis (using anisaldehyde stain) indicated the presence of traces of product 29 

and approximately 2/1 ratio of product 31 and starting material 30. The reaction mixture was 

stirred at 23 °C for another 24 hours before pouring into the saturated aqueous K2CO3 (5 mL). 

The resulting emulsion was extracted with Et2O (3 × 5 mL), the combined organic phases 

were washed with brine (10 mL), dried over MgSO4, filtered, and concentrated under reduced 

pressure. The yield of 31 (57 %) was determined by 
1
H NMR analysis. 

Table 6, reaction 2. The protected alcohol 30 (1 eq., 0.25 mmol, 74 mg) was dissolved in 

THF (0.5 mL) in a teflon cup. The resulting solution was cooled to 0 °C and TBAF in THF 

(2 eq., 1 M solution in THF, 0.5 mL) was added. After 30 minutes of stirring at 0 °C the 

mixture was poured into a saturated aqueous NH4Cl (10 mL) and diluted with Et2O (10 mL). 

The organic phase was separated and washed with brine (3 × 10 mL), dried over MgSO4, 
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filtered, and concentrated under reduced pressure. Column chromatography of the residue 

(50 g of silica gel, 10/1→5/1 hexanes/Et2O) afforded 37 mg (90 %) of a pale yellow liquid of 

compound 31.  

Table 6, Entry 3. Suspension of  TBAF (20 eq., 183 mg) in THF (0.5 mL) in a 2 mL 

polyethylene vial was cooled to 0 °C. Then HF (10 eq., 48 % aqueous solution, 13 µL) was 

added and the suspension dissolved. Then a solution of 30 (1 eq., 0.04 mmol, 10 mg) in THF 

(0.5 mL) was added and the resulting mixture was stirred at 23 °C for 24 hours. Then the 

mixture was poured into a separatory funnel containing H2O (10 mL). The organic layer was 

separated and the aqueous phase was extracted with Et2O (3 × 5 mL). The combined organic 

phases were washed with brine (10 mL), dried over MgSO4, filtered, and evaporated under 

reduced pressure. The residue consisted according to 
1
H NMR analysis of 29 (>95 %) and 

traces of 31 (<5 %). 

Table 6, Entry 4. Following the previous procedure, compound 30 (1 eq., 0.04 mmol, 10 mg) 

was treated with TBAF (20 eq., 183 mg) and 48 % aqueous HF (10 eq., 13 µL) at 40 °C for 

15 hours. It provided 29 in over 90 % yield and 31 in 10% yield according to 
1
H NMR 

analysis. 

(3E,5E,7E)-5,7-Dimethylnona-3,5,7-trien-2-one (31) 

Rf (5/1 hexanes/Et2O) 0.18; 
1
H NMR (CDCl3, 600 MHz) δ 7.21 (dd, 

J = 15.9, 0.8 Hz, 1H), 6.34 (s, 1H), 6.16 (d, J = 15.8 Hz, 1H), 5.69 (qp, 

J = 7.0, 1.2 Hz, 1H), 2.31 (s, 3H), 1.97 (d, J = 0.8 Hz, 3H), 1.87 (quint, J = 1 Hz, 3H);
 

13
C NMR (CDCl3, 151 MHz) δ 198.8, 150.0, 144.8, 133.7, 131.2, 130.2, 125.6, 27.3, 16.3, 

14.1, 13.8; IR (KBr) ν 3043 (w), 2989 (w), 2917 (m), 2854 (w), 1685 (m), 1670 (vs), 1640 (s), 

1586 (w), 1443 (m), 1386 (w), 1365 (m), 1293 (m), 1254 (s), 1210 (m), 1177 (m), 1030 (m), 

973 (m), 893 (w), 839 (w), 588 (w), 516 (w); MS (Cl
+
 TOF) m/z 164.1 (30%), 149.1 (16%), 

122.1 (9%), 121.1 (100%), 109.1 (11%), 106.1 (13%) 105.1 (43%), 93.1 (14%), 91.1 (92 %), 

79.1 (12%); HRMS (Cl
+
 TOF) m/z [M+H]

+
 calculated for C11H16O 164.1201, found 

164.1199. 
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9.2.9 Enantioselective synthesis of pteroenone 

(3S,4S,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-ol ((S,S)-10) 

 

The catalyst (Sa)-XVa (5 mol%, 188 mg) was dissolved in toluene (10 mL) and the solution 

was cooled to ‒30 °C. Then aldehyde 5 (1 eq., 5 mmol, 620 mg) and trans-crotylboronic acid 

pinacol ester (1.2 eq., 1.23 mL) were added and the reaction mixture was stirred at ‒30 °C for 

3 days. Then H2O (20 mL) and Et2O (15 mL) were added. The aqueous phase was separated 

and extracted with Et2O (3 × 15 mL). The combined organic phases were dried over MgSO4, 

filtered, and concentrated under reduced pressure on rotatory evaporator. Column 

chromatography of the residue (75 g of silica gel, 10/1→5/1 hexanes/Et2O) yielded 778 mg 

(86 %, >95/5 dr, >95 % ee) of the title compound as a colorless liquid.  

[α]D
20

 +41 (c 0.83, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for anti-10. 

(3S,4S,5E,7E)-4-(tert-Butyldimethylsilyloxy)-3,5,7-trimethylnona-1,5,7-triene ((S,S)-19) 

 

Alcohol (S,S)-10 (1 eq., 4.1 mmol, 740 mg) was dissolved in DMF (10 mL) and TBSCl 

(1.1 eq., 680 mg), imidazole (2 eq., 559 mg) and DMAP (10 mol%, 50 mg) were added and 

the resulting solution was stirred at 40 °C for 15 hours. After that H2O (15 mL) was added to 

quench the reaction. The aqueous phase was extracted with Et2O (3 × 15 mL); the combined 

organic phases were washed with brine (3 × 20 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. Column chromatography of the residue (80 g of silica 

gel, hexanes and then 20/1 hexanes/Et2O) yielded 1.042 g (86 %,>95/5 dr) of the title 

compound as a colorless liquid.  

[α]D
20

 +12.3 (c 0.81, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for rac-19. 
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(3R,4S,5E,7E)-4-(tert-Butyldimethylsilyloxy)-3,5,7-trimethylnona-5,7-dien-2-one 

((R,S)-23) 

 

Compound (S,S)-19 (1 eq., 3.5 mmol, 1.0 g) was added to a in suspension of PdCl2 (25 mol%, 

154 mg) and CuCl (1.5 eq., 0.5 g) in a mixture of DMF and H2O (4/1, 12.5 mL). A stream of 

O2 was bubbled through the suspension for 30 minutes and then a balloon of O2 was attached 

to the reaction vessel. After 3 days of reaction at 40 °C H2O (15 mL) and Et2O (15 mL) were 

added and the organic phase was separated. The aqueous phase was extracted with Et2O 

(3 × 15 mL), the combined organic phases were washed with brine (3 × 20mL), dried 

over MgSO4, filtered, and concentrated under reduced pressure. Column chromatography of 

the residue (150 g of silica gel, hexanes and then 20/1 hexanes/Et2O) yielded 207 mg (19 %) 

of the title compound as a colorless liquid and 500 mg (49 %) of the starting material. Then 

the isolated starting material was subjected to the same reaction with PdCl2 (25 mol%, 75 mg) 

and CuCl (1.5 eq., 251 mg) in DMF/H2O (4/1, 5 mL) under O2 atmosphere at 40 °C for 

3 days. The same work-up and purification procedure yielded 117 mg (22 %) of the title 

compound and 91 mg (18 %) of the unreacted starting material. In total, 298 mg (27 %, >95/5 

dr) of the title compound as a colorless liquid was obtained. 

[α]D
20

 +14.2 (c 1.2, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for rac-23. 

(5R,6S,7E,9E)-6-(tert-Butyldimethylsilyloxy)-5,7,9-trimethylundeca-7,9-dien-4-one 

((R,S)-28) 

 

Compound (R,S)-23 (1 eq., 480 µmol, 150 mg) was evaporated twice with dry toluene (5 mL) 

and stored over 4 Å molecular sieves in dry toluene (2 mL) for 3 days. A Schlenk flask was 

charged with Et2O (3 mL) and cooled to ‒78 °C. nBuLi (2.5 eq., 1.6M solution in hexanes, 

755 µL) and iPr2NH (2.5 eq., 169 µL) were added and the resulting solution was stirred at ‒78 

°C for 30 minutes. Then the solution of (R,S)-23 in toluene was added and the reaction 

mixture was stirred at ‒78 °C for another 60 minutes. EtI (3.5 eq., 136 µL) was added and 
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after 60 minutes at ‒78 °C the reaction mixture was allowed to warm to 20°C. The reaction 

mixture was quenched with H2O (10 mL) and diluted with Et2O (10 mL). The organic layer 

was separated, the aqueous phase was extracted with Et2O (3 × 10 mL), the combined organic 

fractions were washed by Na2SO3 (15 mL) and brine (15 mL), dried over MgSO4, filtered, 

and concentrated under reduced pressure. Column chromatography of the residue (80 g of 

silica gel, 20/1 hexanes/Et2O) yielded 51 mg (32 %, >95/5 dr) of the title compound as a 

colorless liquid. 

[α]D
20

 -53.3 (c 0.45, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for rac-28. 

(5R,6S,7E,9E)-6-Hydroxy-5,7,9-trimethylundeca-7,9-dien-4-one ((R,S)-pteroenone) 

 

To a solution of TBAF (10 eq., 381 mg) in THF (0.5 mL) was added HF (5 eq., 48 % aqueous 

solution, 27 µL). The pH of the solution was approximately equal to 7, as verified by pH 

indicator strips. Then (R,S)-28 (1 eq., 0.12 mmol, 42 mg) dissolved in THF (0.5 mL) was 

added and the reaction mixture was stirred at 40 °C for 15 hours. Then the misture was poured 

into H2O (5 mL) and the product was extracted with CH2Cl2 (3 × 5 mL). The combined 

organic phases were washed with brine (3 × 10 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. Chromatography of the residue by preparative thin-layer 

chromatography (2/1 hexanes/Et2O) yielded 15 mg (54 %, >95/5 dr, >95% ee) of the title 

compound as a colorless liquid.  

[α]D
20

 +26.7 (c 0.45, hexane) [lt.
65

 +48 (c 0.6, hexane)]. The 
1
H and 

13
C NMR spectra 

correspond to the previously obtained data for anti-pteroenone. 

9.2.10 Preparation of Mosher esters 

 

A 4 mL vial was charged with DMAP (10 mol%), CH2Cl2 (1 mL), Et3N (3 eq), (R)- or 

(S)-MTPA-Cl (1.1 eq) and the corresponding alcohol X (1 eq). The resulting yellow solution 

was allowed to react for 15 hours. Then silica gel (~0.5 g) was added and the solvent was 
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evaporated under reduced pressure on a rotatory evaporator. Column chromatography of the 

residue (10 g of silica gel, 20/1 hexanes/Et2O) yielded the corresponding (S)- and (R)-MTPA-

X Mosher esters as colorless liquids. 

(4S,5E,7E)-5,7-Dimethylnona-1,5,7-trien-4-yl (R)-3,3,3-trifluoro-2-methoxy-2-phenyl-

propanoate ((R)-MTPA-(S)-9) 

Rf (5/1 hexanes/Et2O) 0.6;
1
H NMR (CDCl3, 300 MHz) δ 7.54-7.48 (m, 

2H), 7.40-7.32 (m, 3H), 5.92 (s, 1H), 5.72 (ddt, J = 16.7, 10.1, 7.3 Hz, 

1H), 5.44-5.34 (m, 1H), 5.18-5.05 (m, 2H), 3.58-3.54 (m, 3H), 2.60-2.38 

(m, 2H), 1.72-1.64 (m, 6H), 1.61 (d, J = 1.3 Hz, 3H); 
19

F NMR (CDCl3, 282 MHz) δ -71.53. 

(4S,5E,7E)-5,7-Dimethylnona-1,5,7-trien-4-yl (S)-3,3,3-trifluoro-2-methoxy-2-phenylpro-

panoate ((S)-MTPA-(S)-9) 

Rf (5/1 hexanes/Et2O) 0.6; 
1
H NMR (CDCl3, 300 MHz) δ 7.54-7.48 (m, 

2H), 7.40-7.34 (m, 3H), 6.00 (s, 1H), 5.63 (ddt, J = 17.1, 10.1, 7.0 Hz, 

1H), 5.50-5.38 (m, 1H), 5.08-4.98 (m, 2H), 3.54-3.51 (m, 3H), 2.55-2.32 

(m, 2H), 1.77 (d, J = 1.2 Hz, 3H), 1.73 (s, 3H), 1.69 (d, J = 7.0 Hz, 3H); 
19

F NMR (CDCl3, 

282 MHz) δ -71.31. 

(3S,4S,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-yl (R)-3,3,3-trifluoro-2-methoxy-2-phe-

nylpropanoate ((R)-MTPA-(S,S)-10)
 

Rf (5/1 hexanes/Et2O) 0.6; 
1
H NMR (CDCl3, 300 MHz) δ 7.52-7.48 (m, 

2H), 7.40-7.30 (m, 3H), 5.96 (s, 1H), 5.72 (dddd, J = 17.1, 9.2, 8.1, 

1.0 Hz, 1H), 5.43 (qq, J = 6.7, 1.1 Hz, 1H), 5.14 (d, J = 10.0 Hz, 1H), 

5.12-5.02 (m, 2H), 3.55-3.54 (m, 3H), 2.65-2.50 (m, 1H), 1.71 (s, 3H), 1.69 (d, J = 6.9 Hz, 

3H), 1.54 (s, 3H), 0.93 (dd, J = 6.9, 1.0 Hz, 3H); 
19

F NMR (CDCl3, 282 MHz) δ -71.41. 

(3S,4S,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-yl (S)-3,3,3-trifluoro-2-methoxy-2-phe-

nylpropanoate ((S)-MTPA-(S,S)-10) 

Rf (5/1 hexanes/Et2O) 0.6; 
1
H NMR (CDCl3, 300 MHz) δ 7.52-7.48 (m, 

2H), 7.40-7.32 (m, 3H), 6.00 (s, 1H), 5.62 (ddd, J = 17.2, 9.2, 7.0 Hz, 

1H), 5.43 (q, J = 6.9 Hz, 1H), 5.21 (d, J = 9.4 Hz, 1H), 4.99-4.88 (m, 

2H), 3.53-3.50 (m, 3H), 2.62-2.48 (m, 1H), 1.76 (d, J = 1.1 Hz, 3H), 1.73 (s, 3H), 1.70 (d, 

J = 7.0 Hz, 3H), 0.93 (d, J = 6.5 Hz, 3H); 
19

F NMR (CDCl3, 282 MHz) δ -71.04. 
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(3R,4S,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-yl (R)-3,3,3-trifluoro-2-methoxy-2-phe-

nylpropanoate ((R)-MTPA-(R,S)-10) 

Rf (5/1 hexanes/Et2O) 0.6; 
1
H NMR (CDCl3, 300 MHz) δ 7.53-7.47 (m, 

2H), 7.40-7.34 (m, 3H), 5.87 (s, 1 H), 5.63 (ddd, J = 17.7, 12.3, 7.6 Hz, 

1H), 5.39-5.31 (m, 1H), 5.12 (d, J = 8.5 Hz, 1H), 5.10-5.03 (m, 2H), 

3.56-3.54 (m, 3H), 2.67-2.53 (m, 1H), 1.70-1.65 (m, 6H), 1.57 (d, 

J = 1.2 Hz, 3H), 1.06 (d, J = 6.7 Hz, 3H); 
19

F NMR (CDCl3, 282 MHz) δ -71.36. 

(3R,4S,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-yl (S)-3,3,3-trifluoro-2-methoxy-2-phe-

nylpropanoate ((S)-MTPA-(R,S)-10) 

Rf (5/1 hexanes/Et2O) 0.6; 
1
H NMR (CDCl3, 300 MHz): δ 7.52-7.47 (m, 

2H), 7.40-7.34 (m, 3H), 5.97 (s, 1 H), 5.61 (ddd, J = 17.2, 10.3, 7.8 Hz, 

1H), 5.39 (qp, J = 6.8, 1.3 Hz, 1H), 5.19 (d, J = 9.0 Hz, 1H), 5.08-4.95 

(m, 2H), 3.54-3.52 (m, 3H), 2.65-2.51 (m, 1H), 1.73 (d, J = 1.7 Hz, 3H), 1.73 (s, 3H), 1.68 (d, 

J = 6.8 Hz, 3H), 0.94 (d, J = 6.7 Hz, 3H); 
19

F NMR (CDCl3, 282 MHz) δ -70.99. 

(2E,4E,6S,7R)-3,5,7-trimethyl-8-oxoundeca-2,4-dien-6-yl (R)-3,3,3-trifluoro-2-methoxy-

2-phenylpropanoate ((R)-MTPA-anti-pteroenone) 

Rf (5/1 hexanes/Et2O) 0.6; 
1
H NMR (CDCl3, 300 MHz) δ 7.45-7.30 

(m, 8H), 6.15 (s, 1H), 6.09 (s, 1H), 5.57 (d, J = 10.6 Hz, 1H), 5.48 (d, 

J = 10.7 Hz, 1H), 5.45-5.38 (m, 2H), 3.49 (s, 3H), 3.43 (s, 3H), 

3.04-2.88 (m, 2H), 2.55-2.40 (m, 1H), 2.38-2.27 (m, 1H), 2.25-2.18 (m, 1H), 2.15-2.03 (m, 

1H), 1.77-1.72 (m, 6H), 1.69 (d, J = 6.4 Hz, 6H), 1.58-1.53 (m, collapsed with the signal of 

H2O), 1.53-1.44 (m, 2H), 1.44-1.36 (m, 2H), 0.95 (d, J = 6.5 Hz, 3H), 0.93 (d, J = 6.6 Hz, 

3H), 0.86 (t, J = 7.4 Hz, 3H), 0.81 (t, J = 7.3 Hz, 3H); 
19

F NMR (CDCl3, 282 MHz) δ-71.32, 

-71.30. 

(2E,4E,6S,7S)-3,5,7-trimethyl-8-oxoundeca-2,4-dien-6-yl (S)-3,3,3-trifluoro-2-methoxy-2-

phenylpropanoate ((R)-MTPA-syn-pteroenone) 

Rf (5/1 hexanes/Et2O) 0.6; 
1
H NMR (CDCl3, 300 MHz) δ 7.52-7.45 

(m, 4H),7.42-7.33 (m, 6H), 5.97 (s, 1H), 5.81 (s, 1H), 5.57 (d, 

J = 8.3 Hz, 1H), 5.51 (d, J = 8.0 Hz, 1H), 5.41-5.25 (m, 2H), 3.57-3.49 
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(m, 6H), 3.04-2.91 (m, 2H), 2.43-2.33 (m, 4H), 1.77 (s, 3H), 1.69 (s, 3H), 1.67-1.61 (m, 9H), 

1.50-1.28 (m, 4H), 1.13 (d, J = 6.9 Hz, 3H), 1.01 (d, J = 6.7 Hz, 3H), 0.92-0.78 (m, 6H); 

19
F NMR (CDCl3, 282 MHz) δ -71.04, -71.25. 

(5S,6R,7E,9E)-5,7,9-Trimethyl-4-oxoundeca-7,9-dien-6-yl (R)-3,3,3-trifluoro-2-methoxy-

2-phenylpropanoate ((R)-MTPA-(R,S)-pteroenone) 

Rf (5/1 hexanes/Et2O) 0.6; 
1
H NMR (CDCl3, 300 MHz) δ 7.42-7.33 

(m, 5H), 6.08 (s, 1H), 5.48 (d, J = 10.6 Hz, 1H), 5.45-5.35 (m, 1H), 

3.43 (s, 3H), 3.04-2.89 (m, 1H), 2.54-2.40 (m, 1H), 2.37-2.24 (m, 1H), 

1.74 (s, 3H), 1.69 (d, J = 6.6 Hz, 3H), 1.56 (s, collapsed with the signal of H2O), 1.55-1.45 

(m, 2H), 0.95 (d, J = 7.2 Hz, 3H), 0.86 (t, J = 7.4 Hz, 3H); 
19

F NMR (CDCl3, 282 MHz) 

δ -71.32. 
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9.3 Antillatoxin intermediate 

9.3.1 Preparation of dimethylhexadienal 37 

(E)-Ethyl 2,4,4-trimethylpent-2-enoate (32) 

 

Synthesis by Wittig reaction. Ylide 2 (1 eq., 100 mmol, 36.24 g) was dissolved in toluene 

(100 mL) and pivalaldehyde (1 eq., 9.9 mL) was added. The resulting solution was heated at 

reflux for 6 days; however, conversion of the starting material reached ~60% only (according 

to 
1
H NMR). Then the reaction mixture was concentrated to ~30 mL and after the resulting 

mixture cooled to 23 °C, a yellowish solid precipitated. The slurry was suspended in hexanes 

(50 mL) and the suspension was filtered through a sintered glass filter. The solids were 

thoroughly washed by hexanes (6 × 30 mL) and the combined organic fractions were 

concentrated under reduced pressure. Column chromatography of the residue (250 g of silica 

gel, hexanes and then 5/1 hexanes/Et2O) gave 10.5 g (62%, 19/1 E/Z) of the title compound as 

a pale yellow liquid. 

Synthesis by aldol condensation. The title compound was prepared according to the 

previously reported procedure.
68d

 In several portions NaH (1.25 eq., 60 wt.% in mineral 

liquid, 6.5 g) was added to ethyl propionate (2.5 eq., 28.9 mL) at 0°C and then EtOH 

(10 mol%, 0.75 mL) was added dropwise. Then tBuCHO (1 eq., 130 mmol, 13 mL) was 

added in several portions over a period of 30 min. After 1.5 h of stirring at 0 °C the reaction 

mixture was diluted with hexanes (75 mL) and the saturated aqueous NaHCO3 (30 mL) was 

added. The resulting mixture was diluted with water (50 mL), the layers were separated and 

the aqueous layer was extracted with hexanes (3 × 50 mL), the combined organic fractions 

were dried over MgSO4, filtered, and concentrated under reduced pressure. The obtained 

crude product (17/1 E/Z) was directly used in the next reaction step. 

Rf (10/1 hexanes/Et2O) 0.5; the major (E)-32: 
1
H NMR (CDCl3, 600 MHz) δ 6.79 (q, 

J = 1.4 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2 H), 1.95 (d, J = 1.4 Hz, 3H), 1.31 (t, J = 7.1 Hz, 3H), 

1.18 (s, 9H); 
13

C NMR (CDCl3, 151 MHz) δ  169.5, 151.2, 126.8, 60.7, 33.1, 30.2, 14.5, 13.5; 

the minor (Z)-32: 
1
H NMR (CDCl3, 151 MHz) δ 5.46 (q, J = 1.6 Hz, 1H), 4.19 (q, J = 7.2 Hz, 
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2H, partly overlapped), 1.88 (d, J = 1.6 Hz, 3H), 1.31 (t, J = 7.1 Hz, 3H, partly overlapped), 

1.08 (s, 9H). The recorded spectra were in agreement with the published data.
68d

 

(E)-2,4,4-Trimethylpent-2-en-1-ol (33) 

 

The title compound was prepared according to the previously reported procedure.
68d

 Pellets of 

LiAlH4 (0.55 eq., 2.71 g) were finely grinded in a mortar and the powder was suspended in 

Et2O (150 mL). The suspension was cooled to 0 °C and ester 32 (1 eq., 130 mmol, 22.1 g) 

was added dropwise. The resulting mixture was warmed to 23 °C and stirred overnight. Then 

the mixture was cooled by an ice bath H2O (2.7 mL), NaOH (15 wt.% aqueous solution, 

2.7 mL) and H2O (8.1 mL) were added consecutively to quench the reaction. After 30 min of 

stirring at 0 °C the precipitate was filtered through a sintered glass funnel. The filtrate was 

washed with brine (3 × 75 mL), dried over MgSO4, filtered, and concentrated under reduced 

pressure. The crude product was directly used in the next reaction step. 

Rf (1/1.4 hexanes/Et2O) 0.35; 
1
H NMR (CDCl3, 600 MHz) δ 5.42 (h, J = 1.3 Hz, 1H), 3.92 (d, 

J = 5.2 Hz, 2H), 1.77 (d, J = 1.3 Hz, 3H), 1.30 (t, J = 7.1 Hz, 3H), 1.12 (s, 9H); 
1
H NMR 

(CDCl3, 600 MHz) δ 136.7, 133.4, 70.9, 32.3, 31.0, 14.8. The recorded spectra were in 

agreement with the published data.
68d

 

(E)-2,4,4-Trimethylpent-2-enal (34) 

 

Complex SO3∙Py (1.5 eq., 31 g) was suspended in an ice-cold mixture of DMSO and CH2Cl2 

(1/2, 225 mL). Then Et3N (2 eq., 36 mL) and alcohol 33 (1 eq., 130 mmol, 16.6 g) was added 

dropwise and the resulting mixture was stirred at 23 °C overnight. Then mixture was washed 

with H2O (100 mL) and brine (3  100 mL). The oranic phase was dried over MgSO4, filtered 

and concentrated under reduced pressure. Column chromatography of the residue (150 g of 

silica gel, 20/1 Et2O/pentane) yielded 7.3 g (45% yield over 3 steps) of the title compound as 

a colorless liquid.  

Rf (1/10 hexanes/Et2O) 0.25; 
1
H NMR (CDCl3, 600 MHz) δ 9.30 (s, 1H), 6.40 (d, J = 1.4 Hz, 

1H), 1.85 (d, J = 1.4 Hz, 3H), 1.23 (s, 9H); 
13

C NMR (CDCl3, 151 MHz) δ 196.9, 165.0, 

137.5, 34.3, 29.9, 9.9. The recorded spectra were in agreement with the published data.
68d
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Ethyl (2E,4E)-2,4,6,6-tetramethylhepta-2,4-dienoate (35) 

 

The title compound was prepared according to the previously reported procedure.
68d

 

Suspension of NaH (1.25 eq., 1.28 g) in ethyl propionate (2.5 eq., 5.7 mL) at 0 °C was treated 

with EtOH (10 mol%, 0.15 mL). After the evolution of the hydrogen gas ceased aldehyde 34 

(1 eq., 25.6 mmol, 3.24 g) was added very slowly and the reaction mixture was stirred at 0 °C 

for 1.5 h. Then it was diluted with hexanes (30 mL) and the reaction was quenched by 

addition of the saturated aqueous NaHCO3 (10 mL). The layers were separated and the 

aqueous phase was extracted with hexanes (3 × 20 mL). The combined extracts were dried 

over MgSO4, filtered, and concentrated under reduced pressure. Column chromatography of 

the residue (100 g of silica gel, 20/1 hexanes/Et2O) furnished 4.7 g (88%) of the title 

compound as a colorless liquid. 

Rf (1/10 hexanes/Et2O) 0.375 ;
1
H NMR (CDCl3, 600 MHz) δ 7.08 (td, J = 1.4, 0.6 Hz, 1H), 

5.56 (quint., J = 1.4 Hz, 1H), 4.20 (q, J = 7.1 Hz, 2H), 1.97 (d, J = 1.6 Hz, 3H), 1.91 (dd, 

J = 1.4, 0.5 Hz, 3H), 1.30 (t, J = 7.1 Hz, 3H), 1.16 (s, 9H); 
13

C NMR (CDCl3, 151 MHz) 

δ 169.4, 145.5, 145.0, 131.0, 125.3, 60.7, 33.1, 30.9, 17.5, 14.5, 14.0. The recorded spectra 

were in agreement with the published data.
68d

 

(2E,4E)-2,4,6,6-Tetramethylhepta-2,4-dien-1-ol (36) 

 

The title compound was prepared according to the previously reported procedure.
68d

 Grinded 

pellets of LiAlH4 (0.55 eq., 0.47 g) were suspended in Et2O (50 mL) at 0 °C before ester 35 

(1 eq., 22.4 mmol, 4.7 g) was slowly added. The reaction mixture was stirred at 23 °C for 

15 h. and then H2O (0.5 mL), NaOH (15 wt.% aqueous solution, 0.5 mL) and H2O (1.5 mL) 

were added consecutively. The resulting white precipitate was filtered through a sintered glass 

filter and the solids were washed with Et2O (20 mL). The combined organic fractions were 

washed with brine (3 × 30 mL), dried over MgSO4, filtered, and concentrated under reduced 

pressure. Column chromatography (125 g of silica gel, 5/1→3/1→2/1→1/1 hexanes/Et2O) 

yielded 2.1 g (55%) of the title compound as a colorless liquid. 

Rf (1/1 hexanes/Et2O) 0.375; 
1
H NMR (CDCl3, 600 MHz) δ 5.85 (td, J = 1.3, 0.6 Hz, 1H), 

5.32 (quint., J = 1.4 Hz, 1H), 4.03 (d, J = 4.5 Hz, 2H), 1.83 (dd, J = 1.5, 0.5 Hz, 3H), 1.79 (d, 
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J = 1.5 Hz, 3H), 1.32 (br s, 1H), 1.15 (s, 9H); 
13

C NMR (CDCl3, 151 MHz) δ 140.7, 134.0, 

131.6, 131.0, 69.7, 32.7, 31.1, 18.0, 15.3. The recorded spectra were in agreement with the 

published data.
68d

 

(2E,4E)-2,4,6,6-Tetramethylhepta-2,4-dienal (37) 

 

Synthesis by oxidation with PCC. Suspension of PCC (1.5 eq., 2.1 g) and celite (2.1 g) in 

CH2Cl2 (20 mL) and cooled to 0 °C. Then dienol 36 (1 eq. 12.4 mmol, 2.1 g) was slowly 

added. The resulting reaction mixture was stirred at 23 °C overnight. Then it was filtered 

through a sintered glass filter charged with celite and the solids were washed with CH2Cl2 

(100 mL). The filtrate was concentrated under reduced pressure and column chromatography 

of the residue (200 g of silica gel, 1/10 hexanes/Et2O) yielded 0.54 g (26%) of the title 

compound as a pale yellow liquid. 

Synthesis by oxidation with MnO2. Dienol 36 (1 eq., 4.6 mmol, 0.78 g) was added to a 

vigorously stirred suspension of MnO2 (10 eq., 4 g) in CH2Cl2 (15 mL) at 23 °C. As the TLC 

analysis indicated some remaining starting material after 6 h, another portion of MnO2 (5 eq.,  

2 g) was added and the mixture was stirred at 23 °C overnight. After consumption of the 

starting material MnO2 was filtered off through a sintered glass filter charged with celite and 

the solids were washed with CH2Cl2 (100 mL). The filtrate was concentrated under reduced 

pressure providing 0.65 g (85%) of the sufficiently pure title compound as an yellowish 

liquid. 

Rf (10/1 hexanes/Et2O) 0.3; 
1
H NMR (CDCl3, 600 MHz) δ 9.37 (s, 1H), 6.68 (quint, 

J = 1.3 Hz, 1H), 5.84 (quint, J = 1.6 Hz, 1H), 2.05 (d, J = 1.3 Hz, 3H), 1.92 (d, J = 1.2 Hz, 

3H), 1.19 (s, 9H); 
13

C NMR (CDCl3, 151 MHz) δ 196.4, 157.4, 150.4, 135.5, 132.1, 33.4, 

30.7, 17.2, 10.8. The recorded spectra were in agreement with the published data.
68d 

9.3.2 Enantioselective anti-crotylation of dienal 37 

(3S*,4S*,5E,7E)-3,5,7,9,9-Pentamethyldeca-1,5,7-trien-4-ol (anti-38) 
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Table 7, reaction 1. Dienal 37 (1 eq., 0.2 mmol, 33 mg) was dissolved in toluene (2 mL) and 

(E)-crotylboronic acid pinacol ester (2 eq., 49 µL) was added. The resulting mixture was 

stirred at 23 °C overnight. Then toluene was evaporated and column chromatography of the 

residue (125 g of silica gel, 10/1→5/1 hexanes/Et2O) furnished 34 mg (76%, 99/1 dr) of the 

title compound as a colorless liquid.  

Rf (10/1 hexanes/Et2O) 0.125; 
1
H NMR (CDCl3, 600 MHz) δ 5.82 (s, 1H), 5.76 (ddd, J = 17.1, 

10.2, 8.3 Hz, 1H), 5.31 (p, J = 1.4 Hz, 1H), 5.19-5.14 (m, 2 H), 3.64 (dd, J = 8.7, 2.3 Hz, 1H), 

2.35 (sext., J = 6.8 Hz, 1H), 1.81 (dd, J = 1.4, 0.5 Hz, 3H), 1.75 (d, J = 2.5 Hz, 1H), 1.73 (d, 

J = 1.4 Hz, 3H), 1.14 (s, 9H), 0.91 (d, J = 6.8 Hz, 3H); 
13

C NMR (CDCl3, 151 MHz) δ 141.4, 

140.5, 134.3, 134.1, 130.9, 116.6, 81.9, 42.6, 32.7, 31.1, 18.1, 17.0, 12.6; IR (KBr) ν 3413 (br 

w), 3078 (vw), 2959 (vs), 2908 (m), 2872 (m), 1712 (vw), 1637 (vw), 1467 (w), 1452 (w), 

1419 (vw), 1383 (w), 1359 (w), 1251 (vw), 1233 (w), 1201 (vw), 1180 (vw), 1162 (vw), 1114 

(vw), 1072 (vw), 1012 (m), 914 (m), 842 (vw), 806 (vw), 692 (vw); UV (0.45 µM, 

heptane/iPrOH 95/5) λmax 232 (0.18); MS (EI+, TOF) m/z 167.1 (31), 111.1 (100), 93.1 (15), 

57.1 (38); HRMS (EI+, TOF) m/z calculated 222.1984 for C15H26O, found 222.1985. 

(3S*,4R*,5E,7E)-3,5,7,9,9-Pentamethyldeca-1,5,7-trien-4-ol (syn-38) 

 

Table 7, reaction 2. To an ice-cold solution of dienal 12 (1 eq., 0.2 mmol, 33 mg) in toluene 

(2 mL) was added (Z)-crotylboronic acid pinacol ester (2 eq., 49 µL) and resulting mixture 

was warmed to 23 °C and stirred overnight. The reaction was quenched by addition of DIBAL 

(2 eq., 1 M solution in cyclohexane, 0.4 mL) to the solution cooled to 0 °C and after 30 min 

aqueous HCl (2 eq., 0.1 M, 4 mL) was added to the cold reaction mixture. The resulting 

suspension was warmed to 23 °C and stirred for 15 min during which the suspension partly 

dissolved. Then H2O (5 mL) and Et2O (10 mL) were added and the phases were separated. 

The aqueous phase was extracted with Et2O (3 × 10 mL). The combined organic fractions 

were dried over MgSO4, filtered, and concentrated under reduced pressure. Column 

chromatography of the residue (125 g of silica gel, 5/1 hexanes/Et2O) yielded 29 mg (65% dr 

1/99) of the title compound as a colorless liquid. 

Rf (10/1 hexanes/Et2O) 0.125; 
1
H NMR (CDCl3, 600 MHz) δ 5.82 (s, 1H), 5.75 (ddd, J = 17.5, 

10.4, 7.3 Hz, 1H), 5.28 (quint, J = 1.3 Hz, 1H), 5.06 (dt, J = 17.3, 1.5 Hz, 1H), 5.01 (ddd, 

J = 10.4, 2.0, 0.8 Hz, 1H), 3.82 (dd, J = 6.8, 3.3 Hz, 1H), 2.43 (sept., J = 6.8 Hz, 1H), 1.80 
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(dd, J = 1.3, 0.3 Hz, 3H), 1.71 (d, J = 1.4 Hz, 3H), 1.14 (s, 9H), 1.05 (d, J = 6.7 Hz, 3H); 

13
C NMR (CDCl3, 600 MHz) δ 141.2, 140.3, 135.1, 132.7, 131.0, 114.4, 81.2, 41.4, 37.7, 

31.1, 18.8, 14.9, 13.9; IR (KBr) ν 3365 (br w), 2956 (vs), 2911 (m), 2866 (m), 1637 (w), 1458 

(w), 1419 (w), 1362 (m), 1299 (vw), 1254 (vw), 1227 (vw), 1198 (vw), 1168 (vw), 1102 

(vw), 1027 (s), 1015 (s), 997 (s), 914 (m), 887 (w), 686 (m); MS (EI+, TOF) m/z 167.1 (31), 

111.1 (100), 93.1 (15), 57.1 (38); HRMS (EI+, TOF) m/z calculated 222.1984 for C15H26O, 

found 222.1987.  

(3S,4S,5E,7E)-3,5,7,9,9-pentamethyldeca-1,5,7-trien-4-ol ((S,S)-38) or (3R,4R,5E,7E)-

3,5,7,9,9-pentamethyldeca-1,5,7-trien-4-ol ((R,R)-38) 

 

Representative procedure for XV catalyzed reactions (Table 7, reaction 1). A flask was 

charged with the respective catalyst (Sa)-XVa (2.5 mol%, 3.8 mg) and toluene (2 mL). Then 

dienal 37 (1 eq., 0.2 mmol, 33 mg) was added and the solution was cooled to ‒40 °C before 

(E)-crotylboronic acid pinacol ester (2 eq., 49 µL) was slowly added. The resulting mixture 

was stirred at ‒40 °C for 3 days. Afterwards DIBAL (2 eq., 1 M solution in cyclohexane, 

0.4 mL) was added and the mixture was stirred at ‒40 °C for 30 min. Subsequently aqueous 

HCl (2 eq., 0.1 M, 4 mL) was added and the reaction mixture was warmed to 23 °C. Then 

H2O (5 mL) and Et2O (5 mL) were added and the layers were separated. The aqueous layer 

was extracted with Et2O (3 × 10 mL), the combined organic fractions were dried over MgSO4, 

filtered, and concentrated under reduced pressure. Column chromatography of the residue 

(125 g of silica gel, 5/1 hexanes/Et2O) yielded the title compound as 36 mg (80%, 99/1 dr, 

94% ee) colorless liquids. 

Representative procedure for XIIa catalyzed reactions (Table 7, reaction 6). A solution of 

the dioxide catalyst (R,Sa)-XIIa (2.5 %, 2.2 mg) in THF (2 mL) was treated with iPr2NEt 

(3 eq., 105 µL) and dienal 37 (1 eq., 0.2 mmol, 33 mg). The solution was cooled to ‒40 °C, 

(E)-crotyltrichlorosilane (2 eq., 64 µL) was added and the reaction mixture was stirred 

overnight. The reaction was then quenched by addition of the saturated aqueous NaHCO3 

(10 mL) and Et2O (10 mL). The aqueous phase was extracted with Et2O (3 × 10 mL) and the 

combined organic extracts were dried over MgSO4, filtered, concentrated under reduced 

pressure. Column chromatography of the residue (125 g of silica gel, 
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10/1→5/1 hexanes/Et2O) yielded 27 mg (61%, 99/1 dr, 99% ee)of the title compound as 

colorless liquids. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-38. 

9.3.3 Racemic synthesis of the antillatoxin intermediate 

(3S*,4S*,5E,7E)-3,5,7,9,9-pentamethyldeca-1,5,7-trien-4-ol (anti-38) 

 

Solution of dienal 37 (1 eq., ~5.1 mmol)
XIV

 in Et2O (50 mL) was treated with 

(E)-crotylboronic acid pinacol ester (1.03 eq., 1.077 mL) at 23 °C overnight. Then the 

volatiles were evaporated under reduced pressure and column chromatography of the residue 

(175 g of silica gel, 10/1→5/1 hexanes/Et2O) gave 0.8 g (73% over 3 steps, >30/1 dr) of the 

title compound as a colorless liquid. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-38.  

(3S*,4S*,5E,7E)-3,5,7,9,9-Pentamethyldeca-1,5,7-trien-4-yl acrylate (rac-39) 

 

Alcohol anti-38 (1 eq., 2 mmol, 445 mg) was dissolved in CH2Cl2 (20 mL) and the solution 

was cooled to 0 °C. Then iPr2NEt (2.2 eq., 871 µL) and acryloyl chloride (2.1 eq., 343 µL) 

were added and the resulting orange solution was stirred at 23 °C for 4 h. The mixture 

reaction was quenched by addition of the saturated aqueous NaHCO3 (30 mL) to the ice-cold 

mixture. The organic layer was separated and the aqueous was extracted with CH2Cl2 (3 

× 20 mL). The combined organic phases were washed with brine (30 mL), dried over MgSO4, 

filtered and concentrated under reduced pressure. Column chromatography of the residue 

(75 g of silica gel, 20/1 hexanes/Et2O) yielded 510 mg (92%) of the title compound as a 

colorless liquid. 

                                                 
XIV

 Compound was prepared from ester 35 (18.5 mmol, 3.9 g) following the described procedures. At the stage 

of alcohol 36 one quarter of the crude product was used for the next reaction step. 
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Rf (20/1 hexanes/Et2O) 0.3; 
1
H NMR (CDCl3, 600 MHz) δ  6.37 (dd, J = 17.3, 1.5 Hz, 1H), 

6.10 (dd, J = 17.4, 10.4 Hz, 1H), 5.88 (s, 1H), 5.79 (dd, J = 10.4, 1.6 Hz, 1H), 5.72 (ddd, 

J = 17.2, 10.3, 7.9 Hz, 1H), 5.29 (quint, J = 1.5 Hz, 1H), 5.05-4.98 (m, 3H), 2.55 (ddq, 

J = 8.8, 7.8, 6.9 Hz, 1H), 1.79 (d, J = 1.2 Hz, 3H), 1.74 (d, J = 1.5 Hz, 3H), 1.13 (s, 9H), 0.95 

(d, J = 6.9 Hz, 3H); 
13

C NMR (CDCl3, 151 MHz) δ 165.5, 140.9, 140.5, 135.5, 130.8, 130.6, 

130.4, 129.1, 83.2, 40.5, 32.8, 31.1, 18.1, 16.9, 13.5; IR(KBr) ν 3078 (vw), 3037 (vw), 2953 

(m), 2908 (w), 2863 (w), 1730 (s), 1640 (w), 1464 (w), 1455 (w), 1407 (m), 1374 (w), 1362 

(w), 1323 (vw), 1296 (w), 1269 (m), 1096 (vw), 1042 (m), 1015 (w), 988 (m), 961 (m), 911 

(m), 890 (w), 806 (w), 692 (vw); MS (CI+, TOF) m/z 276.2 (12), 261.2 (8), 221.2 (45), 205.2 

(100), 203.2 (11), 189.2 (11), 149.1 (95), 135.1 (11); HRMS (CI+, TOF) m/z calculated for 

C18H28O2 276.2089, found 276.2088.  

(5S*,6S*)-5-Methyl-6-((2E,4E)-4,6,6-trimethylhepta-2,4-dien-2-yl)-5,6-dihydro-2H-

pyran-2-one (rac-40) 

 

The representative procedure for metathesis reactions (Table 8, reaction 3). A dry 4 mL 

vial was charged with CD2Cl2 (0.4 mL) and alkene rac-39 (1 eq., 0.1 mmol, 28 mg). Another 

vial was loaded with the Grubb’s 1st generation catalyst G I (1.25 mol%, 1 mg) and the 

second portion of CD2Cl2 (0.4 mL). Argon was briefly bubbled through both solutions, which 

were then transferred to a dry NMR tube. The tube was then immersed into a heating bath set 

to 40 °C. Another three portions of the catalyst were added at 5, 20 and 24 h of the reaction 

time. The course of reaction was followed by 
1
H NMR spectroscopy. 

