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Abstract

Dolabelide C

Dolabelide C is a macrolide, part of the dolablide family, isolated in 1997 from
the Japanese sea hare, Dolabella auricularia. Dolabelide C contains a
polyhydroxylated macrocycle structure with eleven stereogenic centers and two
trisubstituted olefins. It exhibits cytotoxicity against cervical cancer HeLa-S3 cells.
Dolabelide C and the other members of the dolabelide family have been the object
of several studies in several groups.

The approach envisaged in the Prunet group towards the synthesis of dolabelide C
consists in disconnecting the molecule into two fragments of similar lengths, the
C1-15 and the C16-30 fragments. Previously within the group, both fragments had
been successfully synthesised. However, new routes have been envisaged in order
to improve these syntheses.

For the synthesis of the C16-30 fragment, the fragment had been previously
synthesised by cross metathesis, but this reaction led to an E/Z ratio to 4:1 at
best. The new route consists in employing a temporary silicon-tethered ring-
closing metathesis reaction in order to obtain a single isomer. This method was
investigated on model substrates and was then employed for the synthesis of the
C16-30 fragment of dolabelide C.

Finally, the use of a new route for the synthesis of the C1-15 fragment is discussed.
The C1-15 fragment had been synthesised previously using a Mukaiyama aldol as
the key step. However, as the ketone is not present in the natural product, several
steps were required in order to remove it. The use of a cross metathesis between
two fragments was investigated for the synthesis of this fragment in a more
concise manner.
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Chapter 1: Introduction

1.1 - Presentation of dolabelides

A twenty-year pursuit of the cell growth inhibitory and antineoplasic constituents
of the Western Indian Ocean (Mauritius) sea hare Dolabella auricularia (Figure 1)
has resulted in the discovery of fifteen structurally unique peptide, cyclopeptide,
depsipeptide, and cyclodepsipeptide-type substances designated as dolastatins 1-
15.1

© Deris Riek

Figure 1: Dolabella auricularia?

Among the dolastatins, 10 and 15 have displayed strong potency in experimental
antineoplasic and tubulin assembly systems (Figure 2).

dolastatin 10 dolastatin 15
Figure 2: Dolastatins 10 and 15

Following the discovery of the dolastatins, novel compounds named dolabelides
were isolated.

The dolabelide family is a family of four macrolides named dolabelides A to D.
Dolabelides A and B are 22-membered macrolides isolated and characterised in
1995 by Yamada from the Japanese sea hare, Dolabella auricularia.?

1 Pettit, G. R.; Kamano, Y.; Herald, C. L.; Fujii, Y.; Kizu, H.; Boyd, R. R.; Boettner, F. E.; Doubek, D.
L.; Schmidt, J. M.; Chapuis, J.-C.; Michel, C. Tetrahedron 1993, 49, 9151.

2 http://lwww.gastropods.com/8/Shell_29538.shtml.

3 Ojika, M.; Nagoya, T.; Yamada, K. Tetrahedron Lett. 1995, 36, 7491.



Chapter 1: Introduction 2

Dolabelides C and D are 24-membered macrolides isolated and characterised in
1997 by Yamada from the same source as dolabelides A and B.4 The structures of
the dolabelide macrolides are presented in the following figure (Figure 3):

OAc OAc OH

OAc Dolabelide A (R = Ac)
Z Dolabelide B (R = H)
27 n-Pr

Dolabelide C (R = Ac)
Dolabelide D (R = H)

Figure 3: The dolabelide family

Dolabelides A, B, C and D exhibited cytotoxicity against cervical cancer HelLa-S3
cells with ICsp values of 6.3, 1.3, 1.9 and 1.5 pyg/mL, respectively. However, the
quantity available of the dolabelides is very low. For example, only 99 mg of
dolabelide C can be isolated from 138 kg (wet weight) of Dolabella auricularia.

Moreover, the polyhydroxylated macrocycle structure of the dolabelides can let
us hope for not only an antitumoral activity, but also an antibiotic activity.
Common features among the dolabelide family are:

- Eleven stereogenic centers, eight of which bear an oxygenated function and
three methyl groups.

- Two E-configured trisubstituted olefins.

- Alactone group

Other structural features possessed by this family of macrolactones include 1,3-
anti-diol fragments found at C7/C9 and C19/C21, along with an accompanying 1, 3-
syn-diol at C9/C11 and polypropionate fragments at C1/C4 and C21/C23.

The stereochemical complexity and biological profile of this class of compounds
has attracted synthetic interest from several groups. In 2006, the first total
synthesis of dolabelide D was reported by Leighton and co-workers® and in 2011,
the first total synthesis of dolabelide C was reported by Hanson and co-workers.¢
Genét, Phansavath and co-workers also worked on the synthesis of the C1-13
fragment of dolabelides” and on the C15-30 subunit of dolabelide A.s Keck and co-
workers reported the synthesis of the C1-13 subunit of dolabelide B in 2005.°

4 Suenaga, K.; Nagoya, T.; Shibata, T.; Kigoshi, H.; Yamada, K. J. Nat. Prod. 1997, 60, 155.

5 Park, P. K.; O'Malley, S. J.; Schmidt, D. R.; Leighton, J. L. J. Am. Chem. Soc. 2006, 128, 2796.

6 (a) Waetzig, J. D.; Hanson, P. R. Org. Lett. 2008, 10, 109; (b) Whitehead, A.; Waetzig, J. D.;
Thomas, C. D.; Hanson, P. R. Org. Lett. 2008, 10, 1421; (c) Hanson, P. R.; Chegondi, R.; Nguyen,
J.; Thomas, C. D.; Waetzig, J. D.; Whitehead, A. J. Org. Chem. 2011, 76, 4358.

7 Le Roux, R.; Desroy, N.; Phansavath, P.; Genét, J.-P. Synlett 2005, 429.

8 (a) Desroy, N.; Le Roux, R.; Phansavath, P.; Chiummiento, L.; Bonini, C.; Genét, J.-P. Tetrahedron
Lett. 2003, 44, 1763; (b) Roche, C.; Desroy, N.; Haddad, M.; Phansavath, P.; Genét, J.-P. Org. Lett.
2008, 10, 3911.

9 Keck, G. E.; McLaws, M. D. Tetrahedron Lett. 2005, 46, 4911.
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1.2 - Previous syntheses of dolabelides
1.2.1 - Leighton synthesis of dolabelide D5

The Leighton synthesis of dolabelide D is based on the coupling of two fragments
using macrolactonisation and ring-closing metathesis.
The retrosynthesis of dolabelide D is presented in the following scheme (Scheme

1):

OAc OH OH

Yamaguchi esterification

Ring-closing metathesis

Aldol reaction

PMBO OAd OTESPMBO O

Y\/\/\/\J\/\E/\HJ\O H
2 :

PMBO O O PMBO O

4

5
3 steps HS steps

Scheme 1: Retrosynthesis of Leighton’s dolabelide D synthesis

The key steps in the synthesis of the C1-14 fragment are the allylation and
crotylation reactions using the reagents 10 and 12 developed in the Leighton
group (Scheme 2).

0 PMBO O
2steps -
; CH2CI2 20°C W 77% 4 8
80% p-BrCgHy
98% ee "™ =g
’Si\CI R=H,10
N\ R = Me, 12
1. 12, CH,Cl, p-BrCeH,
o} 2 NaH. PMBBr, OPMB 0O PMBO O
H __THF, reflux 6 steps - o N
8 53% /\/\]/ 49% N
88% ee -

Scheme 2: Synthesis of the C1-14 fragment
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The completion of the synthesis of the C1-14 fragment is shown in the following
scheme (Scheme 3):

PMBO O O PMBO O n-Bu,BOTY, PMBO O OH PMBO O
; B i-Pr,NEt : B
” g + H'7 Y 1 "OAllyl o 7 Y 1 OAllyl
4 R Et,0,-110 °C 13 =
79%
10:1 dr
1. TESCI, imidazole,
2. L-Selectride,
CH,Cly, -78 °C
3. Ac,0, pyridine, DMAP, ?Ac OTESPMB? (o] 10 mol% Pd(PPhs), QAC OTESPMB? (0]
CH,Cl, R 7 » 1™0pllyl morpholine, THF R T OH
48% (3 steps) 14 = 92%
5:1dr

Scheme 3: Completion of the synthesis of the C1-14 fragment

The two fragments are coupled using a 1,5-anti selective aldol reaction with a
diastereomeric ratio of 10:1. The completion of the synthesis was done using the
following sequence of steps: protection of the alcohol as a TES ether,
diastereoselective reduction of the ketone with L-selectride, protection of the
alcohol as an acetate and deprotection of the allyl ester to lead to the carboxylic
acid. The C1-14 fragment is formed in thirteen steps in 9% yield for the longest
chain.

The synthesis of the C15-30 fragment (Scheme 4) commenced with a catalytic
asymmetric silane alcoholysis, developed in the Leighton group, with alcohol 6
and tert-butyl-cis-crotylsilane 15 to provide 16 as the major component of a 4:1
mixture of diastereomers in 95% yield. Rhodium-catalysed tandem
silylformylation-crotylsilylation proceeded stereospecifically to provide, after
quenching with methyllithium, a 4:1 mixture of diastereomers favouring 1,5-syn-
diol 18 in 56% vyield. Selective protection of the less hindered alcohol as its
triethylsilyl (TES) ether, followed by treatment of the other alcohol with n-BuLi
and then CuBr-Me;S and DMPU, initiated a Brook-like 1,4-carbon (sp?) to oxygen
silane migration, and the resulting vinylcopper species was then alkylated with
Mel to provide 19 in 68% yield. A Wacker oxidation gave the ketone from the
alkene and removed the triethylsilyl ether group at the same time; the alcohol
was then protected as an acetate in 78% vyield for the two steps. Asymmetric
Paterson aldol coupling with 5-hexenal then gave aldol 21 in 85% yield and with
>10:1 diastereoselectivity. Anti diastereoselective (>10:1 dr) B-hydroxyketone
reduction, followed by protection of the 1,3-anti-diol as a cyclopentylidene ketal
and deprotection of the tert-butylydimethylsilyl ether with tetrabutylammonium
fluoride gave the C15-30 fragment in 45% yield for the three steps. The C15-30
fragment was obtained in ten steps and 11% overall yield.