Procedure fot the HG II catalyzed reaction (Table 8, reaction 8). A solution of the 

Hoveyda-Grubbs 2
nd

 generation catalyst HG II (1.25 mol%, 1 mg) in perfluoro-

toluene/benzene-d6 (7/1, 400 µL) was added to the solution of alkene rac-39 (1 eq., 

0.1 mmol, 28 mg) and Ti(OiPr)4 (20 mol%, 6 µL) in a mixture of perfluorotoluene/benzene-

d6 (7/1, 400 µL) previously inserted into a dry NMR tube. The solution was allowed to react 

at 80 °C and after completion the mixture was transferred to a round bottom flask and the 

NMR tube was rinsed witn CH2Cl2 (3 × 1 mL). Then DMSO (50 eq., 360 µL) was added to 

trap the ruthenium and the solution was stirred overnight. Then the volatiles were uvaporated 

and the residue was purified by column chromatography (20 g of silica gel, hexanes and then 

1/1 hexanes/Et2O) furnishing 25 mg (89%) of the title compound as a colorless liquid. 
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Rf (1/1 hexanes/Et2O) 0.3; 
1
H NMR (CDCl3, 600 MHz) δ 6.68 (dd, J = 9.7, 2.0 Hz, 1H), 5.97 

(dd, J = 9.7, 2.7 Hz, 1H), 5.89 (s, 1H), 4.33 (d, J = 11.2 Hz, 1H), 2.76-2,69 (m, 1H), 1.81 (dd, 

J = 1.4, 0.6 Hz, 3H), 1.79 (d, J = 1.5 Hz, 3H), 1.14 (s, 9H), 1.03 (d, J = 7.3 Hz, 3H); 
13

C NMR 

(CDCl3, 151 MHz) δ 164.6, 152.0, 141.5, 137.7, 130.3, 129.2, 120.3, 90.9, 32.8, 31.3, 31.0, 

17.8, 15.9, 12.9. The recorded spectra were in agreement with the published data.
69c

 

9.3.4 Enantioselective synthesis of the antillatoxin intermediate 

(3S,4S,5E,7E)-3,5,7,9,9-Pentamethyldeca-1,5,7-trien-4-ol ((S,S)-38) 

 

The crude aldehyde 37 (1 eq., ~1 mmol)
XV

 was dissolved in toluene (5 mL) and catalyst 

(Sa)-XVa (2.5 mol%, 18.8 mg) was added. Then the solution was cooled to ‒40 °C and 

(E)-crotylboronic acid pinacol ester (1.05 eq., 215 µmol) was added. After 3 days of reaction 

DIBAL (2 eq., 1 M in cyclohexane, 2 mL) was added to quench the reaction. The excess of 

DIBAL was neutralized with HCl (2 eq., 0.1 M aqueous solution, 20 mL) and the reaction 

mixture was warmed up. The slurry dissolved after 30 min of stirring and the aqueous and 

organic layer were separated. The aqueous phase was washed with hexanes (3 × 5 mL) and 

the solution was subjected to column chromatography (100 g of silica gel, hexanes and then 

20/1 hexanes/Et2O) yielded 178 mg (80%, 99/1 dr, 93% ee) of the title compound as a 

colorless liquid.  

[α]D +35.1 (c 7.4, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for anti-38. 

(3S,4S,5E,7E)-3,5,7,9,9-Pentamethyldeca-1,5,7-trien-4-yl acrylate ((S,S)-39) 

 

To the solution of alcohol (S,S)-10 (1 eq., 0.5 mmol, 111 mg) in CH2Cl2 (5 mL) was added 

iPr2NEt (2 eq., 174 µL) at 0 °C. Acryloyl chloride (1.5 eq., 61 µL) was added and after 

                                                 
XV

 The aldehyde was prepared from alcohol 36 (1 eq., 1 mmol) in pentane/Et2O 2.5/1 mixture (6.6 mL) using the 

procedures previously described. 
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15 min the cooling bath was removed. The reaction mixture was stirred at 23 °C overnight. As 

the reaction was not completed according to the TLC analysis another portion of iPrNEt 

(1 eq., 87 µL) and acryloyl chloride (0.5 eq., 30 µL) were added and the reaction was stirred 

for further 4 h. The reaction was then quenched by addition of the saturated aqueous NaHCO3 

(2 mL) and diluted with H2O (10 mL) and CH2Cl2 (5 mL), the layers were separated and the 

aqueous phase was washed with CH2Cl2 (3 × 10 mL). The combined organic fractions were 

dried over MgSO4, filtered, and concentrated under reduced pressure. Column 

chromatography of the residue (50 g of silica gel, 20/1 hexanes/Et2O) yielded 129 mg (93%) 

of the title compound as a colorless liquid.  

[α]D +12.3 (c 1.42, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for rac-39. 

(5S,6S)-5-Methyl-6-((2E,4E)-4,6,6-trimethylhepta-2,4-dien-2-yl)-5,6-dihydro-2H-pyran-

2-one ((S,S)-40) 

 

The ester (S,S)-39 (1 eq., 100 µmol, 28 mg) was dissolved in mixture of 

perfluorotoluene/benzene-d6 (7/1, 400 µL) and inserted in a 2 mL vial. Then Ti(OiPr)4 

(20 mol%, 6 µL) was added. In another vial the Hoveyda-Grubbs 2
nd

 generation catalyst HG 

II (1.25 mol%, 1 mg) was dissolved in a identical perfluorotoluene/benzene-d6  mixture (7/1, 

400 µL). Then both solutions were transferred to an NMR tube and the mixture was warmed 

to 80 °C. After 3 h the conversion of the starting material reached ~ 95% according to 
1
H 

NMR analysis. The reaction mixture was transferred to a 5 mL round bottom flask and the 

NMR tube was rinsed with CH2Cl2 (5 mL). DMSO (50 eq., 355 µL) was added and the 

mixture was stirred at 23 °C overnight. Then the volatiles were evaporated and column 

chromatography of the residue (25 g of silica gel, hexanes and then 20/1 hexanes/Et2O) gave 

23.4 mg (94%, 93% ee) of the title compound as a colorless solid.  

M.p. 46-49 °C; [α]D +153.0 (c 1.5, CHCl3) [lt.
69c

 +96.1 (c 0.4, CHCl3)]. The 
1
H and 

13
C NMR 

spectra correspond to the previously obtained data for rac-40 and to the published data.
69c 
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9.3.5 Mosher esters 

(3S,4S,5E,7E)-3,5,7,9,9-Pentamethyldeca-1,5,7-trien-4-yl (2S)-3,3,3-

trifluoro-2-methoxy-2-phenylpropanoate ((S)-MTPA-(S,S)-38) 

1
H NMR (CDCl3, 600 MHz) δ 7.50-7.47 (m, 2H, o-H of Ph), 7.38-7.33 

(m, 3H, m,p-H of Ph), 5.97 (s, 1H, =C
6
H-), 5.62 (ddd, J = 17.1, 10.2, 

7.9 Hz, 1H, -C
2
H=), 5.29 (quint, J = 1.4 Hz, 1H, -C

8
H=), 5.20 (d, 

J = 9.4 Hz, 1H, >C
4
H-O), 5.09 (ddd, J = 17.2, 1.6, 0.9 Hz, 1H, (E)-H of =C

1
H2), 5.04 (ddd, 

J = 10.3, 1.6, 0.7 Hz, 1H, (Z)-H of =C
1
H2), 3.51 (m, 3H, O-CH3), 2.59-2.53 (sext., J = 6.9 Hz, 

1H, >C
3
H-), 1.80 (dd, J = 1.4, 0.6 Hz, 3H, C

7
-CH3), 1.73 (d, J = 1.5 Hz, 3H, C

5
-CH3), 1.15 (s, 

9H, (H3C)3C
9
), 0.93 (d, J = 0.9 Hz, 3H, C

3
-CH3); 

13
C NMR (CDCl3, 151 MHz) δ 165.95 

(>C=O), 141.17 (-C
8
H=), 139.56 (-C

2
H=), 137.48 (-C

6
H=), 132.91 (y-C of Ph), 130.44 

(=C
7
<), 129.90 (=C

5
<), 129.54 (p-C of Ph), 128.31 (m-C of Ph), 127.69 (o-C of Ph), 127.09 

(q, J = 288.6 Hz, -CF3), 115.99 (=C
1
H2), 86.12 (>C

4
H-O), 84.56 (q, J = 23.8 Hz, C-CF3), 

55.51 (O-CH3), 40.11 (>C
3
H-), 32.81 ((H3C)3C

9
-), 31.08 ((H3C)3C

9
-), 17.91 (C

5
-CH3), 16.64 

(C
3
-CH3), 13.25 (C

7
-CH3); 

19
F NMR (CDCl3, 282 MHz) δ-70.97. 

(3R,4R,5E,7E)-3,5,7,9,9-Pentamethyldeca-1,5,7-trien-4-yl (2S)-3,3,3-trifluoro-2-metho-

xy-2-phenylpropanoate ((S)-MTPA-(R,R)-38) 

Rf  (10/1 hexanes/Et2O) 0.425; 
1
H NMR (CDCl3, 600 MHz) δ 7.50-7.47 

(m, 2H, o-H of Ph), 7.38-7.33 (m, 3H, m,p-H of Ph), 5.92 (s, 1H, 

-C
6
H=), 5.73 (ddd, J = 17.1, 10.3, 8.1 Hz, 1H, -C

2
H=), 5.24 (quint, 

J = 1.4 Hz, 1H, -C
8
H=), 5.13 (d, J = 9.8 Hz, 1H, >C

4
H-O) 4.96 (ddd, J = 17.2, 1.6, 1.0 Hz, 

1H, (E)-H of =C
1
H2), 4.91 (ddd, J = 10.3, 1.6, 0.7 Hz, 1H, (Z)-H of =C

1
H2), 3.55 (m, 3H, 

O-CH3), 2.61-2.54 (sext., J = 6.9 Hz, 1H, >C
3
H-),  1.77 (dd, J = 1.4, 0.6 Hz, 3H, C

7
-CH3), 

1.48 (d, J = 1.4 Hz, 3H, C
5
-CH3), 1.14 (s, 9H, (H3C)3C

9
), 0.93 (d, J = 0.9, 3H, C

3
-CH3); 

13
C NMR (CDCl3, 151 MHz) δ 165.90 (>C=O), 141.04 (-C

8
H=), 140.43 (=C

2
H-), 137.48 

(-C
6
H=), 132.76 (y-C of Ph), 130.44 (=C

7
<), 129.61 (=C

5
<), 129.49 (p-C of Ph), 128.28 (m-C 

of Ph), 127.49 (o-C of Ph), 127.01 (q, J = 288.6 Hz, CF3), 116.07 (=C
1
H2), 86.57 (>C

4
H-O), 

84.53 (q, J = 23.8 Hz, C-CF3), 56.08 (O-CH3), 39.88 (>C
3
H-), 32.78 ((H3C)3C

9
-), 31.08 

((H3C)3C
9
-), 17.01 (C

5
-CH3), 16.64 (C

3
-CH3), 12.81 (C

7
-CH3); 

19
F NMR (CDCl3, 282 MHz) 

δ -71.41.  
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9.4 Allylation of haloacrylaldehydes 

9.4.1 Preparation of halomethacrylaldehydes 

(E)-3-iodo-2-methylacrylic acid ((E)-41) 

 

The title compound was prepared according to the previously reported procedure.
91

 Diethyl 

methylmalonate (1 eq., 100 mmol, 17 mL) was added over 1 hour to an ice-cold suspension of 

NaH (1.2 eq., 60 wt.% suspension in mineral oil, 4.8 g) in Et2O (150 mL). After completion 

of the addition the mixture was refluxed for 2 hours. Then it was allowed to cool down, CHI3 

(1 eq., 39.4 g) was added portionwise and the suspension was refluxed overnight. Then HCl 

(10% aqueous solution, 50 mL) was added slowly to the stirred solution cooled to 0°C. The 

organic phase was then separated and the aqueous phase was extracted with Et2O (2 × 

20 mL). The combined organic extracts were dried over MgSO4, filtered and concentrated 

under reduced pressure. The resulting dark red liquid of the crude diethyl 2-(diiodomethyl)-2-

methylmalonate was dissolved in EtOH (195 mL), solution of KOH (2.5 eq., 14.03 g) in H2O 

(65 mL) was added and the mixture was refluxed overnight. Then the volatiles were 

evaporated and to the residue K2CO3 (10% aqueous solution, 150 mL) was added. The 

resulting mixture was washed with CH2Cl2 (2 × 50 mL) and the aqueous phase was 

transferred back to a round-bottom flask with a magnetic stirrer bar. Concentrated HCl 

(3.6 eq., 31.4 mL) was slowly added to the vigorously stirred solution and the crude product 

was then extracted with CH2Cl2 (4 × 50 mL). The combined organic extracts were dried over 

MgSO4, filtered and concentrated under reduced pressure. The carboxylic acid (E)-41 was 

obtained as 11 g (52%, pure E isomer) of pink solids. 

M.p. 48-51 °C (lt.
142

 48-49 °C); 
1
H NMR (CDCl3, 400 MHz) δ 10.92 (br s, 1H), 8.02 (s, 1H), 

2.06 (s, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 169.1, 139.2, 101.9, 20.0. The recorded spectra 

correspond to the published data.
91
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(E)-3-Iodo-2-methylprop-2-en-1-ol ((E)-42) 

 

Synthesis from iodomethacrylic acid (E)-41. The title compound was prepared according to 

the previously reported procedure.
91

 A solution of iodomethacrylate (E)-41 (1 eq., 52 mmol, 

11 g) in Et2O (30 mL) and slowly added to an ice-cold suspension of LiAlH4 (1 eq., 1.97 g) in 

Et2O (100 mL). Then the cooling bath was removed and the resulting suspension was stirred 

for 2 hours. The reaction was quenched according to Fieser: the mixture was cooled to 0 °C 

before H2O (2 mL), NaOH (15 wt.% aqueous solution, 2 mL) and H2O (6 mL) were added. 

Then the suspension was stirred for 30 minutes at 23 °C during which MgSO4 (~ two tea 

spoons) was added. The solids were then filtered through a sintered glass funnel and the 

filtrate was concentrated under reduced pressure to obtain 9.2 g (89%, pure E isomer) alcohol 

(E)-42 as a pale yellow liquid. 

Synthesis from propargyl alcohol. A modified previously reported procedure was used.
92

 A 

three-necked flask was charged with Cp2ZrCl2 (25 mol%, 3.7 g) and CH2Cl2 (100 mL). The 

resulting solution was cooled to 0 °C and AlMe3 (3 eq., 2 M solution in hexanes, 75 mL) was 

added by a cannula. Subsequently, propargyl alcohol (1 eq., 50 mmol, 2.9 mL) was added 

carefully over a period of 30 min and then the solution was warmed to 40 °C and stirred 

overnight. Then the reaction mixture was cooled to ‒30 °C and solution of iodine (1.2 eq., 

15.4 g in 20 mL of THF) was added dropwise. Stirring at -30 ° continued for another 30 min 

before the saturated aqueous NaHCO3 (12 mL) was added dropwise. When the gas 

development ceased, the mixture was slowly warmed to 23 °C and an additional amount of 

the saturated aqueous NaHCO3 (50 mL) was added carefully. Although the slurry was diluted 

with H2O (200 mL) and Et2O (150 mL), the aluminium species didnʹt dissolve completely. As 

the layers did not separate, the whole mixture was filtered through a Buchner funnel equipped 

with a piece of fabric. After the filtration of the solids, the layers were successfully separated 

and the aqueous phase was extracted with Et2O (150 mL). The combined organic phases were 

washed with the saturated aqueous Na2S2O3 (50 mL), dried over MgSO4, filtered, and 

concentrated under reduced pressure. Column chromatography of the residue (300 g of silica 

gel, 2/1 hexanes/Et2O and then 2/1→1/1 pentane/Et2O) furnished a solution of the title 
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compound in a mixture of Et2O/pentane (~55 mM) that was directly used in the next reaction 

step (except a small fraction which was used for the 
1
H NMR measurement).  

Rf (2/1 hexanes/Et2O) 0.15; 
1
H NMR (CDCl3, 600 MHz) δ 6.29 (sext., J = 1.3 Hz, 1H), 4.14 

(d, J = 5.2 Hz, 2H), 1.85 (s, 3H), 1.61 (br s, 1H); 
13

C NMR (CDCl3, 151 MHz) δ 147.3, 77.5, 

67.3, 21.5. The recorded spectra were in agreement with the published data.
92 

(E)-3-Iodo-2-methylpropenal ((E)-43a) 

 

The title compound was prepared according to the previously reported procedure.
90

 A solution 

of (E)-42 in Et2O/pentane from the previous reaction step (1 eq., ~3 mmol, 0.055 M, 54 mL) 

was added to the powder of activated MnO2 (10 eq., 2.6 g) and the resulting suspension was 

stirred at 23 °C for 5 h. Then the mixture was filtered through a sintered glass filter with a pad 

of celite. The solids were washed with Et2O (50 mL) and the volatiles were evaporated under 

reduced pressure furnishing 240 mg (40% over 2 steps) of the title compound as a pale yellow 

liquid. (For the allylation and crotylation reactions aldehyde (E)-43a was prepared as ~2.85 M 

solution in Et2O by repeating this procedeure.)  

Rf (2/1 hexanes/Et2O) 0.5; 
1
H NMR (CDCl3, 600 MHz) δ 9.52 (s, 1H), 7.80 (q, J = 1.2 Hz, 

1H), 1.92 (d, J = 1.1 Hz, 3H); 
1
H NMR (C6D6, 300 MHz) δ 8.85 (s, 1H), 6.67 (q, J = 1.2 Hz, 

1H), 1.63 (d, J = 1.3 Hz, 3H);  
13

C NMR (CDCl3, 151 MHz) δ 189.6, 151.0, 109.6, 16.6. The 

recorded spectra were in agreement with the published data.
90

 

(Z)-3-Iodo-2-methylprop-2-en-1-ol ((Z)-42) 

 

The title compound was prepared according to the previously reported procedure.
93

 A 250 mL 

three-necked flask was equipped with a larger magnetic stirrer bar to ensure effective stirring 

during the whole course of the reaction. Copper(I) iodide (10 mol%, 0.38 g) was suspended in 

THF (100 mL) the suspension was cooled to 0 °C and propargyl alcohol (1 eq., 20 mmol, 

1.16 mL) was added. Then MeMgBr (2.5 eq., 2 M solution in Et2O, 25 mL) was added very 

slowly as methane evolved. The reaction mixture was stirred at 40 °C overnight after the 

completion of the addition. The resulting brown suspension was cooled to ‒78 °C prior to 
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addition of a solution of iodine (1.5 eq., 7.61 g) in THF (10 mL) and it was warmed to 23 °C 

and stirred for 2 h. Afterwards the vigorously stirred suspension was cooled to 0 °C and the 

saturated aqueous NH4Cl (50 mL) and Na2S2O3 (5 mL) were added. Then the layers were 

separated and the aqueous phase was washed with Et2O (3 × 50 mL). The combined organic 

extracts were washed with a mixture of brine (3 × 50 mL) and the saturated aqueous Na2S2O3 

(5 mL), dried over MgSO4, filtered, and concentrated under reduced pressure. Column 

chromatography of the residue (200 g of silica gel, 5/1 hexanes/Et2O) yielded 1.77 g (66%, 

pure Z) the title compound as a pale yellow liquid. 

Rf (2/1 hexanes/Et2O) 0.225; 
1
H NMR (CDCl3, 600 MHz) δ 5.98 (s, 1H), 6.19 (d, J = 6.2 Hz, 

2H), 1.98 (d, J = 2.0 Hz, 3H); 
13

C NMR (CDCl3, 151 MHz) δ 146.2, 75.1, 68.3, 21.8. The 

recorded spectra were in agreement with the published data.
93

 

(Z)-3-Iodo-2-methylpropenal ((Z)-43a) 

 

The title compound was prepared according to the previously reported procedure.
94

 Alcohol 

(Z)-42 (1 eq., 5 mmol, 1 g) was added to a suspension of MnO2 (10 eq., 4.35 g) in pentane 

(50 mL). The mixture was stirred at 36 °C overnight. Then the suspension was filtered on a 

sintered glass filter charged with celite and the solids were washed with pentane (50 mL). The 

resulting yellowish solution was concentrated by atmospheric pressure distillation of pentane 

to a volume of ~5 mL. Then the solution was cooled to ‒78 °C and yellow crystals 

precipitated. The mother liquor was sucked off, the crystals were washed by pentane 

(3×2 mL) and cooled to -78 C. The remaining pentane was carefully evaporated under 

reduced pressure from the cold suspension to provide 0.71 g (73%) of the title compound as 

yellow crystals tending to sublime. The compound was stored at ‒78 °C to prevent its 

degradation. 

Rf (2/1 hexanes/Et2O) 0.525; 
1
H NMR (CDCl3, 600 MHz) δ 9.77 (s, 1H), 7.80 (qd, J = 1.5, 

0.6 Hz, 1H), 1.90 (d, J = 1.5 Hz, 3H); 
13

C NMR (CDCl3, 151 MHz) δ 195.6, 142.0, 96.7, 18.6. 

The recorded spectra were in agreement with the published data.
94 



155 

 

(E)-3-Chloro-2-methylpropenal (43b)  

 

The NMR tube experiment. A NMR tube was charged with C6D6 (0.6 mL), aldehyde 

(E)-43a (1 eq., ~30 µmol, 2.85 M solution in Et2O, 11 µL), the internal standard mesitylene 

(10 mol%, 3 µL) and the concentrated HCl (10 eq., 25 µL). The mixture was kept at 80 °C 

and the course of the reaction was followed by 
1
H NMR spectroscopy. Within 7.5 hour 

complete conversion of the starting material into 43b was reached. Due to its volatility, the 

pure substrance was not isolated. 

Preparation on larger scale. Aldehyde (E)-43a (1 eq., ~1.3 mmol, 2.85 M solution in Et2O, 

460 µL) was further diluted with toluene (2.2 mL) and the resulting 0.5 M solution was mixed 

with anhydrous CaCl2 (10 eq., 1.44 g) in a microwave vial. After that HCl (5 eq., 37% 

aqueous solution, 540 µL) was added and the tube was quickly sealed. After stirring it at 

23 °C for 15 min the mixture was slowly warmed to 80 °C and stirred at this temperature for 

additional 6 h. Then the tube was cooled prior to opening and the content was transferred by a 

syringe into the second septum-equipped-tube followed by addition of the saturated solution 

of K2CO3 (5 mL). After 1 min of vigorous stirring the saturated aqueous Na2SO3 (3 mL) was 

added and the mixture was stirred for another 1 min. Then the upper phase was moved to the 

third tube with a septum on it and the solution was dried over MgSO4 in a refrigerator 

overnight. Finally, the solution was transferred into the fourth tube and dried over 3 Å 

molecular sieves for 8 h. After each transfer of the solution, the vial was washed with a 

minimal amount of toluene. The resulting 0.1 M solution of the title compound in toluene was 

then used for allylation and crotylation reactions without further purification (vide infra). 

Rf (2/1 hexanes/Et2O) 0.5; 
1
H NMR (C6D6, 300 MHz) δ 8.80 (s, 1H), 5.96 (br s, 1H), 1.59 (br 

s, 3H).  

(E)-3-Bromo-2-methylpropenal (43c) 

 

Following the experimental setup for chloropropenal 43b, aldehyde (E)-43a (1 eq., ~30 µmol, 

2.85 M solution in Et2O, 11 µL) was treated with concentrated HBr (10 eq., 24 µL)  in C6D6 
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at 80 °C for 8.5 hours, during which the startin material converted into 43c (81%) and into 

43d (17%). 

Rf (2/1 hexanes/Et2O) 0.5; the major 43c: 
1
H NMR (C6D6, 300 MHz) δ 8.79 (s, 1H), 6.28 (q, 

J = 1.4 Hz, 1H), 1.60 (br s, 3H).  

(E)-5-Methylocta-1,5-dien-4-ol (44d) 

 

A 10 mL microwave vessel was charged with toluene (5 mL) and aldehyde (E)-43a (1 eq., 

~1.6 mmol, 2.85 M solution in Et2O, 560 µL). Then the concentrated HCl (5 eq., 1.3 mL) was 

added and the sealed reaction vessel was stirred at 70 °C overnight. Then the mixture was 

cooled to 20 °C and to the vigorously stirred mixture saturated aqueous K2CO3 (5 mL) was 

added. The aqueous phase was removed with a syringe and the saturated aqueous Na2SO3 

(5 mL) was added. The mixture was stirred shortly before the aqueous phase was removed. 

The solution was then transferred to another flask charged with MgSO4. After 2 h the solution 

was transferred into the third flask and allylboronic acid pinacol ester (0.5 mmol, 94 µL) was 

added. The solution was stirred for 15 h and the crude mixture was subjected to column 

chromatography (75 g of silica gel, hexanes and then 2/1 hexanes/Et2O) that furnished 50 mg 

(44%) of the title compound as a pale yellow liquid. 

Rf (2/1 hexanes/Et2O) 0.225; 
1
H NMR (CDCl3, 400 MHz) δ 5.76 (ddt, J = 17.2, 10.1, 7.1 Hz, 

1H), 5.40 (tp, J = 7.1, 1.4 Hz, 1H), 5.15-5.06 (m, 2H), 4.03 (t, J = 6.6 Hz, 1H), 2.34-2.28 (m, 

2H), 2.03 (p, J = 7.6 Hz, 2H), 1.63 (br s, 1H), 1.61 (dd, J = 1.5, 0.8 Hz, 3H), 0.96 (t, 

J = 7.5 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 135.9, 135.1, 128.6, 117.7, 76.6, 40.1, 20.9, 

14.2, 11.6. The recorded spectra were in agreement with the published data.
143 

9.4.2 Enantioselective allylation of aldehydes (E)-43a and 43b 

(E)-1-Iodo-2-methylhexa-1,5-dien-3-ol (rac-(E)-44a)  

 

Table 9, reaction 1. Aldehyde (E)-43a (1 eq., 1.07 mmol, 210 mg) was dissolved in toluene 

(5 mL) and allylboronic acid pinacol ester (1.1 eq., 220 μL) was added. The solution was 
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stirred at 23 °C overnight. Column chromatography of the crude reaction mixture (150 g of 

silica gel, 5/1 Et2O/hexanes) furnished 177 mg (69%) of the title compound as a colorless 

liquid.  

Rf (2/1 hexanes/Et2O) 0.225; 
1
H NMR (CDCl3, 600 MHz) δ 6.31 (p, J = 1.1 Hz, 1H), 

5.78-5.71 (m, 1H), 5.18-5.14 (m, 2H), 4.22 (m, 1H), 2.40-2.36 (m, 1H), 2.30 (dtt, J = 14.1, 

7.7, 1.1 Hz, 1H), 1.83 (d, J = 1.2 Hz, 3H), 1.80 (d, J = 3.4 Hz, 1H); 
13

C NMR (CDCl3, 151 

MHz) δ 149.2, 133.8, 118.9, 78.6, 75.5, 40.0, 20.3; IR (KBr) ν 3324 (br m), 3072 (m), 2998 

(w), 2974 (m), 2935 (m), 2911 (m), 2878 (w), 1837 (vw), 1643 (w), 1619 (w), 1434 (m), 1374 

(w), 1275 (s), 1248 (m), 1207 (w), 1144 (m), 1114 (m), 1045 (s), 1015 (s), 991 (s), 919 (vs), 

875 (w), 794 (m), 719 (w), 674 (m), 632 (m), 531 (m); MS (EI+, TOF) m/z 196.9 (100), 126.9 

(6), 111.1 (9), 69.0 (5); HRMS (EI+, TOF) m/z calculated for C7H11OI 237.9855, found 

237.9859; UV (0.2 mM, heptane/iPrOH 95/5) λmax 205 (1.46), 217 (2.06), 250 (0.115). The 

recorded spectra were in agreement with the published data.
144

 

(1E,3S)-1-Iodo-2-methylhexa-1,5-dien-3-ol ((E,S)-44a) or (1E,3R)-1-iodo-2-methylhexa-

1,5-dien-3-ol ((E,R)-44a) 

 

Representative procedure for XV catalyzed reactions (Table 9, reaction 2). The 

phosphoric acid catalyst (Sa)-XV (2.5 mol%, 3.8 mg) was dissolved in toluene (2 mL) and 

aldehyde (E)-43a (1 eq., 0.2 mmol, 39 mg) was added. Then the solution was cooled to ‒40 

°C and allylboronic acid pinacol ester (1.2 eq., 45 µL) was slowly added. The resulting 

solution was stirred at ‒40 °C for 3 days. Then DIBAL (2 eq., 1 M solution in cyclohexane, 

0.4 mL) and after 30 min of stirring aqueous HCl (2 eq., 0.1 M, 4 mL) were added. The 

reaction mixture was then warmed to 23 °C, diluted with Et2O (10 mL) and H2O (10 mL). 

The phases were separated and the aqueous phase was extracted with Et2O (3 × 10 mL). The 

combined organic extracts were dried over MgSO4, filtered, and concentrated under reduced 

pressure. Column chromatography of the residue (125 g of silica gel, 2/1 hexanes/Et2O) 

yielded 33 mg (70%, 96% ee) of (E,S)-44a as a colorless liquid.  

Representative procedure for XIIa catalyzed reactions (Table 9, reaction 6). The dioxide 

catalyst (R,Sa)-XIIa (2.5 mol%, 2.2 mg) was dissolved in THF (2 mL) and aldehyde (E)-43a 

(1 eq., 0.2 mmol, 39 mg) and iPr2NEt (3 eq., 105 µL) were added. Then the mixture was 

cooled to ‒40 °C and allyltrichlorosilane (2 eq., 64 µL) was added dropwise. The reaction 
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mixture was stirred at ‒40 °C overnight. Subsequently, the saturated aqueous NaHCO3 (5 mL) 

was added, the mixture was warmed up to 23 °C and diluted with Et2O (10 mL). The layers 

were separated and the aqueous phase was washed with Et2O (3 × 10 mL). The combined 

organic phases were dried over MgSO4, filtered, and concentrated under reduced pressure. 

Column chromatography of the residue (125 g of silica gel, 5/1 hexanes/Et2O) yielded 31 mg 

(65%, 98% ee) of (E,S)-44a as a colorless liquid.  

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for (E)-44a.  

(E)-1-Chloro-2-methylhexa-1,5-dien-3-ol (rac-44b)  

 

Table 9, reaction 8. To a solution of aldehyde 43b (1 eq., ~0.2 mmol, 0.1 M, 2 mL) in toluene 

(2 mL) was added allylboronic acid pinacol ester (1.2 eq., 45 µL) and the mixture was stirred 

at 23 °C overnight. Column chromatography of the reaction mixture (80 g of silica gel, 

hexanes and then 3/1 hexanes/Et2O) yielded 13.2 mg (45% yield over 3 steps) of the title 

compound as a colorless liquid. 

Rf (2/1 hexanes/Et2O) 0.2; 
1
H NMR (CDCl3, 400 MHz) δ 6.14 (pent, J = 1.4 Hz, 1H), 

5.80-5.70 (m, 1H), 5.19-5.14 (m, 2H), 4.15 (dd, J = 7.2, 5.6 Hz, 1H), 2.42-2.28 (m, 2H), 1.79 

(d, J = 1.4 Hz, 3H), 1.73 (br s, 1H); 
13

C NMR (CDCl3, 100 MHz) δ 140.1, 133.9, 118.8, 

115.5, 74.1, 40.0, 12.8; IR (KBr) ν 3383 (br m), 3081 (w), 2980 (w), 2923 (m), 1709 (m), 

1640 (s), 1443 (m), 1314 (vs), 1186 (m), 1117 (w), 1048 (m), 1021 (m), 991 (m), 919 (vs), 

806 (vs), 785 (m), 653 (w), 641 (w), 417 (m); MS (CI+, TOF) m/z 149.1 (1), 147.1 (2), 131.0 

(91), 129.0 (100), 111.1 (24), 107.0 (79), 105.0 (100), 93.1 (98), 81.1 (19), 71.0 (86); HRMS 

(CI+, TOF) m/z calculated for C7H12OCl 147.0577, found 147.0579.  

(1E,3S)-1-Chloro-2-methylhexa-1,5-dien-3-ol ((S)-44b) or (1E,3R)-1-Chloro-2-methylhe-

xa-1,5-dien-3-ol ((R)-44b) 

 

Representative procedure for XVa catalyzed reactions (Table 9, reaction 9). To a solution 

of aldehyde (E)-43b (1 eq., ~0.2 mmol. 0.1 M solution in toluene, 2 mL) cooled to ‒78 °C 

was added a solution of catalyst (Sa)-XVa (2.5 mol%, 3.8 mg) in toluene (1 mL). Then 
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allylboronic acid pinacol ester (1.2 eq., 45 µL) was added and the mixture was stirred at ‒40 

°C for 3 days. Then DIBAL (2 eq., 0.1 M solution in cyclohexane, 4 mL) and after 30 min 

aqueous HCl (2 eq., 0.1 M, 4 mL) were added. The reaction mixture was warmed to 23 °C. 

The layers were separated and the aqueous phase was extracted with hexanes (3 × 2 mL). 

Column chromatography of the reaction mixture (80 g of silica gel, hexanes and then 

3/1 hexanes/Et2O) gave 14.6 mg (50%, 91% ee) of (S)-44b as a colorless liquid. 

Representative procedure for XIIa catalyzed reactions (Table 9, reaction 10). To a 

solution of catalyst (R,Sa)-XIIa (2.5 mol%, 2.2 mg) in THF (2 mL) cooled to ‒40 °C were 

slowly added aldehyde (E)-43b (1 eq., ~0.2 mmol, 0.1 M solution in toluene, 2 mL), iPr2NEt 

(3 eq., 105 µL) and allyltrichlorosilane (2 eq., 58 µL) and the reaction was stirred at ‒40 °C 

for 3 days. Then the saturated aqueous NaHCO3 (5 mL) was added, the mixture was warmed 

to 23 °C and H2O (5 mL) and Et2O (10 mL) were added. The layers were separated and the 

aqueous phase was extracted with hexanes (3 × 10 mL). Column chromatography of the 

combined organic extracts (125 g of silica gel, hexanes and then 2/1 hexanes/Et2O) furnished 

14.2 mg (44%, 97% ee) of (S)-44b as a pale yellow liquid. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for 44b. 

9.4.3 Enantioselective anti-crotylation of aldehydes (E)-43a and 43b 

(1E ,3S*,4S*)-1-Iodo-2,4-dimethylhexa-1,5-dien-3-ol (anti-(E)-45a) 

 

Table 10, reaction 1. Aldehyde (E)-43a (1 eq., 0.2 mmol, 39 mg) was treated with 

(E)-crotylboronic acid pinacol ester (1.2 eq., 49 µL) in toluene (2 mL) at 0 °C. The cooling 

bath was then removed and the mixture was stirred at 23 °C overnight. Column 

chromatography of the reaction mixture on silica gel (125 g, 2/1 hexanes/Et2O) furnished 

45 mg (89%, 99/1 dr) of the title compound as a colorless liquid.  

Rf (2/1 hexanes/Et2O) 0.35; 
1
H NMR (CDCl3, 600 MHz) δ 6.25 (s, 1H), 5.75-5.69 (m, 1H), 

5.19-5.15 (m, 2H), 3.87 (dd, J = 8.0, 2.9 Hz, 1H), 2.35 (sext. J = 6.8 Hz, 1H), 1.92 (d, 

J = 3 Hz, 1H), 1.82 (d, J  = 1.1 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H); 
1
H NMR (CDCl3, 

600 MHz) δ 148.1, 140.0, 117.3, 80.2, 79.9, 42.3, 19.5, 16.6; IR (KBr) ν 3404 (br m), 3075 

(w), 2971 (s), 2926 (m), 2911 (m), 2866 (m), 1832 (vw), 1640 (w), 1607 (w), 1449 (m), 1419 

(w), 1374 (w), 1275 (s), 1227 (m), 1141 (m), 1108 (m), 1072 (m), 1009 (vs), 914 (vs), 785 (s), 
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728 (w), 686 (m), 656 (m), 611 (w), 552 (w); MS (CI+, TOF) m/z 236.0 (7), 235.0 (83), 196.9 

(100), 195.0 (12), 169.0 (16), 126.1 (23), 125.1 (50), 111.1 (8), 108.1 (73), 107.1 (89), 85.1 

(12); HRMS (CI+, TOF) m/z calculated for C8H14OI 253.0089, found 253.0096. The recorded 

spectra were in agreement with the published data.
145

 

(1E ,3S*,4R*)-1-Iodo-2,4-dimethylhexa-1,5-dien-3-ol (syn-(E)-45a) 

 

Table 10, reaction 2. To the ice cold solution of aldehyde (E)-43a (1 eq., 0.2 mmol, 39 mg) in 

toluene (2 mL) was added (Z)-crotylboronic acid pinacol ester (1.2 eq., 49 µL) and the 

resulting solution was stirred at 23 °C overnight. Column chromatography of the reaction 

mixture (125 g of silica gel, 2/1 hexanes/Et2O) furnished 41 mg (81%, 1/99 dr) of the title 

compound as a colorless liquid. 

Rf (2/1 hexanes/Et2O) 0.35; 
1
H NMR (CDCl3, 600 MHz) δ 6.26 (quint, J = 1.1 Hz, 1H), 5.72 

(ddd, J = 17.4, 10.5, 7.1 Hz, 1H), 5.11-5.07 (m, 2H), 4.04 (dd, J = 5.4, 3.6 Hz, 1H), 2.44 

(quint., J = 6.8 Hz, 1H), 1.80 (dd, J = 1.1, 0.2 Hz, 3H), 1.69 (d, J = 3.6 Hz, 1H), 1.02 (d, 

J = 6.8 Hz, 3H); NMR (CDCl3, 151 MHz) δ 148.6, 140.1, 115.6, 79.8, 79.1, 41.1, 20.8, 14.0; 

IR (KBr) ν 3374 (br m), 3078 (w), 2977 (s), 2929 (m), 2917 (m), 2866 (m), 1840 (vw), 1712 

(vw), 1640 (w), 1613 (w), 1455 (m), 1416 (m), 1374 (m), 1290 (m), 1269 (vs), 1144 (m), 

1114 (m), 1075 (w), 1012 (vs), 922 (vs), 824 (vw), 782 (s), 665 (s), 644 (w), 609 (w), 534 

(w), 501 (w); MS (CI+, TOF) m/z 236.0 (10), 235.0 (100), 196.9 (83), 195.0 (12), 126.1 (34), 

125.1 (42), 111.1 (9), 108.1 (54), 107.1 (87), 85.1 (8); HRMS (CI+, TOF) m/z calculated for 

C8H14OI 253.0089, found 253.0086.  

(1E ,3S,4S)-1-Iodo-2,4-dimethylhexa-1,5-dien-3-ol ((E,S,S)-45a) or (1E ,3R,4R)-1-iodo-

2,4-dimethylhexa-1,5-dien-3-ol ((E,R,R)-45a) 

 

Representative procedure for XV catalyzed reactions (Table 10, reaction 3). The catalyst 

(Sa)-XVa (2.5 mol%, 3.8 mg) was dissolved in toluene (2 mL) and aldehyde (E)-43a (1 eq., 

0.2 mmol, 39 mg) was added. The solution was cooled to ‒40 °C before (E)-crotylboronic 

acid pinacol ester (1.2 eq., 49 µL) was slowly added. The resulting solution was stirred at ‒40 
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°C for 3 days. As the TLC analysis indicated the reaction was completed, the mixture was 

warmed to 23 °C and its column chromatography (125 g of silica gel, 5/1 hexanes/Et2O) 

furnished 48 mg (95%, 99/1 dr, 94% ee) of (E,S,S)-45a as a colorless liquid. 

Representative procedure for XIIa catalyzed reactions (Table 10, reaction 7). To the 

solution of the dioxide catalyst (R,Sa)-XIIa (2.5 mol%, 2.2 mg) in THF (2 mL) were added 

iPr2NEt (3 eq., 105 µL) and aldehyde (E)-43a (1 eq., 0.2 mmol, 39 mg). The solution was 

cooled to ‒40 °C and then crotyltrichlorosilane (E)-8 (2 eq., 64 µL) was added. The reaction 

mixture was stirred at ‒40 °C overnight, then the reaction was quenched by addition of the 

saturated aqueous NaHCO3 (5 mL). The mixture was diluted with Et2O (10 mL) and the 

phases were separated. The aqueous layer was extracted with Et2O (3 × 10 mL), the combined 

organic extracts were dried over MgSO4, filtered, and concentrated under reduced pressure. 

Column chromatography (125 g of silica gel, 5/1 hexanes/Et2O) furnished 30 mg (60%, 99/1 

dr, 98% ee) of (E,S,S)-45a as a colorless liquid. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-(E)-45a. 

(1E,3S*,4S*)-1-Chloro-2,4-dimethylhexa-1,5-dien-3-ol (anti-45b) 

 

Table 10, reaction 9. To a solution of aldehyde 43b (1 eq., ~0.2 mmol, 0.1 M solution in 

toluene, 2 mL) further diluted with toluene (2 mL) was added (E)-crotylboronic acid pinacol 

ester (1.2 eq., 45 µL) and this solution was stirred at 23 °C overnight. Column 

chromatography of the reaction mixture (80 g of silica gel, hexanes and then 3/1 

hexanes/Et2O) furnished 21 mg (65%, 99/1 dr) of the title compound as a colorless liquid.  

Rf (2/1 hexanes/Et2O) 0.275; 
1
H NMR (CDCl3, 400 MHz) δ  6.09 (dt, J = 2.1, 1.0 Hz, 1H), 

5.77-5.68 (m, 1H), 5.21-5.16 (m, 2H), 3.75 (d, J = 8.3 Hz, 1H), 2.36 (sext., J = 7.4 Hz, 1H), 

1.78 (d, J = 1.4 Hz, 3H), 0.91 (d, J = 6.8 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 140.3, 

138.9, 117.4, 116.6, 78.6, 42.4, 16.7, 12.0; IR (KBr) ν 3419 (br m), 3075 (w), 2977 (s), 2936 

(m), 2866 (m), 1748 (w), 1634 (s), 1461 (m), 1380 (m), 1314 (s), 1236 (w), 1183 (w), 1117 

(w), 1015 (s), 911 (s), 866 (w), 806 (s), 788 (vs), 680 (w), 629 (vw); MS (CI+, TOF) m/z 

160.1 (7), 145.1 (78), 143.0 (100), 125.1 (33), 107.7 (47), 107.0 77), 105.0 (100), 97.1 (10), 

95.1 (12), 85.1 (83), 81.1 (20), 56.1 (18), 55.1 (14); HRMS (CI+, TOF) m/z calculated for 

C8H13OCl 160.0660, found 160.0655. 
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(1E,3S,4S)-1-chloro-2,4-dimethylhexa-1,5-dien-3-ol ((S,S)-45b) or (1E,3R,4R)-1-chloro-

2,4-dimethylhexa-1,5-dien-3-ol ((R,R)-45b) 

 

Reaction catalyzed by (Sa)-XVa (Table 10, reaction 10). To a solution of catalyst (Sa)-XVa 

(2.5 mol%, 3.8 mg) in toluene (1 mL) cooled to ‒78 °C were consecutively added aldehyde 

43b (1 eq., ~0.2 mmol, 0.1 M solution in toluene, 2 mL) and (E)-crotylboronic acid pinacol 

ester (1.2 eq., 49 µL). The reaction mixture was stirred at ‒40 °C for 3 days. Then DIBAL 

(2 eq., 1 M solution in cyclohexane, 0.4 mL) and after 30 min aqueous HCl 2 eq., 0.1 M, 

4 mL) were added. The reaction mixture was warmed to 23 °C. The organic phase was 

separated and the aqueous layer was extracted with hexanes (3 × 2 mL). Column 

chromatography of the reaction mixture (80 g of silica gel, hexanes and then 

3/1 hexanes/Et2O) furnished 22 mg (68%, 99/1 dr, 96% ee) of (S,S)-45b as a colorless liquid. 

Reaction catalyzed by (R,Sa)-XIIa (Table 10, reaction 11). To a solution of catalyst 

(R,Sa)-XIIa (2.5 mol%, 2.2 mg) in THF (2 mL) cooled to ‒40 °C were slowly added aldehyde 

43b (1 eq., ~0.2 mmol, 0.1 M solution in toluene, 2 mL), iPr2NEt (3 eq., 105 µL) and 

crotyltrichlorosilane (E)-8 (2 eq., 58 µL). The resulting mixture was stirred at ‒40 °C for 

3 days. Then the saturated aqueous NaHCO3 (5 mL) was added and the mixture was warmed 

to 23 °C. After dilution with H2O (5 mL) the aqueous phase was separated. The organic phase 

was extracted with hexanes (3 × 2 mL). Column chromatography of the combined organic 

extracts (80 g of silica gel, hexanes and then 3/1 hexanes/Et2O) provided 27 mg (84%, 99/1 

dr, 95% ee) of (S,S)-45b as a pale yellow liquid. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-43b. 

9.4.4 Enantioselective allylation of aldehyde (Z)-43a 

(Z)-1-Iodo-2-methylhexa-1,5-dien-3-ol (rac-(Z)-44a) 

 

Table 11, reaction 1. To a solution of the aldehyde (Z)-43a (1 eq., 0.2 mmol, 39 mg) in 

toluene (2 mL) was added allylboronic acid pinacol ester (1..2 eq., 45 µL) and the solution 

was stirred at 23 °C overnight. Column chromatography of the reaction mixture (100 g of 
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silica gel, 5/1→4/1 Et2O/hexanes) provided 47 mg (98%, 99/1 Z/E) of the title compound as a 

colorless liquid. 