Chapter 1: Introduction 5

N
15\ . t-Bu
HoH />
+ 4 mol % CuCl, ’«S./t'B“ i. 2 mol% [Rh(acetone),-(P(OPh)s),IBF 4,
OH 4 mol % NaOt-Bu, H o CO, PhH, 60 °C;
N - 4mol % (RR)-BDPP S~ © ii.Meli, Et,0, -78 to 23 °C
A . RN 2
\An-Pr PhH \An-Pr 56%
6 95% 16 41 dr
4:1dr
Bu t-Bu 1. TESCI, EtN, CH,Cly, —20 °C

Me\ | ‘M N f _ Tl
0" s eOH 2. n-BuLi, THF, -78 °C;

9—8i—0 HO S € CuBr-Me,S, DMPU, 23 °C;
7 = n-Pr /Y\/\/\H_Pr Mel, ~78 to 23 °C
17 18 68%

1. 25 mol% PdCl,, CuCl,
DMF, THF, H,0O, O,

TBSO OTES 2. Ac,0, pyridine, DMAP, O OTBS|  OAc  (+)(ipc),BCl,
_ o - o Pr CH,Cl, = - Pr Et3N, 5-hexenal
19 78% 20 EtZO, -781t0 23 °C

85%

>10:1 dr
1. Me4yNBH(OAC);, AcOH,
CH3CN, THF, —40 to —-20 °C Q
2. 1,1-Dimethoxycyclopentane,

OH O OTBS,  OAc  PppTS, CH,Cl,
M\)\An-ﬁ& n-BugNF, T4|-;E/
21 >10:1 dr

Scheme 4: synthesis of the C15-30 fragment

Coupling of the two fragments using Yamaguchi esterification gave the
corresponding ester in 74% yield. Cleavage of the cyclopentylidene ketal using
pyridinium p-toluenesulfonate and the p-methoxybenzyl ether and the triethylsilyl
ether using DDQ gave the polyol 23 in 70% yield. Final cyclisation using ring-closing
metathesis occurred with a low selectivity (E/Z ratio of 1.3:1) and gave dolabelide
D in a 31% isolated yield (Scheme 5).
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cl o OAc OTES  OPMB

OAc OTESPMBO O ol
. 1T OH
2 : cl cl

. EtsN, DMAP
toluene, -78 to 0 °C

74%

PMBO

OH

1. PPTS, MeOH OAc
2.DDQ, CH,Cly, - Grubbs' catalyst
pH 7 buffer 27°n-Pr 2nd Generation (25 mol%)

70% CH,Cly, reflux
31%

E/Z1.3:1

Dolabelide D
Scheme 5: Coupling of the two fragments to form dolabelide D

The synthesis of dolabelide D was achieved by Leighton group in seventeen steps
and 1.4% yield for the longest linear sequence.

1.2.2 - Hanson's synthesis of dolabelide C6

The Hanson synthesis of dolabelide C is based, as the Leighton synthesis, on the
coupling of two fragments with an esterification reaction and cyclisation using a
ring-closing metathesis reaction. The synthesis of the two separated fragments is
based on the use of a phosphate-tether mediated approach (Scheme 6).
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Ring-closing metathesis “

OP; OP; OH OP,
15 B H B
. /\/\/'\/\‘/\)\@n-Pr
26

P CM/reducti \)\/_\2

- reduction -

e X

AN 7 n-Pr

(oolPMBQo 28
/ .

L,Pd M - OH *

H CM/reduction OP, OP, O
Pd(0) formate 27 . B

g ’ - H
addition M Og\/ 29 I \

Mded-_(t_‘_,u
PICI) Q\P ''''' | a iion
S A
(R,R,R,)-30 (S.5,5,)-30

Scheme 6: Hanson's Retrosynthesis of dolabelide C

The enantiomeric phosphate triester building blocks (R,R,Rp)-30 and (S,S,Sp)-30
(Scheme 7) were assembled via a phosphate tether/RCM desymmetrisation
approach. The phosphate tether was obtained through a one-step
coupling/oxidation sequence from commercially available allyl
tetraisopropylphosphorodiamidite and anti-diol 31 to yield the pseudo-C;-
symmetric triene 32. Desymmetrisation by ring-closing metathesis (RCM) using
second-generation Grubbs’ catalyst afforded P-chiral bicyclo[4.3.1]phosphate 30
and is based on the premise that only the terminal olefin cis to the phosphate-
tethered olefin reacts to generate 30 possessing two sterically differentiated
olefins.

10 (@) Burke, S. D.; Muller, N.; Beaudry, C. M. Org. Lett. 1999, 1, 1827. (b) Burke, S. D.; Voight, E. A.
Org. Lett. 2001, 3, 237. (c) Lambert, W. T.; Burke, S. D. Org. Lett. 2003, 5, 515. For desymmetrization
of a C2-symmetric diol using the Prins cyclisation, see: (d) Rychnovsky, S. D.; Yang, G.; Hu, Y.; Khire,
U. R. J. Org. Chem. 1997, 62, 3022.
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= =4 o'y
OH OH o7 oo Q\L
: P \/_\)\/ -
S (-PrN" ONGPr), X Z X =
R,R)-31 . R,R)-32 (R,R,R,)-30
(RR) h}ggﬁtrgzﬁle&, (RR) Grubbs' Catalyst P
then m-CBPA, 1 h — 2" Generation 0
. o) o—/— 00 b...
64% N 85-90% Ao
OH OH 0" "o o0
S AAS SAAS X NS
(S,8)-31 (S,8)-32 (S,S,S,)-30

Scheme 7: Synthesis of the phosphate triester building blocks 30

The synthesis of the C1-14 fragment (Scheme 8) commenced by the coupling of
(R,R,Rp)-30 with compound 33 using cross-metathesis, followed by regioselective
hydrogenation of the formed double bond using diimide reduction (generated in
situ from o-nitrobenzenesulfonyl hydrazine), which gave compound 35 in 52% yield
for the two steps. Compound 37 is obtained through Pd-catalysed formate
reduction, followed by methylation of the phosphate intermediate, which gave
the desired product in 87% yield. The regioselectivity of this step is due to the
orthogonal orbital alignment within 35, which allows for selective Pd(0)-catalyzed
ionisation of C12 over the C9 allylic phosphate position. This ionisation allows Pd
to deliver the hydride selectively at the internal C10 position to provide the
desired terminal olefin. Additional steps allowed the synthesis of C1-14 in sixteen
steps from diol 31 in 5.7% yield.

9 OPMB 0

1
\\“P - K w
o C{\O + Y Hoveyda-Grubbs O™ 4\
J z catalyst (6 mol%), C_) C:)PMB O-N0206H5SOQNHNH2,
S _ - e EtzN, CH,Cl,

33 OTBS_ DCE,90°C
(R.R,R,)-30 72% 72%

Pd(OAc), (5 mol%),
HCO,H, Et;N, DCE, 40 °C,
then MeOH, TMSCHN,

87%

Scheme 8: Synthesis of the C1-14 fragment

The synthesis of the C15-30 fragment (Scheme 9) commenced by the coupling of
(S,S,50)-30 with olefin 38 using cross metathesis, followed by regioselective
hydrogenation of the formed double bond using diimide reduction (generated in
situ from o-nitrobenzenesulfonyl hydrazine), which gave compound 39 in 61% yield
for the two steps. Regio- and diastereoselective methyl cuprate addition to 39
and subsequent phosphate cleavage produced diol 40 in 84% yield. Protection of
the 1,3-anti-diol as an acetonide, followed by conversion of the alkene into the
primary alcohol, gave the alcohol 29 in 78% yield. Compound 41 was obtained in
79% yield through the following sequence of reactions: protection reaction of the
alcohol as a t-butyldimethylsilyl ether, cleavage of the p-methoxybenzyl ether,
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conversion of the alcohol into a terminal olefin through an iodination/elimination
sequence and removal of the t-butyldimethylsilyl ether group. Swern oxidation,
followed by addition of the lithiated C24-30 fragment to the formed aldehyde,
gave the alcohol 26 in 79% yield with a diastereomeric ratio of 1:1. Separation of
the two isomers with column chromatography, followed by recycling
(oxidation/reduction) of the undesired diastereomer, gave the C15-30 fragment
in 76% yield and with a diastereomeric ratio of 2.7:1. The synthesis of the C15-30
fragment was achieved in thirteen steps and in 14% yield.

Q

\ o)
/P\"“"'o 1. Hoveyda-Grubbs catalyst (6 mol%), P 1.i. CUCN=2LiCI, Me,Zn,
o © DCE, 90 °C AN THF, -30 °C to rt;
“ H 2. 0-NO,CgH5SO,NHNHS,, o 0 ii. TMSCHN,, MeOH
Z EtsN, CH,Cl, ‘.~ 2.LiAlH,, Et,0,0°C
(5.5,S,)-30 61% 84%
o~ ~_OPMB OPMB 39 -
= 1. TBSCI, pyridine
38 2. Hy, Pd/C, EtOAc,
1.2,2-DMP, PPTS, CH,Cl, >< NaHCO,
OH OH 2. 0sOy4, NMO, t-BuOH/THF/H,0, oo 3. PhyP, I, imidazole,
= then NalOy4, phosphate buffer H then ¢t-BuOK, THF
N pH 7, then NaBH,, EtOH, 0 °C : 4. TBAF, THF
78% on 79%
OPMB ° OPMB
40 29
0" ©° (COCI),, DMSO, Ef3N, 0" "0 O t-BuLi, Et,0, 28, -78 0 0 °C,
: CH,Cl,, -78 °C to rt : 30 min, 42, -78 °C
~ OH ~ H 79% (2 steps)
42 ( steps
M * dr=1:1

QTES 1. Dess-Martin, CH,Cl,
- P 2. NaBH,4, MeOH, 0 °C
n-Pr

76%
26 dr=2.7:1

Scheme 9: Synthesis of the C15-30 fragment

A
o
o
o
T
\

The synthesised fragments were coupled using Yamaguchi esterification to give
the ester 43 in 77% yield (Scheme 10). The RCM precursor was obtained in 73%
yield through the following sequence of reactions: cleavage of the triethylsilyl
ether, acetylation of the alcohol, removal of the acetonide group and removal of
the p-methoxybenzyl ether. Cyclisation of compound 44 using a ring-closing
metathesis reaction occurred with low selectivity (E/Z ratio of 1:1) and gave
dolabelide C in a 57% isolated yield.
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cl o OAc OAc OPMB

OAc OAc OAc PMBO O N
_ 1 0H
: cl cl

Et;N, DMAP

toluene
7%

1. TBAF

2. Ac,0, pyridine, DMAP

3.PPTS

4. DDQ, phosphate
buffer pH = 7, CH,Cl,

73%

OAc Grubbs' catalyst
- 24 Generation (20 mol%)

CH,Cl, (0.5 mM)
57%
E/Z 11

n-Pr

Dolabelide C
Scheme 10: Coupling of the two fragments to form dolabelide C

The synthesis of dolabelide C was achieved in twenty four steps and 1.2% yield
from diol 31.

1.2.3 - Genét and Phansavath's synthesis of the C1-13 subunit of
dolabelides7 and synthesis of the C15-30 subunit of dolabelide A8

Genét, Phansavath and co-workers developed methodology for the asymmetric
reduction of B-ketoesters and B-hydroxyketones. They decided to make use of this
methodology for the synthesis of the dolabelides.