Rf (2/1 hexanes/Et2O) 0.325; 
1
H NMR (CDCl3, 600 MHz) δ 5.97 (qd, J = 1.5, 0.7 Hz, 1H), 

5.83 (ddt, J = 17.3, 10.2, 7.1 Hz, 1H), 5.20-5.15 (m, 2H), 4.63 (td, J = 6.6, 2.9 Hz, 1H), 

2.40-2.36 (m, 1H), 2.34-2.31 (m, 1H), 1.88 (d, J = 1.5 Hz, 3H), 1.80 (d, J = 3.3 Hz, 1H); 

13
C NMR (CDCl3, 151 MHz) δ 147.9, 134.0, 118.6, 75.2, 74.8, 39.2, 19.1; IR (KBr) ν 3363 

(br m), 3075 (w), 2977 (w), 2950 (w), 2935 (w), 2920 (m), 2851 (w), 1837 (vw), 1736 (vw), 

1643 (w), 1613 (w), 1434 (m), 1368 (w), 1281 (m), 1201 (w), 1144 (m), 1051 (s), 1009 (vs), 

988 (s), 917 (s), 875 (vw), 833 (vw), 794 (w), 776 (m), 689 (w), 668 (m), 632 (w), 555 (w); 

MS (EI+, TOF) m/z 238.0 (3), 198 (9), 196.9 (100), 126.9 (7), 111.1 (7), 69.0 (7); HRMS 

(EI+, TOF) m/z calculated for C7H11OI 237.9855, found 237.9857. 

(1Z,3S)-1-Iodo-2-methylhexa-1,5-dien-3-ol ((Z,S)-44a) or (1Z,3R)-1-iodo-2-methylhexa-

1,5-dien-3-ol ((Z,R)-44a) 

 

Representative procedure for XV catalyzed reactions (Table 11, reaction 2). Catalyst 

(Sa)-XVa (2.5 mol%, 3.8 mg) was added to a solution of aldehyde (Z)-43a (1 eq., 0.2 mmol, 

39 mg) in toluene (2 mL) cooled to ‒40 °C. Then allylboronic acid pinacol ester (1.2 eq., 

45 µL) was added and the reaction mixture was stirred at ‒40 °C for 3 days. Afterwards 

DIBAL (2 eq., 1 M solution in cyclohexane, 0.4 mL) and after 30 min aqueous HCl (2 eq., 

0.1 M, 4 mL) were added. The reaction mixture was warmed up and Et2O (10 mL) and H2O 

(10 mL) were added. The organic layer was separated and the aqueous phase was washed 

with Et2O (3 × 10 mL). The combined organic extracts were dried over MgSO4, filtered, and 

concentrated under reduced pressure. Column chromatography of the residue (125 g of silica 

gel, hexanes and then 2/1 hexanes/Et2O) furnished 35.5 mg (74%, 99/1 E/Z, 23% ee) of (Z,S)-

44a as a colorless liquid. 

Representative procedure for XIIa catalyzed reactions (Table 11, reaction 6). To a 

solution of aldehyde (Z)-43a (1 eq., 0.2 mmol, 39 mg) in THF (2 mL) cooled to ‒40 °C were 

added catalyst (R,Sa)-XIIa (2.5 mol%, 2.2 mg), iPr2NEt (3 eq., 105 µL) and (E)-crotyltrichlo-

rosilane (E)-8 (2 eq., 64 µL) and the mixture was stirred at ‒40 °C for 3 days. Then the 

saturated aqueous NaHCO3 (5 mL) was added and the reaction mixture was warmed to 23 °C. 

After addition of H2O (5 mL) and Et2O (10 mL), the phases were separated and the aqueous 
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phase was extracted with Et2O (3 × 10 mL). The combined organic extracts were dried over 

MgSO4, filtered and concentrated under reduced pressure. Column chromatography of the 

residue (125 g of silica gel, 2/1 hexanes/Et2O) furnished 29.2 mg (61%, 76/24 E/Z) of the title 

compound as a colorless liquid.  

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for rac-(Z)-44a. 

9.4.5 Enantioselective anti-crotylation of aldehyde (Z)-43a 

(1Z,3S*,4S*)-1-Iodo-2,4-dimethylhexa-1,5-dien-3-ol (anti-(Z)-45a) 

 

Table 11, reaction 1. To a solution of (Z)-43a (1 eq., 0.2 mmol, 39 mg) in toluene (2 mL) was 

added (E)-crotylboronic acid pinacol ester (1.2 eq., 49 µL) and the mixture was stirred at 

23 °C overnight. Column chromatography of the crude reaction mixture (100 g of silica gel, 

5/1 hexanes/Et2O) yielded 44 mg (88%, 99/1 Z/E, 99/1 dr) of the title compound as a colorless 

liquid. 

Rf (2/1 hexanes/Et2O) 0.375; 
1
H NMR (CDCl3, 600 MHz) δ 6.10 (qd, J = 1.5, 0.4 Hz, 1H), 

5.81 (ddd, J = 17.1, 10.2, 8.5 Hz, 1H), 5.20 (ddd, J = 17.1, 1.7, 1.0 Hz, 1H), 5.19 (ddd, 

J = 10.2, 1.7, 0.6 Hz, 1H), 4.32 (dd, J = 9.0, 2.8 Hz, 1H), 2.40-2.34 (m, 1H), 1.87 (d, 

J = 1.5 Hz, 3H), 1.86 (d collapsed with the previous signal, 1H), 0.98 (d, J = 6.9 Hz, 3H); 
13

C 

NMR (CDCl3, 151 MHz) δ 146.5, 140.8, 117.4, 78.6, 77.4, 43.3, 19.1, 16.2; IR (KBr) ν 3533 

(br w), 3428 (br w), 3072 (vw), 2968 (m) 2914 (w), 1872 (w), 1832 (vw), 1637 (vw), 1604 

(vw), 1458 (w), 1440 (w), 1419 (w), 1374 (w), 1281 (m), 1233 (w), 1174 (vw), 1135 (w), 

1117 (w), 1072 (vw), 1036 (m), 1012 (vs), 922 (m), 860 (vw), 836 (vw), 779 (w), 692 (w), 

662 (vw); MS (CI+, TOF) m/z 236.0 (12), 235.0 (100), 196.9 (35), 125.1 (39), 108.1 (72), 

107.1 (70), 81.1 (17); HRMS (CI+, TOF) m/z calculated for C8H14OI 253.0089, found 

253.0087.  

(1Z,3S*,4R*)-1-Iodo-2,4-dimethylhexa-1,5-dien-3-ol (syn-(Z)-45a) 
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Table 11, reaction 2. (Z)-Crotylboronic acid pinacol ester (1.2 eq., 49 µL) was added to a 

solution of (Z)-43a (1 eq., 0.2 mmol, 39 mg) in toluene (2 mL) and the resulting mixture was 

stirred at 23 °C overnight. Column chromatography of the crude reaction mixture (100 g of 

silica gel, 5/1 hexanes/Et2O) yielded 45 mg (89%, 98/2 Z/E, 1/99 dr) of the title compound as 

a colorless liquid. 

Rf (2/1 hexanes/Et2O) 0.375; 
1
H NMR (CDCl3, 600 MHz) δ 5.99 (qd, J = 1.5, 0.5 Hz, 1H), 

5.72 (ddd, J = 17.2, 10.4, 7.9 Hz, 1H), 5.07 (ddd, J = 17.2, 1.7, 1.1 Hz, 1H), 5.01 (ddd, 

J = 10.4, 1.7, 0.9, 1H), 4.39 (dd, J = 8.3, 4.0 Hz, 1H), 2.52-2.45 (m, 1H), 1.87 (d, J = 1.5 Hz, 

3H), 1.66 (d, J = 4.0 Hz, 1H), 1.16 (d, J = 6.6 Hz, 3H); 
13

C NMR (CDCl3, 151 MHz) δ 147.5, 

139.6, 115.3, 79.2, 76.3, 42.3, 19.6, 16.3; IR (KBr) ν 3365 (br m), 3078 (w), 2971 (m), 2962 

(m), 2917 (m), 2881 (w), 1835 (vw), 1640 (vw), 1601 (vw), 1461 (w), 1440 (w), 1422 (w), 

1371 (w), 1278 (m), 1227 (w), 1141 (m), 1105 (w) 1036 (m), 1009 (vs) 994 (s), 922 (s) 818 

(vw), 779 (m), 683 (m); MS (CI+, TOF) m/z 236.0 (11), 235.0 (100), 196.9 (95), 194.9 (8), 

169.0 (5), 125.1 (5), 108.1 (66), 107.1 (62), 81.1 (9); HRMS (CI+, TOF) m/z calculated for 

C8H14OI 253.0089, found 253.0085. 

(1Z,3S,4S)-1-Iodo-2,4-dimethylhexa-1,5-dien-3-ol ((Z,S,S)-8a) or (1Z,3R,4R)-1-iodo-2,4-

dimethylhexa-1,5-dien-3-ol ((Z,S,S)-8a) 

 

Representative procedure for XV catalyzed reactions (Table 11, reaction 3). To a solution 

of aldehyde (Z)-43a (1 eq., 0.2 mmol, 39 mg) in toluene (2 mL) cooled to ‒40 °C catalyst 

(Sa)-XVa (2.5 mol%, 3.8 mg) and (E)-crotylboronic acid pinacol ester (1.2 eq., 49 µL) were 

added. The reaction mixture was stirred at ‒40 °C for 3 days. Then DIBAL (2 eq., 1 M 

solution in cyclohexane, 0.4 mL) and after 30 min aqueous HCl (2 eq., 0.1 M, 4 mL) were 

added. After warming to 23°C, H2O (10 mL) and Et2O (10 mL) were added. The organic 

phase was then separated and the aqueous phase was extracted with Et2O (3 × 10 mL). The 

combined extracts were dried over MgSO4, filtered, and concentrated under reduced pressure. 

Column chromatography of the residue (125 g of silica gel, 2/1 hexanes/Et2O) yielded 

44.4 mg (88%, 99/1 Z/E, 99/1 dr, 11% ee) of (Z,S,S)-45a as a colorless liquids. 

Representative procedure for XIIa catalyzed reactions (Table 11, reaction 8). To a 

solution of catalyst (R,Sa)-XII (2.5 mol%, 2.2 mg) in THF (2 mL) cooled to ‒40 °C aldehyde 

(Z)-43a (1 eq., 0.2 mmol, 39 mg), iPr2NEt (3 eq., 105 µL) and (E)-crotyltrichlorosilane (2 eq., 



166 

 

64 µL) were added slowly. After 3 days of stirring at ‒40 °C the reaction was quenched by 

addition of the saturated aqueous NaHCO3 (5 mL) and it the mixture was allowed to warmed 

to 23 °C. After that H2O (5 mL) and Et2O (10 mL) were addend and the organic phase was 

separated. The aqueous phase was extracted with Et2O (3 × 10 mL) and the combined organic 

extracts were dried over MgSO4, filtered, and concentrated under reduced pressure. Column 

chromatography of the residue (125 g of silica gel, 2/1 hexanes/Et2O) yielded 24.6 mg (49%, 

81/19 Z/E, 95/5 dr) of (Z)-45a as a colorless liquid. 

The recorded spectra were consistent with previously obtained data of syn-(Z)-8a. 

9.4.6 Application of the modular approach in synthesis 

(Z)-2-(But-2-en-2-yl)-l,3,2-benzodioxaborole-pyridine adduct (46a) 

 

Catecholborane (1 eq., 1.1 mL) was cooled in an microwave vial to ‒20 °C before but-2-yne 

(1 eq., 10 mmol, 0.8 mL) was added. The vial was then sealed, after mixing the content 

spontaneously warmed and reflux was reached. The flask was slightly cooled to prevent 

overheating and then it was stirred at 60 °C overnight. Then the reaction mixture was cooled 

to 23 °C and hexanes (10 mL) and pyridine (10 mmol, 0.8 mL) were added while stirring 

intensively. An immediately formed yellow precipitate was filtered off and washed with 

hexanes (10 mL). Volatiles were then removed on a rotary evaporator and the residue was 

dried under reduced pressure providing 1.85 g (73%) of the title compound as a pale yellow 

crystals.  

M.p. 85-89 °C; 
1
H NMR (CDCl3, 400 MHz) δ 8.67 (d, J = 4.5 Hz, 2H), 7.86 (t, J = 7.6 Hz, 

1H), 7.45 (dd, J = 7.2, 6.0 Hz, 2H), 7.12 (dd, J = 5.5, 3.4 Hz, 2H), 6.97 (dd, J = 5.5, 3.4 Hz, 

2H), 6.62 (br s, 1H), 1.83 (s, 3H), 1.81 (d, J = 6.7 Hz, 3H);  
13

C NMR (CDCl3, 100 MHz) δ  

148.9, 147.7, 142.8, 142.7, 138.5, 124.7, 122.2, 112.2, 14.8, 13.4; 
11

B NMR (CDCl3, 

128 MHz) δ 29.51; IR (KBr) ν 3210 (w), 3105 (w), 3066 (w), 3046 (w), 2917 (w), 2845 (w), 

2600 (w), 1643 (w), 1622 (m), 1592 (w), 1497 (vs), 1488 (s), 1464 (m), 1362 (w), 1251 (vs), 

1233 (s), 1210 (s), 1153 (m), 1138 (m), 1102 (m), 1078 (m), 1060 (w), 1003 (vw), 946 (w), 

911 (s), 803 (m), 785 (w), 755 (s), 743 (s), 731 (s), 716 (m), 701 (m), 623 (w); MS (EI+, 
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TOF) m/z 254.1 (9), 253.1 (53), 252.1 (20), 239 (12), 238.1 (100), 237.1 (19), 151.0 (11); 

HRMS (EI+, TOF) m/z calculated 253.1274 for C15H16BNO2, found 253.1275. 

(Z)-2-(4,4-Dimethyl-2-pentenyl)-l,3,2-benzodioxaborole-pyridine adduct (46b) 

 

Catecholborane (1 eq., 533 µL) was slowly added to 4,4-dimethylpent-2-yn (1 eq., 5 mmol, 

669 µL) and the reaction mixture was stirred at 60 °C for 15 h. Then it was cooled to 23 °C 

and hexane (5 mL) was added. The reaction mixture was cooled to ‒78 °C and the resulting 

grey precipitate was filtered off. The solids were washed by hexane (5 mL) and the filtrate 

was stirred vigorously with pyridine (5 mmol, 0.4 mL). A yellowish precipitate formed 

immediately. The reaction mixture was cooled to ‒78 °C and the precipitate was filtered off 

and washed by cold hexane and dried under reduced pressure to provide 838 mg (57%) of the 

title compound as a pale yellow solid. 

M.p. 70-77 °C; 
1
H NMR (CDCl3, 400 MHz) δ 8.66 (d, J = 5.0 Hz, 2H), 7.69 (ddt, J = 9.5, 5.2, 

1.7 Hz, 1H), 7.39 (dd, J = 7.5, 5.8 Hz, 2H), 77.16 (dd, J = 5.8, 3.3 Hz, 2H), 7.01 (dd, J = 5.9, 

3.4 Hz, 2H), 6.63 (br s, 1H), 2.00 (d, J = 1.7 Hz, 3H), 1.21 (s, 9H); 
13

C NMR (CDCl3, 

100 MHz) δ 158.3, 158.2, 148.8, 147.7, 139.7, 125.1, 122.4, 112.3, 34.9, 30.4, 14.6; 
11

B NMR 

(CDCl3, 128 MHz) δ 31.3; IR (KBr) ν 3213 (w), 3069 (w), 2950 (m), 2896 (w), 2860 (w), 

1619 (m), 1592 (w), 1497 (s), 1488 (s), 1473 (s), 1458 (s), 1371 (m), 1326 (m), 1236 (vs), 

1207 (m), 1132 (w), 1093 (w), 1072 (m), 1015 (w), 914 (m), 890 (w), 863 (vw), 812 (m), 776 

(m), 761 (s), 740 (s), 695 (m), 665 (w), 638 (w); MS (EI+, TOF) m/z 217.1 (17), 216.1 (95), 

215.1 (38), 202.1 (21), 201.1 (100), 200.1 (52), 173.1 (55), 160.1 (14), 159.1 (75), 158.1 (24). 

(1E,3S*,4S*)-1-Iodo-2,4-dimethylhexa-1,5-dien-3-ol (anti-(E)-45a) 

 

To aldehyde (E)-43a (1 eq., 1 mmol, 2.85 M solution in Et2O, 350 µL) was added toluene 

(5 mL) and (E)-crotylboronic acid pinacol ester (1.05 eq., 215 µL). The resulting solution was 

stirred at 23 °C for 15 h and column chromatography (125 g of silica gel, hexanes and then 

2/1 hexanes/Et2O) afforded 197 mg (78%, 99/1 dr) of the title compound as a colorless liquid.  
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The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-(E)-45a. 

(3S*,4S*,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-ol (anti-10) 

 

Aduct 46a (1.2 eq., 30 mg) and Pd(PPh3)4 (5 mol%, 5.8 mg) were dissolved in dry THF 

(2 mL) and iodo-derivate anti-(E)-45a (1 eq., 100 µmol, 25 mg) was added. The reaction 

mixture was stirred for 1 min at 23 °C and NaOH (3 eq., 2 M aqueous solution, 150 µL) was 

added and stirred at 65 °C for 1.5 h. Column chromatography of the reaction mixture (25 g of 

silica gel, 5/1 hexanes/Et2O) furnished 13.6 mg (75%, 99/1 dr) of the title compound as a 

colorless liquid.  

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-10. 

(3S*,4S*,5E,7E)-3,5,7,9,9-Pentamethyldeca-1,5,7-trien-4-ol (anti-38) 

 

Alcohol anti-(E)-45a (1 eq., 0.1 mmol, 25 mg) in THF (1 mL) was added to a mixture of 

adduct 46b (1 eq., 30 mg) and Pd(PPh3)4 (5 mol%, 6 mg). the resulting yellow solution was 

stirred for 1 min and subsequently a solution of NaOH (3 eq., 2 M aqueous solution, 150 µL) 

was added and the temperature was risen to 65 °C. The solution turned black. After 2 h the 

reaction mixture was cooled to 23 °C. Column chromatography of the reaction mixture (50 g 

of silica gel, hexanes and then 10/1 hexanes/Et2O) furnished 14 mg (63%, 99/1 dr) of the title 

compound as a yellowish liquid.  

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-38. 

(1E,3S,4S)-1-Iodo-2,4-dimethylhexa-1,5-dien-3-ol ((E,S,S)-45a) 
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A solution of catalyst (S)-XVa (2.5 mol%, 18.8 mg) in toluene (10 mL) was added to 

aldehyde (E)-43a (1 eq., 1 mmol, 445 mg of ~0.5 M solution in Et2O) and the resulting 

solution was cooled to ‒30 °C prior to addition of (E)-crotylboronic acid pinacol ester 

(1.05 eq., 215 µL). The reaction mixture was stirred at ‒30 °C for 3 days. The reaction was 

quenched by addition of DIBAL (2 eq., 1M solution in cyclohexane, 2 mL) which was after 

30 min of stirring at ‒30 °C quenched by addition of HCl (2 eq., 1 M, 2 mL). The reaction 

mixture was warmed up to 23 °C and H2O (10 mL) was added. The organic phase was 

separated and the organic layer was extracted with hexanes (10 mL). The combined organic 

fractions were dried over MgSO4, filtered and column chromatography of the crude reaction 

mixture (125 g of silica gel, hexanes and then 2/1 hexanes/Et2O) gave 205 mg (81%, 99/1 dr, 

95% ee) of the title compound as a colorless liquid. 

[α]D
20

 -5.2 (c 0.97, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for anti-(E)-45a.  

(3S,4S,5E,7E)-3,5,7-Trimethylnona-1,5,7-trien-4-ol ((S,S)-10) 

 

Iodo-derivate (E,S,S)-45a (1 eq., 100 µmol, 25 mg) was added to a solution of Pd(PPh3)4 

(5 mol%, 5.8 mg) and adduct 46a (1.2 eq., 30 mg) in THF (2 mL). Then NaOH (3 eq., 2 M 

aqueous solution, 150 µL) was added and the resulting mixture was stirred at 65 °C for 1.5 h. 

After the reaction mixture cooled down and its column chromatography (25 g of silica gel, 5/1 

hexanes/Et2O) furnished 15.9 mg (88%, 99/1 dr, 97% ee) of the title compound as a colorless 

liquid. 

[α]D
20

 +14.6 (c 0.41, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for anti-10. 

 

(3S,4S,5E,7E)-3,5,7,9,9-Pentamethyldeca-1,5,7-trien-4-ol ((S,S)-10) 
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To a solution of alcohol (E,S,S)-45a (1 eq., 267 µmol, 67.2 mg) in THF (2 mL) in a 2 mL vial 

was added adduct 46b (1.2 eq., 94 mg) and Pd(PPh3)4 (5 mol%, 15.4 mg). The reaction 

mixture was then stirred until solids completely dissolved, then NaOH (3 eq., 2 M aqueous 

solution, 400 µL) was added and the stirring continued at 65 °C for 2 h. Column 

chromatography of the reaction mixture (100 g of silica gel, hexanes and then 

10/1 hexanes/Et2O) provided 37 mg (62%, 99/1 dr, 97% ee) of the title compound as a 

yellowish liquid. 

[α]D
20

 +33.0 (c 1.09, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for anti-38. 

9.4.7 Preparation of iodoacrylaldehyde (E)-49 

Methyl (Z)-3-iodoacrylate ((Z)-47) 

 

The title compound was prepared according to the previously reported procedure.
98

 Methyl 

propiolate (1 eq., 200 mmol, 17.8 mL) was dissolved in glacial AcOH (80 mL) and NaI 

(1.1 eq., 33.0 g) was added. The resulting mixture was stirred at 70 °C for 15 h. After the 

reaction mixture was sufficiently cooled down Et2O (100 mL) and NaOH (3.25 eq., 26 g), 

dissolved in H2O (200 mL) were slowly added. The organic phase was successively washed 

with the saturated aqueous K2CO3 (3 × 50 mL) and Na2SO3 (50 mL), dried MgSO4, filtered, 

and concentrated under reduced pressure to furnish 41.6 g (98%), pure Z of the title 

compound as a pale yellow liquid. 

Rf (2/1 hexanes/Et2O) 0.375; 
1
H NMR (CDCl3, 600 MHz) δ 7.47 (d, J = 8.9 Hz, 1H), 6.91 (d, 

J = 8.9 Hz, 1H), 3.79 (s, 3H); 
13

C NMR (CDCl3, 151 MHz) δ 165.2, 129.7, 95.3, 51.8. The 

recorded spectra were in agreement with the published data.
98

 

Methyl (E)-3-iodoacrylate ((E)-47) 

 

The title compound was prepared according to the previously reported procedure.
99

 Ester 

(Z)-47 (1 eq., 196 mmol, 41.6 g) was dissolved in toluene (80 mL). HI (15 mol%, 57 wt.% 
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aqueous solution, 4.0 mL) was added and the reaction mixture and stirred at 110 °C for 15 h. 

After cooling it down, the reaction mixture was transferred to a separatory funnel, diluted 

with hexanes (40 mL) and washed with the saturated aqueous K2CO3 (30 mL) and Na2SO3 

(30 mL). Chromatography of the organic phase (200 g of silica gel, hexanes and then 5/1 

Et2O/hexanes) yielded the crude product, which was recrystallized from hexane to remove 

traces of the starting material. The recrystallization furnished 33.3 g (78%, pure E) of the title 

compound as a white solid. 

Rf (2/1 hexanes/Et2O) 0.425; Mp 41-43 °C (lt.
99

 48‒50 °C); 
1
H NMR (CDCl3, 600 MHz) 

δ 7.89 (dt, J = 14.9, 1.4 Hz, 1H), 6.88 (dt, J = 14.8, 1.3 Hz, 1H), 3.74 (s, 3H); 
13

C NMR 

(CDCl3, 151 MHz) δ 164.8, 135.3, 99.8, 52.1. The recorded spectra were in agreement with 

the published data.
99

 

(E)-3-Iodopropen-1ol ((E)-48) 

 

Synthesis from propargyl alcohol. A modified previously reported procedure was used.
97

 A 

Schlenk flask was charged with Cp2ZrCl2 (1.1 eq., 1.61 g) and Et2O (10 mL). The suspension 

was cooled to 0 °C before DIBAL (1.1 eq., 1 M solution in CH2Cl2, 5.5 mL) was added. The 

resulting mixture was stirred for 30 min at 0 °C. In the second Schlenk flask propargyl 

alcohol (1 eq., 5 mmol, 289 µL) was added to a solution of DIBAL (1.1 eq., 1 M solution in 

CH2Cl2, 5.5 mL) in Et2O (10 mL) at ‒78 °C. The solution was warmed to 0 °C and stirred for 

30 min before the content of this flask was transferred to the first Schlenk flask with thus in 

situ prepared Schwarz reagent. After approximately 20 min of stirring at 23 °C the suspension 

turned into a yellow solution and after additional 20 min the solution was cooled to ‒78 °C. 

Then a solution of I2 (1.3 eq., 1.65 g) in Et2O/THF (5/2, 7 mL) was added and the mixture 

was stirred at ‒78 °C for 60 min. The reaction was quenched by slow addition of aqueous HCl 

(2 eq., 1 M, 10 mL). The mixture was then poured into a separatory funnel and H2O (20 mL), 

additional aqueous HCl (1 M, 20 mL) and Et2O (30 mL) were added. The phases were 

separated and the aqueous layer was extracted with Et2O (3 × 10 mL). The combined organic 
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extracts were successively washed with the saturated aqueous Na2S2O3 (2 × 10 mL) and brine 

(20 mL), the organic phase was dried over MgSO4, filtered, and concentrated by distillation of 

the solvents at atmospheric pressure. Column chromatography of the residue (75 g of silica 

gel, 2/1→1/1 pentane/Et2O) furnished a solution of alcohol (E)-48 in the mobile phase 

(~200 mL, ~0.025 M) which was directly used in the next reaction step. 

Synthesis from methyl propanoate. A modified previously reported procedure was used.
100

 

A solution of ester (E)-47 (1 eq., 10 mmol, 2.11 g) in Et2O (15 mL) was added to a 

suspension of LiAlH4 (1 eq., 380 mg) in Et2O (20 mL) cooled to ‒78 °C over the period of 

30 min. After 2 h MeOH (0.8 mL) and then H2O (0.4 mL) were slowly added to quench the 

reaction mixture. Then it was warmed to 23 °C and NaOH (15 wt.% aqueous solution, 

0.4 mL) and H2O (0.8 mL) were added. The resulting suspension was filtered through a short 

pad of silica gel (25 g) and solids were washed by Et2O (65 mL). The filtrate was 

concentrated by distillation of Et2O at atmospheric pressure to provide 1.26 g (70%, pure E) 

of the title compound as a pale yellow liquid. 

Rf (2/1 hexanes/Et2O) 0.125; 
1
H NMR (CDCl3, 600 MHz) δ 6.70 (dt, J = 14.5, 5.4 Hz, 1H), 

6.41 (dt, J = 5.7, 1.6 Hz, 1H), 4.11 (td, J = 5.7, 1.6 Hz, 2H), 1.50 (t, J = 6.0 Hz, 1H); 

13
C NMR (CDCl3, 151 MHz) δ 144.9, 77.9, 65.3. The recorded spectra were in agreement 

with the published data.
97

 

(E)-3-Iodopropenal (49) 

 

Aldehyde 49 was always prepared in a small quantity from 48 shortly before the subsequent 

allylation and crotylation reactions. The alcohol 48 (1 eq.) was treated with MnO2 (20 eq.) in 

toluene at 40 °C overnight in a carefully sealed flask. Then solids were filtered off on a 

sintered glass filter and washed with toluene (such an amount to achieve the product 

concentration close to 0.1 M). The solution was then directly used for the allylation reactions, 

vide infra. The yields given for allylation and crotylation reactions include this reaction step.  

Rf (hexanes/Et2O 2/1) 0.425; 
1
H NMR (CDCl3, 600 MHz) δ 9.45 (d, J = 7.4 Hz, 1H), 7.98 (d, 

J = 15.0 Hz, 1H), 7.09 (dd, J = 15.0, 7.4 Hz, 1H). The recorded spectrum was in agreement 

with the published data.
146

 



173 

 

9.4.8 Enantioselective allylation and anti-crotylation of iodoacrylaldehyde 49 

(E)-1-Iodohexa-1,5-dien-3-ol (rac-50) 

 

Table 13, reaction 1. Iodoacrylaldehyde 49 (~1.2 mmol, 0.1 M solution in toluene, 12 mL) 

was treated with allylboronic acid pinacol ester (0.6 mmol, 171 µL) in toluene (2 mL) at 

23 °C overnight. Column chromatography of the crude reaction mixture on (50 g of silica gel, 

hexanes and then 2/1 hexanes/Et2O) furnished 87.3 mg (65%) of the title compound as a 

colorless liquid. 

Rf (2/1 hexanes/Et2O) 0.25; 
1
H NMR (CDCl3, 400 MHz) δ 6.59 (ddd, J = 14.5, 5.8, 0.7 Hz, 

1H), 6.39 (dt, J = 14.5, 1.1 Hz, 1H), 5.84-5.72 (ddt, J = 16.0, 11.2, 7.1 Hz, 1H), 5.20-5.14 (m, 

2H), 4.17 (p, J = 5.6 Hz, 1H), 2.36 (dt, J = 11.9, 5.9 Hz, 1H), 2.27 (dt, J = 14.2, 7.3 Hz, 1H), 

1.78 (m, 1H); 
13

C NMR (CDCl3, 100 MHz) δ 147.7, 133.3, 119.4, 77.6, 73.4, 41.3. The 

recorded spectra were in agreement with the published data.
147

 

(1E,3S)-1-Iodohexa-1,5-dien-3-ol ((S)-4) or (1E,3R)-1-Iodohexa-1,5-dien-3-ol ((R)-4) 

 

(Sa)-XVa catalyzed reaction (Table 13, reaction 2). Aldehyde 49 (~0.5 mmol, 0.1 M solution 

in toluene, 5 mL) was added to the (Sa)-XVa catalyst (5 μmol, 3.8 mg) and the mixture was 

cooled to ‒40 °C before allylboronic acid pinacol ester  (0.24 mmol, 45 µL) was dropped in 

slowly. After 3 days of stirring at ‒40 °C DIBAL (0.5 mmol, 1 M solution in cyclohexane, 

1 mL) and after 30 min HCl (0.5 mmol, 0.1 M aqueous solution, 5 mL) were added. Then the 

reaction mixture was warmed to 23 °C and the layers were separated. The organic layer was 

extracted with hexane (10 mL). Column chromatography of the combined organic extracts 

(50 g of silica gel, hexanes and then 2/1 hexanes/Et2O) furnished 49 mg (91%, 74% ee) of 

(S)-50 as a pale yellow liquid.  

(R,Sa)-XIIa catalyzed reaction (Table 13, reaction 3). The (R,Sa)-XIIa catalyst (5 μmol, 

2.2 mg) was dissolved in THF (2 mL) and the solution was cooled to ‒40 °C before aldehyde 

49 (~0.6 mmol, 0.1 M solution in toluene, 6 mL) was added. Then iPr2NEt (0.6 mmol, 

105 μL) and finally (E)-crotyltrichlorosilane (0.4 mmol, 64 μL) were added dropwise. The 
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resulting mixture was stirred at ‒40 °C for 3 days. Then the saturated aqueous NaHCO3 

(10 mL) was added and the mixture was warmed to 23 °C. The mixture was diluted with H2O 

(10 mL) to dissolve the arisen precipitate. The organic layer was separated and the aqueous 

phase was extracted with hexanes (3 × 5 mL). Column chromatography of the combined 

organic extracts (50 g of silica gel, hexanes and then 2/1 hexanes/Et2O) furnished 76 mg 

(85%, 75% ee) of (S)-50 as a pale yellow liquid. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for rac-50. 

(1E,3S*,4S*)-1-Iodo-4-methylhexa-1,5-dien-3-ol (anti-50) 

 

Table 13, reaction 4. Aldehyde 49 (~1.25 mmol, 0.1 M solution in toluene, 12.5 mL) was 

treated with (E)-crotylboronic acid pinacol ester (0.24 mmol, 255 µL) and the reaction 

mixture was stirred at 23 °C for 15 h. Then it was washed with the saturated aqueous Na2SO3 

(10 mL). Column chromatography of the organic fraction (125 g of silica gel, hexanes and 

then 2/1 hexanes/Et2O) furnished 167 mg (56% over 2 steps, 99/1 dr) of the title compound as 

a colorless liquid.  

Rf (2/1 hexanes/Et2O) 0.325; 
1
H NMR (CDCl3, 600 MHz) δ 6.56 (dd, J = 14.5, 6.5 Hz, 1H), 

6.37 (dd, J = 14.4, 1.1 Hz, 1H), 5.73 (ddd, J = 17.1, 10.5, 7.9 Hz, 1H), 5.19-5.13 (m, 2H), 

3.90-3.85 (m, 1H), 2.29 (hept., J = 6.8 Hz, 1H), 1.81 (br s, 1H), 1.03 (d, J = 6.9 Hz, 3H); 

13
C NMR (CDCl3, 151 MHz) δ 146.5, 139.4, 117.4, 18.4, 77.8, 44.1, 15.8; IR (KBr) ν 3386 

(br m), 3075 (w), 2971 (s), 2926 (w), 2869 (m), 1715 (vw), 1640 (w), 1613 (s), 1562 (vw), 

1458 (m), 1416 (w), 1368 (m), 1266 (s), 1180 (m), 1084 (w), 1021 (m), 1000 (m), 949 (vs), 

917 (vs), 773 (vw), 695 (w), 656 (w); MS (EI+, TOF) m/z 237.0 (2), 222 (7), 221.0 (73), 

195.0 (7), 182.9 (100), 180.9 (52), 111.1 (13), 94.1 (25), 93.1 (24); HRMS (EI+, TOF) m/z 

calculated for C7H12OI 238.9931, found 238.9933. 

(1E,3S,4S)-1-Iodohexa-1,5-dien-3-ol ((S,S)-51) or (1E,3R,4R)-1-Iodohexa-1,5-dien-3-ol 

((R,R)-51) 
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(Sa)-XVa catalyzed reaction (Table 13, reaction 5). Aldehyde 49 (~2.5 mmol, 0.1 M solution 

in toluene, 25 mL) was mixed with the (Sa)-XVa catalyst (37 μmol, 28 mg) and the resulting 

solution was cooled to ‒40 °C. (E)-Crotylboronic acid pinacol ester (1.5 mmol, 308 µL) was 

slowly added. The reaction mixture was stirred at ‒40 °C for 3 days. Then DIBAL (2.5 mmol, 

1 M solution in cyclohexane, 2.5 mL) and after 30 min HCl (2.5 mmol, 1 M aqueous solution, 

2.5 mL) were added to the cold solution. The mixture was warmed to 23 °C and the organic 

layer was separated, the aqueous layer was extracted with hexane (10 mL). Column 

chromatography of the combined organic extracts (50 g of silica gel, hexanes and then 

2/1 hexanes/Et2O) yielded 53 mg (93%, 99/1 dr, 94% ee) of (S,S)-51 as a pale yellow liquid.  

(Ra)-XVa catalyzed reaction (Table 13, reaction 6). Following the previous procedure, 

aldehyde 49 (~0.5 mmol, 0.1 M solution in toluene, 5 mL) was treated with (Ra)-XVa 

(5 μmol, 3.8 mg) and (E)-crotylboronic acid pinacol ester (0.24 mmol, 49 µL) at ‒40 °C for 

3 days. After work-up 49 mg (91%, 99/1 dr, 95% ee) of the title compound was obtained. 

(R,Sa)-XIIa catalyzed reaction (Table 13, reaction 7). To a solution of the (R,Sa)-XIIa 

catalyst (5 μmol, 2.2 mg) in THF (2 mL) cooled to ‒40 °C were consecutively dropwise 

added aldehyde 49 (~6 mmol, 0.1 M solution in toluene, 6 mL), iPr2NEt (0.6 mmol, 105 μL) 

and crotyltrichlorosilane (E)-8 (0.4 mmol, 58 μL). The reaction mixture was stirred at ‒40 °C 

for 3 days. Then the saturated aqueous NaHCO3 (10 mL) was added to the cold mixture, after 

warming it up to 23 °C H2O (10 mL) was added. The organic phase was separated and the 

aqueous phase was extracted with hexanes (3 × 5 mL) and column chromatography of the 

combined organic extracts (80 g of silica gel, hexanes and then 2/1 hexanes/Et2O) furnished 

80 mg (84%, 99/1 dr, 84% ee) of the title compound as a pale yellow liquid.  

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-51.  

9.4.9 Mosher esters 

(1E,3S)-Iodo-2-methylhexa-1,5-dien-3-yl (2S)-3,3,3-trifluoro-2-methoxy-2-

phenylpropanoate ((S)-MTPA-(E,S)-43a) 

Rf (20/1 hexanes/Et2O) 0.3; 
1
H NMR (CDCl3, 600 MHz) δ 7.48-7.45 (m, 2H, 

o-H of Ph), 7.42-7.38 (m, 3H, m,p-H of Ph), 6.45 (s, 1H, IHC
1
=), 5.60-5.52 

(m, 2H, >C
3
H-O + -C

5
H=), 5.07-5.03 (m, 2H, =C

6
H2), 3.50 (q, J = 1.2 Hz, 3H, 

O-CH3), 2.49-2.36 (m, 2H, -C
4
H2-), 1.82 (d, J = 1.2 Hz, 3H, C

2
-CH3); 

13
C NMR (CDCl3, 151 

MHz) δ 165.76 (>C=O), 144.20 (=C
2
<), 132.20 (y-C of Ph), 131.81 (-C

5
H=), 129.82 (p-C of 

Ph), 128.59 (m-C of Ph), 127.58 (q, J = 1.4 Hz, o-C of Ph), 123.45 (q, J = 288.7 Hz, -CF3), 
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119.09 (=C
6
H2), 84.73 (q, J = 27.8 Hz, C-CF3), 82.76 (HC

3
-O), 78.96 (IHC

1
=), 55.50 (q, 

J = 1.6 Hz, O-CH3), 37.14 (-C
4
H2-), 20.17 (C

2
-CH3); 

19
F NMR (CDCl3, 282 MHz) δ -71.16. 

(1E,3R)-Iodo-2-methylhexa-1,5-dien-3-yl (2S)-3,3,3-trifluoro-2-methoxy-

2-phenylpropanoate ((S)-MTPA-(E,R)-43a) 

1
H NMR (CDCl3, 600 MHz) δ 7.48-7.45 (m, 2H, o-H of Ph), 7.42-7.38 (m, 

3H, m,p-H of Ph), 6.32 (s, 1H, IHC
1
=), 5.67 (dddd, J = 16.9, 10.3, 7.4, 6.5 Hz, 

1H, -C
5
H=), 5.53 (ddd, J = 8.1, 5.6, 0.6 Hz, 1H), 5.15-5.11 (m, 2H, =C

6
H2), 

3.56 (q, J = 1.3 Hz, 3H, O-CH3), 2.54-2.41 (m, 2H, -C
4
H2-), 1.67 (d, J = 1.2 Hz, 3H, C

2
-CH3); 

13
C NMR (CDCl3, 151 MHz) δ 165.70 (>C=O), 144.11 (=C

2
<), 132.29 (y-C of Ph), 132.26 

(-C
5
H=), 129.77 (p-C of Ph), 128.54 (m-C of Ph), 127.28 (q, J = 1.4 Hz, o-C of Ph), 123.40 

(q, J = 288.6 Hz, -CF3), 119.11 (=C
6
H2), 84.67 (q, J = 27.6 Hz, C-CF3), 82.61(>C

3
H-O), 

79.01 (IHC
1
=), 55.95 (q, J = 1.8 Hz, O-CH3), 37.13 (-C

4
H2-), 19.98 (C

2
-CH3); 

19
F NMR 

(CDCl3, 282 MHz) δ-71.47. 

(1E,3S,4S)-1-Iodo-2,4-dimethylhexa-1,5-dien-3-yl (2S)-3,3,3-trifluoro-2-methoxy-2-phe-

nylpropanoate ((S)-MTPA-(E,S,S)-44a) 

Rf (20/1 hexanes/Et2O) 0.375; 
1
H NMR (CDCl3, 600 MHz) δ 7.46-7.43 (m, 

2H, o-H of Ph), 7.41-7.37 (m, 3H, m,p-H), 6.43 (dt, J = 1.1, 0.7 Hz, 1H, 

IHC
1
=), 5.68 (ddd, J = 17.2, 10.3, 8.1 Hz, 1H, -C

5
H=), 5.35 (d, J = 8.7 Hz, 1H, 

>C
3
H-O), 4.98-4.92 (m, 2H, =C

6
H2), 3.48 (q, J = 1.2 Hz, 3H, O-CH3), 2.59-2.51 (m, 1H, 

>C
4
H-), 1.81 (d, J = 1.2 Hz, 3H, C

2
-CH3) 0.91 (d, J = 6.8 Hz, 3H, C

4
-CH3); 

13
C NMR 

(CDCl3, 151 MHz) δ 165.80 (>C=O), 143.71 (=C
2
<), 138.31 (-C

5
H=), 132.28 (y-C of Ph), 

129.75 (p-C of Ph), 128.52 (m-C of Ph), 127.62 (o-C of Ph), 123.50 (q, J = 288.5 Hz, -CF3), 

116.75 (=C
6
H2), 84.67 (q, J = 27.6 Hz, C-CF3), 83.73 (IHC

1
=), 83.00 (>C

3
H-), 55.51 

(O-CH3), 40.07 (-HC4<), 20.11 (C
2
-CH3), 16.33 (C

4
-CH3); 

19
F NMR (CDCl3, 282 MHz) 

δ -70.90. 

(1E,3R,4R)-1-Iodo-2,4-dimethylhexa-1,5-dien-3-yl (2S)-3,3,3-trifluoro-2-methoxy-2-phe-

nylpropanoate ((S)-MTPA-(E,R,R)-44a) 

1
H NMR (CDCl3, 600 MHz) δ 7.46-7.43 (m, 2H, o-H of Ph), 7.41-7.37 (m, 

3H, m,p-H), 6.38 (dt, J = 1.6, 0.8 Hz, 1H, IHC
1
=), 5.56 (ddd, J = 17.1, 10.3, 

7.9 Hz, 1H, -C
5
H=), 5.28 (d, J = 9.0 Hz, 1H, >C

3
H-O), 5.12-5.05 (m, 2H, 

=C
6
H2), 3.55 (q, J = 1.4 Hz, 3H, O-CH3), 2.56-2.49 (m, 1H, >C

4
H-), 1.58 (d, J = 1.1 Hz, 3H, 



177 

 

C
2
-CH3), 0.92 (d, J = 6.8 Hz, 3H, C

4
-CH3); 

13
C NMR (CDCl3, 151 MHz) δ 165.84 (>C=O), 

143.47 (=C
2
<), 139.14 (-C

5
H=), 132.37 (y-C of Ph), 129.69 (p-C of Ph), 128.48 (m-C of Ph), 

127.31 (o-C of Ph), 123.41 (q, J = 288.7 Hz, -CF3), 116.82 (=C
6
H2), 84.73 (q, J = 27.9 Hz, 

C-CF3), 83.92 (IHC
1
=), 83.36 (>C

3
H-), 56.14 (O-CH3), 39.87 (-HC4<), 19.65 (C

2
-CH3), 16.66 

(C
4
-CH3); 

19
F NMR (CDCl3, 282 MHz) δ -71.37. 

(1E,3S)-1-Chloro-2-methylhexa-1,5-dien-3-yl (S)-3,3,3-trifluoro-2-methoxy-2-phenylpro-

panoate ((S)-MTPA-(S)-44b) 

Rf (2/1 hexanes/Et2O) 0.55; 
1
H NMR (CDCl3, 400 MHz) δ 7.49-7.45 (m, 

2H, o-H of Ph), 7.42-7.37 (m, 3H, o,p-H of Ph), 6.26 (qd, J = 1.4, 0.6 Hz, 

1H, ClHC
1
=), 5.62-5.52 (m, 1H, -C

5
H=), 5.51 (dd, J = 7.7, 6.5 Hz, 1H, 

>C
3
H-O), 5.09-5.03 (m, 2H, =C

6
H2), 3.50 (q, J = 1.2 Hz, 3H, O-CH3), 2.53-2.35 (m, 2H, 

-C
4
H2-), 1.78 (d, J = 1.5 Hz, 3H, C

2
-CH3);

 13
C NMR (CDCl3, 151 MHz) δ  165.82 (>C=O), 

135.35 (=C
2
<), 132.24 (y-C of Ph), 131.87 (-C

5
H=), 129.80 (p-C of Ph), 128.56 (m-C of Ph), 

127.55 (q, J = 4.0 Hz, o-C of Ph), 123.44 (q, J = 288.6 Hz, -CF3), 119.44 (ClHC
1
=), 119.09 

(=C
6
H2), 84.73 (q, J = 27.9 Hz, C-CF3), 78.03 (>C

3
H-), 55.51 (q, J = 1.7 Hz, O-CH3), 36.97 (-

C4H2-), 12.58 (C
2
-CH3); 

19
F NMR (CDCl3, 376 MHz) δ -71.26. 

(1E,3R)-1-Chloro-2-methylhexa-1,5-dien-3-yl (S)-3,3,3-trifluoro-2-methoxy-2-phenylpro-

panoate ((S)-MTPA-(R)-44b) 

1
H NMR (CDCl3, 400 MHz) δ  7.49-7.45 (m, 2H, o-H of Ph), 7.42-7.37 (m, 

3H, o,p-H of Ph), 6.17 (qd, J = 1.5, 0.7 Hz, 1H, ClHC
1
=), 5.67 (dddd, 

J = 16.8, 10.1, 7.3, 6.5 Hz, 1H, -C
5
H=), 5.48 (dd, J = 8.2, 6.2 Hz, 1H, 

>C
3
H-O), 5.17-5.11 (m, 2H, =C

6
H2), 3.56 (q, J = 1.3 Hz, 3H, O-CH3), 2.58-2.38 (m, 2H, 

-C
4
H2-), 1.62 (d, J = 1.5 Hz, 3H, C

2
-CH3);

 13
C NMR (CDCl3, 151 MHz) δ 165.78 (>C=O), 

135.25 (=C
2
<), 132.30 (y-C of Ph), 132.29 (-C

5
H=), 129.77 (p-C of Ph), 128.51 (m-C of Ph), 

127.33 (q, J = 4.0 Hz, o-C of Ph), 123.40 (q, J = 288.6 Hz, -CF3), 119.33 (ClHC
1
=), 119.12 

(=C
6
H2), 84.69 (q, J = 27.4 Hz, C-CF3), 78.14 (>C

3
H-), 55.87 (q, J = 1.6 Hz, O-CH3), 36.99 (-

C4H2-), 12.32 (C
2
-CH3); 

19
F NMR (CDCl3, 376 MHz) δ -71.49. 
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(1E,3S,4S)-1-Chloro-2,4-dimethylhexa-1,5-dien-3-yl (S)-3,3,3-trifluoro-2-methoxy-2-phe-

nylpropanoate ((S)-MTPA-(S,S)-45b)  

Rf (2/1 hexanes/Et2O) 0.625; 
1
H NMR (CDCl3, 400 MHz) δ 7.48-7.44 (m, 

2H, o-H of Ph), 7.40-7.36 (m, 3H, o,p-H of Ph), 6.23 (qd, J = 1.4, 0.6 Hz, 

1H, ClHC
1
=), 5.56 (ddd, J = 17.2, 10.3, 7.9 Hz, 1H, -C

5
H=), 5.26 (d, 

J = 9.0 Hz, 1H, >C
3
H-O), 4.99-4.90 (m, 2H, =C

6
H2), 3.49 (q, J = 1.3 Hz, 3H, O-CH3), 

2.59-2.50 (m, 1H, -C
4
H2-), 1.77 (d, J = 1.4 Hz, 3H, C

2
-CH3), 0.91 (d, J = 6.9 Hz, 3H, 

C
4
-CH3);

 13
C NMR (CDCl3, 151 MHz) δ  165.82 (>C=O), 138.48 (-C

5
H=), 134.83 (=C

2
<), 

132.32 (y-C of Ph), 129.73 (p-C of Ph), 128.47 (m-C of Ph), 127.60 (q, J = 4.0 Hz, o-C of 

Ph), 123.48 (q, J = 288.8 Hz, -CF3), 120.17 (ClHC
1
=), 116.73 (=C

6
H2), 84.64 (q, J = 27.9 Hz, 

C-CF3), 82.03 (>C
3
H-), 55.53 (q, J = 1.7 Hz, O-CH3), 39.90 (-HC4<), 16.39 (C

4
-CH3), 12.48 

(C
2
-CH3); 

19
F NMR (CDCl3, 376 MHz) δ -71.03. 

(1E,3R,4R)-1-Chloro-2,4-dimethylhexa-1,5-dien-3-yl (S)-3,3,3-trifluoro-2-methoxy-2-

phenylpropanoate ((S)-MTPA-(R,R)-45b)  

1
H NMR (CDCl3, 400 MHz) δ 7.48-7.44 (m, 2H, o-H of Ph), 7.40-7.36 (m, 

3H, o,p-H of Ph), 6.20 (qd, J = 1.4, 0.6 Hz, 1H, ClHC
1
=), 5.69 (ddd, J = 17.2, 

10.3, 7.9 Hz, 1H, -C
5
H=), 5.19 (d, J = 9.4 Hz, 1H, >C

3
H-O), 5.13-5.05 (m, 

2H, =C
6
H2), 3.54 (q, J = 1.3 Hz, 3H, O-CH3), 2.63-2.51 (m, 1H, -C

4
H2-), 1.55 (d, J = 1.5 Hz, 

3H, C
2
-CH3), 0.95 (d, J = 6.9 Hz, 3H, C

4
-CH3);

 13
C NMR (CDCl3, 151 MHz) δ 165.90 

(>C=O), 139.31 (-C
5
H=), 134.59 (=C

2
<), 132.38 (y-C of Ph), 129.69 (p-C of Ph), 128.43 

(m-C of Ph), 127.38 (q, J = 4.0 Hz, o-C of Ph), 123.42 (q, J = 288.8 Hz, -CF3), 120.27 

(ClHC
1
=), 116.82 (=C

6
H2), 84.73 (q, J = 27.4 Hz, C-CF3), 82.44 (>C

3
H-), 56.07 (q, 

J = 1.6 Hz, O-CH3), 39.72 (-HC4<), 16.71 (C
4
-CH3), 12.03 (C

2
-CH3); 

19
F NMR (CDCl3, 

376 MHz) δ -71.38. 
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9.5 Tiacumicin aglycone intermediate 

9.5.1 Synthesis of the C15-C20 fragment 

Ethyl (S)-2-benzyloxypropanoate ((S)-58) 

 

The title compound was prepared according to the previously reported procedure.
104

 (S)-(–)-

Ethyl lactate (1 eq., 84.65 mmol, 9.67 mL) was dissolved in an ice-cold THF/DMF mixture 

(1/1, 80 mL). Then NaH (1 eq., 60% suspension in mineral oil, 3.4 g) was added over 

15 minutes and the mixture was further stirred at 0 °C for 30 minutes during which the gas 

evolution ceased. Then TBAI (10 mol%, 1.56 g) and benzyl bromide (1 eq., 10.1 mL) were 

added and the mixture was allowed to warm to 23 °C. After stirring for 2 hours pieces of ice 

were added to quench the reaction. The mixture was extracted with Et2O (3 × 50 mL), the 

combined organic extracts were washed with brine, dried over Na2SO4, filtered and 

concentrated under reduced pressure. The crude product was purified by column 

chromatography (95/5 hexanes/ EtOAc). The title compound was obtained as 11.1 g (63%) of 

colorless liquid. 

Rf (95/5 hexanes/EtOAc) 0.5; 
1
H NMR (400 MHz, CDCl3) δ 7.40-7.27 (m, 5H), 4.70 (d, 

J = 11.6 Hz, 1H), 4.45 (d, J = 11.6 Hz, 1H), 4.28-4.16 (m, 2H), 4.05 (q, J = 6.9 Hz, 1H), 1.44 

(d, J = 6.8 Hz, 3H), 1.30 (t, J = 7.1 Hz, 3H); 
13

C NMR (101 MHz, CDCl3): δ 173.4, 137.7, 

128.6, 128.1, 128.0, 77.2, 74.2, 72.1, 61.0, 18.9, 14.4; MS (ESI) m/z 231.1 ([M + Na]
+
); 

HRMS (ESI) m/z calculated for C12H16NaO3 [M+Na]
+
: 231.0992, found 231.0994; [α]D

20
 -62 

(c 1, CHCl3) [lt.
104

 -70 (c 1, CHCl3)]. The recorded spectra correspond to the published 

data.
104

 

(S)-2-Benzyloxypropanal ((S)-59) 

 

The title compound was prepared according to the previously reported procedure.
105

 The ester 

(S)-58 (1 eq., 53.40 mmol, 11.12 g) was dissolved in Et2O (260 mL) and the solution was 

cooled to ‒78 °C. Then DIBAL (1.2 eq., 64.07 mL) was added over 20 minutes using a 
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syringe pump. After the addition was completed the mixture was stirred for another 5 minutes 

and H2O (50 mL) was poured in. The reaction mixture was allowed to warm to 23 °C and the 

resulting mixture was filtered through a mixture of celite and sand. The filtrate was extracted 

with Et2O (3 × 50 mL), the combined organic extracts were washed with brine, dried over 

MgSO4, filtered and concentrated under reduced pressure. The title compound was obtained 

as 7.13 g (81%) of pale yellow liquid. The compound was analyzed by NMR spectroscopy 

and used for the next reaction step without further delays. 

Rf (95/5 hexanes/EtOAc) 0.8; 
1
H NMR (400 MHz, CDCl3) δ 9.67 (d, J = 1.8 Hz, 1H), 7.38–

7.31 (m, 5H), 4.66 (d, J = 11.7 Hz,1H), 4.60 (d, J = 11.7 Hz, 1H), 3.90 (qd, J = 6.9, 1.8 Hz, 

1H), 1.33 (d, J = 6.9 Hz, 1H); 
13

C NMR (101 MHz, CDCl3) δ 203.6, 137.5, 128.7, 128.2, 

128.1, 79.6, 72.2, 15.5. The recorded spectra correspond to the published data.
105

 

(2S,3S)-2-Benzyloxyhex-5-en-3-ol ((S,S)-60) 

 

The title compound was prepared according to the previously reported procedure.
106

 Aldehyde 

(S,S)-60 (1 eq., 42.6 mmol, 7 g) was dissolved in CH2Cl2 (180 mL) and the solution was 

cooled to ‒78 °C before SnCl4 (1.01 eq., 1 M solution in CH2Cl2, 43.06 mL) was added over 

15 minutes. Then allyltrimethylsilane (1.1 eq., 5.4 mL) was added and the reaction mixture 

was stirred at ‒78 °C for 2 hours. Subsequently H2O (50 mL) was added to quench the 

reaction and the mixture was allowed to warm to 23 °C. The organic phase was separated and 

the aqueous phase was extracted with CH2Cl2 (3 × 50 mL). The combined organic extracts 

were dried over MgSO4, filtered and concentrated under reduced pressure. The residue was 

purified by column chromatography (9/1 hexanes/Et2O) yielding the title compound as 8.49 g 

(97%) of colorless liquid. The minor diastereomer (96/4 dr for the crude product) was 

removed by chromatography. 

Rf (10/1 hexanes/Et2O) 0.2; 
1
H NMR (400 MHz, CDCl3) δ 7.29-7.37 (m, 5H), 5.88 (dddd, 

J = 17.2, 10.4, 7.6, 6.8 Hz, 1H), 5.14-5.07 (m, 2H), 4.67 (d, J = 11.5 Hz, 1H), 4.45 (d, 

J = 11.5 Hz, 1H), 3.54 (ddd, J = 7.6, 6.2, 4.3 Hz, 2H), 3.45 (p, J = 6.1 Hz, 1H), 2.52 (br s, 

1H), 2.38 (dddt, J = 12.3, 6.7, 4.3, 1.4 Hz,1H), 2.22 (dtt, J = 15.6, 7.6, 1.2 Hz, 1H), 1.21 (d, 

J = 6.1 Hz, 3H);
 13

C NMR (101 MHz, CDCl3) δ 138.3, 134.8, 128.5, 127.9, 127.5, 117.2, 

77.5, 74.3, 71.0, 37.5, 15.5; [α]D
20

+34.2 (c 0.79, CHCl3) [lt.
148

 +53.9 (c 0.51, CHCl3), lt.
131
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+27.2 (c 1.0, CHCl3), lt.
132

 -17.6
XVI

 (c 3.0,CHCl3)]. The obtained values correspond to 

published data.
106

 

(2S,3S)-2-Benzyloxy-3-(tert-butyldimethylsilyloxy)hex-5-en ((S,S)-61) 

 

The title compound was prepared according to the previously reported procedure.
107

 Alcohol 

(S,S)-60 (1 eq., 43.34 mmol, 8.94 g) was dissolved in CH2Cl2 (140 mL) and the solution was 

cooled to 0 °C. Then imidazole (1.6 eq., 4.72 g) and TBSCl (1.1 eq., 7.19 g) were added. The 

reaction mixture was allowed to warm to 23 °C and stirred for another 4 days. Then the 

reaction was quenched by addition of saturated aqueous NH4Cl (50 mL) and the phases were 

separated. The aqueous phase was extracted with CH2Cl2 (3 × 50 mL) and the combined 

organic extracts were dried over MgSO4, filtered and concentrated under reduced pressure. 

The crude product was purified by distillation on Kugelrohr apparatus. The title compound 

was obtained as 11.0 g (79%) of colorless liquid. 

B.p. (0.1 mbar) 95 °C; Rf (10/1 hexanes/Et2O) 0.325; 
1
H NMR (400 MHz, CDCl3) δ 7.37-7.26 

(m, 5H), 5.83 (dddd, J = 17.2, 10.4, 7.6, 6.8 Hz, 1H), 5.08-5.00 (m, 2H), 4.60 (d, J = 12.0 Hz, 

1H), 4.51 (d, J = 12.0 Hz, 1H), 3.74 (ddd, J = 8.3, 4.7, 3.8 Hz, 1H), 3.49 (qd, J = 6.4, 4.9 Hz, 

1H), 2.40 (dddt, J = 14.0, 6.8, 2.8, 1.6 1H), 2.13 (dtt, J = 15.2, 8.0, 0.8 Hz, 1H), 1.14 (d, J = 

6.4, 3H), 0.87 (s, 9H), 0.02 (s, 3H), -0.03 (s, 3H); 
13

C NMR (101 MHz, CDCl3) δ 139.2, 

136.3, 128.4, 127.7, 127.6, 116.7, 77.5, 74.0, 71.2, 36.5, 26.0, 18.2, 14.1, -4.3, -4.4; IR (KBr) 

ν 914, 940, 988, 1072, 1135, 1210, 1263, 1368, 1601, 1802, 2857, 3073; HRMS (ESI) m/z 

calculated for C19H33O2Si [M+H]
+
: 321.22453, found 321.22453, calculated for 

C19H32O2NaSi [M+Na]
+
: 343.20638, found 343,20642; [α]D

20
 +1.2 (c 1.2, CH2Cl2) [lt.

148
 +2.5 

(c 2.98, CH2Cl2)]. The obtained values forrespond to published data.
107

 

Cross-metathesis of alkene (S,S)-61 and isopropenylboronate 62 

 

                                                 
XVI

 Value for the opposite (R,R)-60 enantiomer. 
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Representative procedure for thermal reactions (Table 14, reaction 1). The protected 

dienol (S,S)-61 (1 eq., 0.1 mmol, 32 mg) was added to a solution of the G II catalyst 

(10 mol%, 8.5 mg) in CH2Cl2 (2 mL) and pinacol isopropenylboronate 62 (1 eq., 19 µL) was 

added. The resulting mixture was refluxed under a vertical condenser for 15 hours. After that 

the solvent was evaporated and the compounds ratio was determined by 
1
H NMR 

spectroscopy. 

Representative procedure for microwave reactions (Table 14, reaction 5). The alkene 

(S,S)-61 (1 eq., 0.1 mmol, 32 mg) and pinacol isopropenylboronate 62 (3 eq., 56 µL) were 

added to a solution of the HG II catalyst (5 mol%, 3 mg) in a microwave vial and the 

resulting solution was sealed. The reaction was allowed to proceed for 1 hour at 100 °C under 

the microwave irradiation. After the reaction was completed the solvent was evaporated and 

the residue was analyzed by 
1
H NMR spectroscopy. 

Pinacol (2E,5S,6S)-6-benzyloxy-5-(tert-butyldimethylsilyloxy)hept-2-en-1-ylboronate 

((E,S,S)-63) 

Rf (2/1 hexanes/CH2Cl2) 0.3;
1
H NMR (400 MHz, CDCl3) δ 6.13 (br t, 

J = 6.8 Hz, 1H), 4.59 (d, J = 12.0 Hz, 1H), 4.54 (d, J = 11.8 Hz, 1H), 3.76 (dt, J = 7.6, 4.7 Hz, 

1H), 2.69-2.54 (m, 2H), 1.76 (d, J = 0.9 Hz, 3H), 1.24 (s, 12H), 0.87 (s, 9H), -0.01 (s, 3H), -

0.02 (s, 3H).
XII,XVII

 

Pinacol (2Z,5S,6S)-6-benzyloxy-5-(tert-butyldimethylsilyloxy)hept-2-en-1-ylboronate 

((Z,S,S)-63) 

Rf (2/1 hexanes/CH2Cl2) 0.25;
1
H NMR (CDCl3, 400 MHz) δ 7.38-7.24 

(m, 5H), 6.40 (br t, J = 8.0 Hz, 1H), 4.58 (d, J = 11.9 Hz, 1H), 4.51 (d, J = 11.9 Hz, 1H), 3.83 

(ddd, J = 8.4, 4.8, 3.6 Hz, 1H), 3.50 (qd, J = 6.4, 4.5 Hz, 1H), 2.42 (dddd, J = 14.6, 6.5, 3.6, 

1.0 Hz, 1H), 2.27 (dt, J = 16.4, 8.4 Hz, 1H), 1.70 (s, 3H), 1.25 (s, 12H), 1.15 (d, J = 6.4 Hz, 

3H), 0.85 (s, 9H), 0.00 (s, 3H), -0.03 (s); 
13

C NMR (CDCl3, 101 MHz) δ 144.2, 139.1, 128.4, 

127.7, 127.5, 83.2, 77.5, 73.5, 71.1, 30.7, 26.0, 25.0, 24.9, 18.2, 14.1, 14.0, -4.4, -4.5; 
11

B 

NMR (CDCl3, 128 MHz) δ 30.84; IR (ATR) ν 3098 (vw), 3066 (vw), 3031 (vw), 2877 (m), 

2955 (m), 2927 (s), 2885 (m), 2854 (s), 1720 (vw), 1635 (w), 1470 (w), 1451 (w), 1410 (w), 

1375 (vs), 1344 (m), 1299 (s), 1258 (m), 1217 (w), 1144 (s), 1100 (vs), 1081 (vs), 1027 (w), 

                                                 
XVII

 Due to low amount of the compound it could not be isolated in pure form - the signals were determined from 

the spectra of (E,S,S)-63 and (Z,S,S)-63 mixture.  
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948 (w), 859 (m), 831 (vs), 777 (s), 736 (w), 698 (m), 672 (m); MS (CI+) m/z 462.3 (6%), 

161.3 (16), 445.3 (27), 403.2 (28), 369.3 (15), 353.3 (47), 329.2 (26), 311.2, (21), 279.2 (44), 

185.1 (80), 145.1 (51), 91.1 (100); HRMS (CI+) m/z calculated 461.3258 for C26H46
11

BO4Si 

[M+H]
+
, found 461.3247; [α]D

20
 -3.8 (c 0.79, CHCl3). 

Pinacol (1E,4S,5S)-5-benzyloxy-4-(tert-butyldimethylsilyloxy)hex-1-en-1-ylboronate 

((E,S,S)-63ʹ) 

Rf (2/1 hexanes/CH2Cl2) 0.1;
1
H NMR (CDCl3, 400 MHz) δ 7.37-7.24 

(m, 5H), 6.64 (ddd, J = 17.9, 7.7, 6.5 Hz, 1H), 5.48 (dt, J = 17.9, 1.3 Hz, 1H), 4.57 (d, 

J = 11.9 Hz, 1H), 4.50 (d, J = 11.9 Hz, 1H), 3.81 (ddd, J = 8.0, 4.4, 3.6 Hz, 1H), 3.49 (qd, 

J = 6.4, 4.8 Hz, 1H), 2.50 (dddd, J = 13.8, 6.3, 3.7, 1.6 Hz, 1H), 2.22 (dddd, J = 16.0, 8.8, 7.6, 

1.2 Hz, 1H), 1.25 (s, 12H), 1.13 (d, J = 6.4 Hz, 3H), 0.85 (s, 9H), 0.00 (s, 3H), -0.04 (s, 3H); 

13
C NMR (CDCl3, 101 MHz) δ 152.4, 139.1, 128.4, 127.7, 127.6, 83.1, 77.4, 73.5, 71.1, 38.4, 

26.0, 24.9, 18.2, 14.1, -4.3, -4.4;
 11

B NMR (CDCl3, 128 MHz) δ 29.54; IR (ATR) ν 2980 (m), 

2955 (m), 2930 (m), 2892 (w), 2857 (m), 1714 (s), 1641 (m), 1477 (w), 1454 (w), 1363 (vs), 

1321 (m), 1261 (m), 1220 (w), 1144 (s), 1093 (m), 837 (vs), 777 (m); MS (CI+) m/z 449.3 

(3%), 448.3 (6) 447.3 (18), 431.3 (22), 389.2 (21), 355.2 (19), 339.2 (40), 315.2 (14) 311.2 

(18), 297.2 (15), 289.1 (23), 279.2 (34), 215.1 (14), 171.1 (50), 131.1 (23), 91.1 (100), 73.0 

(11); HRMS (CI+) m/z calculated 447.3102 for C25H44O4Si
11

B [M+H]
+
, found 447.3103; 

[α]D
20

 -2.6 (c 0.95, CHCl3). 

(2S,3S,5E,8S,9S)- and (2S,3S,5Z,8S,9S)-2,9-bis(tert-butyldimethylsilyloxy)-3,8-bis(ben-

zyloxy)-dec-5-ene (63ʹʹ) 

Rf (2/1 hexanes/CH2Cl2) 0.625; the major (S,S,E,S,S)-63ʹʹ: 
1
H NMR (400 

MHz, CDCl3) δ 7.34-7.24 (m, 5H), 5.52-5.44 (m, 2H), 4.58 (d, 

J = 12.0 Hz, 1H), 4.51 (d, J = 12.0 Hz, 1H), 3.77-3.68 (m, 1H), 3.51-

3.44 (m, 1H), 2.42-2.31 (m, 1H), 2.11-2.04 (m, 1H), 1.13 (d, J = 6.4 Hz, 3H), 0.87 (s, 9H), 

0.02 (s, 3H), -0.02 (s, 3H); 
13

C NMR (101 MHz, CDCl3) δ 139.20, 129.59, 128.41, 127.70, 

127.52, 77.4, 74.5, 71.16, 35.2, 18.24, 14.27, -4.33, -4.37; the minor (S,S,Z,S,S)-63ʹʹ: 2.31-

2.24 (m, 1H), 0.87 (s, 9H), 0.01 (s, 3H);
XII

 
13

C NMR (101 MHz, CDCl3) δ 139.23, 129.57, 

128.40, 127.66, 127.48, 77.5, 74.2, 71.19, 35.3, 18.20, 14.23, -4.31, -4.40; IR (ATR) ν 3088 

(vw), 3063 (vw), 3034 (vw), 2958 (s), 2930 (vs), 2882 (m), 2854 (s), 1717 (w), 1464 (m), 

1388 (w), 1375 (w), 1359 (w), 1252 (m), 1081 (vs), 941 (w), 831 (vs), 774 (s), 698 (m); 
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HRMS (ESI) m/z calculated 613.41029 for C36H61O4Si2 [M+H]
+
, found 613.41045; calculated 

635.39223 for C36H60O4NaSi2 [M+Na]
+
, found 635.39218;  [α]D

20
 -2.0 (c 0.74, CHCl3). 

9.5.2 Preparation of pentenylation reagents 

(Z)-1-Bromopent-2-ene ((Z)-64) 

 

The title compound was prepared according to the previously reported procedure.
110

 (2Z)-

Pent-2-enol (pure Z; 1 eq., 75 mmol, 7.6 mL) was dissolved in Et2O (50 mL) and cooled to 

0 °C. Then PBr3 (0.35 eq., 2.5 mL) was carefully added and the solution was stirred at 0 °C 

for 75 minutes. Then concentrated aqueous NaHCO3 (15 mL) was slowly added to the cooled 

solution and the phases were separated. The organic phase was washed with another portion 

of NaHCO3 (20 mL) and the combined aqueous phases were re-extracted with Et2O (20 mL). 

The combined organic extracts were washed with brine (20 mL), dried over MgSO4 and 

filtered. The solution was partly concentrated by atmospheric pressure distillation of Et2O. It 

was found that upon heating over 40 °C isomerization of the double bond of the product 

occurs. Therefore in the next reaction step the resulting solution of 11.3 g (76% determined 

by 
1
H NMR spectroscopy, 4/96/<1 E/Z/α) of the title compound in Et2O was used. 

Rf (hexanes) 0.49; the major (Z)-64: 
1
H NMR (CDCl3, 400 MHz) δ 5.74-5.66 (m, 1H), 5.60 

(dr, J = 10.7, 7.3 Hz, 1H), 4.00 (d, J = 8.2 Hz, 2H), 2.16 (pd, J = 7.4, 1.4 Hz, 2H), 1.02 (t, 

J = 7.6 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 137.7, 124.8, 27.4, 20.4, 13.9; the minor 

(E)-64: 
1
H NMR (CDCl3, 400 MHz) δ 5.82 (dt, J = 15.4, 6.3 Hz, 1H), 3.95 (dt, J = 7.5, 

0.8 Hz, 2H), 2.10 (app p, J = 7.4 Hz, 2H), 2.16 (pd, J = 7.4, 1.4 Hz, 2H);
XII

 
13

C NMR (CDCl3, 

100 MHz) δ 138.3, 125.5, 27.0, 20.1, 13.2; the minor α-64: 
1
H NMR (CDCl3, 400 MHz) 

δ 5.99 (ddd, J = 16.9, 10.1, 9.1 Hz, 1H), 5.22 (dd, J = 17.0, 1.0 Hz, 1H), 5.06 (dt, J = 10.1, 0.8 

Hz, 1H), 4.45-4.39 (m, 1H), 2.00-1.87 (m, 2H), 1.01 (t, J = 7.3 Hz, 3H). The recorded spectra 

correspond to the published data.
110
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Chloration of (Z)-pent-2-enol 

 

Reaction with PCl3. The title compound was prepared according to the previously reported 

procedure.
111

 A solution of (2Z)-pent-2-enol (pure Z; 1 eq., 100 mmol, 10.1 mL) in pentane 

(100 mL) was cooled to 0 °C before PCl3 (0.5 eq., 4.4 mL) was slowly added. The mixture 

was stirred at 0 °C for 4 hours and then NaHCO3 (20 mL) was dropped in to quench the 

reaction. The phases were then separated and the aqueous phase was extracted with pentane 

(2 × 20 mL). The combined organic phases were dried over MgSO4 and filtered (95/5 

γ/α
XVIII

). Then pentane was distilled away under reduced pressure using bath no more than 

45 °C warm (93/7 γ/α
XVIII

). Then stronger vacuum (~7 mmHg) was applied with bath 

temperature 40 °C to distill (2Z)-1-chloropent-2-ene (Z)-66, which was obtained as 5.96 g 

(57%, 84/16 γ/α
XVIII

) of colorless oil. 

Reaction with SOCl2 in CH2Cl2. (2Z)-Pent-2-enol (pure Z; 1 eq., 100 mmol, 10.1 mL) was 

dissolved in mixture of CH2Cl2 (100 mL) and Et3N (1.2 eq., 16.7 mL) cooled to 0 °C. Then 

SOCl2 (1.1 eq., 8 mL) was added dropwise. After completion of the addition the cooling bath 

was removed and the reaction mixture was stirred at 23 °C for 2 h and at 35 °C for 1 h. Then 

the suspension was cooled to 0 °C and saturated aqueous NaHCO3 (~75 mL) was carefully 

poured in. The phases were separated and the aqueous phase was washed with CH2Cl2 

(20 mL). The combined organic extracts were dried over MgSO4 and filtered. The solvent was 

removed by distillation under slightly reduced pressure with the bath temperature below 

40 °C. Then stronger vacuum was applied to distill the brown residue. The product was 

collected in a liquid N2 trap. (2Z)-1-Chloropent-2-ene (Z)-66 (47% NMR yield, 92/8 γ/α
XVIII

) 

was obtained in a mixture with CH2Cl2 as a colorless liquid. 

Reaction with SOCl2 in Et2O. (2Z)-Pent-2-enol (pure Z; 1 eq., 100 mmol, 10.1 mL) was 

dissolved in Et2O (200 mL) and Et3N (1.2 eq., 16.7 mL) was added. The mixture was cooled 

to 0 °C and freshly distilled SOCl2 (1.1 eq., 8 mL) was added dropwise. The resulting 

                                                 
XVIII

 Ratio of (E)-315 and (Z)-315 unknown due to overlapping signals in 
1
H NMR spectra.  



186 

 

suspension was stirred gradually at 0 °C, 23 °C and 35 °C for 2 hours. Then the mixture was 

cooled to 0 °C again and the reaction was quenched by slow addition of saturated aqueous 

NaHCO3 (100 mL). The two-phase system was stirred until the gas evolution ceased. Then 

the layers were separated and the aqueous phase was extracted with Et2O (3 × 30 mL). The 

combined organic phases were dried over MgSO4, filtered and concentrated under reduced 

pressure. The residue was purified by column chromatography (30 g of silica gel, hexanes and 

then 20/1→10/1→5/1 hexanes Et2O). Di((2Z)-pent-2-en-1-yl) sulfite (Z)-66 was obtained as 

8.19 g (75%, pure Z) of orange oil. 

The sulfite 67 (pure Z; 1 eq., 1 mmol, 218 mg) was dissolved in Et2O (2 mL) and (COCl)2 

(2.1 eq., 180 µL) was added drop-wise. When the evolution of gas ceased, one drop of DMF 

was added. The resulting mixture was stirred at 23 °C for 1 hour and then at 35 °C for 1 hour. 

According to 
1
H NMR the conversion of starting material to (2Z)-1-chloropent-2-ene (Z)-66 

reached only 58% and further addition of (COCl)2 (2.1 eq., 180 µL) did not move the 

conversion further.  

(Z)-1-Chloropent-2-ene ((Z)-66) 

Rf (10/1 hexanes/Et2O) 0.325; the major (Z)- and (E)-66: 
1
H NMR (CDCl3, 

400 MHz) δ 5.67-5.56 (m, 2H), 4.10 (m, 2H), 2.18-2.10 (m, 2H), 1.01 (t, J = 7.5 

Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 137.2, 124.7, 39.6, 20.6, 14.1; the minor α-66: 

1
H NMR (CDCl3, 400 MHz) δ 5.88 (ddd, J = 16.9, 10.1, 8.1 Hz, 1H), 5.26 (dt, J = 17.0, 

1.1 Hz, 1H), 5.14 (dt, J = 10.1, 0.9 Hz, 1H), 4.28 (dt, J = 8.2, 6.8 Hz, 1H), 1.84 (quint., 

J = 7.3 Hz, 2H), 1.01 (t, J = 7.3 Hz, 3H);
 13

C NMR (CDCl3, 100 MHz) δ 138.7, 116.7, 64.9, 

31.6, 14.1. The recorded spectra correspond to the published data.
149

 

Di((2Z)-pent-2-en-1-yl) sulfite (67) 

Rf (10/1 hexanes/Et2O) 0.325; 
1
H NMR (CDCl3, 400 MHz) δ 5.69 (dtt, 

J = 10.8, 7.3, 1.2 Hz, 1H), 5.51 (ddt, J = 10.8, 6.9, 1.5 Hz), 4.54 (d, J = 7.1 Hz, 

2H), 2.12 (pd, J = 7.5, 1.5 Hz, 2H), 1.00 (t, J = 7.5 Hz, 3H); 
13

C NMR (CDCl3, 

100 MHz) δ 138.2, 122.4, 57.9, 21.0, 14.1; IR (KBr) ν 3028 (w), 2965 (m), 2929 (w), 2878 

(w), 1458 (vw), 1407 (vw), 1374 (vw), 1347 (vw), 1305 (vw), 1207 (vs), 1192 (s), 1033 (w), 

955 (vs), 934 (vs), 902 (vs), 797 (w), 749 (w), 704 (w); MS (CI+) m/z 219.1 (9%), 155.1 (20), 

151.0 (15), 138.1 (14), 137.1 (100), 111.0 (38), 95.1 (91), 81.1 (92), 70.1 (53), 69.6 (100), 

68.1 (88), 67.1 (33), 55.1 (9); HRMS (CI+) m/z calculated 219.1055 for C10H19O3S [M+H]
+
, 

found 219.1046. 
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(Z)-trichloro(pent-2-en-1-yl)silane ((Z)-65) 

 

Synthesis from bromopentene (Z)-64. The title compound was prepared according to the 

previously reported procedure.
116

 A solution of bromopentene (Z)-64 (96/4/0 Z/E/α; 1 eq., 

~75 mmol) in Et2O (~20 mL) was treated with Cl3SiH (1.1 eq., 8.3 mL). Another flask was 

charged with Et2O (50 mL), CuCl (2 mol%, 149 mg) and Et3N (1.1 eq., 11.5 mL) and the 

resulting mixture was cooled to 0 °C. Then the bromopentene solution was slowly added and 

the resulting suspension was stirred at 23 °C for 6 hours. After that the solids were filtered by 

a sintered glass filter and washed with dry Et2O (20 mL). The combined filtrates were 

concentrated under reduced pressure and the residue was distilled (b.p. 29-36 °C/1 mbar) to 

furnish 7.27 g (93%, 60/7/33 Z/E/α) of colorless liquid of the title compound. 

Synthesis from chloropentene (Z)-66. Following the procedure for synthesis of the title 

compound from bromopentene (Z)-64, chloropentene (Z)-66 (92/8 Z/E/α; 1 eq., 49 mmol, 

5.1 g in a mixture with 4.7 g of CH2Cl2) was treated with HSiCl3 (1.43 eq., 7 mL), Et3N 

(1.43 eq., 10 mL) and CuCl (2 mol%, 100 mg). Distillation furnished 8.88 g (89%, 83/6/11 

Z/E/α) of the title compound. 

B.p (3 mbar) 65-75 °C; the major (Z)-65: 
1
H NMR (CDCl3, 400 MHz) δ 5.66-5.57 (m, 1H), 

5.35 (dtt, J = 11.6, 8.1, 1.7 Hz, 1H), 2.34 (ddt, J = 8.2, 1.4, 0.7 Hz, 2H), 2.08 (app quint., 

J = 7.5 Hz, 2H), 1.00 (t, J = 7.5 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 136.1, 117.0, 25.2, 

20.9, 13.9; the minor α-65: 
1
H NMR (CDCl3, 400 MHz) δ 5.28 (ddd, J = 10.3, 1.4, 0.6 Hz, 

1H), 5.21 (dt, J = 17.0, 1.2 Hz, 1H), 1.89 (dqd, J = 13.7, 7.4, 3.4 Hz, 1H), 1.60 (ddq, J = 14.4, 

11.1, 7.3 Hz, 1H);
XII 13

C NMR (CDCl3, 100 MHz) δ 132.8, 119.5, 42.7, 21.0, 13.2. The huge 

reactivity does not allow further analyses. 

(E)-(Pent-2-en-1-yl)boronic acid pinacol ester ((E)-68) 

 

The title compound was prepared according to the previously reported procedure.
112

 A flask 

was charged with B2Pin2 (1 eq., 1 mmol, 254 mg) and PdCl2 (1 mol%, 1.8 mg). Then THF 
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(1 mL) and chloropentene (Z)-66 (84/16 γ/α; 1.5 eq., 226 µL) were added. The resulting 

mixture was stirred at 60 °C overnight. Then the content of the flask was subjected to flash 

column chromatography (10 g of silica gel, 5/1 hexanes/Et2O). The title compound was 

isolated as 174 mg (89 %, pure E isomer) of a colorless liquid. 

Rf (5/1 hexanes/Et2O) 0.375; 
1
H NMR (CDCl3, 400 MHz) δ 5.45-5.42 (m, 2H), 2.05-1.94 (m, 

2H), 1.68-1.60 (m, 2H), 1.25 (s, 12H), 0.95 (t, J = 7.5 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) 

δ 132.8, 123.8, 83.3, 25.9, 24.9, 14.2; 
11

B NMR (CDCl3, 128 MHz) δ 32.9. The recorded 

spectra correspond to the published data.
150

 

Methyl (E)-pent-2-enoate (69a) 

 

(E)-Pent-2-enoic acid (92/8 E/Z; 1 eq., 100 mmol, 10.1 mL) and  MeOH (5 eq., 20.23 mL) 

were treated with H2SO4 (5mol%, 267 μL) at reflux for 15 hours. After cooling down H2O 

(50 mL) was poured in and the acid was neutralized with solid K2CO3. The aqueous mixture 

was extracted with CH2Cl2 (3 × 60 mL) and the combined organic phases were washed with 

H2O (60 mL) and brine (60 mL). The solution was dried over MgSO4, filtered and 

concentrated under reduced pressure. The residue was distilled to obtain 9 g (79%, 91/9 E/Z) 

of the title compound as a colorless liquid of a strong bubble gum scent. 

B.p. (27 mbar) 43 °C; the major (E)-69a: 
1
H NMR (CDCl3, 400 MHz) δ 7.02 (dt, J = 15.7, 

6.4 Hz, 1H), 5.82 (dr, J = 15.7, 1.6 Hz, 1H), 3.72 (S, 3H), 2.26-2.19 (m, 2H), 1.07 (t, 

J = 7.4 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 167.3, 151.0, 120.1, 51.4, 34.3, 22.5, 14.1; 

the minor (Z)-69a: 
1
H NMR (CDCl3, 400 MHz) δ  6.22 (dt, J = 11.5, 7.5 Hz, 1H), 5.74 (dt, 

J = 11.5, 1.5 Hz, 1H). The recorded spectra correspond to the published data.
151

 

(2-Ethoxy-2-oxoethyl)triphenylphosphonium bromide (70) 

 

Ethyl bromoacetate (1 eq., 100 mmol, 11.06 g) was mixed with PPh3 (1 eq., 26.23 g) and the 

mixture was stirred neat at 50 °C for 15 h. The resulting solid was crushed with spatula and 

grinded in a mortar. Then the solids were washed with hexanes (3 × 40 mL) and dried under 

reduced pressure. The title compound was obtained as 38 g (89%) of colorless solid. 
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1
H NMR (CDCl3, 400 MHz) δ 7.87-7.82 (m, 6H), 7.77-7.73 (m, 3H), 7.66-7.61 (m, 6H), 5.44 

(d, J = 13.8 Hz, 2H), 3.98 (q, J = 7.1 Hz, 2H), 1.00 (t, J = 7.2 Hz, 3H); 
13

C NMR (CDCl3, 

100 MHz) δ 164.4, 135.2 (d, J = 3.1 Hz), 134.0 (d, J = 10.7 Hz), 130.3 (d, J = 13.2 Hz), 118.0 

(d, J = 89.1 Hz), 62.9, 33.2 (d, J = 56.2 Hz), 13.8; 
31

P NMR (CDCl3, 75 MHz) δ 20.88. The 

recorded spectra correspond to the published data.
152

 

Ethyl (triphenylphosphoranylidene)acetate (71) 

 

The phosphonium salt 70 (1 eq., 100 mmol, 38 g) was dissolved in CH2Cl2 (50 mL) and to the 

vigorously stirred mixture a solution of NaOH (2 eq., 8 g) in H2O (100 mL) was added. After 

1 h of stirring at 23 °C the layers were separated and the aqueous phase was extracted with 

CH2Cl2 (2 × 20 mL). The combined organic extracts were dried over MgSO4, filtered and 

concentrated under reduced pressure. The title compound was obtained as 27.8 g (90%) of an 

yellow solid. 

The major (Z)-71: 
1
H NMR (CDCl3, 400 MHz) δ 7.69-7.61 (m, 6H), 7.54-7.49 (m, 3H), 7.45-

7.40 (m, 6H), 4.02 (q, J = 7.0 Hz, 2H), 2.93 (d, J = 22.0 Hz, 2H), 1.22 (t, J = 7.0 Hz, 3H); the 

minor (E)-71: 
1
H NMR (CDCl3, 400 MHz) δ  3.82 (q, J = 7.0 Hz, 2H),2.72 (d, J = 21.6 Hz, 

2H), 0.67 (t, J = 6.9 Hz, 3H). The recorded spectrum corresponds to the published data.
153

 

Ethyl (E)-pent-2-enoate (69b) 

 

The ylide 71 (1 eq., 80 mmol, 22.3 g) was dissolved in CH2Cl2 (80 mL) and EtCHO (1 eq., 

5.74 mL) was added. The resulting mixture was refluxed for 15 hours. Then hexanes (100 

mL) were added and the resulting precipitate was filtered. The residue was concentrated under 

reduced pressure and the product was distilled to yield 5.81 g (57%, 92/8 E/Z) of the title 

compound as a colorless liquid. 

The major (E)-69b: 
1
H NMR (CDCl3, 400 MHz) δ 7.04-6.96 (m, 1H), 5.81-5.76 (m, 1H), 4.16 

(q, J = 7.1 Hz, 2H), 2.24-2.16 (m, 2H), 1.26 (t, J = 7.1 Hz, 3H), 1.04 (t, J = 7.4 Hz, 3H); 

13
C NMR (CDCl3, 100 MHz) δ 167.0, 150.7, 120.5, 60.2, 25.4, 14.4, 12.3; the minor (Z)-69b: 

1
H NMR (CDCl3, 400 MHz) δ 6.22-6.14 (m, 1H), 5.73-5.68 (m, 1H);

13
C NMR (CDCl3, 
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100 MHz) δ 152.0, 119.3, 59.9, 22.5, 13.6. The recorded spectra correspond to the published 

data.
152

 

Pent-2-yn-1-ol (72) 

 

The title compound was prepared according to the previously reported procedure.
113

 Freshly 

distilled propargyl alcohol (1 eq., 100 mmol, 5.8 g) was dissolved in a mixture of 

THF/HMPA (10/1, 220 mL) and the solution was cooled to ‒78 °C. Then BuLi (2.05 eq., 

2.016 M / hexanes, 101.7 mL) was added dropwise over the period of 45 minutes. With the 

second equivalent of BuLi the colorless solution turned into an yellowish slurry. The mixture 

was stirred at ‒78 °C for 30 minutes. Subsequently the temperature was gradually risen to ‒30 

°C and the mixture was stirred at this temperature for another 1 hour before EtI (1.2 eq., 

9.5 mL) was added dropwise. The resulting mixture was pulled out from the cooling bath and 

stirred overnight at 23 °C. Then the solution was cooled to 0 °C and the reaction was 

quenched with H2O (~100 mL). The phases were then separated and the aqueous phase was 

extracted with Et2O (5 × 30 mL). The combined organic extracts were dried over MgSO4, 

filtered and concentrated under reduced pressure. The residue was purified by column 

chromatography (175 g of silica gel, hexanes and then 2/1 hexanes/Et2O and 

3/2 hexanes/Et2O). The title compound was obtained as 7.2 g (86 %) of a pale yellow liquid. 

Rf (1/1 hexanes/Et2O) 0.325; 
1
H NMR (CDCl3, 400 MHz) δ 4.24-4.22 (m, 2H), 2.25-2.28 (m, 

2H), 1.80 (br s, 1H), 1.13 (td, J = 7.5, 1.3 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 88.0, 77.8, 

51.5, 13.9, 12.5. The recorded spectra correspond to the published data.
113

 

(E)-Pent-2-en-1-ol ((E)-73) 

 

The title compound was prepared according to the previously reported procedure.
114

 Alkyne 

72 (1 eq., ~80 mmol, 5.0 g) was dissolved in Et2O (80 mL) and after cooling to 0 °C Red-Al 

(1.2 eq., 3.5 M solution in toluene, 28.6 mL) was added over the period of 30 minutes. Then 

the reaction mixture was stirred at 23 °C for 3 hours. After that the mixture was cooled to 

0 °C again and sodium-potassium tartrate (1.2 eq., 1 M solution, 33.9 g) in H2O (100 mL) was 

added dropwise. After two distinct layers formed, the organic layer was separated and the 
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aqueous phase was extracted with Et2O (3 × 10 mL). The combined organic extracts were 

dried over MgSO4, filtered and concentrated under reduced pressure under ice cooling bath. 