Their retrosynthesis (Scheme 11) is based on the disconnection of dolabelides into
two fragments. The envisaged disconnections are the C14-C15 bond, which is a
trisubstituted alkene and the C1-C21 (or C1-23 bond), which corresponds to the
macrolactone bond. They envisaged that the construction of the C14-15 bond
could be achieved by either a ‘one-pot’ Julia olefination between an aldehyde at
C15 and a sulfonyl benzothiazole at C14 or a Horner-Wadsworth-Emmons reaction
between an aldehyde at C15 and a phosphonate at C14.
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C15-C30 fragment
Dolabelides —— +

OH OH OH OH O

46
C1-14 fragment

Scheme 11: Genét's retrosynthesis of dolabelides

The retrosynthesis of the the C1-14 fragment is shown in the following scheme
(Scheme 12):

46 :
C1-14 fragment

H

OH OH O 9 OH O
HO P(OEt)Z + O/ : 1 OH
47 2 48
C6-C13 fragment C1-C5 fragment

Scheme 12: Retrosynthesis of the C1-14 fragment

It is based on the coupling of two fragments by a Horner-Wadsworth-Emmons
reaction. A homologation reaction at the C13 carbon would then deliver either the
sulfonyl benzothiazole or the phosphonate at C14.

The synthesis of the C1-5 fragment is shown in the following scheme (Scheme 13):

1. PMBOC(NH)CCl,, CSA,
CH,Cly, rt, 24 h

o) 0O O
2. LDA, t-BuOAc, {Ru[(S)-SYNPHOS]Br,},
_40° H, (75 bar
HO/\:)kOMe THF, -40°C,3h PMBO/\:)J\/U\Ot_BU 2 ( )
H 64% : t-BuOH/MeOH (4:1), 50 °C, 23 h
49 50 94%
1. LDA, THF, 40 °C
/\/C;’i)?\ 2. HMPA, Mel, THF, (?H 0 o
PMBO™ ot-Bu ——40°Ct-10°C,60 PMBO/\:/\‘)J\Ot-Bu E O
51 72% : 52 0 PPh,
de >95% de >95% 0 PPh2
1. TIPSOTH, 2,6-lutidine, CH,Cl,, —15 °C, 2.5 h [o g
2.DDQ, CH,Cly, Hy0,0°Cfort, 1 h TIPSo 0 (S)-SYNPHOS®

3.DMP, CH,Cl,, 0°Ctort,4.5h
76%

07 170t-Bu
" 53
Scheme 13: Synthesis of the C1-5 fragment

From the commercially available Roche ester, protection of the alcohol as a PMB
ether, followed by side-chain extension with lithio tert-butyl acetate, afforded
the asymmetric hydrogenation precursor 50. Asymmetric hydrogenation of 50 was
performed using the chiral ruthenium complex {Ru[(S)-SYNPHOS]Br,} and
proceeded in 94% vyield and with an excellent diastereoselectivity. A Frater
diastereoselective methylation led then to the methylated product 52 in 72% yield
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and with a diastereomeric excess superior to 95%. Finally, the completion of the
C1-5 fragment was done in 76% yield using the following sequence: protection of
the alcohol as a TIPS ether, PMB ether removal using DDQ and Dess-Martin
oxidation. The C1-5 fragment 53 was thus synthesised in seven steps from Roche
ester in 33% overall yield with excellent diasteroselectivity in the construction of
the C2 and C3 stereocentres.

The synthesis of the B-keto phosphonate partner (fragment C6-13) for the HWE
reaction is detailed in the following scheme (Scheme 14):

o o0 {Ru[(S)-SYNPHOS]Br}, OH O 1. (CH30),CH,, P05, CHCI3, 0 °C, 15 min
gno. L H, (11 bar) Bn0. A\, 2 LDA, t-BUOAG, THF, 40 °C, 4.5 h
gt OEt ; OFt
54 EtOH, 80 °C, 14 h 55 72%
82% 66 = 97%
MOMO O O MOMO OH O
BnO., - 57, H, (80 bar), MeOH, rt, 8h BnO, , ~__~
" Wor-su 2(80 ban v Ot-Bu
56 93% 58
de = 98%
TBS, TBS,
1. TBSOTT, 2,6-lutidine, MOMO O O 4 nBuLi MeP(O)OEt),  MOMO © O O
CH,Cly, -30 °C, 30 min BnOW THF, -78 °C, 25 min BnOMP(OEt)z
2. DIBAL-H, toluene, 2 g 2. DMP, CH,Cl,, 2 e
~78 °C, 25 min 0°Ctort, 2.5h
78% 79%
©
\®
/NHZ

Ikariya-Mashima's catalyst with (S)-SYNPHOS® 57

Scheme 14: Synthesis of the C6-13 fragment

The synthesis started with the B-keto ester 54, which can be easily synthesis in
three steps from propan-1,3-diol.12 Asymmetric hydrogenation of 54 with the
chiral ruthenium complex {Ru[(S)-SYNPHOS]Br;} proceeded in 82% yield with an
excellent enantiomeric excess of 97%. Protection of the alcohol as a MOM ether,
followed by side-chain extension with lithio tert-butyl acetate, gave the B-keto
ester 56 in 72% yield. The second stereocenter was then introduced with another
asymmetric hydrogenation reaction. The catalyst used was the Ikariya-Mashima's
catalyst? with their (S)-SYNPHOS ligand in order to avoid the deprotection of the
secondary alcohol. This hydrogenation reaction proceeded smoothly in 93% yield
and with an enantiomeric excess of 98%. The completion of the C6-13 fragment
was achieved in four steps and 62% yield using the following sequence of steps:
protection of the secondary alcohol as a TBS ether, ester to aldehyde reduction
using DIBAL-H, addition of lithio diethyl methyl phosphonate and oxidation of the
resulting B-hydroxy phosphonate. The synthesis of C6-13 fragment was thus
achieved in eight steps and 34% overall yield from B-keto ester 54.

11 paterson, I.; Smith, J. D.; Ward, R. A. Tetrahedron 1995, 51, 9413. Claffey, M. M.; Hayes, C. J.;
Heathcock, C. H. J. Org. Chem. 1999, 64, 8267.

12 |kariya, T.; Ishii, Y.; Kawano, H.; Arai, T.; Saburi, M.; Yoshikawa, S.; Akutagawa, S. J. Chem. Soc.,
Chem. Commun. 1985, 922. Ohta, T.; Tonomura, Y.; Nozaki, K.; Takaya, H.; Mashima, K.
Organometallics 1996, 15, 1521. Mashima, K.; Nakamura, T.; Matsuo, Y.; Tani, K. J. Organomet.
Chem. 2000, 607, 51.
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With the two fragments in hand, the HWE reaction and the completion of the C1-
13 fragment were carried out (Scheme 15). The HWE reaction was performed using
Masamune-Roush conditions, which are suitable in the presence of base-sensitive
aldehydes like aldehyde 53, and afforded stereoselectively the E-enone in 38%
yield. After selective deprotection of the TBS ether, the asymmetric
hydrogenation of the B-hydroxy enone was performed in order to install the
stereogenic center at C7 and to reduce the alkene. This reaction proceeded in 79%
yield and with a diastereoselective excess superior to 95%. Finally, conversion of
the diol into an acetonide afforded, in quantitative yield, the C1-13 fragment of
dolabelides.

TBS,
MOMO O O O TIPSO ©
B OMP Ot :
n 5 (OEt) + 07 Y 1°0t-Bu
60 53

27% | 1. LiCl, DIPEA, MeCN, rt, 26 h
2.1% HClin EtOH, rt, 3 h

MOMO OH O TIPSO O

57, H, (80 bar), t-BuOH-

79%
MeOH (4:1), 50 °C, 23 h

MOMO OH OH TIPSO O

62
de >95%

2,2-dimethoxypropane, PPTS,

100% \acetone, rt, 30 min

63 :
Scheme 15: Completion of the synthesis of the C1-13 fragment

This synthesis, achieved in fifteen steps and with an overall yield of 7%, makes
use of the catalytic asymmetric hydrogenation reaction of B-keto esters and a B-
hydroxy ketone, developed in the Genét group, in order to install the hydroxyl
groups at C3, C7, C9 and C11 stereocenters in an iterative manner.

The retrosynthesis of the C15-30 fragment (Scheme 16) is based on the coupling
of a vinyl iodide fragment with an aldehyde.

OH OH OH OH
15 B B B
HO/\/\/'\/Y\)\/N\H-Pr

45
C15-C30 fragment

OP OP O oP
15 R B
I\/}\/\
POWH Z

+ 27 "n-Pr
64 65

Scheme 16: Retrosynthesis of the C15-30 fragment
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The key steps in the Genét and Phansavath synthesis of the C15-30 subunit of
dolabelide A are ruthenium SYNPHOS-catalysed asymmetric hydrogenation
reactions to install the stereochemistry on the C19, C21 and C27 carbon atoms
and a zirconium-promoted carboalumination reaction to form the (C24-25
trisubstituted olefin.

The synthesis of the C15-23 fragment (Scheme 17) commenced with the addition
of the enolate of ethyl acetate to the lactone 66, which resulted in the formation
of the cyclic hemiketal 67 in 88% yield. This compound is in equilibrium with the
B-keto ester 68, which is suitable for ruthenium-mediated asymmetric
hydrogenation of the ketone function. Reduction afforded the B-hydroxy ester 69
in 98% yield and with an enantiomeric excess of 99%. Protection of the primary
alcohol as a t-butyldiphenylsilyl ether, followed by protection of the remaining
alcohol as a p-methoxybenzyl ether, gave the compound 70 in 89% yield. A chain
extension with the enolate of tert-butyl acetate delivered the B-keto ester 71 in
91% vyield, which was then hydrogenated in an asymmetric fashion using
ruthenium-SYNPHOS catalyst and gave compound 72 in 80% yield and with a
diastereomeric excess of 97%. A diastereoselective Frater methylation using
lithium diisopropylamide afforded compound 73 in 85% yield and with a
diastereomeric excess over 95%. The fragment C15-23 was then obtained in 89%
yield through the following sequence: protection of the remaining alcohol as a t-
butyldimethylsilyl ether, reduction of the ester to the alcohol and oxidation of the
alcohol to the corresponding aldehyde.

o) HO 0O o
CO,Et
AcOEt, LDA __ HoO
0+~ o] — OEt
THF, -78 °C 4 68
88%
66 67
1. TBDPSCI, Et3N,
4-DMAP, CH,Cl,, rt
H, (10 bar), 0.5 mol% OH O 2. PMBOC(NH)CCl;,
RUCly/(R)-SYNPHOS  HO oEt TfOH, Et,0
EtOH, 80 °C, 24 h 4 69 89%
98%, 99% ee
PMBO O PMBO O O
TBDP . TBDP
SO OEt AcOt-Bu, LDA_ SO O¢-Bu
470 THF, -40 °C 47
91%
H, (100 bar), 2 mol% PMBO QH ¢} LDA, HMPA,
[Ru((S)-SYNPHOS)Br,] TBDPSOW@ 5, _THF.=10°C
t-BuOH/CH,CI, (4/1), 4 72 then Mel, —10 °C
68 h, 50 °C 85%, >95% de
0, 0,
80%, 97% de 1. TBSOTH, 2,6-lutidine,
CH,Cl,, 0 °C
2. DIBAL, tol, -78 °C
PMBO  OH O 3. Dess-Martin periodinane PMBOTBSO O
: CH,Cl,, 0 °C :
( Ot-Bu ( 23°H
3 89% 3
OTBDPS '® “oTBDPS
73 74

Scheme 17: Synthesis of the C15-23 fragment
The first fragment was obtained in ten steps with a yield of 42%.