The residue was then purified by column chromatography (175 g of silica gel, hexanes and 

then 1/1 hexanes/Et2O) and 4.4 g (85 %, pure E) of a pale yellow liquid of the title compound 

was obtained. 

Rf (1/1 hexanes/Et2O) 0.275; 
1
H NMR (CDCl3, 400 MHz) δ 5.74 (dtt, J = 15.6, 6.0, 1.2 Hz, 

1H), 5.66-5.58 (m, 1H), 4.08 (ddt, J = 5.8, 1.9, 1.0 Hz, 2H), 2.06 (quint., J = 7.3 Hz, 2H), 1.56 

(br s, 1H), 1.00 (td, J = 7.3, 0.9 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 136.1, 128.0, 64.0, 

25.4, 13.4. The recorded spectra correspond to the published data.
114,154

 

(E)-1-Bromopent-2-en ((E)-64) 

 

The title compound was prepared according to the previously reported procedure.
115

 To the 

ice-cold solution of alcohol (E)-73 (pure E; 1 eq., 51 mmol, 4.4 g) in Et2O (50 mL) PBr3 

(0.4 eq., 1.9 mL) was slowly added and the resulting solution was stirred at 0 °C for 1 hour. 

Afterwards NaHCO3 (30 mL) was added to quench the reaction and after the gas evolution 

ceased, the organic layer was separated and dried over MgSO4. The solvent, i.e. Et2O was 

removed by atmospheric-pressure distillation to obtain the title compound as 4.6 g (61 %, 

pure E) of a pale yellow liquid. 

Rf (hexanes) 0.4; 
1
H NMR (CDCl3, 400 MHz) δ 5.82 (dtt, J = 15.1, 6.2, 0.9 Hz, 1H), 5.68 (dtt, 

J = 15.1, 7.5, 1.5 Hz, 1H), 3.96 (dd, J = 7.5, 0.8 Hz, 2H), 2.09 (ttdd, J = 7.4, 6.5, 1.5, 0.7 Hz, 

2H), 1.00 (t, J = 7.5 Hz); 
13

C NMR (CDCl3, 100 MHz) δ 138.3, 125.5, 33.8, 25.3, 13.2. The 

recorded spectra correspond to the published data.
155

 

(E)-pent-2-enyltrichlorosilane ((E)-65) 

 

The title compound was prepared according to the previously reported procedure.
116

 The 

bromopentene (E)-74 (pure E; 1 eq., 30.9 mmol, 4.6 g) dissolved in Et2O (15 mL) was treated 

with HSiCl3 (1.1 eq., 3.5 mL). The resulting solution was slowly added to an ice-cold mixture 

of Et3N (1.1 eq., 4.76 mL) and CuCl (2 mol%, 62 mg) in Et2O (50 mL) in a three-necked 
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flask. A precipitate formed immediately. The mixture was stirred at 0 °C for 1.5 hour and then 

the suspension was filtered on a sintered glass filter charged with a celite pad. The solids were 

washed with dry Et2O (50 mL) and the filtrate was concentrated by atmospheric-pressure 

distillation of Et2O. The product was obtained as 4.0 g (64 %, 93/2/5 E/Z/α) of a moisture 

sensitive yellow liquid. 

1
H NMR (CDCl3, 400 MHz) δ 5.64 (dtt, J = 15.3, 6.4, 1.3 Hz, 1H), 5.35 (dtt, J = 15.3, 7.6, 

1.6 Hz, 1H), 2.26 (dq, J = 7.6, 1.1 Hz, 2H), 2.11-2.02 (m, 2H), 0.99 (t, J = 7.4 Hz, 3H); 

13
C NMR (CDCl3, 75 MHz) δ 137.7, 117.2, 29.3, 26.0, 13.8. The huge reactivity does not 

allow further analyses. 

2,2-Oxybis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane) (74) 

 

Pinacol (1 eq., 100 mmol, 11.8 g) was mixed with boric acid (1 eq., 6.2 g) and toluene 

(50 mL) was added. The mixture was allowed to reflux for 3 hours during which the arisen 

water was removed by azeotropic distillation with toluene using Dean-Stark apparatus. Then 

toluene was distilled off and the residue was purified by vacuum distillation to afford 12.5 g 

(92 %) of an off-white solid. 

B.p. (27 mbar) 120-125 °C; M.p 62-66 °C; 
1
H NMR (CDCl3, 400 MHz) δ 1.27-1.25 (m, 

12H); 
13

C NMR (CDCl3, 100 MHz) δ 83.2, 24.7; 21.13. The recorded spectra correspond to 

the published data.
156

 

2-Isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (75) 

 

Borolane 74 (1 eq., 92 mmol, 12.5 g) was dissolved in mixture of iPrOH/benzene (1/1, 

120 mL) and the solution was refluxed gently. After 15 hours the solvents were distilled away 

at atmospheric pressure and the residue was purified by a vacuum distillation. The title 

compound was obtained as 10 g (58 %) of a colorless liquid. 
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B.p. (27 mbar) 71-72 °C; 
1
H NMR (CDCl3, 400 MHz) δ 4.31 (hept, J = 6.2 Hz, 1H), 1.23 (s, 

12H), 1.18 (d, J = 6.2 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 82.6, 67.4, 24.7, 24.4; 
11

B 

NMR (CDCl3, 128 MHz) δ 21.88. The recorded spectra correspond to the published data.
157

 

2-(Chloromethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (76a) 

 

The title compound was prepared according to the previously reported procedure.
118

 Borate 

75 (1 eq., 34.3 mmol, 7 mL) was dissolved in THF (40 mL), then BrCH2Cl (1 eq., 2.2 mL) 

was added and the mixture was cooled to ‒78 °C. Then nBuLi (1 eq., 2.01 M in hexanes, 

17 mL) was added over 20 minutes and after another 30 minutes of stirring TMSCl (1.2 eq., 

5.2 mL) was added slowly at ‒78 °C. Then the mixture was allowed to warm up over 1 hour 

and then the mixture was concentrated under reduced pressure. The product was then distilled 

under reduced pressure and 4.94 g (82%) of a colorless liquid was obtained. 

B.p. (9 mbar) 72-73 °C; 
1
H NMR (CDCl3, 400 MHz) δ 2.97 (s, 2H); 1.30 (s, 12H);

 13
C NMR 

(CDCl3, 100 MHz) δ 84.8, 24.84; 
11

B NMR (CDCl3, 128 MHz) δ 31.49. The recorded spectra 

correspond to the published data.
118

 

2-(Iodomethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (76b) 

 

The title compound was prepared according to the previously reported procedure.
119

 Sodium 

iodide (1.5 eq., 5.1 g) was dissolved in freshly distilled dry acetone (40 mL) and 

chloromethylboronate 76a (1 eq., 22.6 mmol) was slowly added. Immediately a precipitate 

formed and the mixture was stirred for 2 hours. Then the solids were filtered through a 

sintered glass funnel equipped with celite and the filtrate was concentrated under reduced 

pressure to approximately one third of volume during what another solid precipitated. Hexane 

was added (30 mL) and the solids were again filtered through a sintered glass funnel equipped 

with celite. The filtrated was concentrated under reduced pressure and then the suspension 

was finally filtered through a sintered glass funnel charged with layer of celite, silica gel and 
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celite again. The volatiles were then removed from the filtrated under reduced pressure. Pale 

orange liquid of the title compound was obtained in amount of 5.4 g (90 %). 

1
H NMR (CDCl3, 400 MHz) δ 2.16 (s, 2H), 1.26 (s, 12H); 

13
C NMR (CDCl3, 100 MHz) 

δ 84.4, 24.6; 
11

B NMR (CDCl3, 128 MHz) δ 31.83. The recorded spectra correspond to the 

published data.
119

 

(Z)-1-Bromobut-1-ene (77) 

 

Synthesis of dibromobutanoic acid. The compound was prepared according to the 

previously reported procedure.
120

 Pent-2-enoic acid (1 eq., 100 mmol, 10.1 mL, 92/8 E/Z) was 

dissolved in CH2Cl2 (120 mL) and the solution was cooled to ‒78 °C before Br2 (1.1 eq., 

5.7 mL) was added dropwise. After 30 minutes at ‒78 °C the mixture was gradually warmed 

to 23 °C and allowed to react overnight. Then the dark red mixture was cooled to 0 °C and 

saturated aqueous Na2SO3 was added until the color changed into colorless or pale yellow. 

The aqueous phase was then separated and extracted with CH2Cl2 (3 × 20 mL). The combined 

extracts were dried over MgSO4, filtered and concentrated under reduced pressure. The 

resulting pale yellow liquid was used for the next reaction step without further purification. 

Synthesis of bromobutene in DMF. The crude 2,3-dibromopentanoic acid (~100 mmol) was 

dissolved in DMF (25 mL) and added to a suspension of NaHCO3 (2 eq., 16.8 g) in DMF 

(25 mL). The mixture was slowly warmed to 50 °C and stirred for 4 hours during which the 

evolution of gas ceased. After cooling to 23 °C the mixture was transferred to a separatory 

funnel and pentane (20 mL) was added. The mixture was shaken, the pentane phase was 

separated and the DMF phase was extracted with pentane (3 × 10 mL). The combined pentane 

extracts were washed with H2O (4 × 10 mL), dried over MgSO4, filtered and concentrated by 

atmospheric pressure distillation of pentane. The title compound was obtained as 7.4 g (55 % 

over 2 steps, pure Z) of a pale yellow liquid of sufficient purity. 

Synthesis of bromobutene in DMA. The compound was prepared according to the 

previously reported procedure.
120

 The crude 2,3-dibromopentanoic acid (~100 mmol) was 

dissolved in DMA (50 mL) and NaHCO3 (2 eq., 16.8 g) was added. The mixture was warmed 

to 50 °C under reduced pressure (~ 20 mmHg) and the product was collected in a trap cooled 

with liquid N2. After 1 hour the process was stopped. The two-phase-mixture collected in the 

trap was sucked into a syringe and the upper phase was removed. Then H2O (5 mL) was taken 
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up into the syringe and after a decent shake the aqueous phase was drained. The remaining 

liquid (7.2 g, 54% over 2 steps, pure Z) was transferred to a bottle and stored in freezer. It was 

discovered that when storing over 3 Å molecular sieves Z to E isomerization occurs even if 

kept in the freezer. 

1
H NMR (CDCl3, 400 MHz) δ 6.13-6.06 (m, 2H), 2.24-2.16 (m, 2H), 1.02 (t, J = 7.6 Hz); 

13
C 

NMR (CDCl3, 100 MHz) δ 136.6, 107.2, 23.4, 12.8. The recorded spectra correspond to the 

published data.
120

 

Reaction of bromobutene with halomethylboronate 

 

Representative procedure for reactions with butenyllithium (Table 15, reaction 1). But-1-

enyl bromide 77 (1 eq., 135 mg) was dissolved in Et2O (3 mL/mmol) and the solution was 

cooled to ‒78 °C. Then BuLi (2 eq., 1.7 M solution in pentane, 1.2 mL) was slowly added and 

the resulting mixture was stirred at ‒78 °C for 30 minutes. Then boronate 76a (1 eq., 1 mmol, 

176 mg) was added slowly and the mixture was stirred 30 minutes at ‒78 °C and 30 minutes 

at 23 °C. The reaction was quenched by addition of H2O (10 mL) and then the organic phase 

was separated and the aqueous phase was extracted with Et2O (3 × 10 mL) as quickly as 

possible. The combined organic extracts were dried over MgSO4, filtered and concentrated 

under reduced pressure. Flash chromatography of the residue (20 g of silica gel, hexanes/Et2O 

10/1) yielded 62 mg (32%) of a 58/42 mixture of 68/68ʹ. 

Reaction with butenylmagnesium bromide (Table 15, reaction 3). But-1-enyl bromide 77 

(1 eq., 135 mg) was dissolved in Et2O (3 mL/mmol) and the solution was cooled to ‒78 °C. 

Then BuLi (2 eq., 1.7 M solution in pentane, 1.2 mL) was slowly added and the reaction 

mixture was stirred at ‒78 °C for 30 minutes. Then reduced pressure was applied and after 

vigorous boiling ceased the reaction flask was pulled out from the cooling bath. After Et2O 

evaporated completely, THF (3 mL) was added, the mixture was cooled to ‒78 °C and 

solution of MgBr2 [prepared by addition of 1,2-dibromoethane (1 eq., 5 mmol, 430 µL) to 

suspension of Mg (1 eq., 122 mg ) in THF (10 mL) at 23 °C and stirred at 50 °C for 3 h] was 

added. After 2 hours of stirring at ‒78 °C boronate 76a (1 eq., 1 mmol, 176 mg) was added 

dropwise and the final mixture was stirred 30 minutes at ‒78 °C and 15 hours at 23 °C. The 

mixture was then diluted with hexanes (10 mL) and the resulting suspension was filtered 
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through a sintered glass funnel charged with celite, silica gel and celite layers. The filtrate was 

concentrated under reduced pressure. The yield of the resulting 60/40 mixture of 68/68ʹ was 

10% according to 
1
H NMR. 

Representative procedure for reactions with butenylzinc halide (Table 15, reaction 9). 

But-1-enyl bromide  77 (1.3 eq., 0.8 g) was dissolved in Et2O (18 mL) and the solution was 

cooled to ‒78 °C. Then tBuLi (2.6 eq , 1.7 M solution in pentane, 7 mL) was slowly added 

and the reaction mixture was stirred at ‒78 °C for 30 minutes. Reduced pressure was applied 

and after the vigorous boiling ceased the reaction flask was pulled out from the cooling bath. 

After Et2O evaporated completely, THF (18 mL) was inserted and this solution was added to 

freshly sublimed ZnBr2 (1.3 eq., 1.35 g) dissolved in THF (18 mL) at ‒78 °C. After 30 

minutes the mixture was allowed to warm to 23 °C and after another 10 minutes cooling to 

‒100 °C was applied. Then a solution of the boronate 76a (1 eq., 4.5 mmol, 790 mg) in THF 

(5 mL) was added over 30 minutes and the temperature was allowed to reach 23 °C. After 

stirring for 15 hours the crude reaction mixture was diluted with hexanes (30 mL) and the 

resulting suspension was filtered through a sintered glass funnel charged with compressed 

layer of celite, silica gel and celite again. The solids were washed with hexanes (20 mL) and 

hexanes/Et2O 10/1 (10 mL). The filtrate was then concentrated under reduced pressure and 

the residue was purified by flash chromatography (20 g of silica gel, hexanes/Et2O 10/1). The 

product (Z)-68 was obtained as 611 mg (75%, pure Z) of a colorless liquid. 

(Z)-(Pent-2-en-1-yl)boronic acid pinacol ester ((Z)-68) 

Rf (10/1 hexanes/Et2O) 0.35; 
1
H NMR (CDCl3, 400 MHz) δ 5.49-5.34 (m, 

2H), 2.02 (quint., J = 7.5 Hz, 2H), 1.66 (d, J = 7.6 Hz, 2H), 1.24 (s, 12H), 

1.44 (t, J = 7.6 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 131.8, 123.6, 83.3, 

24.9, 20.5, 14.2; 
11

B NMR (CDCl3, 128 MHz) δ 33.04. The recorded spectra correspond to 

the published data.
158

 

(Z)-2-(But-1-en-1-yl)boronic acid pinacol ester (68ʹ)
XIX

 

                                                 
XIX

 The analytically pure compound was obtained by reaction of but-1-enyl bromide (Z)-77 (1 eq., 3 mmol, 

90%, 340 µL) with tBuLi (2.2 eq., 1.55 M solution in pentane, 4.3 mL) in Et2O (20 mL) at -78 °C for 1 h 

followed by addition of MeOB(Pin) (1 eq., 490 µL). The resulting mixture was stirred 30 minutes at -78 °C, then 

it was allowed to warm 23 °C over 1 hour. After that H2O (50 mL) was added and the product was extracted 

with Et2O (3 × 20 mL). Column chromatography (30 g of silica gel, 20/1 hexanes/Et2O) yielded 144 mg (26%, 

pure Z) of (Z)-68ʹ as a colorless oil.  
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Rf (20/1 hexanes/Et2O) 0.25;
1
H NMR (CDCl3, 400 MHz) δ 6.43 (dt, J = 14.0, 

7.6 Hz, 1H), 5.29 (dt, J = 13.5, 1.3 Hz, 1H), 2.39 (pd, J = 7.5, 1.4 Hz, 2H), 

1.27 (s, 12 H), 0.99 (t, J = 7.5 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 156.9, 82.9, 25.8, 

24.9, 14.4; 
11

B NMR (CDCl3, 128 MHz) δ 29.83. The recorded spectra correspond to the 

published data.
159 

(1R,2R)-N,Nʹ-bis(4-bromobenzylidenecyclohexane-1,2-diamine ((R,R)-78) 

 

The title compound was prepared according to the previously reported procedure.
122

 

(1R,2R)-Diaminocyclohexane (1 eq., 100 mmol, 11.4 g) and 4-bromobenzaldehyde (2 eq., 

3.7 g) were dissolved in CH2Cl2 (200 mL) and 4 Å molecular sieves (16 g) were added. The 

resulting mixture was stirred at 23 °C for 15 hours. Then the solids were filtered on a pad of 

celite and the residue was concentrated under reduced pressure. The title compound was 

obtained as 43.9 g (98%) of pale yellow solid. Analytical sample was purified by 

crystallization from dry EtOH. 

M.p. 122-126 °C; 
1
H NMR (CDCl3, 400 MHz) δ 8.10 (s, 2H), 7.43 (S, 8H), 3.41-3.32 (m, 

2H), 1.91-1.41 (m, 6H), 1.55-1.44 (m, 2H); 
13

C NMR (CDCl3, 100 MHz) δ 159.8, 135.3, 

131.8, 129.41, 124.8, 73.9, 32.9, 24.5; [α]D
20

 -262.1 (c 2.82, CHCl3). The recorded spectra 

correspond to the published data.
81

 

(1R,2R)-N,Nʹ-bis-(4-bromobenzyl)-cyclohexane-1,2-diamine ((R,R)-79) 

 

The title compound was prepared according to the previously reported procedure.
81

 Diimine 

(R,R)-78 (1 eq., 92.8 mmol, 41.6 g) was suspended in MeOH (300 mL) and NaBH4 (2.1 eq., 

7.4 g) was added portionwise while cooling to 0 °C. The resulting mixture was allowed to 
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warm to 23 °C over the reaction time of 15 hours. Then H2O (200 mL) was added and MeOH 

was partly evaporated under reduced pressure. The residue was extracted with CH2Cl2 

(3 × 75 mL). The combined organic extracts were dried over K2CO3, filtered and concentrated 

under reduced pressure. Then the crude product was purified by column chromatography (1/1 

to 0/1 hexanes/AcOEt). The title compound was obtained as 40.6 g (97%) of an yellow liquid. 

Rf (EtOAc) 0.35; 
1
H NMR (CDCl3, 400 MHz) δ 7.42 (d, J = 8.3 Hz, 4H), 7.18 (d, J = 8.3 Hz, 

4H), 3.84 (d, J = 13.4 Hz, 2H), 3.61 (d, J = 13.4 Hz, 2H), 2.27-2.20 (m, 4H), 2.13 (d, 

J = 13.3 Hz, 2H), 1.73-1.71 (m, 2H), 1.26-1.16 (m, 2H), 1.07-1.02 (m, 2H); 
13

C NMR 

(CDCl3, 100 MHz) δ 139.9, 131.6, 129.9, 120.8, 60.9, 50.2, 31.5, 25.1; [α]D
20

 -36.8 (c 2.77, 

CHCl3). The recorded values correspond to the published data.
81

 

(1R,2R)-N,Nʹ-bis-(4-bromobenzyl)-cyclohexane-1,2-diamine bis((S)-mandelate) ((R,R)-79 

· 2(S)-mandelate) 

To the solution of diamine (R,R)-79 in CDCl3 excess of (S)-

mandelic acid was added. The resulting suspension was filtered and 

the filtrate was analyzed by 
1
H NMR spectroscopy. The solvent was 

then evaporated, the residue was dissolved in CHCl3 and precipitated by overlaying with 

Et2O. The solids were collected and dried under reduced pressure. 

M.p. 130-133 °C; 
1
H NMR (CDCl3, 400 MHz) δ 8.14 (br s, 6H), 7.37-7.29 (m, 16H), 7.18 (d, 

J = 8.5 Hz, 4H), 6.93 (d, J = 8.5 Hz, 4H), 4.92 (s, 4H), 3.94 (d, J = 12.2 Hz, 2H), 3.33 (d, 

J = 12.2 Hz, 2H), 3.20 (d, J = 6.5 Hz, 2H), 2.12 (d, J = 12.7 Hz, 2H), 1.84 (d, J = 9.0 Hz, 2H), 

1.50-1.35 (m), 1.30-1.15 (m, 2H); 
13

C NMR (CDCl3, 100 MHz) δ 178.6, 140.3, 132.2, 131.2, 

130.0, 128.4, 128.0, 126.7, 123.7, 58.7, 48.0, 27.0, 23.8; IR (KBr) ν 3411 (vw), 3058 (w), 

3031 (w), 2938 (m), 2860 (m), 1727 (w), 1709 (w), 1601 (m)0 1488 (s), 1452 (w), 1356 (vs), 

1186 (w), 1069 (s), 1054 (s), 1012 (s), 929 (w), 890 (w), 848 (w), 812 (s), 737 (s), 698 (s), 

615 (vw), 522 (w), 504 (w); HRMS (ESI) m/z calculated 451.03790 for C20H25N2
79

Br2 [M-

2(S)-mandelic acid+H]
+
, found 421.03821; [α]D +8.0 (c 0.44, CHCl3). 
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(R,R)-Leighton’s reagent ((R,R)-80) 

 

The title compound was prepared according to the previously reported procedure.
81

 

Allyltrichlorosilane (1 eq., 18.5 mmol, 2.7 g) and DBU (2 eq., 5.5 mL) were added to ice-cold 

CH2Cl2 (30 mL). Then a solution of diamine (R,R)-79 (1 eq., 8.35 g) in CH2Cl2 (20 mL) was 

added over 90 minutes using a syringe pump. The resulting solution was allowed to warm to 

23 °C and stirred at this temperature for 15 hours. Then the solvent was evaporated under 

reduced pressure and pentane (70 mL) was added. The resulting mixture was stirred for 

2 hours during which a precipitate formed. The liquor was transferred to another round-

bottom flash using a syringe. The solids were washed with pentane (2 × 20 mL) and the 

combined pentane solutions were concentrated under reduced pressure. The obtained thick oil 

was dried under high vacuum for 6 hours at 60 °C. The title compound was obtained as 9.7 g 

(94%) of pale yellow amorphous substance, which crystallized upon standing in freezer for 

several days. 

M.p. 75-79 °C; 
1
H NMR (C6D6, 400 MHz) δ 7.34-7.30 (m, 4H), 7.07-7.04 (m, 4H), 5.61 

(dddd, J = 15.6, 10.2, 8.0, 7.5 Hz, 1H), 4.89-4.81 (m, 2H), 3.85 (d, J = 16.2 Hz, 1H) collapsed 

with 3.82 (d, J = 15.1 Hz, 1H), 3.51 (d, J = 15.0 Hz, 1H) collapsed with 3.50 (d, J = 16.3 Hz, 

1H), 2.62-2.53 (m, 2H), 1.64 (ddt, J = 14.7, 8.1, 1.1 Hz, 1H), 1.53 (ddt, J = 14.8, 7.4, 1.3 Hz, 

2H), 1.45 (d, J = 12.0 Hz, 1H), 1.36-1.3 (m, 4H); 0.89-0.73 (m, 4H); 
13

C NMR (C6D6, 100 

MHz) δ 141.5, 140.6, 131.63, 131.58, 131.3, 130.2, 129.3, 121.0, 120.8, 116.4, 66.7, 65.7, 

48.1, 47.4, 31.0, 30.6, 25.0, 24.8; [α]D
20

 -30.5 (c 0.76, CHCl3). The recorded values 

correspond to the published data.
81

 

9.5.3 Enantioselective pentenylation of aldehyde (E)-43a 

(1E,3R*,4R*)-4-ethyl-1-iodo-2-methylhexa-1,5-dien-3-ol (anti-(E)-81) 
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Reaction with boronate (E)-68 (Table 16, reaction 1). To iodomethacrylaldehyde (E)-43a 

(1 eq., ~0.2 mmol, 20 µM solution in pentane/Et2O, 9 mL) was added pentenylboronic acid 

pinacol ester (E)-68 (1.2 eq., 53 µL) and the solution was stirred at 23 °C for 5 days. Then the 

volatiles were evaporated and the residue was purified by column chromatography (50 g of 

silica gel, 5/1 hexanes/Et2O) to 37 mg (69 %, 96/4 dr) of colorless liquid of the title 

compound. 

Reaction with trichlorosilane (E)-65 (Table 16, reaction 3). Iodomethacrylaldehyde (E)-43a 

(1 eq., ~0.2 mmol, 0.1 M solution in toluene, 2 mL) was diluted with DMF (2 mL) and cooled 

to 0 °C. Then Et3N (3 eq., 83 µL) and pentenyltrichlorosilane (E)-65 (2 eq., 70 µL) were 

added and resulting mixture was stirred at 0 °C for 1 hour and 2 hours at 23 °C. Then 

NaHCO3 (5 mL) was dropped in and the mixture was further diluted with Et2O (10 mL) and 

H2O (10 mL). The organic phase was separated and the aqueous phase was extracted with 

Et2O (3 × 10 mL). The combined organic extracts were dried over MgSO4, filtered, 

concentrated under reduced pressure. The residue was purified by column chromatography 

(20 g of silica gel, hexanes and then 5/1 hexanes/Et2O). The title compound was isolated as 

37 mg (69 %, 96/4 dr) of a colorless liquid. 

Rf (5/1 hexanes/Et2O) 0.225, (2/1 hexanes/Et2O) 0.3; 
1
H NMR (CDCl3, 400 MHz) δ 6.25 (p, 

J = 1.1 Hz, 1H), 5.56 (ddd, J = 17.1, 10.2, 9.1 Hz, 1H), 5.26 (dd, J = 10.3, 1.9 Hz, 1H), 5.18 

(ddd, J = 17.1, 1.9, 0.7 Hz, 1H), 3.94 (dd, J = 8.1, 0.7 Hz, 1H), 2.08 (tdd, J = 9.5, 8.3, 4.0 Hz, 

1H), 1.81 (d, J = 1.1 Hz, 3H), 1.34 (dqd, J = 13.5, 7.5, 4.0 Hz, 1H), 1.22-1.1 (m, 1H), 0.86 (t, 

J = 7.4 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 148.2, 138.5, 119.4, 79.9, 78.8, 50.5, 23.6, 

20.0, 11.9; IR (KBr) ν 3408 (br vs), 2962 (m), 2932 (w), 2869 (w), 2851 (w), 1637 (m), 1619 

(s), 1455 (vw), 1416 (vw), 1377 (vw), 1272 (vw), 1039 (vw), 1012 (vw), 997 (vw), 920 (vw), 

791 (vw), 635 (w); MS (CI+) m/z 267 (5%), 249.0 (65), 223.0 (10), 209.0 (12), 196.9 (100), 

168.9 (69), 140.1 (69), 139.1 (25), 122.1 (31), 111.1 (41), 99.1 (41), 93.1 (25), 71.0 (38), 57.0 

(31); HRMS (CI+) m/z calculated 267.0246 for C9H16OI ([M+H]
+
), found 267.0243. 

(1E,3R*,4S*)-4-ethyl-1-iodo-2-methylhexa-1,5-dien-3-ol (syn-(E)-81a) 

 

Table 17, reaction 2. To a solution of iodomethacrylaldehyde (E)-43a (1 eq., 0.2 mmol, 0.1 M 

solution in toluene, 2 mL) in DMF (1 mL) cooled to 0 °C iPr2NEt (3 eq., 105 µL) and 

pentenyltrichlorosilane (Z)-65 (2 eq., 70 µL) were added. The resulting reaction mixture was 
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for 2 hours during which it warmed to 23 °C. Then saturated aqueous NaHCO3 (5 mL), Et2O 

(10 mL) and H2O (5 mL) were added. The organic phase was separated and the aqueous phase 

was extracted with Et2O (2 × 10 mL). The combined organic extracts were dried over MgSO4, 

filtered and concentrated under reduced pressure. Column chromatography of the residue 

(50 g of silica gel, hexanes and then 5/1 hexanes/Et2O) afforded 33 mg (62%, 8/92 dr) of syn-

(E)-81. 

Rf (5/1 hexanes/Et2O) 0.2, (2/1 hexanes/Et2O) 0.50;
XX

 
1
H NMR (CDCl3, 400 MHz) δ 6.22 (p, 

J = 1.1 Hz, 1H), 5.47 (ddd, J = 17.1, 10.4, 9.2 Hz, 1H), 5.09 (dd, J = 10.3, 1.9 Hz, 1H), 5.03 

(ddd, J = 17.0, 1.9, 0.8 Hz, 1H), 4.06 (d, J = 7.2 Hz, 1H), 2.12 (tdd, J = 10.0, 7.1, 3.2 Hz, 1H), 

1.78 (d, J = 1.1 Hz, 3H), 1.68 (dtd, J = 13.4, 7.5, 3.3 Hz, 1H), 1.23 (ddq, J = 14.5, 10.1, 

7.3 Hz, 1H), 0.87 (t, J = 7.4 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 149.0, 138.1, 117.1, 

79.7, 79.4, 50.0, 22.5, 20.3, 11.8; IR (ATR) ν 3383 (br s), 3079 (m), 2961 (vs), 2920 (s), 2870 

(s), 1711 (w), 1644 (w), 1613 (w), 1470 (m), 1451 (m), 1426 (m), 1375 (m), 1271 (s), 1223 

(w), 1141 (w), 1109 (m), 1040 (s), 1017 (s), 992 (s), 945 (w), 919 (vs), 881 (vw), 837 (vw), 

783 (m), 685 (vw), 663 (m); MS (CI+) m/z 267.0 (5), 249.0 (42), 209.0 (12), 196.9 (100), 

195.0 (31), 168.9 (58), 140.1 (60), 139.1 (77), 125.1 (25), 122.1 (40), 111.1 (45), 99.1 (31); 

HRMS (CI+) m/z calculated 267.0246 for C9H16OI ([M+H]
+
), found 267.0245. 

(1E,3R*,4R*)-4-ethyl-1-iodo-2-methylhexa-1,5-dien-3-ol (anti-81b) 

 

The aldehyde 43b (1 eq., 0.15 mmol, 0.1 M in toluene, 1.5 mL) and iPr2NEt (3 eq., 78 µL) 

were dissolved in DMF (1 mL) and the solution was cooled to 0 °C before (E)-

pentenyltrichlorosilane (E)-65 (2 eq., 55 µL) was added dropwise. The resulting mixture was 

stirred for 15 hours during which the temperature reached 23 °C. Then saturated aqueous 

NaHCO3 (10 mL) and H2O (10 mL) were poured in and the mixture was extracted with Et2O 

(3 × 10 mL). The combined organic extracts were dried over MgSO4, filtered and 

concentrated under reduced pressure. The residue was purified by column chromatography 

(20 g of silica gel, 2/1 hexanes/Et2O) yielding 19 mg (73%, 99/1 dr) of the title compound as 

a pale yellow liquid 

                                                 
XX

 The TLC plate was developed two times to achieve better separation of two very close spots. The retention 

factor refers to elution inthis manner. 
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Rf (2/1 hexanes/Et2O) 0.3; 
1
H NMR (CDCl3, 400 MHz) δ 6.08 (dd, J = 1.5, 0.8 Hz, 1H), 5.57 

(ddd, J = 17.1, 10.3, 9.1 Hz, 1H), 5.27 (dd, J = 10.2, 1.9 Hz, 1H), 5.19 (ddd, J = 17.0, 1.9, 

0.7 Hz, 1H), 3.82 (dd, J = 8.4, 0.6 Hz, 1H), 2.09 (ddt, J = 12.8, 9.0, 3.9 Hz, 1H), 1.77 (d, 

J = 1.4 Hz, 3H), 1.34 (dqd, J = 13.5, 7.5, 3.9 Hz, 1H), 1.23-1.08 (m, 1H), 0.86 (t, J = 7.4 Hz, 

3H);
 13

C NMR (CDCl3, 100 MHz) δ 139.0, 138.7, 119.5, 116.6, 77.17, 50.5, 23.6, 12.1, 11.9; 

IR (KBr) ν 3467 (br vs), 2962 (w), 2923 (w), 2854 (w), 1640 (m), 1619 (m), 1404 (vw), 1260 

(vw), 1078 (vw), 692 (w); MS (CI+) m/z 175.1 (7%), 159.1 (47), 157.1 (92), 139.1 (20), 122.1 

(40), 121.8 (84), 121.1 (100), 115 (40), 107 (88), 105.0 (72), 99.7 (41), 99.1 (70), 97.1 (15), 

95.1 (32), 93.1 (52), 81.1 (28), 71.0 (70), 70.1 (28), 69.1 (22), 57.0 (76); HRMS (CI+) 

m/z calculated 175.0890 for C9H16OCl ([M+H]
+
), found 175.0894. 

(1E,3R*,4S*)-1-chloro-4-ethyl-2-methylhexa-1,5-dien-3-ol (syn-81) 

 

To an ice-cold DMF (1 mL) the aldehyde (E)-43b (1 eq., 0.15 mmol, 0.1 M in toluene, 

1.5 mL), iPr2NEt (3 eq., 78 µL) and (Z)-pentenyltrichlorosilane (Z)-65 (2 eq., 55 µL) were 

added. The resulting mixture was stirred for 15 hours during which the temperature was 

allowed to reach 23 °C. After that saturated aqueous NaHCO3 (10 mL) and H2O (10 mL) 

were added and the mixture was extracted with Et2O (3 × 10 mL). The combined organic 

extracts were dried over MgSO4, filtered and concentrated under reduced pressure. Column 

chromatography of the residue (20 g of silica gel, 2/1 hexanes/Et2O) yielded 15 mg (57%, 

5/95 dr) of the title compound as a pale yellow liquid. 

Rf (5/1 hexanes/Et2O) 0.2, (2/1 hexanes/Et2O) 0.35, (2/1 hexanes/Et2O)
XX

 0.47;
 1

H NMR 

(CDCl3, 400 MHz) δ 6.06 (dt, J = 2.2, 1.1 Hz, 1H), 5.46 (ddd, J = 17.1, 10.4, 9.1 Hz, 1H), 

5.09 (dd, J = 10.3, 1.9 Hz, 1H), 5.04 (ddd, J = 17.1, 1.9, 0.8 Hz, 1H), 3.96 (d, J = 7.5 Hz, 1H), 

2.14 (tdd, J = 10.0, 7.5, 2.9 Hz, 1H), 1.17 (d, J = 1.4 Hz, 3H) overlaps with 1.78-1.67 (m, 

1H), 1.29-1.19 (m, 1H), 0.88 (t, J = 7.4 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 139.9, 138.7, 

117.1, 116.0, 78.0, 49.9, 22.7, 12.7, 11.7; IR (KBr) ν 3479 (br vs), 3965 (w), 2926 (w), 1634 

(m), 1622 (m), 1105 (vw), 603 (w); MS (CI+) m/z 175.1 (8%), 159.1 (22), 157.1 (100), 122.1 

(21), 121.1 (95), 115.0 (28), 107.0 (96), 105.0 (87), 99.1 (98), 93.1 (42), 71.0 (23), 57.0 (63); 

HRMS (CI+) m/z calculated 175.0890 for C9H16OCl ([M+H]
+
), found 175.0896. 
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(1E,3R,4R)-4-ethyl-1-iodo-2-methylhexa-1,5-dien-3-ol ((E,R,R)-81a) or (1E,3S,4S)-4-

ethyl-1-iodo-2-methylhexa-1,5-dien-3-ol ((E,S,S)-81a) 

 

(Ra)-XVa catalyzed reaction (Table 16, reaction 2). A solution of iodomethacrylaldehyde 

(E)-43a (1 eq., 0.2 mmol, 0.1 M in toluene, 2 mL) was cooled to ‒40 °C before the catalyst 

(Ra)-XVa (2.5 mol%, 3.8 mg) and pentenylboronate (E)-68 (1.2 eq., 53 µL) were added and 

the reaction mixture was stirred for 10 days at ‒40 °C. Then DIBAL (2 eq., 1 M solution in 

hexanes, 0.4 mL) was dropped in and after 30 minutes the mixture was hydrolyzed with 

aqueous HCl (2 eq., 0.1 M solution, 4 mL). Then the reaction mixture was allowed to warm to 

23 °C. After stirring for 1 h the organic phase was separated and the aqueous phase was 

extracted with hexanes (3 × 10 mL). The combined organic extracts were dried over MgSO4, 

filtered and concentrated under reduced pressure. Column chromatography of the residue 

(50 g of silica gel, hexanes and then 10/1→5/1 hexanes/Et2O) furnished 27.1 mg (51%, 96/4 

dr, 98% ee) of (E,R,R)-81a as a colorless liquid. 

(R,Sa)-XIIa catalyzed reaction (Table 16, reaction 4). The catalyst (R,Sa)-XIIa (2.5 mol%, 

2.2 mg) was dissolved in THF (1 mL) and the solution was cooled to ‒40 °C. Then iPrNEt2 

(3 eq., 105 µL), the aldehyde (E)-43a (1 eq., 0.2 mmol, 0.1 M in toluene, 2 mL) and 

pentenyltrichlorosilane (E)-65 (1.2 eq., 70 µL) were slowly added and the resulting 

suspension was stirred at ‒40 °C for 3 days. Then saturated aqueous NaHCO3 (10 mL) was 

poured in, the mixture was allowed to warm to 23 °C and stirred for 1 hour. Then hexanes 

(10 mL) and H2O (10 mL) were added, the organic phase was separated and the aqueous 

phase was extracted with hexanes (3 × 10 mL). The combined organic extracts were dried 

over MgSO4, filtered and concentrated under reduced pressure. Column chromatography of 

the residue (50 g of silica gel, hexanes and then 10/1→5/1 hexanes/Et2O) yielded 17 mg 

(32%, 83% ee) of (E,S,S)-81a and 15 mg (43%) of (S,S)-81b. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for (E,S,S)-81a and 

(S,S)-81b.  
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(1E,3R,4S)-4-ethyl-1-iodo-2-methylhexa-1,5-dien-3-ol ((E,R,S)-81a) and (1E,3S,4R)-4-

ethyl-1-iodo-2-methylhexa-1,5-dien-3-ol ((E,S,R)-81a) 

 

(Ra)-XVa catalyzed reaction (Table 17, reaction 1). The procedure for the enantioselective 

pentenylation of (E)-43a with (E)-68  in the presence of  (Ra)-XVa was followed. 

Iodomethacrylaldehyde (E)-43a (1 eq., 0.2 mmol, 0.1 M in toluene, 2 mL) was treated with 

(Ra)-XVa (2.5 mol%, 3.8 mg) and pentenylboronate (Z)-68 (1.2 eq., 53 µL) at ‒40 °C for 10 

days before the reaction was quenched as described. The given work-up procedure afforded 

43 mg (81%, 6/94 dr, 81% ee) of (E,R,S)-81a. 

Representative procedure for XII catalyzed reactions (Table 17, reaction 3). Following the 

procedure for the reaction of (E)-43a with (E)-65 in the presence of (R,Sa)-XIIa, aldehyde 

(E)-43a (1 eq., 0.2 mmol, 0.1 M in toluene, 2 mL), iPrNEt2 (3 eq., 105 µL) and catalyst 

(R,Sa)-XIIa (2.5 mol%, 2.2 mg) were treated with trichlorosilane (E)-65 (1.2 eq., 70 µL) in 

THF (1 mL) at ‒40 °C for 3 days. The reaction afforded 15.5 mg (30%, 98% ee) of (E,S,R)-

81a and 13.2 mg (38%) of (S,R)-81b. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for (E,S,R)-81a and 

(S,R)-81b.  

9.5.4 Enantioselective syn-crotylation of (E)-43a 

(1E,3R,4S)-1-iodo-2,4-dimethylhexa-1,5-dien-3-ol ((E,R,S)-45a) or (1E,3S,4R)-1-iodo-2,4-

dimethylhexa-1,5-dien-3-ol ((E,S,R)-45a) 

 

(Ra)-XVa catalyzed reaction (Table 18, reaction 1). The aldehyde (E)-43a (1 eq., 0.2 mmol, 

0.2 M solution in toluene, 1 mL) was added to a solution of the catalyst (Ra)-XVa (2.5 mol%, 

3.8 mg) in toluene (1 mL). The mixture was cooled to ‒40 °C and pinacol (Z)-crotylboronate 

(1.2 eq., 49 µL) was added dropwise. The resulting mixture was stirred at ‒40 °C for 3 days. 

Then DIBAL (2 eq., 1 M solution in toluene, 0.4 mL) was slowly added and after 20 minutes 

of stirring HCl (2 eq., 0.1 M aqueous solution, 4 mL) was added. The resulting mixture was 
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partitioned between H2O (20 mL) and Et2O (20 mL). The aqueous phase was extracted with 

Et2O (2 × 20 mL); the combined organic extracts were dried over MgSO4, filtered and 

concentrated under reduced pressure. Column chromatography (125 g of silica gel, 

2/1 hexanes/Et2O) yielded 28.4 mg (56%, 1/99 dr, 81% ee) of (E,R,S)-45a of a colorless oil. 

(R,Sa)-XIIa catalyzed reaction (Table 18, reaction 2). The aldehyde (E)-43a (1 eq., 

0.2 mmol, 0.2 M solution in toluene, 1 mL) was added to a solution of the catalyst (R,Sa)-XIIa 

(2.5 mol%, 2.2 mg) and iPr2NEt (3 eq., 105 µL) in THF (1 mL) cooled to ‒40 °C. Then 

crotyltrichlorosilane (Z)-8 (2 eq., 64 µL) was added dropwise and the resulting mixture was 

stirred at ‒40 °C for 3 days. Then saturated aqueous NaHCO3 (10 mL) was slowly added and 

the mixture was allowed to warm to 23 °C. The mixture was partitioned between H2O 

(20 mL) and Et2O (20 mL) and the aqueous phase was extracted with Et2O (2 × 20 mL). The 

combined organic extracts were dried over MgSO4, filtered and concentrated under reduced 

pressure. The residue was purified by column chromatography (125 g of silica gel, 

2/1 hexanes/Et2O), yielding 29 mg (57%, 1/99 dr, 97% ee) of (E,S,R)-45a as a colorless oil. 

The recorded spectra were in agreement with the previously obtained data for syn-45a. 

9.5.5 The olefination step – the model case 

Cross-metathesis of alkenes 12 and 97 

 

Representative procedure (Scheme 44, step a). A screw-cup vial was charged with the HG 

II catalyst (5 mol%, 6 mg) and C6D6 (0.3 mL). After the catalyst dissolved the content was 

transferred to a NMR tube (or a vial in case of reactions b and c) loaded with the second 

portion of C6D6 (0.3 mL), alkene 12 (0.2 mmol, 1 eq., 48 mg) and methacrolein 97 (5 eq., 

83 µL). After completion of the reaction the solvent was evaporated and the residue was 

purified by column chromatography (10 g of silica gel, 20/1 hexanes/Et2O). The alkenes 82 

and 82ʹ were obtained as 35.1 mg (62%, pure E) and 5.2 mg (10%, pure E) of colorless 

liquids, respectively. 
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(2E,6E)-5-(tert-Butyldimethylsilyloxy)-2,6-dimethylocta-2,6-dienal (82) 

Rf (20/1 hexanes/Et2O) 0.175; 
1
H NMR (CDCl3, 400 MHz) δ 9.38 (s, 

1H), 6.48 (tq, J = 7.2, 1.4 Hz, 1H), 5.46-5.40 (m, 1H), 4.13 (dd, J = 7.4, 

5.5 Hz, 1H), 2.63-2.55 (m, 1H), 2.50-2.43 (m, 1H), 1.74 (s, 3H), 1.60-1.59 (app. d collapsed 

with s, 6H), 0.86 (s, 9H), 0.01 (s, 3H), -0.02 (s, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 195.4, 

151.9, 140.2, 137.5, 120.7, 77.3, 36.3, 25.89, 18.3, 13.1, 11.1, 9.53, -4.6, -5.0; IR (KBr) ν 

3411 (br vs), 2956 (w), 2929 (w), 2884 (w), 2857 (w), 1691 (w), 1640 (m), 1619 (m), 1260 

(w), 1072 (w), 842 (w), 776 (w); MS (CI+) m/z 283.2 (12%), 267.2 (18), 225.1 (22), 200.1 

(79), 199.1 (100), 151.1 (33), 143.1 (41), 141.1 (20), 85.1 (49); HRMS (CI+) m/z calculated 

283.2093 for C16H31O2Si ([M+H]
+
), found 283.2088. 