The synthesis of the C24-30 fragment (Scheme 18) started with the asymmetric
hydrogenation of the commercially available ethyl 3-oxohexanoate 75 using the
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same conditions as the hydrogenation of 68 and afforded the B-hydroxy ester 76
in 98% yield and with an enantiomeric excess of 99%. Protection of the alcohol as
a t-butyldimethylsilyl ether, followed by reduction of the ester to the aldehyde,
gave compound 77 in 95% yield. Alkyne 6 was obtained in 92% yield via Corey-
Fuchs reaction, followed by deprotection of the t-butyldimethylsilyl ether. The
trisubstituted alkene 78 was obtained in 88% yield through a zirconium-promoted
carboalumination reaction, followed by quenching with iodine. Subsequent
protection of the alcohol as the methoxymethyl ether gave the C24-30 fragment
in 88% yield. The synthesis of the C24-30 fragment was achieved in eight steps and
in 66% yield.

1. TBSCI, Im,
DMF, rt
o o H 8 o o !
2 (10 bar), 0.5 mol% 0 2. DIBAL,
RUCI5/(R)-SYNPHOS - 78 °
o N, o, RICKR) Elo S py 0L TBC
75 EtOH, 80 °C, 38 h 76 95%
98%, 99% ee
1. PPha, CBry,
CH,Cl,, 0 °C
2. n-Buli,
0TBS
THF -78 °C NV Cp22r0|2 AlMe3
)J\/\n py 3. TBAF, THF \\/\ DCE, 60 °C
92% 6 Pl then I, THF, 30 °C

88%

MOMCI, OMOM
_DIPEA” _ e
" CH,Cly it 24
88%

Scheme 18: Synthesis of the C24-30 fragment

The C24-30 fragment was then converted into the corresponding organolithium
reagent and coupled with the C15-23 fragment to give alcohol 80 in 89% yield with
a diastereomeric ratio of 1.4:1 (Scheme 19). Subsequent oxidation/reduction
reaction sequence gave the alcohol 81 as a single diastereomer in 50% yield
(Scheme 19). The C15-30 fragment (Scheme 19) was then obtained in 58% yield
through the following sequence of reactions: protection of the alcohol as a p-
methoxybenzyl ether, removal of the t-butyldiphenylsilyl ether, oxidation of the
alcohol to the corresponding ketone and Wittig olefination. The synthesis of the
C15-30 subunit of dolabelide A was achieved by Genét, Phansavath and co-workers
in seventeen steps for the longest linear sequence and with an overall yield of

11%.
I\)\ﬂﬁOM t-BuLi, Et,0, ~78 °C, PMBOTBSO OMOM
= then 74
70 n-Pr 89% n-Pr
dr=1.4:1

OTBDPS

1. Dess-Martin periodinane

NaHCOj, CH,Cly, 0 °C PMBOTBSO OMOM
2. L-selectride, tol, -78 °C n-Pr
50%
single diastereomer

OTBDPS

1. PMBOC(NH)CCl3,
La(OTf),, tol, rt

2. NH4F, MeOH, rt

3. Dess-Martin periodinane,

NaHCO3, CH,Cly, 0 °C PMBOTBSQPMBO OMOM

i ’ 15 R R R

4. PhP3=CH,, THF, rt

3 20 /\/\)\/\(\)\@n-m
58% 82

Scheme 19: Synthesis of the C15-30 fragment
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1.2.4 - Keck's synthesis of the C1-13 subunit of dolabelide B9

The retrosynthesis envisaged by Keck, shown in the following scheme (Scheme
20), is based on the disconnections at the macrolactone bond and at the C13-14
bond, which could then be connected via a Suzuki coupling. They then suggested
that the C1-13 fragment could be constructed from aldehyde 88 and acrolein
through a sequence of asymmetric allylation using a 2-substituted allylstannane
reagent, aldol reaction with 1,5-induction, and 1,3-reduction.

OAc OAc OH

Suzuki coupling——

OP OAc OAc oP O OP OH OP OAc
R R B 15 R R R
; + I\K\A)\/YMH-PF
: 85

o] o) 0TBS

\)kH + )k/snBUS + H)J\/\:/:\‘/1\OBn
86 87 88"

Scheme 20: Keck's retrosynthesis of the C1-13 subunit of dolabelide B

The synthesis of the C1-7 fragment is shown in the following scheme (Scheme 21):

Q. (2)-crotyltributyltin, TiCl,, oH TBSOTY, EtzN, CH,Cly,
H)H/\osn 90°C, 2.5 h /\/\‘/\osn 30t00°C, 1 h
80% (15:1 dr) : 83%
89 90

OHC OB
(:DTBS1 Rh(CO),(acac) \/\/\‘A "
- P(OPh)3, CO/H, 88
/\é/\(\an 82% (96:4 88/92) +

91 oTBS
B 1
OHC}\./\‘/\OBn

: 92
Scheme 21: Synthesis of the C1-7 fragment

This synthesis starts with a diastereoselective addition of a crotylstannane to
aldehyde 89 in presence of titanium tetrachloride. This methodology, developed
by Keck and co-workers, allows the installation of the stereochemistry on carbons
C3 and C4. The desired isomer was formed in 80% yield and with 15:1
diastereomeric ratio. After protection of the alcohol as a silyl ether, the aldehyde
was formed via an hydroformylation catalysed by rhodium. This method led almost
exclusively to the desired aldehyde over the branched one due to the steric
hindrance around the methyl substituent at C4. The aldehyde was then obtained
in 82% yield and with a 96/4 ratio of isomers. This fragment is then obtained in
three steps with a 54% yield.
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For the completion of the synthesis (Scheme 22), Keck and co-workers decided to
set the stereochemistry of the carbon atom at C7 using a chiral catalyst and to
then use this new stereocenter to help install the stereochemistry at the carbon
atoms C9 and C11.

The stereochemistry at C7 was then introduced through a BITIP-catalysed
methallylation, which gave the alcohol 93 in 96% vyield and with a 94:6
diastereoselectivity. After protection of the alcohol as a PMB ether, followed by
oxidative cleavage, the formed ketone was then reacted with acrolein via an aldol
condensation using conditions developed by Paterson and co-workers. This
reaction gave the 1,5-anti-diol 95 as a single isomer in 83% yield. After protection
of the formed alcohol as a TBS ether, followed by removal of the PMB ether using
DDQ, the ketone was reduced in a diastereoselective manner using
tetramethylammonium triacetoxyborohydride. Subsequent protection of the 1,3
anti diol as an acetate led to the C1-13 fragment in eleven steps and 24% yield.

oTBS, )J\/ (R)~(+)-1,10-bi-2-naphthol, OH QTBS,
H Ti(0i-Pr),, 4 AMS, CH,CI :
(@] C\/\/Y\OBn . SnBu3 2 )J\/"I\/\:/Y\OBTT
H -20 °C, 5 days, =

88 96% (94:6 dr) 93

1. NaH, PMBBr, KI,
THF, 0 °C

2. 0sO4, NMO, t-BUOH/THF/H,0; O  OPMB QTBS1 Acrolein, (CgH44)2BCI, Et3N,
NalO, : Et,0, -78t0 —20 °C, 22 h
81% : OBn 83%
° 94 - °
OH O OPMB OTBS 1. TBSOTY, 2,6-lutidine, THF TBSO O OH oTBS
; o] 2.DDQ, 10:1 CH,Cl,/pH 7 buffer & _~ ]
Y OBn 85% Y OBn
95 = ° 96 H
(single isomer)
1. Me4yNBH(OAC)3, 1:1 acetonitrile/AcOH,
-15°C, 5 h, 26:1 anti/syn TBSO  OAc OAc QTBS
2. Ac,0, DMAP, pyridine N 2 -
Y OBn
80% 97 °

Scheme 22: Completion of the synthesis of the C1-13 fragment
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1.3 - Previous work in the Prunet Group

The retrosynthesis of dolabelide C envisaged in the Prunet group is shown in the
following scheme (Scheme 23):

OAc OAc OH

OAc
Suzuki coupling R

OP OP OH oP'
RZB\/”\/'\/T\‘/?\;«J\AT .

98

| e

OP OP OH )\i} OP OP OH O OP
17 R R B H H R 1
BRO. A~ A
R:B 7 27 n-Pr no : OP'

14
100 101 102

Mukaiyama aldol

H

OP' OP' O O OP
< < - 1

BHOWM '
103 “104

Scheme 23: Retrosynthesis of dolabelide C

Disconnections at the macrolactone bond and at the C15-16 bond led to the
fragments C1-15 and C16-30. The key steps for the syntheses of these two
fragments are a Mukaiyama aldol and a cross metathesis.

1.3.1 - Work on the C1-15 fragment

The C1-15 fragment was previously synthesised in the Prunet group by Aurélie
Vincent in 17 steps and 11.4% yield.13
The key steps are:

« A Jacobsen kinetic resolution4 to install the first stereocentre at C11

« A diastereoselective oxa-Michael addition?s to install the C9 stereocentre
via a benzylidene acetal

* A Mukaiyama aldol

13 Vincent, A.; Prunet, J. Synlett 2006, 2269.

14 (a) Schaus, S. E.; Brandes, B. D.; Larrow, J. F.; Tokunaga, M.; Hansen, K. B.; Gould, A. E.; Furrow,
M. E.; Jacobsen, E. N. J. Am. Chem. Soc. 2002, 124, 1307. (b) Martinez, L. E.; Leighton, J. L;
Carsten, D. H.; Jacobsen, E. N. J. Am. Chem. Soc. 1995, 117, 5897. (c) Tokunaga, M.; Larrow, J.
F.; Kakiuchi, F.; Jacobsen, E. N. Science 1997, 277, 936. (d) Jacobsen, E. N. Acc. Chem. Res. 2000,
33, 421.

15 Evans, D.A.; Gauchet-Prunet, J. A. J. Org. Chem. 1993, 58, 2446.
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The syntheses of the two aldol partners are shown in schemes 24 and 25.

The synthesis of aldehyde 108 commenced by the Jacobsen kinetic resolution of
racemic epoxide (+)-105 and delivered enantiopure epoxide (-)-105 in 94% yield
and excellent enantioselectivity. Opening of the epoxide by a vinyl cuprate,
followed by cross metathesis with methyl acrylate gave alcohol 107 in 90% yield
over two steps. Finally, a diastereoselective oxa-Michael reaction, followed by
reduction with DIBAL-H afforded aldehyde 108 in two steps and 70% yield.

OH
O B
BnOM (S.S1IC0] _ BnO _~_~] 7 "MgBr, Cul_ BnO._~_~_~
14 0.6 equiv H,O 96%
(£)-105 94% (-)-105 (-)-106
> 0,
98% ee Ph
AN
Grubbs' catalyst QH o 1) PhCHO, t-BuOK Q Q 0
nd ; B OM - B O\/\/'\/'\)J\
_2" Generation _ Bn N"“oMe 2)LDIBAL-H n - -~
Methyl acrylate 107 70% (2 steps) 108
94% E/Z > 99:1
::2 OAc ;::
t-Bu t-Bu
(S,S)-[Co]

Scheme 24: Synthesis of aldehyde 108

The synthesis of TMS-enol ether 113 started with an Evans aldol reaction between
aldehyde 110, obtained from Roche ester, and oxazolidinone 109. Oxazolidinone
111 was obtained in 78% vyield. Weinreb amide formation with N,O-
dimethylhydroxylamine hydrochloride and trimethylaluminum, followed by
protection of the secondary alcohol as a PMB ether gave Weinreb amide 112 in
82% yield. The synthesis was then completed by treatment with methyllithium to
form the methyl ketone, followed by enol ether formation with
trimethylsilylchloride, triethylamine and LiHMDS.

o 1. MeON(Me)H-HCl
)kN _ nBuBOTI )L AlMes, THF 0°C
"EtN, CH,Cl, 2. PMBBr, NaH

/\ 78% DMF, 0 C

109 BN 82%
O OPMB 1 MeLi THF TMSO  OPMB
X -78°C -
SO OTBS ——————— - OTBS
| 2. TMSCI, Et;N, :
LiIHMDS

112 97% 113

Scheme 25: Synthesis of enolate 113

The completion of the synthesis of the C1-15 fragment is shown in the following
scheme (Scheme 26):
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Ph Ph

o o TMSO  OPMB

0

B =z 1
BnO_~_~_~_ BFyEt,0 BnO
n ™H . GM\OTBS 3 2

“ : 75%
108 =13 dr = 82:18
1) TBSOTY, Et;N Ph P
2) NaBH, N N
3) NaH, CS,, Mel o o OTBS 1) Hy, Raney Ni 0" "0 OTBS
4) AIBN, BuzSnH Bnom 2) IBX :
81% (4 steps) 80% (2 steps) Il R
o p 115 o} 116
1) MeMgBr Ph NPing oh
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Scheme 26: Synthesis of the C1-15 fragment

Mukaiyama aldol between aldehyde 108 and silyl enol ether 113 delivered the
desired hydroxyketone in 93% yield as a 82:18 mixture of diastereomers, from
which the major diastereomer was isolated in 75% yield. After protection of the
secondary alcohol of 114 as a TBS ether, the ketone was removed using the
following sequence of steps: reduction with sodium borohydride, conversion of
the resulting alcohol into the corresponding xanthate and Barton-McCombie
deoxygenation with AIBN and tributyltin hydride. Benzyl group removal by
hydrogenation with Raney-Nickel catalyst, followed by IBX oxidation gave
aldehyde 116 in 80% yield. The 1,1-disubstituted alkene moiety was then installed
using the following sequence of steps: methylmagnesium bromide addition, IBX
oxidation of the secondary alcohol to the ketone and Wittig olefination with
methyltriphenylphosphonium bromide. Finally, cross metathesis with the required
boronate, followed by boron-iodine exchange furnished the C1-15 fragment of
dolabelide C in 55% yield after separation from the minor Z isomer.

1.3.2 - Work on the C16-30 fragment

The C16-30 subunit of dolabelide C was previously synthesised in the Prunet group
using cross-metathesis as the key step for the formation the trisubstituted alkene
at the C24-25 position. After examination of cross-metathesis reactions between
allylic alcohol derivatives and enone derivatives, the propenyl ketone was found
to be the more suitable functional group for the cross-metathesis reaction.

The synthesis of a C16-24 fragment (Scheme 27) containing a propenyl ketone was
then performed. Jacobsen hydrolytic kinetic resolution of epoxide (+)-105 using
Jacobsen’s salen (Co) catalyst ((R,R)-[Co]), followed by epoxide opening with a
vinyl Grignard reagent gave the alcohol (+)-105 in 92% yield for two steps and
with an enantiomeric excess superior to 98%. A protection reaction of the alcohol
as a t-butyldimethylsilyl ether, followed by reductive ozonolysis reaction gave the
aldehyde 119 in 82% yield. The stereochemistry present on the C21 and C22 carbon
atoms was installed via a Duthaler crotylation?” using the complex (S,S)-[Ti] and
the alcohol 120 was produced in 88% yield and a diastereomeric ratio superior to
95:5. The same sequence of deprotection and reductive ozonolysis as used
previously gave the corresponding aldehyde 121 in 81% yield. Final Grignard

16 Braun, M.-G.; Vincent, A.; Boumediene, M.; Prunet, J. J. Org. Chem. 2011, 76, 4921.
17 Hafner, A.; Duthaler, R. O.; Marti, R.; Rhis, G.; Rothe-Streit, P.; Schwarzenbach, F. J. Am. Chem.
Soc. 1992, 114, 2321.
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addition, followed by an oxidation reaction, delivered the CM precursor 122 in
54% yield and an E/Z ratio of 1:4. The C16-24 fragment was obtained in nine steps
in 29% yield.

OH
BnO._~_-<J] (RR)ICo] BnO _~_-<L]# "MgBr, Cul B”OV\/K/\
0.6 eq. H,0 95% :.
(£)-105 97% (+)-105 (+)-106 ot en
>98% ee 5 o Ph
] PR/SN,
1. TBSCI, Im TBSO O <s\‘8)'[T']‘ TBSO  OH P 67LM
2. 03; M628 BnO\/\)\)J\H JJ‘N\/\MQCI Bno\/\w (SYS)-[TI] Ml e
9 88%
82% 119 >95:5 dr 120
1. X
1. TBSOTf, Et;N TBSOTBSO O MgBr TBSOTBSO O
2. 05, Me,S BnO : 2.1BX, DMSO_BnO : ”
9 9 16
e 121 Z/g4=/°4:1 122 |

Scheme 27: Synthesis of the C16-24 fragment

Jacobsen hydrolytic kinetic resolution of epoxide (+)-123, followed by epoxide
opening with a Grignard reagent and protection of the formed alcohol as a
triethylsilyl ether gave the second fragment in three steps in 88% yield and with
an enantiomeric excess of 98% (Scheme 28).

)\MgBr

o o OTES
D~ _(RRMCOl _ Tin ~_ _cu )\/v\ TESOTY, EtN %

0.6 eq. H,0 99% (2 steps)
(+)-123 89% 123
>98% ee

Scheme 28: Synthesis of the C25-30 fragment

Coupling of the two fragments through a cross-metathesis reaction using second-
generation Hoveyda-Grubbs’ catalyst afforded the trisubstituted olefin 126 as a
4:1 mixture of E/Z isomers, from which the major isomer was isolated in 46% yield
(Scheme 29). The C16-30 subunit of dolabelide C (Scheme 29) was then obtained
in 33% vyield via the following reaction sequence: diastereoselective reduction
using L-selectride, protection of the formed alcohol as a methoxymethyl ether,
removal of the benzyl ether and conversion of the alcohol to the iodide using the
Garregg reaction.

TBSOTBSO O OTES Hoveyda-Grubbs' catalyst TBSOTBSO O OTES
BnO - 24 M 2"d Generation (30 mol%) - = : ePr
. -
16 | 2 CHyCl, 02M 40°C,3d ~ L

122 125 46% n 126
EIZ 4:1

MOM_ MOM_
1. L-selectride TBSOTBSQ Q QTES 1. H,, Raney Ni TBSOTBSQ Q QTES
2. MOMCI, i-Pr,NEt - N ~np 2.PPhg, I, Im : B
n-Pr —m——
o 0, 24 30
60% OBn 127 55% | 128

Scheme 29: Synthesis of the C16-30 subunit of dolabelide C

The synthesis of the C16-30 subunit of dolabelide C was achieved in fourteen steps
with a yield of 4.4%.
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1.4 - Previous work on the use of silicon tether in RCM

The advantages of intramolecular transformations as opposed to intermolecular
transformations are well known. The use of a temporary tether was thus
developed in order to transform an intermolecular reaction into an intramolecular
reaction and use the advantages of the intramolecular transformations. Tethering
two partners decrease the entropic demand of the reaction, which results in a
more facile reaction and allows the use of milder reaction conditions.18

Optimal tethers must be easily introduced and removed and should display a good
stability toward the reaction conditions. Commonly used elements for tethers are
silicon, phosphorus, sulfur, boron, zinc, aluminum and magnesium. The silicon
tether is one of the most commonly used due to its easy access, its stability and
its ease of removal. Additionally, silyl groups readily undergo refunctionalisation
to give a series of synthetically useful intermediates through protodesilylation,
oxidation, silane-group transfer, or transmetallation.2s

Since its development and through the discovery of new catalysts, olefin
metathesis has become a powerful tool in organic synthesis. Metathesis catalysts
exhibit high activity, high thermal stability and excellent functional-group
compatibility. Commonly used catalysts are shown in the following figure (Figure
4):

i-Pr i-Pr
Mes— N~ N-Mes Mes—N~N-Mes
Fc ol Ph CI/,Rl <:|,,R CI/,R
3 |4 0% U:\ v U:\ v u=
o CI” | pn CI™ | ‘pn "
CF3 PCy3 PCy3 0
F3C CF3 \<
129 130 131 132
Schrock's Grubbs' | Grubbs' Il Hoveyda-Grubbs' ||
catalyst catalyst catalyst catalyst

Figure 4: Common metathesis catalysts

A limitation found in the use of ring-closing metathesis is the inability to control
the E/Z geometry in the case of medium and large rings. The use of a temporary
tether for ring-closing metathesis allows the formation of Z-olefin in most medium
rings by adding a ring strain. Furthermore, increasing the size of geminal alkyl
substitution on silicon leads to bond angle distortion in which the angle between
the substituents containing reactive alkenes decreases. This phenomenon, also
known as the Thorpe-Ingold effect, greatly facilitates the cyclization of tethered
alkenes.1s

The use of a temporary silicon tether for ring-closing metathesis has then become
the subject of several studies and is now a powerful tool in organic synthesis. Two
types of silicon tethers are commonly used: the O-Si-O tether and the O-Si-C
tether.

18 (a) Cusak, A. Chem. Eur. J. 2012, 18, 5800; (b) P. A. Evans, Metathesis in Natural Product
Synthesis:Strategies, Substrates and Catalysis (Eds.: J. Cossy, S. Arseniyadis, C. Meyer), Wiley-
VCH, Weinheim, 2010, pp. 225 —259.
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1.4.1 - The 0-Si-O tether

a. Symmetrical silaketals

The temporary silicon-tethered ring-closing metathesis (TST-RCM) sequence was
initially described by Grubbs and Fu,® as a method for the construction of achiral
1,4- diols.