(E)-5-(tert-Butyldimethylsilyloxy)-2,6-dimethylhepta-2,6-dienal (82ʹ) 

Rf (20/1 hexanes/Et2O) 0.175; 
1
H NMR (CDCl3, 400 MHz) δ 9.38 (s, 1H), 

4.93 (p, J = 1.0 Hz, 1H), 4.83 (p, J = 1.7 Hz, 1H), 4.21 (app. dd, J = 6.1 Hz, 

1H), 1.71 (s, 3H), other signals overlap with those of 82;
 13

C NMR (CDCl3, 100 MHz) δ  

195.3, 151.1, 146.7, 140.5, 111.7, 75.4, 36.1, 25.87, 17.5, 9.56, -4.7, -5.0;  IR (KBr) ν 3008 

(br vs), 2953 (m), 2932 (m), 2681 (w), 2857 (m), 1697 (s), 1637 (s), 1616 (s), 1473 (vw), 

1263 (w), 1072 (w), 839 (m), 776 (m); MS (CI+) m/z 269.2 (5%), 253.2 (10), 229.1 (8), 211.1 

(11), 199.1 (10), 186.1 (28), 185.1 (100), 143.1 (28), 137.1 (17), 125.1 (7); HRMS (CI+) m/z 

calculated 269.1937 for C15H29O2Si ([M+H]
+
), found 269.1934. 

9.5.6 The olefination step – the real case 

(1E,3R*,4R*)-4-ethyl-1-iodo-2-methylhexa-1,5-dien-3-ol (anti-(E)-81) 

 

Reaction with pentenylboronate. The aldehyde (E)-43a (1 eq., 11.8 mmol, 0.2 M solution in 

toluene, 58.8 mL) was mixed with pentenylboronate (E)-68 (1 eq., 2.3 g) and PhSO3H (5%, 

47 mg) at 23 °C and the resulting solution was stirred for 15 hours. After completion of the 

reaction the mixture was directly transferred on a chromatographic column (50 g of silica gel, 

50/1→10/1→5/1 hexanes/Et2O). The title compound was obtained as 2.19 g (70%, 91/9 dr) of 

a colorless liquid. 
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Reaction with pentenyltrichlorosilane. A solution of the aldehyde (E)-43a (1 eq., 2.3 mmol, 

0.2 M in toluene, 11.5 mL) was cooled to 0 °C before DMF (5 mL), iPrNEt2 (7.5 eq., 3 mL) 

and (E)-65 (1 eq., 0.4 mL) were added. The resulting yellow suspension was stirred overnight. 

Then saturated aqueous NaHCO3 (20 mL) was dropped in, the mixture was diluted with H2O 

(20 mL) and the resulting mixture was extracted with Et2O (3 × 20 mL). The combined 

organic extracts were dried over MgSO4, filtered and concentrated under reduced pressure. 

Column chromatography of the residue (50 g of silica gel, 10/1→5/1 hexanes/Et2O) yielded 

320 mg (52%, 99/1 dr) of anti-81a and 53 mg (9%, 56/44 E/Z) of γ-81a, both products as pale 

yellow liquids. 

The 
1
H and 

13
C NMR spectra of anti-81 were in agreement with those of anti-81. 

(1E,5E)- and (1E,5Z)-1-iodo-2-methylocta-1,5-dien-3-ol (γ-81a) 

Rf (5/1 Et2O/hexanes) 0.325; the major (E,E)-γ-81a: 
1
H NMR (CDCl3, 

400 MHz) δ 6.28 (quint., J = 1.1 Hz, 1H), 5.65-5.55 (m, 2H), 5.37-5.24 (m, 

2H), 4.19 (t, J = 6.6 Hz, 1H), 2.36-2.28 (m, 2H), 2.25-2.17 (m, 1H), 2.10-2.01 (m, 2H), 1.82 

(d, J = 1.1 Hz, 3H), 0.98 (t, J = 7.5 Hz, 3H);
 13

C NMR (CDCl3, 400 MHz) δ 149.28, 137.2, 

123.8, 78.3, 75.7
XXI

, 38.9, 25.8, 20.4, 13.9; the minor (E,Z)-γ-81a: 
1
H NMR (CDCl3, 

400 MHz) δ 6.30 (quint., J = 1.1 Hz, 1H), 4.15 (dd, J = 7.8, 5.0 Hz, 1H), 1.84 (d, J = 1.1 Hz, 

3H), 0.97 (t, J = 7.5 Hz, 3H);
XII 13

C NMR (CDCl3, 400 MHz) δ 149.34, 135.9, 123.4, 78.5, 

76.1, 33.3, 20.9, 20.3, 14.4; IR (KBr) ν 3419 (w), 1965 (s), 2920 (w), 2866 (m), 2848 (w), 

1281 (m), 1245 (m), 1153 (w), 1135 (w), 1120 (w), 1072 (s), 1048 (w), 1021 (vs), 1012 (vs), 

973 (vs), 964 (vs), 893 (w), 797 (vw); MS (EI+) m/z 248.0 (22%, [M-H2O]
+
), 196.9 (100),

XXII
 

127.9 (27), 126.9 (40), 105.1 (13), 93.1 (40), 91.1 (31), 79.1 (12), 77.0 (13); HRMS (ES+) 

m/z calculated 196.9463 for C4H6OI,
XXII

 found 196.9486. 

                                                 
XXI

 The assignment of the peak is uncertain and it could belong to the other stereoisomer. 

XXII
 The molecular peak not detected due to fragmentation: 
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(1E,3S*,4S*)-3-(Triethylsilyloxy)-4-ethyl-1-iodo-2-methylhexa-1,5-diene (anti-83a) 

 

The alcohol anti-(E)-81a (1 eq., 1.2 mmol, 320 mg) was dissolved in DMF (10 mL) and the 

solution was cooled to 0 °C. Then imidazole (1.5 eq., 122 mg), DMAP (10 mol%, 15 mg) and 

TESCl (1.25 eq., 250 µL) were added and the mixture was stirred at 23 °C for 1 hour. After 

that hexanes (10 mL) were added. The DMF phase was separated and extracted with hexanes 

(2 × 10 mL). The combined extracts were washed with H2O (10 mL), dried over MgSO4, 

filtered and concentrated under reduced pressure. Column chromatography of the residue 

(50 g of silica gel, hexanes as the eluent) afforded the title compound as 376 mg (82%, 99/1 

dr) of a colorless liquid.  

Rf (hexanes) 0.3; 
1
H NMR (CDCl3, 400 MHz) δ 6.10 (p, J = 1.1 Hz, 1H), 5.53 (ddd, J = 17.2, 

10.3, 9.0 Hz, 1H), 5.05 (dd, J = 10.3, 2.1 Hz, 1H), 4.96 (ddd, J = 17.2, 2.1, 0.8 Hz, 1H), 4.01 

(d, J = 6.2 Hz, 1H), 1.98 (tdd, J = 9.8, 6.1, 4.0 Hz, 1H), 1.75 (d, J = 1.1 Hz, 3H), 1.33 (dqd, 

J = 13.4, 7.5, 4.0 Hz, 1H), 1.21-1.05 (m, 1H), 0.92 (t, J = 7.9 Hz, 9H), 0.83 (t, J = 7.4 Hz, 

3H), 0.55 (q, J = 7.7 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 150.0, 138.9, 116.8, 80.5, 78.3, 

51.1, 24.0, 20.4, 12.1, 6.97, 4.94; IR (KBr) ν 3503 (br vs), 2953 (w), 2935 (w), 2911 (w), 

2872 (w), 1649 (m), 1628 (m), 1458 (vw), 1416 (vw), 1383 (vw), 1269 (vw), 1237 (vw), 1087 

(w), 1009 (w), 914 (vw), 821 (w), 740 (w), 722 (w), 650 (w); MS (EI+) m/z 351.1 (10%), 

312.0 (21), 311.0 (100, [43a+SiEt3]
+
),

XXIII
 283.0 (12), 115.1 (69), 87.1 (48), 59 (23); HRMS 

(EI+) m/z calculated 351.0641 for [43a+SiEt3]
+
, found 351.0655. 

(1E,3S*,4S*)-4-ethyl-1-iodo-2-methylhexa-1,5-dien-3-yl methacrylate (84) 

 

                                                 
XXIII

 The molecular peak not detectable due to fragmentation as follows: 
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The alcohol anti-(E)-81a (1 eq., 0.82 mmol, 218 mg) was dissolved in CH2Cl2 (8 mL) and the 

solution was cooled with an ice bath before iPr2NEt (2 eq., 285 µL), DMAP (10 mol%, 

10 mg) and methacryloyl chloride (1.5 eq., 120 µL) were added. The mixture was stirred for 

3 hours during which the temperature rose to 23 °C. Then additional portions of iPr2NEt 

(1 eq., 143 µL) and methacryloyl chloride (0.75 eq., 60 µL) were added. After that the 

reaction flask was equipped with a vertical condenser and the mixture was stirred at 40 °C 

(bath temperature) overnight. After completion of the reaction saturated aqueous NaHCO3 

(10 mL) was added. Then the mixture was diluted with CH2Cl2 (20 mL) and H2O (10 mL) and 

the layers were separated. The organic phase was washed with CH2Cl2 (10 mL) and the 

combined organic extracts were dried over MgSO4, filtered and concentrated with silica gel 

under reduced pressure. The residue was purified by column chromatography (75 g of silica 

gel, 10/1 hexanes/Et2O) and 261 mg (95%) of a colorless liquid of the title compound was 

obtained. 

Rf (20/1 hexanes/Et2O) 0.4; 
1
H NMR (CDCl3, 400 MHz) δ  6.28 (app. dq, J = 1.1 Hz, 1H), 

6.10 (dq, J = 2.0, 1.1 Hz, 1H), 5.56 (t, J = 1.6 Hz, 1H) collapsed with 5.52 (ddd , J = 17.0, 

10.2, 9.1 Hz, 1H), 5.29 (d, J = 7.3 Hz, 1H), 5.09 (dd, J = 10.2, 1.9 Hz, 1H), 5.03 (ddd, 

J = 17.0, 1.9, 0.7 Hz, 1H), 2.26 (tdd, J = 9.4, 7.2, 4.2 Hz, 1H), 1.93 (app. dd, J = 1.3 Hz, 3H), 

1.82 (d, J = 1.1 Hz, 3H), 1.38 (dqd, J = 13.6, 7.4, 4.1 Hz, 1H), 1.26-1.14 (m, 1H), 0.87 (t, 

J = 7.4 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 166.3, 144.7, 137.5, 136.4, 125.9, 117.9, 

80.9, 79.5, 48.7, 23.8, 20.7, 18.4, 11.8; IR (KBr) ν 3419 (br vs), 2962 (w), 2926 (w), 1721 

(w), 1652 (m), 1625 (m), 1293 (w), 1162 (m), 943 (w), 914 (w); MS (ES+) m/z 463.0 (46%), 

461.0 (100), 358.0 (12), 357.029.0 ([M+Na]
+
, 81); HRMS (ES+) m/z calculated 357.03219 for 

C13H19O2INa [M+Na]
+
, found 357.03239. 

(5R*,6R*)-5-ethyl-6-((E)-1-iodoprop-1-en-2-yl)-3-methyl-5,6-dihydro-2H-pyran-2-one 

(85) 

 

Representative procedure for reactions in NMR tube (Table 20, reaction 1). A 2 mL vial 

was charged with perfluorotoluene (0.5 mL), Ti(OiPr)4 (20 mol%, 3 µL) and triene 84 (1 eq., 

50 µmol, 17 mg). Then the content of the vial was transferred to a NMR tube was charged 
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with catalyst Grela (1.25 mol%, 0.4 mg) and deuterobenzene (0.1 mL). The tube was 

immersed into an oil bath and the temperature was increased by steps of 20 °C each 30 

minutes. After each temperature rise another portion of catalyst 2 (1.25 mol%, 0.4 mg) was 

added, the total amount being 5 mol%. At 80 °C the reaction was kept for 15 h. Then the 

crude reaction mixture was transferred to a chromatographic column (20 g of silica gel, 

20/1→10/1→5/1→1/1 hexanes/Et2O). The product was isolated as 1.2 mg (3 %) of brown 

liquid. 

Representative procedure for thermal reactions (Table 20, reaction 2). A 10 mL flask was 

charged with triene 84 (1 eq., 50 µmol, 17 mg) and toluene (1 mL). Catalyst Grela (10 mol%, 

3.4 mg) was dissolved in toluene (3 mL) and this solution was added by syringe pump over 

3 hours to the substrate solution heated up to 100 °C. After 15 h the reaction was subjected to 

column chromatography (20 g of silica gel, 20/1→10/1→5/1→1/1 hexanes/Et2O), yielding 

2.1 mg (14%) of brown liquid.  

Representative procedure for microwave-assisted reactions (Table 20, reaction 4). A 

microwave vial was charged with perfluorotoluene (1 mL), triene 84 (1 eq., 50 µmol, 17 mg) 

and catalyst Grela (5 mol%, 1.7 mg). Through the solution argon was bubbled for 5 minutes 

and then the flask was sealed. The mixture was heated in the microwave reactor at 100 °C for 

4 hours. Then the solvent was evaporated. The conversion of 16% was determined by 
1
H 

NMR measurement of the evaporation residue. 

Rf (1/1 hexanes/Et2O) 0.25; 
1
H NMR (CDCl3, 400 MHz) δ 6.49 (dq, J = 3.0, 1.5 Hz, 1H), 6.44 

(dt, J = 1.8, 0.9 Hz, 1H), 4.63 (dd, J = 10.5, 0.6 Hz, 1H), 2.50 (dddt, J = 10.8, 8.5, 4.6, 2.4 Hz, 

1H), 1.93 (dd, J = 2.4, 1.5 Hz, 3H), 1.89 (d, J = 1.1 Hz, 1H), 1.49 (dqd, J = 13.8, 7.6, 4.5 Hz, 

1H), 1.31-1.19 (m, 1H), 0.99 (t, J = 7.4 Hz, 3H), 
13

C NMR (CDCl3, 100 MHz) δ 165.1, 143.6, 

143.0, 128.0, 86.0, 83.8, 37.9, 23.0, 19.9, 17.2, 10.7; IR (KBr) ν 3560 (s), 3506 (s), 3464 (vs), 

3411 (vs), 3381 (s), 2971 (w), 2929 (w), 2875 (w), 1637 (m), 1616 (m), 1051 (w), 914 (w), 

635 (w); MS (ES+) m/z 329.0 ([M+Na]
+
, 100%), 307.0 ([M+H]

+
, 15); HRMS (ES+) m/z 

[M+Na]
+ 

calculated 329.00089, found 329.00096, [M+H]
+ 

calculated 307.01895, found 

307.01900. 

(1E,3R*,4R*)-3-(1-ethoxy-2-methylallyloxy)-4-ethyl-1-iodo-2-methylhexa-1,5-diene (86) 
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Alcohol anti-(E)-81a (1 eq., 7.2 mmol, 1.9 g) and acetal 98 (5.2 eq., 5.5 mL) were dissolved 

in toluene (30 mL) and PPTS (30 mol%, 542 mg) was added. The reaction flask was equipped 

with vertical condenser and warmed to 50 °C using oil bath. The mixture was stirred 2 hours 

at atmospheric pressure and 15 hours at ~80 mbar. Then the mixture was diluted with hexanes 

(30 mL) and washed with saturated aqueous K2CO3 (2 × 20 mL). The organic phase was then 

dried over K2CO3, filtered and concentrated under reduced pressure. Column chromatography 

(50 g of silica gel, 100/1/0.25 hexanes/Et2O/Et3N) yielded 2.25 g (86%, 64/36 dr) of the title 

compound. 

Rf (50/1 hexanes/Et2O) 0.25; the major 86 diastereomer: 
1
H NMR (C6D6, 400 MHz) δ 6.08 (p, 

J = 0.8 Hz, 1H), 5.63 (ddd, J = 17.2, 10.2, 9.1 Hz, 1H), 5.06-4.84 (m, 4H), 4.59 (s, 1H), 4.09 

(d, J = 6.9 Hz, 1H), 3.31 (dq, J = 9.4, 7.1 Hz, 1H), 3.24-3.14 (m, 1H), 2.11-1.98 (m, 1H), 

1.80-1.79 (m, 3H), 1.70-1.69 (m, 3H), 1.35 (tdd, J = 14.9, 7.6, 4.3, 1H), 1.17-1.04 (m, 1H) 

collapsed with 1.07 (t, J = 7.1 Hz, 3H), 0.82 (t, J = 7.4 Hz, 3H);
 13

C NMR (C6D6, 100 MHz) 

δ 147.1, 139.2, 127.9, 116.7, 113.6, 101.1, 82.7, 80.1, 60.0, 49.4, 24.2, 20.3, 17.4, 15.4, 11.91; 

the minor 86 diastereomer: 
1
H NMR (C6D6, 400 MHz) δ 6.06 (dd, J = 1.0, 0.6 Hz, 1H), 5.50 

(ddd, J = 17.1, 10.2, 9.1 Hz, 1H), 5.06-4.84 (m, 4H), 4.50 (s, 1H), 3.55 (d, J = 7.5 Hz, 1H), 

3.50 (dq, J = 9.6, 7.2 Hz, 1H), 3.24-3.14 (m, 1H), 2.11-1.98 (m, 1H), 1.80-1.79 (m, 3H), 1.70-

1.69 (m, 3H), 1.21 (dtd, J = 18.6, 7.4, 3.7 Hz, 1H), 1.06 (t, J = 7.1 Hz, 3H), 1.03-0.92 (m, 

1H), 0.76 (t, J = 7.4 Hz, 3H);
XII

  
13

C NMR (C6D6, 100 MHz) δ 147.9, 143.0, 128.2, 117.0, 

113.8, 104.8, 84.4, 79.6, 62.6, 49.6, 23.9, 20.4, 16.6, 15.4, 11.89; IR (KBr) ν 3411 (s), 2962 

(w), 2920 (w), 2872 (w), 2851 (w), 1643 (m), 1619 (s), 609 (m); HRMS (ESI+) m/z 

C15H25O2INa [M+Na]
+
 calculated 387.07914, found 387.07916. 

(2R*,3R*,6R*)- and (2R*,3R*,6S*)-6-ethoxy-3-ethyl-2-((1E)-1-iodoprop-1-en-2-yl)-5-

methyl-3,6-dihydro-2H-pyran (87) 

 

Representative procedure for reactions in NMR tube (Table 21, reaction 1). A dry NMR 

tube was charged with a solution of the alkene 86 (1 eq., 0.044 mmol, 16 mg, 64/36 dr) in 

C7F8/C6D6 (2/1, 0.3 mL). Then a solution of the catalyst HG II (5%, 1.4 mg) and Ti(OiPr)4 

(20 mol%, 3 µL) in C7F8/C6D6 (2/1, 0.4 mL) was added. The resulting solution was allowed 
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to react at 80 °C for 3 hours. The progress of the reaction was monitored by 
1
H NMR 

spectroscopy. 

Representative procedure for microwave-assisted reactions (Table 21, reaction 4). A 

micro-wave vessel was charged with catalyst HG II (5%, 1.4 mg), alkene 86  (1 eq., 

0.044 mmol, 16 mg), toluene (1 mL) and Ti(OiPr)4(20 mol%, 3 µL). The mixture was heated 

for 100 °C for 1 hour in a microwave reactor. Then the solvent was removed under reduced 

pressure and the conversion of the starting material was determined by 
1
H NMR 

spectroscopy. 

Representative procedure for the large-scale reactions (Table 21, reaction 6). A micro-

wave vessel was charged with the first batch of the catalyst HG II (2.5%, 12 mg) in toluene 

(10 mL). Then argon gas was bubbled through the solution for 5 minutes and after that the 

alkene 86  (1 eq., 1.5 mmol, 546 mg) and Ti(OiPr)4 (1 eq., 510 μL) were added and the 

reaction was stirred in the microwave reactor at 100 °C for 4 hours. Then the second batch of 

the catalyst HG II (2.5%, 12 mg) in toluene (3 mL) was added and argon was bubbled 

through the resulting mixture for 15 minutes to remove the dissolved ethylene gas. Then the 

mixture was stirred in the microwave reactor at 100 °C for another 4 hours. After thet the 

solvent was evaporated under reduced pressure and the conversion of the starting material 

was determined by 
1
H NMR spectroscopy. The crude products were separated from the 

starting material by column chromatography (20/1, 10/1, 5/1, 2.5/1 and then 1/1 

hexanes/CH2Cl2). The title compound were obtained as 306 mg (46%) of the major 87 

diastereomer and 152 mg (23%) of the minor 87 diastereomer, both compounds as colorless 

liquids. 

The major-87 diastereomer: Rf (5/1 hexanes/CH2Cl2)
XXIV

 0.425; 
1
H NMR (C6D6, 300 MHz) 

δ 6.12 (qd, J = 1.14, 0.44 Hz, 1H), 5.42 (s, 1H), 4.73 (s, 1H), 4.16 (d, J = 10.22 Hz, 1H), 3.73 

(dq, J = 9.8, 7.1 Hz, 1H), 3.32 (dq, J = 9.8, 7.1 Hz, 1H), 2.09-2.00 (m, 1H), 1.91 (d, 

J = 1.1 Hz, 3H), 1.68 (ddd, J = 2.8, 2.0, 0.8 Hz, 3H), 1.23-1.10 (m, 1H), 1.07 (t, J = 7.1 Hz, 

3H), 0.93-0.79 (m, 1H), 0.70 (t, J = 7.4 Hz, 3H); 
13

C NMR (C6D6, 100 MHz) δ 147.1, 133.0, 

126.4, 98.0, 81.0, 76.5, 63.8, 38.4, 23.3, 19.9, 19.1, 15.6, 10.5;
 1

H NMR (CDCl3, 400 MHz) 

δ 6.28 (s, 1H), 5.59 (s, 1H), 4.75 (s, 1H), 4.08 (d, J = 10.3 Hz, 1H), 3.79 (dq, J = 9.9, 7.1 Hz, 

1H), 3.53 (dq, J = 9.9, 7.1 Hz, 1H), 2.16-2.09 (m, 1H), 1.85 (d, J = 1.1 Hz, 3H), 1.73 1.73 

(ddd, J = 2.0, 1.6, 0.4 Hz, 3H), 1.40-1.28 (m, 1H), 1.22 (t, J = 7.08 Hz, 3H), 1.11-1.00 (m, 

1H), 0.90 (t, J = 7.3 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 146.6, 132.3, 126.7, 97.8, 81.2, 

                                                 
XXIV

 The TLC developed twice.  
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76.4, 63.9, 38.3, 23.1, 20.0, 19.0, 15.7, 10.7; IR (KBr) ν 3414 (w), 2965 (w), 2923 (w), 2875 

(w), 1440 (vw), 1380 (vw), 1275 (w), 1123 (w), 1096 (m), 1054 (s), 1012 (m), 955 (vw) 773 

(vw), 609 (vw); MS (CI+) m/z 337.1 (19%), 291.0 (76), 225.0 (23), 197.0 (32), 170.1 (18), 

169.1 (100), 164.1 (53), 163.1 (23), 141.1 (72), 140.1 (99), 135.1 (58), 125.1 (37), 121.1 (18), 

107.1 (23) 97.1 (22); HRMS (CI+) m/z calculated 337.0665 for C13H22O2I [M+H]
+
, found 

337.0662. 

The minor 87 diastereomer: Rf (5/1 hexanes/CH2Cl2)
XXIV

 0.275; 
1
H NMR (C6D6, 300 MHz) 

δ 6.07 (dq, J = 1.6, 0.8 Hz, 1H), 6.38 (m, 1H), 4.93 (m, 1H), 3.77 (dq, J = 9.5, 7.1 Hz, 1H), 

3.69 (d, J = 9.0 Hz, 1H), 3.43 (dq, J = 9.5, 7.1 Hz, 1H), 2.03 (dddd, J = 11.1, 8.9, 4.5, 2.3 Hz, 

1H), 1.88 (d, J = 1.0 Hz, 3H), 1.68-1.67 (m, 3H), 1.19-1.05 (m, 1H) collapsed with 1.12 (t, 

J = 7.1 Hz, 3H), 0.91-0.76 (m, 1H), 0.67 (t, J = 7.3 Hz, 3H); 
13

C NMR (C6D6, 100 MHz) 

δ 147.1, 134.1, 127.2, 99.8, 82.0, 80.9, 63.0, 38.1, 24.0, 19.9, 18.0, 15.6, 10.6;
 1

H NMR 

(CDCl3, 400 MHz) δ 6.26 (q, J = 0.7 Hz, 1H), 5.61 (m, 1H), 5.04 (m, 1H), 3.88 (d, J = 9.4 Hz, 

1H), 3.79 (dq, J = 9.6, 7.1 Hz, 1H), 3.57 (dq, J = 9.1, 6.9 Hz, 1H), 2.21 (dddd, J = 11.2, 8.9, 

4.4, 2.3 Hz, 1H),  1.87 (d, J = 1.1 Hz, 3H), 1.69 (m, 3H), 1.40-1.27 (m, 1H), 1.22 (t, 

J = 7.1 Hz, 3H), 1.10-0.99 (m, 1H), 0.89 (t, J = 7.4 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) 

δ 146.6, 133.6, 127.8, 99.7, 82.1, 80.9, 63.0, 38.0, 23.8, 19.7, 17.9, 15.5, 10.6; IR (KBr) ν 

3422 (s), 2959 (w), 2923 (w), 2872 (w), 1619 (w), 1371 (vw), 1278 (w), 1126 (w), 1054 (vw); 

MS (CI+) m/z 337.1 (5%), 335.1 (8), 291.0 (88), 263.0 (11), 225.0 (19), 169.1 (59), 164.1 

(100), 163.1 (23), 141.1 (62), 140.1 (100), 135.1 (34), 125.1 (20), 107.1 (20); HRMS (CI+) 

m/z calculated 337.0665 for C13H22O2I [M+H]
+
, found 337.0675. 

 

Acid catalyzed hydrolysis of 87 

 

Hydrolysis in HCl (both 87 diastereomers). The acetal 87 (64/36 dr; 1 eq., 380 µmol, 

219 mg) was dissolved in a mixture of Me2CO/ H2O (1/1, 4 mL). Then aqueous HCl (2 eq., 

1 M, 0.8 mL) was added and the mixture was stirred at 23 °C for 4 hours. Then saturated 

aqueous NaHCO3 (5 mL) and additional H2O (10 mL) were added and the product was 

extracted with CH2Cl2 (3 × 10 mL). The combined organic extracts were dried over MgSO4, 

filtered and concentrated under reduced pressure. Column chromatography of the residue 
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(10/1, 5/1, 2/1, 1/1 and then 0/1 hexanes/CH2Cl2) yielded 79 mg (67%) of lactol 88α and 

32 mg (27%) of lactol 88β. Both compounds were colorless liquids. 

Hydrolysis in HCl (the major 87 diastereomer). The major acetal anti-87 (1 eq., 526 µmol, 

177 mg) was dissolved in a mixture of Me2CO/H2O (1/1, 4 mL) and then HCl (2 eq., 1  M 

aqueous solution, 1.05 mL) was added. The resulting reaction mixture was stirred at 23 °C for 

7 hours. Then saturated aqueous NaHCO3(10 mL) and H2O (10 mL) were added and the 

mixture was extracted with CH2Cl2 (3 × 20 mL). The combined organic extracts were dried 

over MgSO4, filtered and concentrated under reduced pressure. The residue was analyzed by 

1
H NMR spectroscopy showing that products 88α and 88β were present in the ratio of 76/24. 

Hydrolysis in HCl (the minor 87 diastereomer). The previous procedure was followed with 

the minor acetal of 87 (1 eq., 449 µmol, 151 mg). The compound was treated with HCl (2 eq., 

1 M aqueous solution, 0.9 mL) in Me2CO/H2O (1/1, 4 mL). It was found that products 88α 

and 88β are present in equal ratio of 76/24. 

Hydrolysis in AcOH. Acetal 87 (64/36 dr; 1 eq., 260 µmol, 79 mg) was dissolved in THF 

(5 mL). Then H2O (1.5 mL) and glacial AcOH (100 eq., 1.5 mL) were added and the resulting 

mixture was refluxed (bath temperature 160 °C) for 3 hours. Then the liquid was partitioned 

between saturated aqueous NaHCO3 (5 mL) and CH2Cl2 (10 mL). The aqueous phase was 

extracted with CH2Cl2 (3 × 10 mL), the combined organic extracts were dried over MgSO4, 

filtered and the solvents were evaporated. Acetal 88β was obtained as 71 mg (90%, 0/100 α/β) 

of colorless liquid. 

(2R*,5R*,6R*)-5-ethyl-6-((1E)-1-iodoprop-1-en-2-yl)-3-methyl-5,6-dihydro-2H-pyran-2-

ol (88α) 

Rf (5/1 hexanes/CH2Cl2) 0.2; 
1
H NMR (C6D6, 400 MHz) δ 6.32 (s, 1H), 5.40 

(s, 1H), 4.97 (s, 1H), 4.24 (d, J = 10.3 Hz, 2.05-2.00 (m, 1H), 1.96 (d, 

J = 0.8 Hz, 3H), 1.59 (app. dd, J = 1.6 Hz, 3H), 1.19 (dqd, J = 15.0, 7.5, 4.2 Hz, 1H), 0.93-

0.89 (m, 1H), 0.71 (t, J = 7.4 Hz, 3H); 
13

C NMR (C6D6, 100 MHz) δ 147.2, 132.8, 126.9, 

98.2, 81.4, 77.3, 38.1, 23.3, 19.6, 18.8, 10.4; 
1
H NMR (CDCl3, 400 MHz) δ 6.25 (d, J = 0.9, 

1H), 5.59 (s, 1H), 4.99 (s, 1H), 4.11 (d, J = 10.3, 1H), 2.15-2.07 (m, 1H), 1.84 (d, J = 1.1 Hz, 

3H), 1.74 (m, 3H), 1.40-1.30 (m, 1H), 1.11-1.00 (m,1H), 0.89 (t, J = 7.4 Hz, 3H); 
13

C NMR 

(CDCl3, 100 MHz) δ 146.7, 132.1, 127.0, 98.6, 81.5, 77.0, 37.9, 23.1, 19.6, 19.0, 10.6; IR 

(ATR) ν 2965 (m), 2923 (s), 2673 (m), 2851 (m), 1727 (vw), 1616 (vw), 1451 (w), 1378 (w), 
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1287 (m), 1185 (vw), 1093 (s), 1005 (m), 967 (vs), 900 (vw), 865 (vw), 789 (w), 675 (vw); 

MS (CI) m/z 292.0 (8%),
XXV

 291.0 (57), 166.1 (10), 165.1 (100), 164.1 (49); 

(2R*,5R*,6S*)-5-ethyl-6-((1E)-1-iodoprop-1-en-2-yl)-3-methyl-5,6-dihydro-2H-pyran-2-

ol (88β) 

Rf (CH2Cl2) 0.325, (1/1 hexanes/CH2Cl2) 0.25; M.p. 58-62 °C; 
1
H NMR 

(C6D6, 400 MHz) δ 6.100 (s, 1H), 5.37 (s, 1H), 4.88 (s, 1H), 4.14 (d, 

J = 10.2 Hz, 1H), 2.03-1.93 (m, 1H), 1.88 (d, J = 0.7 Hz, 3H), 1.63 (s, 3H), 1.14 (qdq, 

J = 14.9, 7.5, 4.1 Hz, 1H), 0.88-0.81 (m, 1H), 0.68 (t, J = 7.4 Hz, 3H); 
13

C NMR (C6D6, 

100 MHz) δ 146.9, 133.5, 126.4, 92.3, 81.4, 76.4, 38.3, 23.2, 20.0, 19.2, 10.4; 
1
H NMR 

(CDCl3, 400 MHz) δ 6.35 (d, J = 0.8 Hz, 1H), 5.61 (s, 1H), 5.18 (d, J = 4.1 Hz, 1H), 4.19 (d, 

J = 10.3 Hz, 1H), 2.24 (d, J = 4.4 Hz, 1H), 2.18-2.08 (m, 1H), 1.84 (d, J = 1.1 Hz, 3H), 1.77 

(m, 3H), 1.38-1.33 (m, 1H), 1.10-1.06 (m, 1H), 0.91 (t, J = 7.4 Hz, 3H); 
13

C NMR (CDCl3, 

100 MHz) δ 146.3, 132.7, 127.0, 92.2, 81.8, 76.5, 38.2, 23.1, 19.7, 19.1, 10.5; IR (KBr) ν 

3419 (m), 2956 (w), 2914 (w), 2872 (w), 1616 (vw), 1455 (vw), 1431 (vw), 1377 (vw), 1278 

(s), 1072 (s), 1042 (s), 1030 (s), 1009 (vs), 997 (vs), 964 (m), 934 (vw), 791 (vw), 665 (vw); 

MS (CI+) m/z 309.0 (16%), 292.0 (11), 291.0 (80), 263.0 (9), 197.0 (72), 169.0 (14), 164.1 

(56), 141.1 (71), 169.0 (13), 164.1 (56), 141.1 (70), 135.1 (14), 123.1 (13), 113.1 (31), 112.1 

(100), 107.1 (13), 97.1 (22); HRMS (CI+) m/z calculated 309.0352 for C11H18O2I [M+H]
+
, 

found 309.0354. 

Iodine mediated opening of lactol 88α 

 

Reaction in dry THF. Lactol 88β (1 eq., 0.1 mmol, 32 mg) was dissolved in THF (2 mL) and 

I2 (20 mol%, 5.2 mg) was added. The resulting orange solution was stirred at 23 °C for 30 

                                                 
XXV

 Molecular peak not visible due to fragmentation as follows: 
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minutes and then the temperature was gradually increased to 90 °C. After 1 hour the reaction 

was quenched by addition of Na2SO3S (2 mL). Then Et2O (5 mL) and H2O (3 mL) were 

added and the organic phase was separated. The aqueous phase was extracted with Et2O 

(3 × 5 mL), the combined organic extracts were dried over MgSO4, filtered and concentrated 

under reduced pressure. The products were separated with the use of preparative thin layer 

chromatography (5/1, then 2/1 Et2O/hexanes) and 2 mg (6%) of anti-(E)-89, 6 mg (20%, 93/7 

dr) of 89ʹ and 7 mg (7%, 83/17 dr) of 89ʹʹ was isolated, all products being yellow liquids. 

Reaction in aqueous THF. Lactol 88β (1 eq., 0.05 mmol, 16 mg) was dissolved in mixture of 

THF/H2O (1/1, 2 mL) and AcOH (100 eq., 0.3 mL) was added. After that I2 (20%, 1.3 mg) 

was inserted. The resulting yellow mixture was warmed to refluxed (bath temperature 120 °C) 

and stirred at this temperature for 15 hours. Then the mixture was allowed to cool down and 

saturated aqueous NaHCO3 (20 mL) was added. The organic phase was extracted with 

CH2Cl2 (3 × 20 mL) and the combined organic extracts were washed with saturated aqueous 

Na2SO3S (10 mL). The organic phase was separated, dried over MgSO4, filtered and 

concentrated under reduced pressure. Column chromatography (1/0, 20/1 and then 10/1 

CH2Cl2/Et2O) of the residue yielded 10.7 mg (67%) of anti-(E)-89 as pale yellow liquid. 

(2E,4R*,5R*,6E)-4-ethyl-5-hydroxy-7-iodo-2,6-dimethylhepta-2,6-dienal (anti-(E)-89) 

Rf (5/1, then 2/1 Et2O/hexanes) 0.15; 
1
H NMR (CDCl3, 400 MHz) δ 9.45 

(s, 1H), 6.35 (dq, J = 10.3, 1.3 Hz, 1H), 6.32 (p, J = .2 Hz, 1H), 4.21 (d, 

J = 6.5 Hz, 1H), 2.74 (dtd, J = 10.4, 6.8 Hz, 4.8 Hz, 1H), 1.83 (d, J = 1.1 Hz, 3H), 1.36 (d, 

J = 1.4 Hz, 3H), 1.54 (dqd, J = 13.6, 7.2, 4.4 Hz; 1H), 1.42-1.32 (m, 1H), 0.86 (t, J = 7.5 Hz, 

3H); 
13

C NMR (CDCl3, 100 MHz) δ 195.2, 154.1, 148.3, 141.9, 79.9, 79.01, 44.7, 24.7, 20.2, 

11.9, 10.1; IR (ATR) ν 3446 (br m), 3060 (vw), 2965 (m), 2927 (m), 2873 (m), 1673 (vs), 

1638 (m), 1458 (vw), 1261 (w), 1103 (w), 1046 (m), 1024 (m), 979 (w), 777 (w), 679 (w); 

MS (CI+) m/z 309.0 (5), 196.9 (100), 164.1 (85), 153.1 (21), 141.1 (99), 113.1 (100), 121.1 

(97), 111.1 (70), 97.1 (85), 95.1 (63), 87.0 (62), 71.0 (43), 69.0 (65), 57.0 (73); HRMS (CI+) 

m/z calculated 309.0352 for C11H18O2I [M+H], found 309.0343. 

(2R*,3R*,6S*)-3-ethyl-6-(4-iodobutoxy)-2-((1E)-1-iodoprop-1-en-2-yl)-5-methyl-3,6-

dihydro-2H-pyran (89ʹ) 

Rf (5/1, then 2/1 Et2O/hexanes) 0.8; 
1
H NMR (CDCl3, 400 MHz) δ 6.30 (d, 

J = 1.12 Hz, 1H), 5.60 (s, 1H), 4.72 (s, 1H), 4.04 (d, J = 10.3 Hz, 1H), 3.75 

(dt, J = 10.0, 6.3 Hz, 1H), 3.49 (dt, J = 10.0, 6.2 Hz, 1H), 3.21 (t, J = 7.0 Hz, 2H), 2.17-2.07 
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(m, 1H), 1.93 (p, J = 7.2 Hz, 2H), 1.85 (d, J = 1.1 Hz, 3H), 1.72 (m, 3H), 1.35 (dqd, J = 13.5, 

7.8, 3.6 Hz, 1H), 1.13-0.99 (m, 1H), 0.90 (t, J = 7.3 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) 

δ 146.5, 132.2, 126.9, 98.0, 81.4, 76.6, 67.3, 38.2, 30.9, 30.7, 23.1, 19.9, 19.1, 10.7, 6.7; IR 

(KBr) ν 3416 (m), 2956 (m), 2914 (m), 2869 (m), 1622 (w), 1446 (w), 1380 (m), 1225 (w), 

1096 (s), 1057 (vs), 1036 (vs), 1021 (vs), 973 (w); MS (ESI) m/z 513.1 (81), 350.2 (7), 331.1 

(10), 291.1 (20), 164.1 (20); HRMS (ESI) m/z calculated for C15H24O2I2Na [M+Na]+: 

512.97579, found: 512.97569. 

(2E,4R*,5R*,6E)-4-ethyl-5-(((2S*,5S*,6S*)-5-ethyl-6-((1E)-1-iodoprop-1-en-2-yl)-3-

methyl-5,6-dihydro-2H-pyran-2-yl)oxy)-7-iodo-2,6-dimethylhepta-2,6-dienal (89ʹʹ) 

Rf (5/1, then 2/1 hexanes/Et2O) 0.74; 
1
H NMR (CDCl3, 400 MHz) δ 9.43 

(s, 1H), 6.31 (d, J = 0.6 Hz, 1H), 6.29 (dd, J = 10.1, 1.3 Hz, 1H), 6.11 (d, 

J = 0.8 Hz, 1H), 5.56 (s, 1H), 4.6 (s, 1H), 4.21 (d, J = 7.7 Hz, 1H), 3.84 

(d, J = 10.2 Hz, 1H), 2.75 (tdd, J = 9.9, 7.8, 4.1 Hz, 1H), 2.09-2.02 (m, 

1H), 1.81 (d, J = 1.1 Hz, 3H), 1.80 (d, J = 1.1 Hz, 3H), 1.75 (d, 

J = 1.31 Hz, 3H), 1.64 (m, 3H), 0.834 (t, J = 7.5 Hz, 3H) collapsed with 0.831 (t, J = 7.4 Hz, 

3H);  
13

C NMR (CDCl3, 100 MHz) δ 195.1, 155.8, 146.6, 145.7, 141.7, 131.6, 127.3, 126.9, 

94.1, 82.3, 81.9, 80.5, 76.9, 43.8, 38.0, 24.6, 23.0, 19.9, 19.8, 19.1, 11.9, 10.3, 10.2; HRMS 

(ESI) m/z calculated for C22H32O3I2Na [M+Na]+: 621.03330, found: 621.03341. 

(2E,4R*,5R*,6E)-4-ethyl-7-iodo-2,6-dimethyl-5-(triethylsilyloxy)hepta-2,6-dienal 

(anti-(E)-90) 

 

Aldol anti-(E)-89 (1 eq., 415 µmol, 128 mg) was dissolved in DMF (5 mL) and imidazole 

(1.5 eq., 46 mg), DMAP (10 mol%, 5 mg) and TESCl (1.5 eq., 104 µL) were added. The 

resulting mixture was stirred at 23 °C and after 1 hour more imidazole (0.5 eq., 15 mg) and 

TESCl (0.5 eq., 35 µL) were added and the resulting mixture was stirred at 23 °C for 

15 hours. Then the mixture was extracted with hexanes (4 × 20 mL). The combined organic 

extracts were washed with H2O (20 mL), dried over MgSO4, filtered and concentrated under 

reduced pressure. The residue was purified by column chromatography (40 g of silica gel, 
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hexanes and then 50/1→20/1 hexanes/Et2O) and the title compound was isolated as 155 mg 

(88%) of colorless liquid. 

Rf (20/1 hexanes/Et2O) 0.225; 
1
H NMR (CDCl3, 400 MHz) δ 9.43 (s, 1H), 6.28 (dq, J = 10.3, 

1.3 Hz, 1H), 6.19 (s, 1H), 4.12 (d, J = 6.2 Hz, 1H), 2.67 (tdd, J = 10.2, 6.2, 4.2 Hz, 1H), 1.78 

(d, J = 1.0 Hz, 3H), 1.73 (d, J = 1.3 Hz, 3H), 1.48 (dqd, J = 15.1, 7.6, 4.2 Hz, 1H), 1.28 (dqd, 

J = 14.6, 9.9, 7.4 Hz, 1H), 0.89 (t, J = 7.9 Hz, 9H), 0.83 (t, J = 7.5 Hz, 3H), 0.55-0.49 (m, 

6H); 
13

C NMR (CDCl3, 100 MHz) δ 195.3, 155.6, 149.0, 141.4, 80.0, 79.2, 46.0, 24.7, 20.2, 

12.0, 10.1, 6.9, 4.8; IR (ATR) ν 2952 (s), 2930 (m), 2917 (m), 2876 (s), 1685 (vs), 1644 (w), 

1454 (vw), 1410 (w), 1378 (w), 1264 (m), 1236 (w), 1074 (s), 1005 (m), 818 (w), 745 (m), 

729 (m); MS (CI+) m/z 423.1 (5%), 393.1 (18), 313.0 (10), 312.2 (35), 312.0 (56), 311.0 

(100), 266.2 (33), 255.2 (33), 226.2 (70), 185.1 (22), 171.1 (89), 164.1 (36), 115.1 (56), 87.1 

(38), 75.0 (9), 59.0 (13); HRMS (CI+) m/z calculated 423.1216 for C17H32O2SiI [M+H]+, 

found 423.1215. 

Reductive opening of lactol 88β 

 

Lactol 88β (1 eq., 1.13 mmol, 349 mg) contaminated with minute amount of the deiodo 

analogue 88βʹ was dissolved in THF (10 mL). Then H2O (2.5 mL) and LiBH4 (1.1 eq., 

27 mg) was added. The resulting mixture was stirred for 1 hour and then aqueous HCl (0.1 M, 

10 mL) was poured in. After 15 minutes additional H2O (10 mL) was added and the organic 

phase was extracted with CHCl3 (3 × 30 mL). The combined organic extracts were dried over 

MgSO4, filtered and concentrated under reduced pressure. After evaporation of the solvents 

the residue was purified by column chromatography (40 g of silica gel, CH2Cl2 and then 

5/1→2/1 CH2Cl2/Et2O) furnishing 296 mg (84%) of anti-(Z)-91 and 16 mg (8%) of anti-(Z)-

91ʹ, both compounds as colorless liquids. 

(2Z,4R*,5R*,6E)-4-ethyl-7-iodo-2,6-dimethylhepta-2,6-diene-1,5-diol (anti-(Z)-91) 

Rf (2/1 CH2Cl2/Et2O) 0.375; 
1
H NMR (CDCl3, 400 MHz) δ 6.23 (s, 1H), 

5.02 (dp, J = 10.0, 1.2 Hz, 1H), 4.28 (dd, J = 11.5, 0.8 Hz, 1H), 3.81 (d, 

J = 8.4 Hz, 1H) collapsed with 3.80 (d, J = 11.6 Hz, 1H), 2.66 (br s, 2H), 

2.43 (ddd, J = 19.6, 10.2, 3.4 Hz, 1H), 1.88 (d, J = 1.5 Hz, 3H), 1.82 (d, J = 1.1 Hz, 3H), 1.25 
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(dqd, J = 13.4, 7.4, 3.4 Hz, 1H), 1.05-0.93 (m, 1H), 0.80 (t, 3H); 
13

C NMR (CDCl3, 100 MHz) 

δ 148.9, 139.5, 130.0, 80.3, 79.5, 61.9, 43.8, 24.5, 22.9, 18.9, 12.0; IR (ATR) ν 3322 (br vs), 

2958 (vs), 2930 (vs), 2876 (s), 1736 (w), 1717 (w), 1619 (w), 1458 (m), 1385 (w), 1271 (m), 

1217 (w), 1043 (m), 1014 (vs), 910 (vw), 786 (w), 675 (w); MS (CI+) m/z 310.0 (3%), 309 

(15), 196.9 (40), 165.1 (35), 149.1 (30), 135.1 (30), 125.1 (56), 111.1 (62), 96.1 (100), 91 

(28), 71.0 (82), 57.0 (38); HRMS (CI+) m/z calculated 309.0352 for C11H18O2I [M-H], found 

309.0347. 

(2Z,4R,5R)-4-ethyl-2,6-dimethylhepta-2,6-diene-1,5-diol (anti-(Z)-91ʹ) 

Rf (2/1 CH2Cl2/Et2O) 0.25; 
1
H NMR (CDCl3, 400 MHz) δ 5.03 (dp, J = 10.0, 

1.2 Hz, 1H), 4.90-4.89 (m, 2H), 4.28 (d, J = 11.9 Hz, 1H), 3.77 (d, 

J = 11.5 Hz, 1H), .69 (d, J = 9.2 Hz, 1H), 3.07 (br s, 1H), 2.78 (br s, 1H), 

2.38 (ddd, J = 19.6, 10.2, 3.3 Hz, 1H), 1.87 (d, J = 1.5 Hz, 3H), 1.72 (m, 3H), 1.33 (dqd, 

J = 13.5, 7.5, 3.3 Hz, 1H), 1.06-0.94 (m, 1H), 0.79 (t, J = 7.4 Hz, 3H); 
13

C NMR (CDCl3, 

100 MHz) δ 145.9, 139.2, 130.1, 114.4, 79.1, 61.8, 43.3, 24.5, 22.8, 16.6, 12.0; IR (ATR) ν 

3332 (br vs), 2961 (vs), 2936 (s), 2917 (s), 2879 (s), 1708 (vw), 1647 (vw), 1454 (m), 1378 

(w), 1268 (vw), 1217 (w), 1131 (vw), 1005 (vs), 948 (vw), 900 (m); MS (CI+) m/z 185.2 

(2%), 167.1 (34), 149.1 (70), 123.1 (22), 113.1 (44), 111.1 (72), 109.1 (48), 107.1 (18), 97.1 

(99), 96.1 (100), 95.1 (48), 83.0 (73), 81.1 (28), 71.0 (44), 57.0 (13); HRMS (CI+) m/z 

calculated 185.1542 for C11H21O2 [M+H]
+
, found 185.1536. 

 

(1E,5Z,8R*,9R*)-2,6-dimethyl-1-iodo-4-ethyl-3,7-bis(triethylsilyloxy)hept-1,5-diene 

(anti-(Z)-92) 

 

The diol anti-(Z)-93 (1 eq., 909 µmol, 282 mg) was dissolved in DMF (10 mL) and imidazole 

(3 eq., 186 mg), DMAP (10 mol%, 11 mg) and TESCl (3 eq., 458 µL) were added. After 

2 hours of stirring at 23 °C the mixture was transferred to a separatory funnel and the organic 

phase was extracted with hexanes (3 × 20 mL). The combined organic extracts were washed 

with H2O (20 mL), dried over MgSO4, filtered and concentrated under reduced pressure. The 

residue was purified by column chromatography (40 g of silica gel, hexanes and then 

50/1→20/1→10/1→5/1 and then 2/1 hexanes/Et2O) yielding 243 mg (63%) of the title 
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compound anti-(Z)-92 and 143 mg of a 1/1 mixture of mono-deprotected compound anti-(Z)-

93 (28%) and Et3SiOH.
XXVI

 

Rf (1/1 hexanes/CH2Cl2) 0.625; 
1
H NMR (CDCl3, 400 MHz) δ 6.07 (p, 0.8 Hz, 1H), 4.90 (dq, 

J = 10.0, 1.2 Hz, 1H), 4.21 (dd, J = 12.0, 0.9 Hz, 1H), 3.97 (d, J = 12.2 Hz, 1H), 3.89 (d, 

J = 6.8 Hz, 1H), 2.29 (tdd, J = 10, 6.8, 4.0 Hz, 1H), 1.77 (d, J = 1.3 Hz, 3H), 1.75 (d, 

J = 1.1 Hz, 3H), 1.35-1.25 (m, 1H), 1.07-0.94 (m, 1H), 0.97 (t, J = 7.9 Hz, 6H), 0.90 (t, 

J = 7.9 Hz, 6H), 0.80 (t, J = 7.4 Hz, 3H), 0.61 (q, J = 8.0 Hz, 9H), 0.51 (q, J = 8.0 Hz, 9H); 

13
C NMR (CDCl3, 100 MHz) δ 150.0, 137.5, 127.3, 80.7, 78.3, 62.2, 44.3, 24.9, 21.4, 20.1, 

12.1, 7.0, 6.9, 4.9, 4.6; IR (ATR) ν 2952 (vs), 2936 (vs), 2911 (m), 2876 (vs), 1723 (vw), 

1454 (m), 1420 (w), 1382 (w), 1274 (w), 1242 (m), 1242 (m), 1074 (vs), 1005 (vs), 976 (w), 

824 (m), 745 (vs), 726 (vs); MS (ESI+) m/z 561.2 (100%), 445.1 (10), 407.1 (17), 275 (18); 

HRMS (ESI+) m/z calculated 561.20515 for C23H47O2INaSi2 [M+Na], found 561.20538. 

(2Z,4R*,5R*,6E)-4-ethyl-7-iodo-2,6-dimethyl-5-(triethylsilyloxy)hepta-2,6-dienal 

(anti-(Z)-90) 

 

Synthesis from bisprotected diol anti-(Z)-92. A solution of (COCl)2 (4 eq., 127 µL) in 

CH2Cl2 (2 mL) was cooled to ‒78 °C. Then DMSO (8 eq., 210 µmol) was added and after 

15 minutes of stirring a solution of the protected diol anti-(Z)-92 (1 eq., 158 mg) in CH2Cl2 

(1.5 mL) was added slowly. After stirring at ‒78 °C for 30 minutes the mixture was allowed 

to warm to ‒40 °C over 90 minutes and then it was cooled back to ‒78 °C before Et3N 

(16 eq., 825 µL) was added. After 15 minutes the mixture was allowed to warm to 23 °C. 

Then saturated aqueous NaHCO3 (20 mL) was added and the mixture was extracted with 

CH2Cl2 (3 × 20 mL). The combined organic extracts were dried over MgSO4, filtered and 

                                                 
XXVI

 The compound anti-(Z)-93 was formed during the column chromatography. As inseparable from Et3SiOH, it 

was not isolated and characterized and the mixture was directly used in the next reaction step.  
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concentrated under reduced pressure. Column chromatography of the residue (20 g of silica 

gel, 10/1→5/1→2/1→1/1 hexanes/CH2Cl2) yielded 61 mg (49%) of a colorless liquid of the 

title compound. 

Synthesis from monoprotected diol anti-(Z)-93. The alcohol anti-(Z)-93 (1 eq., 188 µmol, 

80 mg contaminated with 63 mg of Et3SiOH) was dissolved in CH2Cl2 (5 mL) and MnO2 

(20 eq., 445 mg) was added. The resulting suspension was stirred at 23 °C for 15 hours. Then 

the solids were filtered off using a sintered glass funnel equipped with pad of celite. The 

filtrate was concentrated under reduced pressure and the residue was purified by column 

chromatography (20 g of silica gel, hexanes and then 20/1→10/1→5/1→2/1→1/1 

hexanes/CH2Cl2). The title compound was isolated as a colorless liquid; 28 mg (35%). 

Rf (2/1 hexanes/CH2Cl2) 0.375; 
1
H NMR (CDCl3, 400 MHz) δ 10.00 (s, 1H), 6.19 (dq, 

J = 10.7, 1.5 Hz, 1H) collapsed with 6.19 (p, J = 0.8 Hz, 1H), .97 (d, J = 7.2 Hz, 1H), 3.07 

(tdd, J = 10.7, 7.3, 3.7 Hz, 1H), 1.81 (d, J = 1.3 Hz, 3H), 1.77 (d, J = 1.1 Hz, 3H), 1.41 (dqd, 

J = 15.0, 7.5, 3.7 Hz, 1H), 1.15 (ddq, J = 14.5, 10.2, 7.3 Hz, 1H), 0.87 (t, J = 7.9 Hz, 9H), 

0.84 (t, J = 7.5 Hz, 3H), 0.50 (q, J = 7.7 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 192.1, 

149.9, 148.9, 138.9, 80.0, 79.4, 43.0, 24.6, 19.7, 16.8, 12.2, 6.8, 4.8; IR (ATR) ν 3060 (vw), 

2958 (s), 2930 (m), 2876 (m), 1714 (vs), 1622 (w), 1454 (w), 1382 (w), 1280 (m), 1217 (w), 

1125 (s), 1087 (m), 1014 (s), 955 (s), 970 (m), 821 (vw), 783 (vw), 745 (vw); MS (CI+) m/z 

423.1 (5%), 393.1 (5), 295.2 (15), 265.2 (24), 237.2 (36), 213.0 (20) 191.1 (21), 163.1 (100), 

135.1 (74), 133.1 (69), 107.1 (38), 103.0 (52) 97.0 (29), 83.0 (76); HRMS (CI+) m/z 

calculated 423.1216 for C17H32O2ISi [M+H], found 423.1213. 

The one-pot ring-closing metathesis/hydrolysis of acetal 86 

 

The acetal 86 (1 eq., 2 mmol, 729 mg) was dissolved in toluene (10 mL) and the catalyst 

HG II (2.5 mol%, 32 mg) and Ti(OiPr)4 (1 eq., 0.6 mL) were added. The resulting mixture 

was stirred for 4 hours under microwave irradiation at 100 °C. Then a stream of argon was 

bubbled through the solution for 10 minutes and another portion of the catalyst HG II 

(2.5 mol%, 32 mg) was added. Then the mixture was allowed to react at 100 °C in the 

microwave reactor for another 4 hours. After completion of the reaction H2O (1.5 mL) was 

added and the mixture was stirred for 30 minutes. The resulting precipitate was filtered on a 
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sintered glass filter charged with a pad of celite and the solids were rinsed with hexanes 

(20 mL). The combined filtrates were then washed with H2O (30 mL), dried over MgSO4, 

filtered and concentrated under reduced pressure. The residue was dissolved in THF/H2O 

(1/1, 40 mL), AcOH (100 eq., 200 mmol, 11.5 mL) was added and the mixture was refluxed 

for 15 hours. Then saturated aqueous NaHCO3 (20mL) was added and mixture was extracted 

with CH2Cl2 (3 × 30 mL). The combined organic extracts were dried over MgSO4, filtered 

and concentrated under reduced pressure. Column chromatography of the residue (50 g of 

silica gel, 2/1→1/1→1/2 hexanes/CH2Cl2 and then CH2Cl2) furnished 379 mg (64%, 0/100 

α/β) of lactol 88β as a colorless solid. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for 88β. 

(2S*,3R*,4E)-2-ethyl-5-iodo-4-methyl-3-(triethylsilyloxy)pent-4-enal (anti-94a) 

 

The dihydroxylation step. The alkene anti-83a (1 eq., 0.2 mmol, 76 mg) was dissolved in a 

tBuOH/THF/H2O mixture (5/5/1, 2.2 mL). After cooling to 0 °C NMO (1.1 eq., 26 mg) and 

OsO4 (5 mol%, 2.5 mg) were added and the resulting mixture was stirred at 23 °C for 2 days. 

Then saturated aqueous Na2SO3 (2 mL) was poured into the vigorously stirred solution and 

after 30 minutes the mixture was diluted with Et2O (10 mL) and H2O (10 mL). The organic 

phase was separated and the aqueous phase was extracted with Et2O (5 × 10 mL). The 

combined organic extracts were dried over MgSO4, filtered and concentrated under reduced 

pressure. The residue was purified by column chromatography (50 g of silica gel, 1/1 

hexanes/Et2O) 72 mg (87%, 75/25 dr) of the corresponding diol was isolated as a pale yellow 

liquid, which was directly used in the next reaction step. 

The diol-cleavage step. Part of the diol (1 eq., 97 µmol, 40 mg) was dissolved in mixture of 

MeOH/H2O (2/1, 3 mL) cooled to 0 °C before NaIO4 (3 eq., 62 mg) was added in several 

portions over 5 minutes. The resulting slurry was stirred for 1 hour and then CH2Cl2 (10 mL) 

and H2O (10 mL) were added. The organic phase was separated and the aqueous phase was 

extracted with CH2Cl2 (3 × 10 mL). The combined organic extracts were dried over MgSO4, 

filtered and concentrated under reduced pressure. Column chromatography of the residue 

(10 g of silica gel, 20/1 hexanes/Et2O) furnished the title compound as 24 mg (64%, 99/1 dr) 

of a colorless liquid. 
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Rf (20/1 hexanes/Et2O) 0.25; 
1
H NMR (CDCl3, 400 MHz) δ 9.64 (d, J = 3.7 Hz, 1H), 6.30 

(quint., J = 1 Hz, 1H), 4.36 (d, J = 8.0, Hz, 1H), 2.38 (ddt, J = 9.7, 8.0 and 4.0 Hz, 1H), 1.79 

(d, J = 1.2 Hz, 3H), 1.55-1.44 (m, 1H), 1.34-1.23 (m, 1H), 0.90 (t, J = 8.0 Hz, 9H), 0.86 (t, 

J = 7.4 Hz, 3H), 0.55 (q, J = 7.8 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 203.9, 148.2, 80.3, 

77.9, 57.6, 19.7, 19.5, 11.7, 6.8, 4.8; IR (KBr) ν 3563 (m), 3482 (m), 3422 (s), 3408 (s), 3372 

(m), 2965 (m), 2935 (m), 2908 (w), 2875 (m), 1724 (w), 1640 (w), 1616 (m), 1072 (w), 1006 

(w), 821 (vw), 749 (vw), 606 (vw); MS (ES+) m/z 405.1 ([M+Na]
+
, 100%), 311 (5); HRMS 

(ES+) m/z calculated 405.07172 for [M+Na]
+
, found 405.07156. 

Horner-Wadsworth-Emmons olefination of aldehyde anti-94a 

 

Sodium hydride (2 eq., 60% suspension in oil, 8 mg) was suspended in THF (2 mL) at 0 °C 

and phosphonate 96 (3 eq., 65 µL) was added. Within 30 minutes of stirring the suspension 

dissolved. Then solution of aldehyde anti-94a (1 eq., 0.1 mmol, 38 mg) in THF (2 mL) was 

added dropwise and the reaction mixture was stirred at 0 °C for 2 hours.. Then the reaction 

was quenched by sequential addition of MeOH (1 mL) and H2O (10 mL) and the product was 

extracted with CH2Cl2 (3 × 10 mL). The combined extracts were dried over MgSO4, filtered 

and concentrated under reduced pressure. Column chromatography (50 of silica gel, 20/1 

hexanes/Et2O) afforded 23 mg (49%) of anti-(Z)-95a and 13 mg (28%) of anti-(E)-95a, both 

products as a colorless oils. 

Ethyl (2Z,4R*,5R*,6Z)-4-ethyl-7-iodo-2,6-dimethyl-5-((triethylsilyl)oxy)hepta-2,6-

dienoate (anti-(Z)-95a) 

Rf (20/1 hexanes/Et2O) 0.35; 
1
H NMR (CDCl3, 600 MHz) δ 6.09 (s, 1H), 

5.66 (dd, J = 10.5, 1.5 Hz, 1H), 4.17 (qd, J = 7.1, 2.5 Hz, 2H), 4.02 (d, 

J = 5.6 Hz, 1H) , 3.29 (tt, J = 10.0, 5.1 Hz, 1H), 1.91 (d, J = 1.4 Hz, 3H), 1.74 (d, J = 1.1 Hz, 

3H), 1.44-1.35 (m, 1H), 1.29 (t, J = 7.1 Hz, 3H), 1.21-1.14 (m, 1H), 0.91 (t, J = 8.0 Hz, 9H), 

0.84 (t, J = 7.5 Hz, 3H), 0.54 (q, J = 7.9, Hz, 6H); 
13

C NMR (CDCl3, 125 MHz) δ 168.3, 

148.8, 142.6, 129.3, 80.0, 78.0, 60.1, 44.7, 24.9, 21.3, 20.6, 14.5, 11.9, 6.9, 4.91; IR (KBr) ν 

2965 (w), 2935 (w), 2875 (w), 2364 (w), 2331 (w), 1715 (w), 1640 (m), 1619 (m), 1272 (w), 

1237 (w), 1210 (w), 1153 (w), 1090 (w), 743 (w), 603 (w); MS (ES+) m/z 490.1 (28%), 489.1 
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(100, [M+Na]
+
), 376.0 (15), 375.0 (91), 335 (32); HRMS (ES+) m/z calculated 489.12924 for 

[M+Na]
+
, found 489.12925. 

Ethyl (2E,4R*,5R*,6E)-4-ethyl-7-iodo-2,6-dimethyl-5-

((triethylsilyl)oxy)hepta-2,6-dienoate (anti-(E)-95a) 

Rf (20/1 hexanes/Et2O) 0.225; 
1
H NMR (CDCl3, 600 MHz) δ 6.52 (dd, 

J = 10.5, 1.5 Hz, 1H), 6.15 (s, 1H), 4.23 (dq, J = 10.8, 7.1 Hz, 1H), 4.16 (dq, J = 10.8, 7.1 Hz, 

1H), 4.03 (d, J = 7.1 Hz, 1H), 2.47 (tdd, J = 10.5, 7.1, 3.9 Hz, 1H), 1.83 (d, J = 1.5 Hz, 3H), 

1.78 (d, J = 1.2 Hz, 3H), 1.40-1.33 (m, 1H), 1.29 (t, J = 7.1 Hz, 3H), 1.21-1.11 (m, 1H), 0.88 

(t, J = 7.5 Hz, 9H), 0.80 (t, J = 7.5 Hz, 3H), 0.51 (q, J = 7.9 Hz, 6H); 
13

C NMR (CDCl3, 

125 MHz) δ 168.2, 149.5, 143.4, 129.9, 80.4, 79.0, 60.5, 45.8, 24.4, 19.8, 14.4, 13.2, 12.0, 

6.9, 4.9; IR (KBr) ν 2959 (w), 2932 (w), 2905 (w), 2872 (w), 1712 (w), 1637 (m), 1616 (m), 

1269 (W), 1240 (w), 1222 (w), 1132 (w), 1087 (w), 1003 (w), 743 (w), 686 (w), 474 (w); MS 

(ES+) m/z 490.1 (28%), 489.1 (100, [M+Na]
+
); HRMS (ES+) m/z calculated 489.12924 for 

[M+Na]
+
, found 489.12918. 

Wittig olefination of aldehyde anti-94a 

 

The aldehyde anti-94a (1 eq., 0.1 mmol, 38 mg) was dissolved in toluene (2 mL) and ylide 2 

(2 eq., 72 mg) was added. The mixture was allowed to warm to 80 °C and stirred overnight. 

Then after cooling to ambient temperature hexanes (10 mL) were added. The resulting 

suspension was filtered and the filtrated was concentrated under reduced pressure. Column 

chromatography (50 g of silica gel, 20/1 hexanes/Et2O) of the residue furnished 36 mg (77%, 

pure E) of the title compound as a colorless oil. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-(E)-95a. 

Ethyl 2-(dietoxyphosphoryl)propionate (96) 

 

The title compound was prepared according to the previously reported procedure.
163

 Ethyl 2-

bromopropanoate (1 eq., 10 mmol, 1.3 mL) and triethylphosphite (1 eq., 1.71 mL) were 
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heated neat at 110 °C overnight. The reaction mixture was distilled to obtain 2.26 g (95%) of 

colorless oil of the title compound. 

B.p. (7 mmHg) 80-85 °C; 
1
H NMR (CDCl3, 400 MHz) δ  4.26-4.07 (m, 6H), 3.02 (dq, 

J = 23.2, 7.3 Hz, 1H), 1.44 (dd, J = 18.0, 7.2 Hz, 3H), 1.33 (dt, JP-H = 3.0 Hz, JH-H = 7.1 Hz, 

6H), 1.28 (t, J = 7.1 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 169.6 (d, J = 3.9 Hz), 62.5 (d, 

J = 4.8 Hz), 61.3, 39.3 (d, J = 132.5 Hz), 16.6 (d, J = 3.9 Hz), 14.0, 11.6 (d, J = 3.8 Hz); 

31
P NMR (CDCl3, 162 MHz) δ 23.76. The recorded spectra correspond to the published 

data.
163

 

Methacrylaldehyde (97) 

 

β-Methallyl alcohol (1 eq., 50 mmol, 4.2 mL) was slowly added to a suspension of PCC 

(1.5 eq., 16.2 g) and celite (16 g) in p-xylene (150 mL). The resulting mixture was stirred 

5 hours at 23 °C and then 15 hours at 40 °C. Afterwards the suspension was passed through a 

sintered glass funnel and the filtrate was distilled under reduced pressure by the means of 

flask-to-trap (liquid N2) distillation. The distillate contained large amount of xylene, therefore 

atmospheric pressure distillation was applied afterwards. The reduced boiling point of 

methacrolein (~58 °C compared to the reported
160

 value 67-68 °C) indicated an azeotrope. For 

that reason 2.35 g of a 2/1 mixture (
1
H NMR) of methacrylaldehyde and p-xylene was 

obtained. The yield of methacrolein corresponds to 38%. 

1
H NMR (CDCl3, 400 MHz) δ 9.55 (s, 1H), 6.28 (quint., J = 1.4 Hz, 1H), 5.98 (quint., 

J = 1.0 Hz, 1H), 1.86 (dd, J = 1.4, 1.1 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 194.8, 146.0, 

134.66, 14.0. The recorded spectra correspond to the published data.
160 

Acetalization of methacrolein 98 

 

A solution of PPTS (2 mol%, 327 mg) in EtOH (4.5 mL) in a 20 mL microwave vessel was 

treated with HC(OEt)3 (1.2 eq., 8.5 mL) and methacrolein (1 eq., 65 mmol, 5.7 mL) and the 

mixture was allowed to react at 90 °C for 4 hours in a microwave reactor. Then the mixture 

was partitioned between pentane (40 mL) and saturated aqueous K2CO3 (20 mL). The organic 
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phase was washed with additional K2CO3 solution (10 mL), dried over Na2SO4, filtered and 

fractionally distilled under reduced pressure. Products 98 (2.2 g, 23% yield) and 98ʹ (2.9 g, 

23% yield) were obtained as colorless liquids. 

3,3-diethoxy-2-methylprop-1-ene (98) 

B.p. (17 mbar) 43-45 °C; 
1
H NMR (CDCl3, 400 MHz) δ 5.09 (dp, J = 1.9, 0.9 Hz, 

1H), 4.97 (dq, J = 2.5, 1.0, 0.6 Hz, 1H), 4.68 (s, 1H), 3.59 (dq, J = 9.5, 7.1 Hz, 

2H), 3.45 (dq, J = 9.4, 7.0 Hz, 2H), 1.72 (t, J = 1.3 Hz, 3H), 1.21 (t, J = 7.0 Hz, 5H); 

13
C NMR (CDCl3, 100 MHz) δ 142.6, 113.7, 104.1, 61.8, 17.3, 15.3. The recorded spectra 

correspond to the published data.
161

 

1,1,3-Triethoxy-2-methylpropane (98ʹ) 

B.p. (17 mbar) 70-75 °C; 
1
H NMR (CDCl3, 400 MHz) δ 4.37 (d, J = 5.9 Hz, 

1H), 3.70 (p, J = 7.05 Hz, 2H), 3.67 (p, J = 7.02 Hz, 2H), 3.55-3.48 (m, 4H),  

3.47 (t, J = 5.4 Hz, 2H), 3.45 (dd, J = 7.6, 5.6 Hz, 1H), 3.29 (dd, J = 9.2, 6.6 Hz, 1H), 2.02 

(sept., J = 6.4 Hz, 1H),1.20 (t, J = 7.1 Hz, 6H), 1.19 (t, J = 7.2 Hz, 3H), 0.97 (d, J = 6.9 Hz, 

3H); 
13

C NMR (CDCl3, 100 MHz) δ 104.6, 72.4, 66.5, 62.9, 62.8, 37.7, 15.51, 15.49, 15.3, 

12.3; IR (KBr) ν 3620 (vs), 3336 (m), 3282 (m), 3183 (s), 3168 (s), 3094 (s), 3968 (m), 2923 

(m), 2872 (w), 2851 (w), 1314 (s), 1225 (vs), 1174 (vs), 1117 (vs), 1012 (vs), 946 (vs), 908 

(vs), 812 (m), 776 (m), 749 (m), 698 (w); HRMS (ESI+) m/z C10H22O3Na [M+Na]
+
 calculated 

213.14612, found 213.14613. 

(2-Methylprop-2-enyloxy)trimethylsilane (99) 

 

β-Methallyl alcohol (1 eq., 11.7 mmol, 1 mL) was mixed with TMSCl (1 eq., 1.49 g), 

imidazole (1.1 eq., 0.84 g) and DMAP (10%, 136 mg) in CH2Cl2 (30 mL) at 0 °C. The 

temperature was allowed to rise to 23 °C and the mixture was stirred for 2 hours. Then the 

solids were filtered, CH2Cl2 was removed under reduced pressure and the residue was 

distilled under reduced pressure. The title compound contaminated with ~15% of TMSOH 

was obtained as 1.73 g (quantitative yield) of a colorless liquid. 
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B.p. (17 mbar) 40 °C; 
1
H NMR (CDCl3, 400 MHz) δ 4.97 (m, 1 H), 4.82 (tq, 2.7, 1.4 Hz, 1H), 

4.01 (s, 2H), 1.71 (q, J = 0.6 Hz, 3H), 0.13 (s, 9H); 
13

C NMR (CDCl3, 100 MHz) δ 109.9, 

66.6, 19.2, -0.3. The recorded spectra correspond to the published data.
162 

9.5.7 Racemic synthesis of the tiacumicin aglycone intermediate 

(1E,3R*,4S*)-4-Ethyl-1-iodo-2-methylhexa-1,5-dien-3-ol (syn-(E)-81a) 

 

Solution of aldehyde (E)-43a (1 eq., 6 mmol, 0.19 M in toluene, 31.6 mL) was treated with 

boronate (Z)-68 (1 eq., 1.79 g) and PhSO3H (20 mol%, 144 mg). After addition of the catalyst 

the reaction turned brown and an exotherm occurred, therefore ice bath was applied shortly. 

After completion of the reaction within 1 hour the crude solution was poured on a 

chromatographic column (75 g of silica gel, hexanes and then 20/1→10/1→5/1 

hexanes/Et2O). The title compound was obtained as 1.31 g (83%) of pale yellow liquid. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for syn-(E)-81a. 

(1E,3S*,4S*)-3-(Triethylsilyl)oxy-4-ethyl-1-iodo-2-methylhexa-1,5-diene (syn-83a) 

 

The alcohol syn-(E)-81a (1 eq., 3.36 mmol, 894 mg) was dissolved in DMF (15 mL) and the 

solution was cooled to 0 °C. Imidazole (1.5 eq., 343 mg), DMAP (10 mol%, 38 mg) and 

TESCl (1.5 eq., 846 µL) were consecutively added and the mixture was allowed to react at 

23 °C for 15 hours. Then the solution was transferred to separatory funnel and extracted with 

hexanes (3 × 20 mL). The combined organic extracts were washed with H2O (10 mL) and 

concentrated under reduced pressure. Because the product was found unstable on silica gel, 

the substance was used without further purification. 

Rf (20/1 hexanes/Et2O) 0.4; 
1
H NMR (CDCl3, 400 MHz) δ 6.08 (quint., J = 0.9 Hz, 1H), 5.36 

(ddd, J = 17.0, 10.3, 9.4 Hz, 1H), 4.99 (dd, J = 10.3, 2.1 Hz, 1H), 4.93 (ddd, J = 17.1, 2.1, 

0.8 Hz, 1H), 3.95 (d, J = 7.8 Hz, 1H), 2.00 (tdd, J = 10.2, 8.1, 3.2 Hz, 1H), 1.78-1.68 (m, 1H) 

collapsed with 1.72 (d, J = 1.1 Hz, 3H), 1.18-1.06 (m, 1H), 0.93 (t, J = 8.0 Hz, 9H), 0.83 (t, 
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J = 7.4 Hz, 3H), 0.56 (q, J = 7.9 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 149.9, 138.6, 116.2, 

81.0, 78.6, 51.1, 27.1, 22.9, 19.9, 11.8, 6.7, 4.9; IR (KBr) ν 3411 (s), 2956, 2929 (m), 2908 

(w), 2672 (m), 1640 (w), 1622 (s), 1269 (w), 1237 (w), 1078 (w), 1003 (w), 629 (w); MS 

(CI+) m/z 381.1 (38), 363.2 (28), 351.1 (59), 311.0 (100), 213.2 (53), 185.1 (13); HRMS 

(CI+) m/z calculated 381.1111 for C15H30OSiI ([M+H]
+
), found 381.1116. 

(2S*,3R*,4E)-2-ethyl-5-iodo-4-methyl-3-(triethylsilyloxy)pent-4-enal (syn-94a) 

 

The dihydroxylation step. Following the procedure for preparation of anti-83a, diene syn-

83a (1 eq., 3.36 mmol, 894 mg) was dissolved in tBuOH/THF/H2O (3/3/1, 33 mL) mixture. 

The solution was cooled to 0 °C before NMO (1.1 eq., 433 mg) and OsO4 (5 mol%, 43 mg) 

were added. The reaction mixture was stirred overnight, than another NMO (0.2 eq., 78 mg) 

was added and the mixture was stirred overnight again. The reaction was quenched by 

addition of saturated aqueous Na2SO3 (2 mL). After 30 minutes of stirring the mixture was 

partitioned between Et2O (10 mL) and H2O (10 mL). The aqueous phase was extracted with 

Et2O (5 × 10 mL), then the combined organic extracts were dried over MgSO4, filtered and 

concentrated under reduced pressure to furnish 1.185 g (85%) of pale orange liquid of the 

vicinal diol. 

The diol cleavage step. The crude diol (1 eq., 2.86 mmol, 1.185 g) was dissolved in 

MeOH/H2O (2/1, 30 mL) mixture, cooled to 0 °C and treated with NaIO4 (3 eq., 1.83 g), 

which was added in several portions over 5 minutes. Then the cooling bath was removed and 

the resulting suspension was diluted with MeOH (10 mL). After 1 h of stirring the suspension 

was filtered. The filtrate was partitioned between CH2Cl2 (30 mL) and H2O (30 mL) and the 

aqueous phase was washed with CH2Cl2 (2 × 20 mL). The combined organic extracts were 

washed with H2O (20 mL), dried over MgSO4, filtered and concentrated under reduced 

pressure. Column chromatography of the residue (20 g of silica gel, 20/1 hexanes/Et2O) 

furnished 982 mg (90%, 96/4 dr) of pale pink liquid of the title compound. 

Reaction with O3. The terminal olefin syn-83a (1 eq., 110 µmol, 42.7 mg) was dissolved in 

CH2Cl2 (2 mL) and cooled to ‒78 °C. Then a stream of O2 passing through ozonolyser was 

applied for 1 hour. After that a solution of PPh3 (2 eq., 57.7 mg) in CH2Cl2 (2 mL) added 

slowly and after 10 minutes of stirring the mixture was allowed to warm to 23 °C. Then the 

volatiles were evaporated and the residue was subjected to column chromatography (10 g of 
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silica gel, 20/1 hexanes/Et2O). The title compound was obtained as 21.4 mg (51%, 98/2 dr) of 

a colorless liquid. 

Rf (20/1 hexanes/Et2O) 0.3; 
1
H NMR (CDCl3, 400 MHz) δ 9.62 (d, J = 2.9 Hz, 1H), 6.28 

(quint., J = 1.1 Hz, 1H), 4.47 (dd, J = 5.9, 1.0 Hz, 1H), 2.31 (dddd, J = 9.7, 5.9, 3.9, 2.9 Hz, 

1H), 1.77 (d, J = 1.1 Hz, 3H) collapsed with 1.77-1.66 (m, 1H), 1.58 (dqd, J = 14.1, 7.55, 

4.0 Hz, 1H), 0.92 (q, J = 7.9 Hz, 9H) collapsed with 0.90 (t, J = 7.3 Hz, 3H), 0.57 (t, 

J = 7.9 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 204.1, 148.1, 79.6, 76.7, 25.9, 20.7, 12.8, 

12.2, 6.9, 4.8. The recorded spectra correspond to the published data.
81

 

Ethyl (2E,4S,5R,6E)-4-ethyl-7-iodo-2,6-dimethyl-5-((triethylsilyl)oxy)hepta-2,6-dienoate 

(syn-(E)-95a) 

 

The aldehyde syn-94a (1 eq., 2.57 mmol, 982 mg) was dissolved in toluene (20 mL) and ylide 

2 (2 eq., 1.87 g) was added. The mixture was stirred at 90 °C for 15 hours. After cooling 

down hexanes (40 mL) were added and the resulting precipitate was passed through a sintered 

glass funnel. The filtrate was concentrated and the residue was purified by column 

chromatography (10 g of silica gel, hexanes and then 20/1 hexanes/Et2O). The title compound 

was obtained as 1.01 g (84%) of a colorless liquid. 

Rf (20/1 hexanes/Et2O) 0.275; 
1
H NMR (CDCl3, 400 MHz) δ 6.38 (dq, J = 10.9, 1.4 Hz, 1H), 

6.15 (quint, J = 1.0 Hz, 1H), 4.21 (dq, J = 10.8, 7.1 Hz, 1H), 4.15 (dq, J = 10.8, 7.1 Hz, 1H), 

4.02 (d, J = 6.9 Hz, 1H), 2.47 (tdd, J = 10.3, 7.0, 3.3 Hz, 1H), 1.82 (d, J = 1.5 Hz, 3H) 

collapsed with 1.83-1.75 (m 1H), 1.71 (d, J = 1.1 Hz, 3H), 1.29 (t, J = 7.1 Hz, 3H) collapsed 

with 1.33-1.18 (m, 1H), 0.93 (t, J = 7.9 Hz, 9H), 0.8 (t, J = 7.5 Hz, 3H), 0.56 (q, J = 7.8 Hz, 

6H); 
13

C NMR (CDCl3, 100 MHz) δ 168.1, 149.2, 142.4, 129.0, 80.0, 78.8, 60.6, 45.6, 23.4, 

20.3, 14.4, 13.1, 11.83, 6.7, 4.8; IR (ATR) ν 2958 (s), 1930 (s), 2908 (s), 2873 (s), 1704 (vs), 

1651 (w), 1622 (vw), 1458 (m), 1413 (vw), 1369 (m), 1271 (s), 1226 (s), 1112 (s), 1071 (vs), 

1005 (vs), 970 (m), 922 (vw), 884 (vw), 846 (w), 824 (m), 777 (vw), 748 (vs), 726 (vs), 682 

(vw), 660 (vw); HRMS (ESI+) m/z C19H35O3ISiNa [M+Na]
+
 calculated 489.12924, found 

489.12918. 
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(2E,4S*,5R*,6E)-4-ethyl-7-iodo-2,6-dimethyl-5-(triethylsilyloxy)hepta-2,6-dien-1-ol (syn-

(E)-93a) 

 

The ester syn-(E)-95a (1 eq., 2.14 mmol, 1 g) was dissolved in toluene (20 mL) and the 

solution was cooled to ‒78 °C. Then DIBAL (2.2 eq., 1 M solution in toluene, 4.7 mL) was 

added dropwise. After 10 minutes, MeOH (2.2 eq., 190 µL) was dropped in and the mixture 

was allowed to warm to 23 °C. Saturated aqueous sodium potassium tartrate (50 mL) was 

poured in and the resulting mixture was stirred for 30 minutes. Afterwards hexanes (20 mL) 

were added, the organic phase was separated and the aqueous phase was extracted with 

hexanes (3 × 50 mL). The combined organic extracts were dried over MgSO4, filtered and the 

solvents were evaporated under reduced pressure. The title compound was isolated as 790 mg 

(87%) of colorless liquid. 

Rf (2/1 hexanes/Et2O) 0.225; 
1
H NMR (CDCl3, 400 MHz) δ 6.04 (s, 1H), 4.96 (dd, 10.4, 

1.3 Hz, 1H), 3.97 (s, 2H), 3.91 (d, J = 7.8 Hz, 1H), 2.34 (dtd, J = 10.4, 8.0, 3.2 Hz, 1H), 1.84-

1.74 (m, 1H), 1.71 (d, J = 1.1 Hz, 3H), 1.65 (d, J = 1.3 Hz, 3H), 1.1 (ddq, J = 14.6, 10.1, 

7.3 Hz, 1H), 0.92 (t, J = 7.9 Hz, 9H) collapsed with (m, 1H), 0.80 (t, J = 7.5 Hz, 3H), 0.55 (q, 

J = 7.9 Hz, 6H);
 13

C NMR (CDCl3, 100 MHz) δ 150.2, 136.7, 126.9, 80.9, 78.0, 69.2, 44.4, 

24.1, 20.0, 14.4, 11.8, 7.0, 4.9; IR (ATR) ν 3373 (br m), 2955 (vs), 2917 (s), 2876 (vs), 1708 

(m), 1619 (vw), 1458 (w), 1416 (vw), 1369 (w), 1271 (m), 1230 (m), 1097 (m), 1071 (s), 

1005 (vs), 976 (w), 856 (vw), 808 (vw), 780 (vw), 742 (m), 720 (m), 675 (vw); HRMS (ESI+) 

m/z C17H33O2ISiNa [M+Na]
+
 calculated 447.11867, found 447.11868. 

(2E,4S*,5R*,6E)-4-ethyl-7-iodo-2,6-dimethyl-5-(triethylsilyloxy)hepta-2,6-dienal (syn-

(E)-90a) 

 

The alcohol syn-(E)-93a (1 eq., 1.86 mmol, 790 mg) was dissolved in CHCl3 (5 mL) and 

MnO2 (20 eq., 3.23 g) was added. The resulting suspension was stirred at 40 °C for 15 hours. 

Then the solids were filtered off using a sintered glass funnel equipped with a celite pad. The 
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filtrate was concentrated under reduced pressure yielding the title compound as 699 mg (89%) 

of colorless oil. 

Rf (2/1 hexanes/Et2O) 0.575; 
1
H NMR (CDCl3, 400 MHz) δ 9.38 (s, 1H), 6.18 (s, 1H), 6.10 

(dd, J = 10.7, 1.3 Hz, 1H), 4.08 (d, J = 7.2 Hz, 1H), 2.69 (tdd, J = 10.5, 7.2, 3.3 Hz, 1H), 1.87 

(tdd, J = 15.0, 7.5, 3.3 Hz, 1H), 1.75 (d, J = 1.3 Hz, 3H), 1.71 (d, J = 1.0 Hz, 3H), 1.36-1.25 

(m, 1H), 0.93 (t, J = 7.9 Hz, 9H) collapsed with (m, 1H), 0.80 (t, J = 7.4 Hz, 3H), 0.56 (q, 

J = 7.9 Hz, 6 Hz); 
13

C NMR (CDCl3, 100 MHz) δ 195.3, 124.6, 149.1, 140.5, 79.5, 79.1, 45.9, 

23.6, 20.0, 11.8, 9.9, 6.9, 4.8. IR (KBr) ν 3569 (m), 3533 (m), 3482 (s), 3422 (vs), 3369 (m), 

2962 (m), 2938 (w), 2914 (w), 2875 (m), 1691 (w), 1637 (w), 1622 (m), 1272 (w), 1096 (m), 

1087 (m), 1009 (m), 973 (vw), 743 (vw), 635 (vw); HRMS (ESI+) m/z C17H31O2ISiNa 

[M+Na]
+
 calculated 445.10302, found 445.10306. The recorded spectra correspond to the 

published data.
81

 

Racemic allylation of aldehyde (S*,R*)-90a 

 

Reaction with pinacol allylboronate (Table 22, reaction 1). Aldehyde (S*,R*)-90a (1 eq., 

0.2 mmol, 85 mg) was dissolved in toluene (2 mL) and pinacol allylboronate (1.2 eq., 45 µL) 

was added. The mixture was stirred at 23 °C for 15 h. Afterwards the solution was transferred 

to a chromatographic column. The chromatography (30 g of silica gel, 20/1→5/1 

hexanes/Et2O) yielded 25 mg (27%) of anti-(S*,S*,R*)-100a and 37 mg (40%) of syn-

(R*,S*,R*)-100a, both as colorless liquids. 

Reaction with allyltrichlorosilane catalyzed by rac-XIIb (Table 22, reaction 2). To a 

solution of catalyst rac-XIIb (2.5 mol%, 1.1 mg), aldehyde (S*,R*)-90a (1 eq., 0.1 mmol, 

43 mg) and iPr2NEt (6 eq., 105 µL) in THF (2 mL) cooled to ‒78 °C was slowly added 

allyltrichlorosilane (2 eq., 29 µL). The resulting yellow suspension was stirred at ‒78 °C for 

2 hours during which the starting material was fully consumed. Saturated aqueous NaHCO3 

(10 mL) was added and the mixture was allowed to warm to 23 °C. The aqueous phase was 

extracted with Et2O (3 × 20 mL) and the combined organic extracts were dried over MgSO4, 

filtered and concentrated under reduced pressure. The residue was purified by column 

chromatography (30 g of silica gel, 20/1→5/1 hexanes/Et2O) to furnish 33 mg (71%) of syn-

(R*,S*,R*)-100a. 
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Reaction with rac-Leighton reagent (Table 22, reaction 3). A known procedure was 

modified.
81

 A Schlenk flask was charged with Sc(OTf)3 (7.5 mol%, 4 mg), Leighton reagents 

(R,R)-80 (0.75 eq., 41 mg) and (S,S)-80 (0.75 eq., 41 mg). Then CH2Cl2 (1 mL) was added 

and the resulting clear solution was cooled to ‒30 °C. Solution of aldehyde (S*,R*)-90a 

(1 eq., 0.1 mmol, 43 mg) in CH2Cl2 (1 mL) was slowly added, the temperature was increased 

to ‒20 °C and the reaction mixture was stirred at this temperature for 15 hours. Then 1 M 

aqueous HCl (1 mL) was added to quench the reaction and the flask was warmed to 23 °C. 