The synthesis of (Z)-but-2-ene-1,4-diol using a TST-RCM sequence is shown in the
following scheme (Scheme 30):

/\/\O 1. Schrock's cat, PhH, rt
é/ 2. TBAF COH
Ph 71% OH
\/\/O
133 134
Scheme 30: Synthesis of (Z)-but-2-ene-1,4-diol using a TST-RCM sequence

Due to the sensitivity of the cyclic silaketal, after RCM using Schrock's catalyst,
the crude material was treated directly with TBAF in order to remove the tether
and to afford the diol. Symmetrical silaketals can be easily accessed by silylation
of the hydroxyl group with the appropriate tethering agent bearing the reactive
dichlorosilane functionality.

An example of the use of a symmetrical silaketal in the synthesis of a natural
product is described in the following scheme (Scheme 31):

OH 1. Ph,SiCl,, CH,Cl, \ / Grubbs'l, _
\M/\ 2,6-lutidine CHyClh, A
S

2. H,, Lindlar's cat 76%

135 7% Ph Ph Ph Ph
136 137
0

1. TBAF, THF W 5 steps_ HO
2. (EtC0),0, TEA,
DMAP, CH,Cl, /j( \r(\ o O

4
96%
(-)-Phaseolinic acid

Scheme 31: Synthesis of (-)-phaseolinic acid

In their synthesis of (-)-phaseolinic acid, Garcia and co-workers used a TST-RCM
sequence. Treatment of propargylic alcohol 135 with dichlorodiphenylsilane,
followed by partial hydrogenation of the alkyne to give the alkene, gave the RCM
precursor 136. RCM proceeded smoothly in 76% yield with first-generation Grubbs'
catalyst. Subsequent removal of the tether with TBAF gave the symmetrical 1,4-
diol. Another six steps were required to synthesise (-)-phaseolinic acid.

19 Fu, G. C.; Grubbs, R. H. J. Am. Chem. Soc. 1992, 114, 5426.
20 Amador, M.; Ariza, X.; Garcia, J.; Ortiz, J. J. Org. Chem. 2004, 69, 8172.
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b. Unsymmetrical silaketals

The preparation of unsymmetrical silaketals is often hindered by the formation of
symmetrical silaketals. A usual method to synthesise these silaketals is to use an
excess of dichlorosilane. However, this excess might be difficult to remove,
especially in the case of heavier silanes. Several approaches have been reported
in order to synthesise these compounds in the most elegant manner. 222,23

1,2-Disubstituted alkenes

In their synthesis of spirofungin A, Kozmin and Marjanovic? used a TST-RCM
sequence in an interesting way. The spiroketal present in spirofungin A can be
obtained through spiroketalisation. However, the spontaneous spiroketalisation
leads to an equilibrium between two forms (Scheme 32). The desired spiroketal
140 is favored by a double anomeric stabilisation, but is sterically disfavored. On
the other hand, the other spiroketal 141 shows a single anomeric stabilisation,
but is sterically favored. Kozmin and Marjanovic decided to make use of the silicon
tether in order to lock the configuration into the desired one.

H 140 H 141
Double anomeric stabilisation Single anomeric stabilisation
Sterically disfavored Sterically favored
H

O OTBS
O-Si~jpr
H 142 i-Pr

Use of silicon tether
Lock of configuration

Scheme 32: Use of silicon tether to lock configuration during spiroketalisation

Treatment of primary alcohol 143 with diisopropyldichlorosilane and imidazole,
followed by addition of alcohol 144 led to the silaketal intermediate (Scheme 33).
Subsequent removal of the 1,4-dioxane afforded the RCM precursor 145. RCM
using second-generation Grubbs' catalyst delivered the 15-membered cycle in 85%
yield. Hydrogenation of the double bonds and removal of the benzyl ethers using
H, and Pd/C, followed by spontaneous spiroketalisation led to the desired
spiroketal 142 in 98% yield. Silyl deprotection using TBAF, followed by glycol
cleavage gave hydroxy aldehyde 147. The total synthesis of spirofungin A was then
completed in ten further steps.

21 Petit, M.; Chouraqui, G.; Aubert, C.; Malacria, M. Org. Lett. 2003, 5, 2037.

22 Cordier, C.; Morton, D.; Leach, S.; Woodhall, T.; O'Leary-Steele, C.; Warriner, S.; Nelson, A. Org.
Biomol. Chem. 2008, 6, 1734.

23 Matsui, R.; Seto, K.; Fujita, K.; Suzuki, T.; Nakazaki, A.; Kobayashi, S. Angew. Chem. Int. Ed.
2010, 49, 10068.

24 Marjanovic, J.; Kozmin, S. A. Angew. Chem. 2007, 119, 9010 ; Angew. Chem. Int. Ed. 2007, 46,
8854,
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Scheme 33: Synthesis of spirofungin A

En route to the synthesis of (+)-gigantecin, Hoye and co-workers? synthesised
silaketal 151 by coupling diphenyldichlorosilane with alcohols 149 and 150
(Scheme 34). However, treatment of 151 with second-generation Hoveyda-grubbs'
catalyst led to the unexpected eleven-membered ring silaketal 152 rather than
the desired seven-membered ring. Cross metathesis with fragment 153, followed
by diimide reduction and silyl deprotection gave 14-deoxy-9-oxygigantecin.

= . ~
0
HO 150
1 Ph,SiCl,, pyridine, 1 \ 74 Hoveyda-Grubbs' Il cat,
W PhMe, 0 °C'to rt; R g == PhMe, 80 °C
s O\ —> : O\ /O
N then 150, pyridine, N 67%
TIPSO OH PhMe, 0 °C ro rt TIPSO O\Si/o °
149 52% PH Ph
151
TIPSO I
X
153
1.153, Grubbs' Il cat,
CH2C|2, A
2. TsNHNH,;, NaOAc,
H,O, DME, A
3. HF/CH3CN, CH,Cl,, rt o

14-Deoxy-9-oxygigantecin

Scheme 34: Synthesis of 14-deoxy-9-oxygigantecin

25 Hoye, T. R.; Eklov, B. M.; Jeon, J.; Khoroosi, M. Org. Lett. 2006, 8, 3383.
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In order to synthesise (+)-gigantecin, they decided to reverse the order of the two
metathesis reactions. Treatment of silaketal 151 with second-generation Grubbs'
catalyst in the presence of fragment 153 led to cross metathesis and ring-closing
metathesis and the desired seven-membered ring silaketal 155 was obtained in
63% (Scheme 35). Subsequent diimide reduction and global silyl deprotection
afforded (+)-gigantecin in 69% yield.

153,
\ 7 Grubbs' |l cat,
! | 5 == CHyCly, A
s 0 ¢ . : ) /
TIPSO O -0 63%  TiPso 0.0 0
| I
PH Ph PH Ph

151 155

1. TsNHNH,, NaOAc,
H,0, DME, A

2. HF/CH3CN, CH,Cly, rt
69%

(+)-Gigantecin

Scheme 35: Synthesis of (+)-gigantecin

Evans and co-workers? reported the use of a TST-RCM sequence in order to induce
a long-range asymmetry (Scheme 36). Ring-closing metathesis of silaketal 159
using first-generation Grubbs' catalyst afforded the seven-membered ring silaketal
with a good 1,4-diastereocontrol. They reported the use of first-generation
Grubbs' catalyst generated better results over second-generation Grubbs' catalyst
and Schrock's catalyst. This stereoinduction is based on the interaction between
the isopropyl group on the silicon tether and the substituent with the pseudo-axial
position on the forming ring. In the transition state leading to the cis product,
both hydrogens are in pseudo-axial position and the steric clash is minimised. On
the other transition state, there is a steric clash between the isopropyl group and
the propenyl substituent.

o
\
oH 158
i-Pr,SiCly, CH,Cly, Grubbs' |, — /
R)\/ imidazole, 0 °C ro rt CH20|2
then 158, imidazole, O .0
54-909 ~
157 CH,Cl,, 0°Ctort Yo SI
o i Pr Yi-Pr i-P’ i-Pr
71-88% 159 160
R = Np, Ph, n-Pr, PhGHj, BnOCH, | cis:trans > 20:1
Me b Me ¥

Favored TS Disfavored TS
Scheme 36: Long-range asymmetric induction

26 Evans, P. A.; Cui, J.; Buffone, G. P. Angew. Chem. 2003, 115, 1776; Angew. Chem. Int. Ed. 2003,
42, 1734.
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Trisubstituted alkenes

Hoye and co-workers?” reported the use of a temporary silicon-tethered relay ring-
closing metathesis in their synthesis of peloruside A (Scheme 37). After
synthesising silaketal 163 by coupling alcohols 161 and 162 with
diphenyldichlorosilane, treatment of the RRCM precursor with second-generation
Grubbs' catalyst led the ruthenium to attach onto the most hindered alkene by
releasing methylcyclohexene and then led to the desired cyclised silaketal.
Subsequent removal of the tether, followed by TBS and PMB protection of the
hydroxyl groups gave compound 167. An additional ten steps were required to
synthesise peloruside A from intermediate 167.

Et

oA oH /\EEt

162 o

. |
OH Ph,SiCls, O-Si—p,. Grubbs'll cat,
Z pyridine, rt; Z I\:I’h Ph PhMe, 65 °C
o CN then 162, pyridine . CN 92%
| 41% |
163

RuL, 164

1. TBAF, THF, rt
2. TBSCI, TEA, DMF |

3. Cl,CC(=NH)OPMB,
CSA, CH,Cly, rt

59% NC

167

Peloruside A

Scheme 37: Synthesis of peloruside A

Kobayashi and co-workers used a TST-RCM in order to synthesise natural products
containing a a pent-2-ene-1,5-diol moiety.22 They first decided to try this
methodology with a model system (Scheme 38). Treatment of alcohol 169 with
N,N-diethylaminochlorodiphenylsilane in the presence of TEA and catalytic
amount of 4-dimethylaminopyridine, followed by addition of alcohol 171 led to
the formation of the silaketal 172 in 85% yield. The silaketal 172 was then
subjected to ring-closing metathesis with second-generation Hoveyda-Grubbs'
catalyst in xylene in the presence of p-benzoquinone and cyclic silaketal 173 was
obtained in 93% yield and with almost exclusively the E-olefin geometry.

NOE experiments revealed that the silacycle existed in a crown-like conformation
in which all the sterically demanding substituents were in pseudo-equatorial
positions (Scheme 38).

2 Hoye, T. R.; Jeon, J.; Kopel, L. C.; Ryba, T. D.; Tennakoon, M. A.; Wang, Y. Angew. Chem. 2010,
122, 6287; Angew. Chem. Int. Ed. 2010, 49, 6151
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Scheme 38: Use of a TST-RCM sequence for the formation a pent-2-ene-1,5-diol
moiety
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While investigating the scope of this methodology, they discovered that sterically
similar products gave a similar outcome (Scheme 39). However, when the two
hydroxyl groups were in an anti relationship or when the steric bulk was reduced,
the Z-olefin product was obtained.

C7H15\/k/ )\rR Hoveyda-Grubbs' Il cat., C7H15MR x
p-benzoquinone, z + CyHis 5 »—R

O\SI/O xylene, A, 24 h O—g—0 0.0
PH Ph PH Ph PH Ph
174 175 176

= %J\)\ syn product, 61%, 175:176 > 20:1

R = i-Pr, syn product, 65%, 175:176 > 20:1
R = i-Pr, anti product, 84%, 175:176 < 1:20
R =H, 82%, 175:176 < 1:20

Scheme 39: Scope investigation

They then applied this methodology to the total synthesis of (+)-TMC-151C2s
(Scheme 40). After coupling the two alcohol fragments 177 and 178 with N,N-
diethylaminochlorodiphenylsilane in order to install the silicon tether, subjection
of the silaketal to ring-closing metathesis led to the desired E-olefin product in
87% yield. Finally, global silyl deprotection afforded (+)-TMC-151C in 54% yield.

28 Matsui, R.; Seto, K.; Sato, Y.; Suzuki, T.; Nakazaki, A.; Kobayashi, S. Angew. Chem. 2011, 123,
706; Angew. Chem. Int. Ed. 2011, 50, 680
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Scheme 40: Synthesis of (+)-TMC-151C

Tandem enyne RCM

Enyne metathesis is an important reaction that allows to install a new 1,3-diene
functionality in to the molecule. When combined with ring-closing metathesis or
cross metathesis it allows the formation of new acyclic or cyclic frameworks.
However, enyne metathesis suffers from a lack of regio- and stereocontrol. The
use of a temporary silicon tether could thus be applied to enyne metathesis in
order to offer a new reactivity and help improve the regio- and stereocontrol.

Lee and Mukherjee reported the use of a temporary silicon tether tandem enyne
RCM in their formal synthesis of (-)-cochleamycin A2 (Scheme 41). The tandem
enyne RCM precursor 186 was synthesised by two consecutive base-induced
alkynylsilane alcoholysis reaction. Tandem enyne RCM, followed by silyl
deprotection delivered the desired product containing the E,Z-1,3-diene moiety
in 61% yield. An additional eleven steps were required in order to complete the
formal synthesis of (-)-cochleamycin A.

29 Mukherjee, S.; Lee, D. Org. Lett. 2009, 11, 2916
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Scheme 41: Formal synthesis of (-)-cochleamycin A

1.4.2 - The O-Si-C tether

The use of an alkylsilane as a tether is interesting, because the product can then
be further functionalised. Functionalisation by protodesilylation or oxidation are
common examples. A few examples of the use of an 0-Si-C tether in organic
synthesis will be shown here.

a. 1,2-Disubstituted alkenes

Marsden and co-workers used a TST-RCM/Hosomi-Sakurai reaction strategy in their
total synthesis of (+)-virgatusin (Scheme 42).3 Coupling of alcohol 189 with
allyldimethylchlorosilane, followed by RCM gave the desired silacycle 190 in 70%
yield. Treatment of the silacycle with trimethylsilyltriflate in the presence of
aldehyde 191 led to the key Hosomi-Sakurai type condensation reaction in 63%
yield with good stereocontrol. The synthesis of (+)-virgatusin was then completed
in three steps and 24% yield using the following sequence of steps: Lemieux-
Johnson oxidation of the alkene, reduction of both the aldehyde and the
oxazolidinone auxiliary with sodium borhydride, and Williamson etherification
with iodomethane.

30 Akindele, T.; Marsden, S. P.; Cumming, J. G. Org. Lett. 2005, 7, 3685.
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Scheme 42: Synthesis of (+)-virgatusin

Denmark and Yang developed a TST-RCM/silicon-assisted intramolecular
palladium-catalysed cross-coupling and applied this strategy to the synthesis of
(+)-brasilenyne  (Scheme  43).3t  Silylation of alcohol 194  with
vinyldimethylchlorosilane, followed by ring-closing metathesis with Schrock'’s
catalyst gave the 6-membered silacycle 196 in 84% yield over two steps. The
formation of the nine-membered cyclic ether 197 was accomplished in 61% yield
using a palladium-catalysed intramolecular cross-coupling with TBAF as an
activator of the silane. The synthesis of (+)-brasilenyne was completed in an
additional six steps.

VinylMe,SiCl,
TEA, CH,Cl,, | Schrock's cat.,
_0O°Ctort —SI o PhH, rt
91% / 92%

OPMB OPMB
194 195
AllylPdCI
[{Ally }ol HO 6 steps
TBAF, rt /
61% /
PMBO 197 198

(+)-Brasilenyne

Scheme 43: Synthesis of (+)-Brasilenyne

31 (a) Denmark, S. E.; Yang, S. M. J. Am. Chem. Soc. 2002, 124, 15196; (b) Denmark, S. E.; Yang,
S. M. J. Am. Chem. Soc. 2004, 126, 12432.
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b. Trisubstituted alkenes

Vilarrasa and co-workers decided to use the TST-RCM reaction strategy in their
total synthesis of amphidinolide X in order to form a trisubstituted alkene (Scheme
44).32 The hydrosilylation of the alkyne 199 with dimethylchlorosilane using Trost's
catalyst gave the chlorosilane, which was coupled in situ with alcohol 200 in order
to form the O-Si-C tether in 76% yield. Vinylsilane 201 was then subjected to RCM
with Schrock’s catalyst and the six-membered silacycle was obtained in 78% yield.
Treatment of the silacycle with methyllithium induced the opening of the cycle
and the alcohol product was then protected as a TBS ether using TBS triflate. The
trimethylsilyl group was then converted into a methyl group in two steps and 89%
yield by idodesilylation with NIS and methylation with dimethylzinc following
Negishi's protocol. Completion of the total synthesis of amphidinolide X was
performed in an additional three steps.

W
0" o
\_/ OH
200

1. [CP*RU(CH3CN)5]PFs,

HSiMe,Cl, CH,Cls,

- _— _0°Ctort .-\\\JL

k N—=" 3200 TEA, CH,Cl, t k Si-

W O 76'% \ O - |

e Oq
199 201 </o

1. MeLi, THF, 0 °C, 10 min  PMBO Me;Si
. 2. TBSOTf, 2,6-lutidine, S
" | 20770  CH,Cl,-78°C

3 0 ‘\ :
k@ A 90% \\@ TBSO

202 203

Schrock's cat.,
PhH, rt, 48 h

78%

1. NIS, (CF3),CHOH,

0°C, 3 min PMBO S
2. MeyZn, [Pd(Ph3P),], N N ( 0
THF, 0 °C to rt : 3steps_ /(j/ 97 9
89% \\ )0 OH o W
204 :

205
Amphidinolide X

Scheme 44: Synthesis of amphidinolide X

Lee and Volchkov reported, in their total synthesis of (-)-amphidinolide V,3 the
use of an interesting silane dehydrogenative coupling in order to install the silicon
tether as well as an 1,3-allylic transposition of an eight-membered ring silacycle
into a six-membered ring silacycle using rhenium oxide. The syntheses of the two
partners for the silane dehydrogenative coupling are shown in the following
scheme (Scheme 45):

32 Rodriguez-Escrich, C.; Urpi, F.; Vilarrasa, J. Org. Lett. 2008, 10, 5191.
33 Volchkov, I.; Lee, D. J. Am. Chem. Soc. 2013, 135, 5324.
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Scheme 45: Syntheses of silane 210 and alcohol 215

Silane 210 was synthesised in three steps and and 61% yield from alkyne 206 and
silane 207. The synthesis commenced with the addition of the lithiated alkyne
206 onto the methoxysilane 207 to deliver the alkynylsilane 208 in 84% vyield.
Gold-catalysed intramolecular allylation of 208 in the presence of phenol gave
phenoxysilane 209 in 82% yield. Reduction of 209 with Red-Al afforded the silane
partner 210 in 89% yield. The alcohol partner was synthesised in three steps and
68% yield from alcohol 212 and silane 211. After formation of oxysilane 213 by
silane alcoholysis, Lee and Volchkov used a TST-enyne RCM, followed by
methyllithium cleavage to obtain alcohol 215.

The two partners were then coupled in excellent yield using (xantphos)copper
chloride as a catalyst and lithium tert-butoxide (Scheme 46). Oxysilane 216 was
then subjected to ring-closing metathesis using second-generation Grubbs' catalyst
in the presence of p-benzoquinone and the eight-membered silacycle was
obtained in 96% yield. 1,3-Allylic transposition with rhenium oxide delivered
silacycle 218 in 85% yield and with a diastereomeric ratio of 85:15. Compound
218 was then converted into aldehyde 219 in six further steps, which was coupled
with aldehyde 220 by an organocatalytic aldol condensation reaction. The
diphenylsilyl group was then selectively removed using silver fluoride and
EtsN-3HF in 77% yield. A further seven steps were needed in order to complete
the synthesis of (-)-amphidinolide V.
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Scheme 46: Completion of the synthesis of (-)-amphidinolide V

There are few examples of the use of tethered RCM reactions to synthesise
trisubstituted olefins containing a motif similar to the one found in dolabelide C.
Miller and Li decided to use a TST-RCM strategy to install selectively the Z-olefin
present in (+)-straptazolin (Scheme 47).3¢ Deacetylation of intermediate 224,
followed by coupling with allyldimethychlorosilane gave the RCM precursor 225 in
74% yield. Ring-closing metathesis afforded the silacycle in quantitative yield. The
next step, however, proved problematic. After optimisation, protodesilylation
using potassium fluoride and potassium bicarbonate gave the desired allylic
alcohol 227 in 50% yield. The synthesis of (+)-streptazolin was then completed by
removal of pivaloate group followed by concomitant urethane formation in 76%
yield. Due to the partial decomposition upon the isolation, (+)-streptazolin was
then converted to the more stable acetate 229 in two steps.

34 Li, F.; Miller, M. J. J. Org. Chem. 2006, 71, 5221.
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Scheme 47: Synthesis of (+)-streptazolin

Similarly to the work done by Miller and Li, Taylor and co-workers decided to use
a TST-RCM to control the geometry of the allylic alcohol present in cornexistin and
its analog 14-hydroxycornexistin (Scheme 48).% Toward this end, oxysilane 230
was subjected to ring-closing metathesis. However, only dimeric products were
obtained, regardless of the catalyst employed. It was proposed that substrate 230
was conformationally mismatched for the RCM reaction.

They then decided to invert the stereochemistry of the allylic alcohol and
synthesised in three steps and 30% yield a new oxysilane 235. In this case,
treatment of substrate 235 with second-generation Grubbs' catalyst gave the
desired silacycle in quantitative yield. Subsequent Tamao-Fleming reaction
delivered a late-stage intermediate toward the synthesis of 14-hydroxycornexistin
in quantitative yield.

85 Tung, J. C.; Chen, W.; Noll, B. C.; Taylor, R. E.; Fields, S. C.; Dent, W. H. Ill.; Green, F. R.
Synthesis 2007, 2388.