Hexanes (10 mL) were added and the precipitate of was filtered and dried under reduced 

pressure at 50 °C for 1 hour to yield 75 mg (95%) of white powder of rac-79·2HCl.
XXVII

 To 

the filtrate was added saturated aqueous NaHCO3 (10 mL). The phases were separated and the 

aqueous phase was washed with hexanes (3 × 10 mL). The combined organic extracts were 

dried over MgSO4, filtered and concentrated under reduced pressure. The yield of products 

anti-(S*,S*,R*)-100a (28%) and syn-(R*,S*,R*)-100a (51%) was determined by 
1
H NMR 

spectroscopy.  

(4S,5E,7S,8R,9E)- and (4R,5E,7R,8S,9E)-7-ethyl-10-iodo-5,9-

dimethyl-8-(triethylsilyloxy)deca-1,5,9-trien-4-ol (anti-

(S*,S*,R*)-100a) 

Rf (2/1 hexanes/Et2O) 0.575; 
1
H NMR (CDCl3, 400 MHz) δ 6.04 (s, 1H), 5.78-5.67 (m, 1H), 

5.14-5.10 (m, 2H), 4.96 (d, J = 10.5 Hz, 1H), 4.01 (t, J = 6.3 Hz, 1H), 3.91 (d, J = 8.2 Hz, 

1H), 2.39-2.26 (m, 3H), 1.82 (dpd, J = 13.2, 7.7, 3.1 Hz, 1H), 1.71 (s, 3H), 1.60 (s, 3H), 1.46 

(br s, 1H), 0.93 (t, J = 7.9 Hz, 9H) collapsed with (m, 1H), 0.8 (t, J = 7.4 Hz, 3H), 0.56 (q, 

J = 7.92, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 150.4, 138.4, 134.8, 126.7, 117.9, 81.1, 78.2, 

76.3, 44.33, 39.9, 24.4, 19.7, 12.9, 11.8, 6.98, 4.88. The recorded spectra correspond to the 

published data.
81

 

(4R,5E,7S,8R,9E)- and (4R,5E,7S,8R,9E)-7-Ethyl-10-iodo-5,9-dimethyl-8-(triethylsilyl-

oxy)deca-1,5,9-trien-4-ol (syn-(R*,S*,R*)-100a) 

Rf (2/1 hexanes/Et2O) 0.43; 
1
H NMR (CDCl3, 400 MHz) δ 6.04 (s, 

1H), 5.78-5.67 (m, 1H), 5.15-5.10 (m, 2H), 4.93 (d, J = 10.5 Hz, 1H), 4.02 (t, J = 6.7 Hz, 1H), 

                                                 
XXVII

 
1
H NMR (DMSO-d6, 300 MHz) δ 9.86 (br s, 2H) collapsed with 9.76 (br s, 2H), 7.66-8.59 (m, 8H), 4.32 

(br d, J = 10.3 Hz, 2H), 4.15 (br d, J = 11.0 Hz, 2H), 3.47 (br s collapsed with H2O peak), 2.30 (br d, 

J = 12.5 Hz, 2H), 1.75 (br d, J = 6.7 Hz, 2H) collapsed with 1.67 (br s, 2H), 1.22 (br t, J = 8.0 Hz, 2H). The data 

correspond to the published values. 
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3.89 (d, J = 8.3 Hz, 1H), 2.39-2.27 (m, 3H), 1.83 (dpd, J = 15.0, 7.5, 3.4 Hz, 1H), 1.69 (d, 

J = 1.0 Hz, 3H), 1.61 (d, J = 1.3 Hz, 3H), 1.48 (br s, 1H), 1.10 (ddq, J = 14.5, 9.7, 7.3 Hz, 

1H), 0.93 (t, J = 7.9 Hz, 9H) collapsed with (m, 1H), 0.83 (t, J = 7.4 Hz, 3H), 0.56 (q, 

J = 7.9 Hz, 6H);
 13

C NMR (CDCl3, 100 MHz) δ 150.3, 138.6, 135.0, 127.2, 117.8, 81.0, 78.3, 

77.1, 44.31, 40.3, 24.5, 20.0, 12.1, 11.7, 6.98, 4.89. IR (KBr) ν 3482 (m), 3464 (m), 3422 (s), 

3375 (w), 2953 (s), 2935 (m), 2908 (m), 2872 (s), 1377 (vw), 1272 (w), 1240 (w), 1072 (vs), 

1006 (vs), 923 (w9, 827 (vw), 749 (vw), 632 (vw); HRMS (ESI+) m/z C20H37O2ISiNa 

[M+Na]
+
 calculated 487.14997, found 487.15001. 

(1R*,2R*)-N,Nʹ-bis-(4-bromobenzyl)-cyclohexane-1,2-diamine bis((S)-mandelate) (rac-

79 · 2(S)-mandelate) 

The salt rac-79 · 2HCl (1 eq., 96 µmol, 75 mg) was treated with 

CH2Cl2 (1 mL) and solution of KOH (25 eq., 140 mg) in H2O 

(1 mL). After stirring at 23 °C for 30 minutes the mixture was 

diluted with H2O (10 mL) and CH2Cl2 (10 mL) and the phases 

were separated. The aqueous phase was extracted with CH2Cl2 

(2 × 10 mL), the combined organic extracts were dried over K2CO3, filtered and concentrated 

under reduced pressure to furnish 42 mg (98%) of colorless liquid, whose 
1
H NMR spectrum 

corresponded to the one of 79. This diamine was treated with excess of (S)-(+)-mandelic acid 

in CDCl3. The undissolved mandelic acid was filtered off and the remaining solution was 

analyzed by NMR spectroscopy. It was found that the salt is almost perfectly racemic 

(50.2/49.8 er). 

M.p. 145-148 °C; 
1
H NMR (CDCl3, 400 MHz) δ 7.82 (br s, 6H), 7.42-7.12 (m, 16H), 7.14 (d, 

J = 8.3 Hz, 4H), 7.00 (d, J = 8.4 Hz, 4H), 4.92 (s, 4H), 3.95 (d, J = 12.3 Hz, 2H) collapsed 

with 3.94 (d, J = 13.0 Hz, 2H), 3.58 (d, J = 12.9 Hz, 2H), 3.40 (d, J = 12.4 Hz, 2H), 3.10 (d, 

J = 8.8 Hz, 2H), 2.70 (d, J = 6 Hz, 2H), 2.19 (d, J = 13.3 Hz, 2H), 2.09 (d, J = 12.1 Hz, 2H), 

1.91 (d, J = 9.0 Hz, 2H), 1.77 (d, J = 9.7 Hz, 2H), 1.51-1.09 (m, 6H); 
13

C NMR (CDCl3, 100 

MHz) δ 178.73, 178.71, 140.7, 132.23, 132.18, 131.2, 131.0, 130.5, 128.3, 127.8, 126.6, 

123.6, 123.3, 73.8, 58.6, 58.5, 48.1, 48.0, 27.7, 27.3, 23.9, 23.8 
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Enantioselective allylation of aldehyde (S*,R*)-90a 

 

The reaction with pinacol allylboronate catalyzed by (Sa)-XVa (Table 23, Reaction 1). The 

catalyst (Sa)-XVa (2.5 mol%, 3.8 mg) was dissolved in toluene (2 mL) and aldehyde (S*,R*)-

90a (1 eq., 0.2 mmol, 85 mg) was added. The resulting solution was cooled to ‒40 °C and 

pinacol allylboronate (1.2 eq., 45 µL) was added. The reaction mixture was stirred for 3 days. 

Then DIBAL (1 eq., 1 M solution in toluene, 0.2 mL) was added and after 10 minutes 

aqueous HCl (5 eq., 0.1 M solution, 10 mL) was poured in. Then the mixture was allowed to 

warm to 23 °C and hexanes (20 mL) were added. The phases were separated and the aqueous 

phase was extracted with hexanes (3 × 20 mL). The combine organic extracts were dried over 

MgSO4, filtered and concentrated under reduced pressure. Column chromatography (30 g of 

silica gel, 20/1→5/1 hexanes/Et2O) yielded 27 mg (29%) of anti-(S*,S*,R*)-100a and 52 mg 

(55%) of syn-(R*,S*,R*)-100a. 

The reaction with pinacol allylboronate catalyzed by (Ra)-XVa (Table 23, reaction 2). The 

procedure for the (Sa)-XVa catalyzed reaction was followed. The product anti-

(S*,S*,R*)-100a was obtained in amount of 28 mg (30%) and the product syn-

(R*,S*,R*)-100a in 54 mg (58%). 

The reaction with allyltrichlorosilane catalyzed by (R,Sa)-XIIa (Table 23, reaction 3). The 

catalyst (R,Sa)-XIIa (2.5 mol%, 1.1 mg) was dissolved in THF (2 mL) and aldehyde (S*,R*)-

90a  (1 eq., 0.1 mmol, 43 mg) and iPr2NEt (6 eq., 105 µL)  were added. After cooling to ‒78 

°C allyltrichlorosilane (2 eq., 29 µL) was added and the resulting mixture was stirred for 

2 hours. Then saturated aqueous NaHCO3 (10 mL) was poured in and the mixture was 

allowed to warm to 23 °C. The mixture was extracted with Et2O (3 × 20 mL). The combined 

organic extracts were dried over MgSO4, filtered and concentrated under reduced pressure. 

The residue was purified by column chromatography (30 g of silica gel, 20/1→5/1 

hexanes/Et2O) to yield 44 mg (94%) of syn-(R*,S*,R*)-410. 
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The reaction with (R,R)-Leighton reagent (Table 23, reaction 4). The procedure for the 

reaction with rac-Leighton reagent was followed. Solution of aldehyde (S*,R*)-90a (1 eq., 

0.1 mmol, 43 mg) in CH2Cl2 (1 mL) was treated with Sc(OTf)3 (7.5 mol%, 4 mg) and (R,R)-

Leighton reagent 80 (1.5 eq., 82 mg) in CH2Cl2 (1 mL). The products were separated by 

column chromatography (10 g of silica gel, 20/1→5/1 hexanes/Et2O) yielding 17.4 mg (37%, 

[α]D +25.8 (c 0.47, CHCl3), lt.
81

 [α]D +26.6 (c 0.6, CHCl3)) of anti-(S*,S*,R*)-100a and 

9.4 mg (20%) of syn-(R*,S*,R*)-100a as colorless liquids. 

The reaction with (S,S)-Leighton reagent (Table 23, reaction 5). The procedure for the 

reaction with rac-Leighton reagent was followed. Aldehyde (S*,R*)-90a (1 eq., 0.1 mmol, 

43 mg) in CH2Cl2 (1 mL) was treated with Sc(OTf)3 (7.5 mol%, 4 mg) and (S,S)-Leighton 

reagent 80 (1.5 eq., 82 mg) in CH2Cl2 (1 mL). The products were separated by column 

chromatography (10 g of silica gel, 20/1→5/1 hexanes/Et2O) and 13.9 mg (30%) of anti-

(S*,S*,R*)-100a and 9.5 mg (20%) of syn-(R*,S*,R*)-100a were obtained, both compounds 

as colorless liquids. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-

(S*,S*,R*)-100a and syn-(R*,S*,R*)-100a. 

(4S*,5E,7S*,8R*,9E,11E,14S,15S)-15-(benzyloxy)-14-(tert-butyldimethylsilyloxy)-7-

ethyl-5,9,11-trimethyl-8-(triethylsilyloxy)hexadeca-1,5,9,11-tetraen-4-ol (anti-

(S*,S*,R*,S,S)-101) 

 

The boronate (Z,S,S)-63 (1.5 eq., 32 mg) and the vinyliodide anti-(S*,S*,R*)-100a (1 eq., 

46 µmol, 21.4 mg) were dissolved in a THF/H2O mixture (3/1, 2 mL) and Pd(PPh3)4 (5 mol%, 

2.7 mg) and TlOEt (1.5 eq., 5 µL) were added. The resulting orange suspension was stirred at 

23 °C for 1 hour. Then saturated aqueous NaHCO3 (10 mL) and Na2SO3S (2 mL) were added 

and the mixture was extracted with CH2Cl2 (3 × 20 mL). The combined organic extracts were 

washed with brine, dried over MgSO4, filtered and concentrated under reduced pressure. The 

residue was purified by column chromatography (20 g of silica gel, 10/10/1 

hexanes/toluene/Et2O) to yield 21 mg (68%) of the title compound as a colorless liquid. 

Analytically pure compound was obtained by another column chromatography (20 g of silica 

gel, 40/1 hexanes/Me2CO). In the reaction ketone (S,S)-102 was formed. 
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Rf  (10/10/1 hexanes/toluene/Et2O) 0.275; anti-(R,R,S,S,S)-101: 
1
H NMR (CDCl3, 400 MHz) 

δ 7.39-7.24 (m, 5H), 5.74 (ddt, J = 17.2, 10.1, 7.0 Hz, 1H) collapsed with 5.68 (s, 1H), 5.32 

(br t, J = 7.4 Hz, 1H), 5.11-4.98 (m, 3H), 4.59 (d, J = 12.0, 1H), 4.51 (d, J = 12.1 Hz, 1H), 

3.97 (t, J = 7.0 Hz,1H), 3.75 (d, J = 7.14 Hz, 1H) collapsed with 3.77-3.72 (m, 1H), 3.50 (qd, 

J = 6.3, 4.7 Hz, 1H), 2.41-2.33 (m, 2H), 2.30-2.26 (m, 2H), 2.23-2.16 (m, 1H), 1.86 (dqd, 

J = 13.2, 7.3, 3.2 Hz, 1H), 1.74 (s, 3H), 1.68 (d, J = 1.1 Hz, 3H), 1.63 (d, J = 1.2 Hz, 3H), 

1.14 (d, J = 6.4 Hz, 3H) collapsed with 1,15-1.04 (m, 1H), 0.94 (t, J = 7.9 Hz, 9H), 0.86 (s, 

9H), 0.79 (t, J = 7.2 Hz, 3H), 0.58 (q, J = 7.9 Hz, 9H), -0.00 (s, 3H), -0.03 (s, 3H); 
13

C NMR 

(CDCl3, 100 MHz) δ 139.17, 137.28, 136.71, 135.11, 133.56, 130.57, 128.42, 128.35, 127.71, 

127.53, 127.11, 117.41, 82.7, 77.64, 76.95, 74.05, 71.25, 44.33, 39.87, 30.71, 25.99, 24.48, 

18.15, 17.28, 14.26, 13.46, 12.36, 11.8, 7.1, 5.1, -4.5; anti-(S,S,R,S,S)-101: 
1
H NMR (CDCl3, 

400 MHz) δ 5.75 (ddt, J = 17.2, 10.1, 7.0 Hz, 1H), 4.61 (d, J = 12.0 Hz, 1H), 4.00 (t, 

J = 7.0 Hz, 1H), 3.51 (qd, J = 6.3, 4.7 Hz, 1H), 1.87 (dqd, J = 13.2, 7.3, 3.2 Hz, 1H), 1.69 (d, 

J = 1.1 Hz, 3H), 1.64 (d, J = 1.2 Hz, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 139.20, 137.24, 

136.65, 135.07, 130.54, 127.70127.07, 117.47, 77.54, 76.93, 74.20, 71.21, 44.29, 39.90, 

30.67, 24.45, 18.16, 17.39, 14.22, 13.55, 12.42; IR (ATR) ν 3424 (br w), 3066 (vw), 2955 

(vs), 2936 (vs), 2876 (vs), 2854 (s), 1727 (w), 1467 (m), 1413 (w), 1378 (w), 1255 (m), 1068 

(vs), 1005 (s), 913 (vw), 840 (s), 774 (m), 745 (m); HRMS (ESI) m/z calculated 693.47048 

for C40H70O4NaSi2 [M+Na], found 693.47081. 

(4R*,5E,7S*,8R*,9E,11E,14S,15S)-15-(benzyloxy)-14-(tert-butyldimethylsilyloxy)-7-

ethyl-5,9,11-trimethyl-8-(triethylsilyloxy)hexadeca-1,5,9,11-tetraen-4-ol (syn-

(R*,S*,R*,S,S)-101) 

 

Following the procedure for anti-(S*,S*,R*,S,S)-101, boronate (Z,S,S)-63 (1.5 eq., 58.2 mg) 

and vinyliodide syn-(R*,S*,R*)-100a (1 eq., 84 µmol, 39.1 mg) were treated with Pd(PPh3)4 

(5 mol%, 4.9 mg) and TlOEt (1.5 eq., 9 µL) in a THF/H2O mixture (3/1, 2.7 mL) at 23 °C for 

1 hour. The same work-up procedure and column chromatography (10 g of silica gel, 

5/1→2/1 hexanes/Et2O) furnished the title compound as 42 mg (74%) of colorless liquid. 

Formation of (S,S)-102 was also observed in the reaction. 
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Rf (5/1 hexanes/Et2O) 0.25; syn-(S,R,S,S,S)-101: 
1
H NMR (CDCl3, 400 MHz) δ 7.39-7.24 (m, 

5H), 5.75 (ddt, J = 17.2, 10.0, 6.8 Hz, 1H) collapsed with 5.67 (br s, 1H), 5.32 (br t, 

J = 9.2 Hz, 1H), 5.09 (ddd, J = 17.5, 3.5, 1.5 Hz, 1H) collapsed with 5.06-5.03 (m, 1H) 

collapsed with 5.02 (d, J = 9.1 Hz, 1H4.59 (d, J = 12.0, 1H), 4.51 (d, J = 12.1 Hz, 1H), 4.00 

(t, J = 6.5 Hz, 1H), 3.76-3.72 (m, 1H) collapsed with 3.73 (d, J = 8.1 Hz, 1H), 3.48 (dq, 

J = 6.3, 4.7 Hz, 1H), 2.41-2.34 (m, 2H), 2.28-2.16 (m, 3H), 1.85 (dtd, J = 15.0, 7.4 Hz, 

4.0 Hz, 1H), 1.70 (d, J = 0.7 Hz, 3H), 1.63 (d, J = 1.1 Hz, 3H), 1.61 (d, J = 1.2 Hz, 3H), 1.45 

(br s, 1H), 1.18-1.05 (m, 1H) collapsed 1.13 (d, J = 6.4,Hz, 3H), 0.94 (t, J = 7.9 Hz, 9H), 0.86 

(s, 9H), 0.83 (t, J = 7.4 Hz, 3H), 0.58 (q, J = 7.9 Hz, 6H), -0.00 (s, 3H), -0.03 (s, 3H);
 13

C 

NMR (CDCl3, 100 MHz) δ 139.2, 137.4, 136.66, 135.11, 133.59, 130.69, 128.4, 128.0, 127.7, 

127.5, 127.13, 117.5, 82.8, 77.55, 76.9, 74.21, 71.2, 44.25, 40.2, 30.7, 26.0, 24.58, 18.14, 

17.30, 14.26, 13.39, 12.47, 11.8, 7.1, 5.1, -4.44, -4.45; syn-(R,S,R,S,S)-101:  
1
H NMR (CDCl3, 

400 MHz) δ 5.74 (ddt, J = 17.2, 10.0, 6.8 Hz, 1H), 4.60 (d, J = 12.0, 1H), 3.49 (dq, J = 6.3, 

4.7 Hz, 1H), 1.64 (d, J = 1.1 Hz, 3H), 1.63 (d, J = 1.1 Hz, 3H), 1.62 (d, J = 1.2 Hz, 3H), 1.14 

(d, J = 6.4,Hz, 3H);
 13

C NMR (CDCl3, 100 MHz) δ 136.64, 135.09, 133.51, 130.64, 127.08, 

77.54, 74.22, 44.22, 24.56, 18.16, 17.39, 14.21, 13.47, 12.48; IR (ATR) ν 3443 (br w), 3069 

(w), 3028 (w), 2955 (s), 2930 (s), 2873 (s), 2857 (s), 2734 (vw), 2708 (vw), 1717 (w), 1638 

(w), 1496 (vw), 1454 (m), 1410 (w), 1375 (m), 1306 (vw), 1249 (m), 1154 (vw), 1062 (vs), 

1008 (vs), 938 (m), 910 (w), 840 (vs), 774 (s), 729 (vs), 698 (m); HRMS (ESI+) 

m/z calculated 693.47048 for C40H70O4NaSi2 [M+Na], found 693.47076. 

(5S,6S)-6-(Benzyloxy)-5-(tert-butyldimethylsilyloxy)heptan-2-one ((S,S)-102) 

Rf (10/10/1 hexanes/toluene/Et2O) 0.225; 
1
H NMR (CDCl3, 600 MHz) 

δ 7.35-7.25 (m, 5H), 4.59 (d, J = 11.9 Hz, 1H), 4.50 (d, J = 11.9 Hz, 1H), 

3.74 (ddd, J = 8.4, 4.7, 3.7 Hz, 1H), 3.48 (app. dddd, J = 6.4, 4.7 Hz, 1H), 2.54 (ddd, J = 17.1, 

9.6, 5.5 Hz, 1H), 2.42 (ddd, J = 17.2, 9.4, 6.1 Hz, 1H), 2.12 (s, 3H), 1.90 (dddd, J = 13.5, 9.7, 

6.1, 3.8 Hz), 1.62 (dddd, J = 14.0, 9.4, 8.5, 5.6 Hz, 1H), 1.13 (d, J = 6.4 Hz, 3H), 0.87 (s, 9H), 

0.02 (s, 3H), -0.03 (s, 3H); 
13

C NMR (CDCl3, 100 MHz) δ 209.2, 139.0, 128.5, 127.8, 127.6, 

77.3, 72.7, 71.1, 40.2, 30.0, 29.9, 26.0, 25.4, 18.2, 13.7, -4.3, -4.6; IR (KBr) ν 3414 (s), 3243 

(w), 3225 (w), 2959 (w), 2935 (w), 2914 (w), 2869 (w), 2364 (w), 2325 (w), 1637 (m), 1619 

(s), 1455 (w), 1416 (w), 1269 (w), 1087 (w), 1006 (w), 923 (w), 830 (w), 615 (w). 



238 

 

9.5.8 Enantioselective synthesis of tiacumicin aglycone intermediate 

(1E,3S,4R)-4-ethyl-1-iodo-2-methylhexa-1,5-dien-3-ol ((E,S,R)-81a) and (1E,3S,4R)-1-

chloro-4-ethyl-2-methylhexa-1,5-dien-3-ol ((E,S,R)-81b) 

 

The aldehyde (E)-43a (1 eq., 2 mmol, 0.15 M solution in toluene, 14.3 mL) was added to a 

solution of (R,Sa)-XIIa (2.5 mol%, 22 mg) in THF (5 mL) cooled to -45 °C and then iPr2NEt 

(3.3 eq., 1.15 mL) was added. To this mixture a solution of pentenyltrichlorosilane (Z)-65 

(1.4 eq., 450 µL) in THF (20 mL) was added over 10 hours by the means of a syringe pump. 

As the reaction was not completed, another portion of (Z)-65 (0.2 eq., 64 µL) in THF (2 mL) 

was added over 2 hours. Then the reaction was quenched by addition of saturated aqueous 

NaHCO3 (10 mL). The mixture was diluted with H2O (10 mL) and extracted with CH2Cl2 

(3 × 30 mL). The combined organic extracts were dried over MgSO4, filtered and 

concentrated under reduced pressure. The residue was purified by column chromatography 

(25 g of silica gel, 50/1→20/1→10/1→5/1 hexanes/Et2O). The product was obtained as 

350 mg (77%, 93/7 dr, 96% ee) of a colorless liquid composed of (E,S,R)-81a and (E,S,R)-

81b in ratio 73/27. After that the chromatographic column was washed with MeOH (200 mL). 

The resulting solution was combined with the aqueous phase left from the extraction and the 

mixture was concentrated under reduced pressure. The residue was then suspended with 

Me2CO (20 mL) and the precipitated NaHCO3 was passed through a sintered glass funnel. 

The filtrate was concentrated again and purified by column chromatography (10/1, then 4/1 

CH2Cl2/Me2CO) to furnish 14.1 mg (64%) of the recovered catalyst (R,Sa)-XIIa.
XXVIII

 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for syn-(E)-81a and 

syn-(E)-81b. 

                                                 
XXVIII 1

H NMR (CDCl3, 400 MHz) δ 7.91-7.93 (m, 2H), 7.30 (s, 1H), 7.21-7.11 (m, 3H), 6.78 (s, 1H), 5.57 (t, 

J = 7.0 Hz, 1H), 3.82 (dt, J = 8.0, 6.4 Hz, 1H), 3.60 (q, J = 7.2 Hz, 1H), 2.85-2.70 (m, 3H), 2.28 (q, J = 6.0 Hz, 

4H), 2.11-2.03 (m, 2H), 1.82 (dp, J = 8.0, 6.8 Hz, 1H), 1.54-1.47 (m, H), 1.45-1.31 (m, 8H). The values 

correspond to the published data. 
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(1E,3S,4R)-3-triethylsilyloxy-4-ethyl-1-iodo-2-methylhexa-1,5-diene ((S,R)-83b) and 

(1E,3S,4R)-1-chloro-3-triethylsilyloxy-4-ethyl-2-methylhexa-1,5-diene ((S,R)-83b) 

 

The 73/27 mixture of alcohols (E,S,R)-81a and (E,S,R)-81b (1 eq., 1.45 mmol, 332 mg) was 

dissolved in DMF (5 mL). The solution was cooled to 0 °C and imidazole (1.5 eq., 148 mg), 

DMAP (10 mol%, 18 mg) and TESCl (1.5 eq., 370 µL) were added. The reaction mixture was 

stirred at 23 °C for 2 hours. Then the solution was transferred to a separatory funnel and 

extracted with hexanes (3 × 20 mL). The combined organic extracts were washed with H2O 

(2 × 10 mL), dried over MgSO4, filtered and concentrated under reduced pressure. The crude 

product was directly used in the next reaction step. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for syn-83a. Minor 

(S,R)-83b: 
1
H NMR (CDCl3, 400 MHz) δ 5.94 (qd, J = 1.4, 0.7 Hz, 1H), 5.36 (ddd, J = 19.7, 

10.2, 5.6 Hz, 1H), 5.00 (dd, J = 10.3, 2.1 Hz, 1H), 4.94 (ddd, J = 17.1, 2.1, 0.7 Hz, 1H), 3.84 

(d, J = 7.9 Hz, 1H), 1.69 (d, J = 1.4 Hz, 3H), 0.83 (t, J = 7.4 Hz, 3H), 0.57 (q, J = 7.8 Hz, 

6H); 
13

C NMR (CDCl3, 100 MHz) δ 138.64, 116.24, 115.00, 79.03, 51.03, 22.95, 11.77, 6.96, 

4.95.
XII

 

(1E,2S,3S)-2-ethyl-5-iodo-4-methyl-3-(triethylsilyloxy)pent-4-enal ((S,S)-94a) and 

(1E,2S,3S)-5-chloro-2-ethyl-4-methyl-3-(triethylsilyloxy)pent-4-enal ((S,S)-94b) 

 

The dihydroxylation step. The crude mixture of alkenes (S,R)-83a and (S,R)-83b (1 eq., 

~1.45 mmol) was dissolved in a tBuOH/THF/H2O (5/5/1, 11 mL) and the solution was cooled 

to 0 °C before NMO (1.1 eq., 186 mg) and OsO4 (10 mol%, 36 mg) were added. The resulting 

mixture was allowed to warm to 23 °C and was stirred for 15 hours. Then saturated aqueous 

Na2SO3S (20 mL) was added and the mixture was stirred vigorously for 30 minutes. 

Afterwards the mixture was partitioned between Et2O (2 mL) and H2O (20 mL) and the 

aqueous phase was extracted with Et2O (5 × 10 mL). The combined organic extracts were 

dried over MgSO4, filtered and concentrated under reduced pressure. 
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The diol cleavage step. The resulting residue was dissolved in MeOH/H2O (2/1, 15 mL) and 

the solution was cooled to 0 °C. Then NaIO4 (3 eq., 930 mg) was added and the resulting 

slurry was stirred for 1 hour at 23 °C. After that the mixture was partitioned between CH2Cl2 

(20 mL) and H2O (10 mL) and the separated aqueous phase was washed with CH2Cl2 

(3 × 20 mL). The combined organic extracts were dried over MgSO4, filtered and 

concentrated under reduced pressure. The product was directly used in the next reaction step. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for (S,S)-94a. Minor 

(S,S)-94b: 
1
H NMR (CDCl3, 400 MHz) δ 9.63 (d, J = 2.9 Hz, 1H), 6.09 (p, J = 1.3 Hz, 1H), 

4.40 (d, J = 6.1 Hz, 1H), 1.73 (d, J = 1.4 Hz, 3H), 0.58 (q, J = 8.1 Hz, 6H); 
13

C NMR (CDCl3, 

100 MHz) δ 204.1, 116.4, 75.2, 58.0, 20.9, 18.0, 12.14, 4.83.
XII

 

Ethyl (2E,4R,5S,6E)-4-ethyl-7-iodo-2,6-dimethyl-5-(triethylsilyloxy)hepta-2,6-dienoate 

((E,R,S)-95a) and ethyl (2E,4R,5S,6E)-7-chloro-4-ethyl-2,6-dimethyl-5-(triethylsilyl-

oxy)hepta-2,6-dienoate ((E,R,S)-95b) 

 

The crude mixture of aldehydes (S,S)-94a and (S,S)-94b (1 eq., ~1.45 mmol) was dissolved in 

toluene (10 mL) and the ylide 2 (2 eq., 1.05 g) was added. The resulting mixture was warmed 

to 90 °C and stirred at this temperature for 15 hours. Then it was allowed to cool to 23 °C and 

hexanes (30 mL) were added. The arisen precipitate was passed through a sintered glass 

funnel and the filtrate was concentrated under reduced pressure. The toluene-containing 

residue was purified by column chromatography (25 g of silica gel, hexanes and then 

50/1→20/1 hexanes/Et2O) to furnish 375 mg (59% yield over 4 steps, pure E) of a colorless 

liquid of esters (E,R,S)-95a and (E,R,S)-95b in ratio 73/27.  

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for (E,R,S)-95a. 

Minor (E,R,S)-95b: 
1
H NMR (CDCl3, 400 MHz) δ 5.98 (p, J = 0.8 Hz, 1H), 3.93 (d, 

J = 7.1 Hz, 1H), 1.67 (d, J = 1.4 Hz, 3H), 0.93 (t, J = 7.9 Hz, 9H), 0.80 (t, J = 7.5 Hz, 3H), 

0.57 (q, J = 7.9 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 168.1, 140.2, 115.5, 78.4, 45.5, 

23.48, 14.40, 12.83, 11.79, 4.88.
XII 
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(2E,4R,5S,6E)-4-ethyl-7-iodo-2,6-dimethyl-5-(triethylsilyloxy)hepta-2,6-dien-1-ol 

((E,R,S)-95a) and (2E,4R,5S,6E)-7-chloro-4-ethyl-2,6-dimethyl-5-(triethylsilyloxy)hepta-

2,6-dien-1-ol ((E,R,S)-95a) 

 

The mixture of esters (E,R,S)-95a and (E,R,S)-95b (1 eq., 850 µmol, 375 mg) was dissolved 

in toluene (5 mL). The solution was cooled to ‒78 °C and DIBAL (2.2 eq., 1 M solution in 

toluene, 1.87 mL) was added dropwise. After 10 minutes of reaction MeOH (2.2 eq., 791 µL) 

was dropped in and the reaction mixture was allowed to warm to 23 °C. Then saturated 

aqueous potassium-sodium tartrate (10 mL) was added and the mixture was vigorously stirred 

for 30 minutes. Afterwards the organic phase was separated and the aqueous phase was 

extracted with hexanes (3 × 20 mL). The combined organic extracts were dried over MgSO4, 

filtered and concentrated under reduced pressure. The pure product, 74/26 mixture of (E,R,S)-

93a and (E,R,S)-93b was obtained as 339 mg (99%) of a colorless liquid. 

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for (E,R,S)-93a. 

Minor (E,R,S)-95b: 
1
H NMR (CDCl3, 400 MHz) δ 5.91 (s, 1H), 4.98 (dq, J = 10.4, 1.3 Hz, 

1H), 3.82 (d, J = 7.9 Hz, 1H), 1.67 (d, J = 1.3 Hz, 3H), 0.93 (t, J = 7.9 Hz, 9H), 0.57 (q, 

J = 7.9 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 141.0, 136.57, 126.84, 114.7, 79.1, 69.1, 

44.3, 24.1, 14.27, 11.73, 4.93.
XII 

(2E,4R,5S,6E)-4-ethyl-7-iodo-2,6-dimethyl-5-(triethylsilyloxy)hepta-2,6-dienal ((E,R,S)-

90a) and (2E,4R,5S,6E)-7-chloro-4-ethyl-2,6-dimethyl-5-(triethylsilyloxy)hepta-2,6-

dienal ((E,R,S)-90b) 

 

The mixture of alcohols (E,R,S)-93a and (E,R,S)-93b (1 eq., 846 µmol, 339 mg) was 

dissolved in CHCl3 (5 mL) and MnO2 (20 eq., 1.47 g) was added in one portion. The resulting 

suspension was stirred at 40 °C for 15 hours. Then the solids were filtered through a sintered 

glass funnel equipped with a pad of celite and the filtrate was concentrated under reduced 

pressure. The title aldehydes (E,R,S)-90a and (E,R,S)-90b in ratio 73/27 were obtained as 

298 mg (88%) of a colorless liquid. 
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The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for (E,R,S)-90a. 

Minor (E,R,S)-90b: 
1
H NMR (CDCl3, 400 MHz) δ 9.39 (s, 1H), 6.00 (dq, J = 2.1, 1.4 Hz, 

1H), 3.99 (d, J = 7.3 Hz, 1H), 1.68 (d, J = 1.4 Hz, 3H), 0.94 (t, J = 7.9 Hz, 9H), 0.82 (t, 

J = 7.5 Hz, 3H), 0.58 (q, J = 7.5 Hz, 6H); 
13

C NMR (CDCl3, 100 MHz) δ 195.30, 145.0, 

140.1, 78.2, 45.85, 23.74, 11.73, 4.90.
XII

 

Allylation of aldehyde (E,R,S)-90 

 

Reaction with allylboronic acid pinacol ester. The mixture of aldehydes (E,R,S)-90a and 

(E,R,S)-90b (1 eq., 0.3 mmol, 120 mg) was dissolved in toluene (3 mL) and allylboronic acid 

pinacol ester (1.2 eq., 68 μL) was added. The resulting mixture was stirred at 23 °C for 15 h. 

Then the solution was transferred onto a chromatographic column. Chromatography (40 g of 

silica gel, 20/1→5/1 hexanes/Et2O) yielded 24.3 mg (18%) of anti-(R,R,S)-100a and anti-

(R,R,S)-100b in ratio 74/26 and 57.3 mg (43%) of (S,R,S)-100a and (S,R,S)-100b in ratio 

74/26. 

Reaction with allylboronic acid pinacol ester catalyzed by (Ra)-XVa. The mixture of 

aldehydes (E,R,S)-90a and (E,R,S)-90b (1 eq., 0.3 mmol, 120 mg) was treated with 

allylboronic acid pinacol ester (1.2 eq., 68 μL) and (Ra)-XVa (2.5 mol%, 6 mg) in toluene 

(3 mL) at ‒40 °C for 3 days. Then DIBAL (1.2 eq., 1 M / toluene, 360 μL) was added to 

quench the reaction and after 15 minutes of stirring at ‒40 °C HCl (3 eq., 0.1 M / H2O, 9 mL) 

was added. The mixture was allowed to warm to 23 °C and after 30 minutes it was partitioned 

between H2O (10 mL) and hexanes (20 mL). The aqueous phase was extracted with hexanes 

(2 × 20 mL), the combined extracts were dried over MgSO4, filtered and concentrated under 

reduced pressure. Column chromatography of the residue furnished 62 mg (47%) of anti-

(R,R,S)-100a and anti-(R,R,S)-100b in ratio 74/26 and 37 mg (26%) of (S,R,S)-100a and 

(S,R,S)-100b in ratio 74/26.  

The 
1
H and 

13
C NMR spectra correspond to the previously obtained data for anti-(R,R,S)-

100a and anti-(S,R,S)-100a. 
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(4R,5E,7R,8S,9E)-10-chloro-7-ethyl-5,9-dimethyl-8-(triethylsilyloxy)deca-1,5,9-trien-4-ol 

(syn-(R,R,S)-100b) 

1
H NMR (CDCl3, 400 MHz) δ 5.91 (q, J = 0.9 Hz, 1H), 3.82 (d, 

J = 8.2 Hz, 1H), 1.67 (d, J = 1.4 Hz, 3H), 0.93 (t, J = 7.9 Hz, 9H), 0.57 (q, J = 7.8 Hz, 6H); 

13
C NMR (CDCl3, 100 MHz) δ 141.10, 138.22, 134.61, 126.54, 79.24, 76.10, 44.23, 39.88, 

24.38, 12.99, 12.39, 4.94.
XII

 

(4S,5E,7R,8S,9E)-10-chloro-7-ethyl-5,9-dimethyl-8-(triethylsilyloxy)deca-1,5,9-trien-4-ol 

(syn-(S,R,S)-100b) 

1
H NMR (CDCl3, 400 MHz) δ 5.89 (q, J = 0.9 Hz, 1H), 3.78 (d, 

J = 8.4 Hz, 1H), 1.65 (d, J = 1.3 Hz, 3H), 0.93 (t, J = 7.9 Hz, 9H), 0.57 (q, J = 7.8 Hz, 6H); 

13
C NMR (CDCl3, 100 MHz) δ 141.07, 138.38, 134.76, 127.37, 117.64, 114.78, 79.20, 77.18, 

44.18, 40.02, 11.9, 4.93.
XII

 

(4R,5E,7R,8S,9E,11E,14S,15S)-15-(benzyloxy)-14-(tert-butyldimethylsilyloxy)-7-ethyl-

5,9,11-trimethyl-8-(triethylsilyloxy)hexadeca-1,5,9,11-tetraen-4-ol (anti-(R,R,S,S,S)-101) 

 

The mixture of boronate (Z,S,S)-63 (1.1 eq., 34 mg) and vinylhalides anti-(R,R,S)-100a and 

anti-(R,R,S)-100b (1 eq., 67 µmol, 31 mg) was treated with Pd(PPh3)4 (5 mol%, 3.9 mg) and 

TlOEt (1.5 eq., 7 µL) in a THF/H2O mixture (3/1, 2 mL) at 23 °C for 2 hours. Then saturated 

aqueous NaHCO3 (10 mL) and Na2SO3S (2 mL) were poured in and the mixture was 

extracted with CH2Cl2 (3 × 20 mL). The combined organic extracts were washed with brine, 

dried over MgSO4, filtered and concentrated under reduced pressure. The residue was purified 

by column chromatography (20 g of silica gel, 5/1→2/1 hexanes/Et2O). The title compound 

was obtained as  39 mg (87%, 73/27 dr) of a colorless liquid. The product was further purified 

by preparative thin-layer chromatography (5/1 hexanes/ Et2O) and by preparative reverse-

phase liquid chromatography (Preparative column Labio MAG 5, 250x25, Labiosphere PSI 

100 C18, MeCN) to achieve 92/8 dr. 

[α]D -22.1° (c 1.09, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for anti-(S*,S*,R*,S,S)-101. 
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 (4R,5E,7R,8S,9E,11E,14S,15S)-15-(benzyloxy)-14-(tert-butyldimethylsilyloxy)-7-ethyl-

5,9,11-trimethyl-8-(triethylsilyloxy)hexadeca-1,5,9,11-tetraen-4-ol (syn-(S,R,S,S,S)-101) 

 

The mixture of boronate (Z,S,S)-63 (1.1 eq., 37 mg) with vinyliodides syn-(S,R,S)-100a and 

syn-(S,R,S)-100b (1 eq., 73 µmol, 34 mg) was treated with Pd(PPh3)4 (5 mol%, 4.2 mg) and 

TlOEt (1.5 eq., 8 µL) in a THF/H2O mixture (3/1, 2 mL) at 23 °C for 2 hours. Then saturated 

aqueous NaHCO3 (10 mL) and Na2SO3S (2 mL) were poured in and the mixture was 

extracted with CH2Cl2 (3 × 20 mL). The combined organic extracts were washed with brine, 

dried over MgSO4, filtered and concentrated under reduced pressure. The residue was purified 

by column chromatography (20 of silica gel, 10/10/1 hexanes/ toluene /Et2O). The title 

compound was obtained as 39 mg (80%, 75/25 dr) of a colorless liquid. The product was 

further purified by preparative thin-layer chromatography (5/1 hexanes/ Et2O) and by 

preparative reverse-phase liquid chromatography (Preparative column Labio MAG 5, 250x25, 

Labiosphere PSI 100 C18, MeCN) to achieve 90/10 dr. 

[α]D -12.1° (c 1.16, CHCl3). The 
1
H and 

13
C NMR spectra correspond to the previously 

obtained data for syn-(R*,S*,R*,S,S)-101. 

The retrospective determination of enantiopurity of (Z,S,S)-63 

 

Deprotection of diol (S,S)-61. The protected diol (S,S)-61 (1 eq., 1 mmol, 32 mg) was treated 

with TBAF
.
3H2O (2 eq., 2 mmol, 631 mg) in THF (10 mL) at 0 °C for 10 minutes and at 

50 °C for 2 hours. After completion of the reaction the mixture was partitioned between H2O 

(20 mL) and Et2O (20 mL). The phases were separated and the aqueous phase was extracted 

with Et2O (2 × 20 mL). The combined organic extracts were washed with H2O (3 × 20 mL) 

and brine (20 mL). Then the organic phase was dried over MgSO4, filtered and concentrated 

under reduced pressure. The title compound was purified by column chromatography (15 g of 

silica gel, 10/1→5/1→2/1 hexanes/Et2O) and alcohol (S,S)-60 was obtained as 184 g (89%, 
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pure syn) of a colorless oil, whose 
1
H NMR spectrum was identical to the one of the 

previously prepared compound.  

Synthesis of Mosher esters of (S,S)-60. Then in two separate reactions the alcohol (S,S)-60 

(1 eq., 0.2 mmol, 41 mg) was treated with (R)- and (S)-MTPACl (2 eq., 0.4 mmol, 37 µL) in 

CH2Cl2 (1 mL). To both reaction mixtures Et3N (3 eq., 0.6 mmol, 83 µL) and DMAP (10 

mol%, 20 µmol, 2.4 mg) were added. As the reactions proceeded only in small extent within 

30 minutes according to TLC, H2O (2 eq., 0.4 mmol, 8 µL) and after 10 minutes DCC (2 eq., 

0.4 mmol, 83 mg) were added to both reaction mixtures. After additional 1 hour of reaction at 

60 °C both mixtures were processed in an identical way: the solvent was evaporated and the 

residue was suspended in Et2O (10 mL). Then the suspension was filtered, diluted with Et2O 

(20 mL) and washed with saturated aqueous NaHCO3 (10 mL), NH4Cl (10 mL) and brine 

(10 mL). The organic phase was then dried over MgSO4, filtered and concentrated under 

reduced pressure. The 
19

F NMR spectra of the crude products (S)- and (R)-MTPA-(S,S)-60 

were acquired and the diastereomeric ration was found to be 81/19 for both products. 

19
F NMR (C6D6, 300 MHz) δ -71.38, -71.46. 
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10 LIST OF ABBREVIATIONS 

4Å MS 4 Ångström molecular sieves 

BINAP 2,2ʹ-bis(diphenylphosphino)-1,1ʹ-binaphtyl 

BINAPO 1,1ʹ-binaphthalene-2,2ʹ-diylbis(diphenylphosphine oxide) 

BINOL 1,1ʹ-bi-2-naphtol 

bmim 1-butyl-3-methylimidazolium hexafluorophosphate 

brsm yield based on recovered starting material 

C6D6 hexadeuterobenzene 

C7F8 perfluorotoluene 

Cat catecholato 

cod cyclooctadiene 

Cp cyclopentanedienyl 

DCE dichloroethane 

dppf diphenylphosphinoferrocene 

IBX 2-iodoxybenzoic acid 

Ipc isopinocampheyl 

LA*/LB*/BA* chiral nonracemic Lewis acid/Lewis base/Brønsted acid 

LD50 lethal dose for 50% of the population 

MEM methoxymethyl 

MTPA α-methoxy-α-(trifluoromethyl)phenylacetic acid 

MW microwave irradiation 

NMO N-methylmorpholine-N-oxide 

PhMe toluene 

Pin pinacolato 

Piv pivaloyl 

PPTS pyridinium para-toluenesulfonate 

PMP para-methoxyphenyl 

PNB para-nitroxybenzyl 

r.t. room temperature 

TPAP tetrapropylammonium perruthenate 

TS transition state 
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