Chapter 1: Introduction 36

%w
-Si—
O
MeO,C Grubbs' Il cat.  MeO,C

Meo,c N\ "Yopm %24 meosc

OAc :> C
23

1 232, R = H, Cornexistin
233, R = OH, 14-Hydroxycornexistin

B \//’/

OH 0-Si~
1. DMPI ‘
MeO,C 2. NaBH, MeO,C Grubbs' Il cat.
: CH,Cly, A
MeO,C PmB 3-AllylMe,SiCl, yeo,c PMB 202
8L — © TEA, Choly  e02¢ 2 O 99%
> OAc 30% OAc
234 235
Si—
o
KF, H,0,,
KHCO;
THF/MeOH
— TOPMB " Tgu,
‘> OAc
236

Scheme 48: Synthesis of 14-hydroxycornexistin precursor

c. Asymmetric ring-closing metathesis

Alkene metathesis is nhow a commonly used method in organic synthesis, and
studies are now being done in order to render this reaction asymmetric. These
studies are also being expanded to the use of chiral metathesis complexes in the
TST-RCM reactions.

Schrock and co-workers examined the efficiencies of catalysts 238-242 (Figure 5)
for the enantioselective formation of silacycles.zs

i-Pr/,,,

241, R = —§©i-Pr
i-Pr

242 R = CHPh,
Figure 5: Chiral catalysts for metathesis

238, R =j-Pr, R'=Ph
239, R = Me, R'=Ph
240, R=CI,R'= Me

8 Zhu, S. S.; Cefalo, D. R.; La, D. S.; Jamieson, J. Y.; Davis, W. M.; Hoveyda, A. H.; Schrock, R. R.
J. Am. Chem. Soc. 1999, 121, 8251.
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Binol complexes seem to be typically more effective in the asymmetric synthesis
of six-membered ring silacycles. However, it is often difficult to predict which
class of catalyst will be the best choice.zs

They then expanded the scope to the synthesis of seven-membered ring
silacycle.?” Substrates 243 were then synthesised. These substrates would deliver,
by ARCM, tertiary seven-membered ring siloxanes, which could then be easily
functionalised to deliver tertiary alcohols of high optical purity, compounds that
are often difficult to prepare by any other method. The results obtained are
summarised in the following table (Table 1):

Me_  Me
/SI\/\

R (@)
5 mol% catalyst
CGHGv rt

Entry R Catalyst | Conv (%); yield ee (%)
(%)
1 Ph 238 > 98; 92 93
2 p-BrPh 240 > 98; 98 94
3 Cy 238 > 98; 91 83
4 i-Pr 238 > 98; 92 90
5 n-Bu 239 > 98; 87 66
6 Me 242 >98; 90 47

Table 1: Syntheses of seven-membered ring silacycles by TST-ARCM

Substrates containing an aromatic group or an isopropyl group were obtained in
good yield and with good enantiomeric excesses. A more bulky cyclohexyl group
gave a slightly lower enantiomeric excess. However, with sterically less bulky
substrates, the reaction proceeded with an erosion of enantioselectivity.

Hoveyda and co-workers then described the functionalisation of silacycle 245
(Scheme 49). Treatment with methyllithium gave tertiary alcohol 246 in good
yield and good enantioselectivity. Epoxidation, followed by tether removal, led to
the formation of diol 248 in good yield and excellent diastereocontrol and

enantioselectivity.
Ph OH
MeLi, THF, rt >
90% .
SiMe3

246
93% ee

Phu,

HO, PhOH
TBAF, THF, rt M

.,’,O 86% (2 steps) 248
de > 20:1; 93% ee

m-CPBA, NaHCO;
CH2C|2, rt

247
Scheme 49: Functionalisation of silacycle 245

37 Kiely, A. F.; Jernelius, J. A.; Schrock, R. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2002, 124, 2868.
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Funk reported the use of a chiral version of the second-generation Grubbs' catalyst
to synthesise a substrate containing a similar motif to the one present in
dolabelide C (Scheme 50).38

Ph, Ph
- i-Pr
NN - J-Pr
To
i-Pr Ru=\,
Me. Me i-Pr cr | Ph Me
si PC s
O/SI\/\ 250Y3 OH OH
(0.75 mol%) KF, H202 N
| | j 4% (2 steps)
249 251 252

92% ee

Scheme 50: Synthesis of diol 252 by TST-ARCM

Treatment of oxysilane 249 with catalyst 250 delivered the six-membered
silacycle 251 with good enantioselectivity. Subsequent Tamao-Fleming oxidation
gave the diol 252 in 64% yield over two steps.

1.5 - Presentation of Project

As presented in the introduction, dolabelide C possesses a trisubstituted olefin,
which is highlighted in red in Figure 6. This type of olefin can be obtained through
cross metathesis, but the E/Z ratios vary from 2.3:1 to 4:1.

OAc OAc OH

MRzRﬁ %

E/Z ratios from 2.3:1 to 4:1

Figure 6: Olefin at C24-25 of dolabelide C

The first objective of this project is to develop a new diastereoselective access to
this type of trisubstituted olefin by employing a ring-closing metathesis reaction
(RCM) on a substrate where two olefinic fragments have been linked by a silicon
tether (Scheme 51).

AN \/

- Removal : RCM
R Z R —— R RR——R /ﬁ :>R | + )\R'

Scheme 51: Tethered RCM

The methodology will first be tried on racemic model compounds to validate the
method and will then be used for the synthesis of dolabelide C.

38 Funk, T. W. Org. Lett. 2009, 11, 4998.
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The revised retrosynthesis of dolabelide C is presented in the following scheme
(Scheme 52):

W

Esterification

OAc
Suzuki coupling B

Negishi's
carboalumination
\S/w -
_Si
, OP; OP, O OR OR OR OPMB
P1O - ~ / < < T
Y OTBS
253 254 =
U Cross metathesis
FGI
\S_/
i
OP, OP, OH clr- OP' (?R (?R OR QPMB

P#)M . ~ Bno\/\/\/\/'\/+/\:/\r\oTBS
255 | 256 257 Z258

o o OP o o)
P10 J\/\/\ P10
1 \/\/<‘ EtO 1 \/\/<‘ MeO OH
259 260 259 49

Scheme 52: Retrosynthesis of fragment C15-30 using tethered RCM

The main disconnections are the same as for the previously envisaged synthesis
discussed in the introduction, but other routes are envisaged for the syntheses of
both fragments C1-15 and C16-30. The fragment C16-30 could be obtained using
the proposed methodology by coupling alcohol 255 with silane 256, which could
be obtained from epoxide 259 and ester 260, respectively. A second part of this
project is to optimise the synthesis of the C1-15 fragment. Indeed, the Mukaiyama
aldol reaction (see Scheme 26) employed before is a high yielding method.
However, as the ketone is not present in the natural product, several steps are
required in order to remove it. Moreover, a Negishi carboalumination reaction was
tried on substrate 261 (Scheme 53), but it only led to decomposition. This might
be due to the fact that the benzylidene acetal is incompatible with the reaction
conditions.

Ph Ph
0 >0 OTBS OPMB Cp,ZrCly, AlMeg, 070 OTBS  OPMB
L : (CHoCl)y; 1 L :
= 0TBS ———%——— 17X oTBS

261
Scheme 53: Negishi's carboalumination on substrate 261

118

The new synthesis would involve cross metathesis between the two fragments 257
and 258 and the Negishi carboalumination reaction would be tried on a substrate
containing various protecting groups rather than the benzylidene acetal.
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Chapter 2: Synthesis of trisubstituted alkenes by
RCM using an O-Si-C tether

As was presented in the introduction, we were interested in developing new
methodology to synthesise a trisubstituted alkene flanked with an allylic alcohol
via a ring-closing metathesis reaction using an O-Si-C tether for this purpose.

In order to explore the reaction, we first decided to work on model substrates. In
a first part, the synthesis of the substrates and the different trials performed to
install the silicon tether will be discussed.

In a second part, the ring-closing metathesis reaction and the different trials
performed for the removal of the silicon tether will be presented.

Finally, the newly developed methodology will be applied to the synthesis of the
C16-30 fragment of dolabelide C.

2.1 - Previous work in the group

The first method envisaged for the formation of the silicon tether was to
synthesise a chlorosilane derivative and to then couple it with an allylic alcohol
(Scheme 54).

N
_Si

\S_/
? }\R' ?H cl- I)\
R ———>R + ,
] 7 ?

Scheme 54: Retrosynthesis envisaged for the silicon tether formation

Previous work was also done in the Prunet group by Mehdi Boumediene on the
synthesis of a model system of the trisubstituted olefin at C24-25 via ring-closing
metathesis using an oxygen-silicon-carbon tether link.

In the study performed in the Prunet group by Mehdi Boumediene, several methods
for the synthesis of a chlorodimethyl(2-alkylallyl)silane compound were tried.

The first method was to synthesise the alkoxysilane 263 and convert it to the
corresponding chlorosilane. The alkoxysilane 263 was synthesised via a Peterson
olefination reaction between ethyl valerate and the isopropoxysilane 262 in 43%
yield (Scheme 55). Several conditions were screened to convert the alkoxysilane
into the chlorosilane, but the chlorosilane could not be obtained.

\ / \ /
i. Mg, THF _Si Si

g
\ / ii. Ethyl valerate, CeCl,, 0 cl
O/SI\/CI —78°Ctort,4h

43%
262 ° 263 264

Scheme 55: First method

39 Boumediene, M., Master thesis, Ecole Polytechnique 2007
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The second method was to form the silicon-oxygen link first, then perform the
Peterson olefination reaction. The allylic alcohol 265 was thus reacted with
chloro(chloromethyl)dimethylsilane 266 to form the protected alcohol 267 in 88%
yield (Scheme 56). However, the Peterson olefination of this compound with ethyl
valerate did not lead to the desired product.

W/ \ /
oH \ / 2.5 eq. NEt,, oSl i. Mg, THF o° CaHo
e~ . oSOl 05eq. DMAP C5H11)\/ ii. Ethyl valerate Can)ﬁ
268 oee gy " 267 268 |

1.2 eq.
Scheme 56: Second method

The last method tried by Mehdi Boumediene was to form the chlorodimethyl(2-
alkylallyl)silane compound via a Grignard addition.4 Reaction of the Grignard
reagent formed from the chloride compound 270 with dichlorodimethylsilane gave
the desired product 271 in 22% yield (Scheme 57). The yield is quite low, because
double addition of the Grignard reagent to the dichlorosilane probably happens as
a side reaction (literature yield = 35%).

\ /

\
\ / C;\ crr ')\
aSal __2eq Mg
269 270 E0.40°C.241 71
1.5eq. °

Scheme 57: Third method
The chlorosilane compound 271 was then reacted with the allylic alcohol 265 to

form the silyl ether 272 in 60% yield (Scheme 58). The cyclisation reaction was
then successfully achieved in 70% yield using ring-closing metathesis (Scheme 58).
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Scheme 58: Tethered RCM

However, cleavage of the oxygen-silicon-carbon tether using a 1 M
tetrabutylammonium fluoride solution in tetrahydrofuran led to isomerisation of
the double bond to form a terminal alkene (Scheme 59).

\/
o™ OH
A 1.35eq. TBAF 1M /\/\)\J\
73 THF, rt, 2 h 74

Scheme 59: Cleavage trial

40 Firstner, A.; Voigtlander, D. Synthesis 2000, 7, 959.
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