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Abstract
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Approaches to the Synthesis of Non-Natural Carbohydrates via Silicon Tethered Ene

and Allyl Transfer Reactions
Petra M. Stafford D.Phil.
Hertford College Trinity Term 2004

The efficiency of an intermolecular synthetic transformation can be improved by temporarily
linking reaction components together. The addition of a tether leads to enhanced regio- and
stereocontrol by restraining the mobility of the reacting partners, effectively transforming an
intermolecular reaction into its intramolecular counterpart. Silicon tethers are associated with
an expanding range of applications, including hydrosilylations, cycloadditions and radical
reactions. This project has continued work pioneered by the Robertson group into silicon
tethered Type I ene cyclisations, extending the methodology to incorporate O-linked ene
precursors with the intention of applying this chemistry to the stereoselective synthesis of
non-natural carbohydrates.

This investigation encompassed advances in the area made concurrently within the Robertson
group and extended the scope of the ene protocol by successfully incorporating latent
functionality into the R-group side chain. In addition, a new route to the O-linked ene
precursors was established employing silylcyanohydrin chemistry. In general, the ene
reactions proceeded stereoselectively to generate the expected oxasilacyclohexanols, which
could be cleaved oxidatively to afford 1,2,4-triols. The formation of the major diastereomer
was consistent with ene cyclisation proceeding through a frams-decalin type transition state
(e.g. leading to compound 1).

During our attempts to effect ene cyclisation in the O-linked prenyl systems we observed an
unexpected side reaction, resulting from intramolecular allylic transfer. Further studies
revealed that this novel process could be initiated thermally to generate 1,2-homoallylic diols
with excellent levels of stereoselectivity. Tethered E- and Z-crotylsilanes were found to be
equally receptive to this process.

Although attempts to apply the silicon tethered allyl transfer chemistry to aldimines and
glycosides failed, an extension of the methodology to incorporate cyclohexadienylsilanes was
successful and provided interesting synthetic intermediates for elaboration to carbasugars.
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Chapter 1

Silicon Tethered Reactions

1.0 Introduction

In recent years the importance of temporary tethers in organic synthesis has become ever
more apparent.' Tethered systems transform an intermolecular reaction into its intramolecular
equivalent. The unimolecular transition state generated by the addition of a tethering
component leads to enhanced regio- and stereocontrol by restraining the degrees of freedom
of the reacting partners. The restriction in mobility imparted by temporary intramolecularity
lessens entropic demands and can lead to increased rates and milder reaction conditions. Once
the benefits of the temporary connection have been exploited, and the linker removed, a
compound which is otherwise inaccessible by intermolecular means may result. Consequently
a tethered reaction can be of greater synthetic value than the analogous intermolecular process

(Scheme 1.01).

t
Si .
S 5]
A + B —_— A B —_— A B —_— A B
N N
Reactants Silicon tethered Silicon tethered Product
Reactants Product

Scheme 1.01

The role of silicon as the ‘disposable’ component in tethered systems has been well
documented in the literature since the concept was first introduced by Stork? and Nishiyama®
in the mid 1980s. The silyl group has proved to be an advantageous choice for the temporary

connector due to its inertness to assorted reaction conditions and the ease with which it can be
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selectively removed. In conjunction with its versatile tethering ability, silicon can also impart
masked functionality; silyl tethers can simply be detached by protodesilylation or converted
into a wide variety of functional groups (Scheme 1.02). It is this combined flexibility which

underlines the increasing popularity of silicon-assisted processes.

Silyloxy tethered reaction

R, R
N4
/S|\O/B

Silaketal tethered reaction

a) LiAlH,; b) R'Li; ¢) #-BuOK, DMSO or TBAF, DMF; d) Tamao or Woerpel oxidation; ¢) R*X,Pd,F;HF.

Scheme 1.02
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To date, two excellent reviews of silicon tethered chemistry have been published;*’ this
chapter will cover subsequent advances in the field, categorised according to reaction type.
Whenever possible, the categories will highlight recent examples where the silicon tethered
methodology is refined to an extent, that allows its application to the elegant syntheses of

complex organic molecules.

1.1 Hydro- and Carbosilylations

Silicon heterocycles function as important synthetic intermediates; their versatility in organic
transformations is amply documented in the literature.® A multitude of silacycle syntheses
(predominantly five-membered silacycles) proceed via intramolecular hydrosilylation; this
process has been the focus of study of several groups and provides a convenient
stereoselective route to substituted 1,3-diols via oxidative cleavage of the silicon-carbon
bond.*7

More recent additions to the literature include Denmark’s intramolecular hydrosilylation and
silicon-assisted cross-coupling methodology, as an expedient route to regio- and stereodefined

allylic alcohols (Scheme 1.03).°

H
\ — Me Me \
—— sicMe a — \ o — sicMe
/r Me «—— 0-Si—0-Si—H ————» 7 ~Me
/Si—'O | | H /Si—-O
Me Me
Me Me Me Me
1.02 1.01 1.04

H OH OH
l_b_> — OMe —_— 4—1—-'
H
o)
1.03 1.05

a) [RuCl,y(CsHp)), 6.3 mol%, A (82%); b) TBAF-dioxane, Arl, Pd(dba), 5.0 mol%, RT—40 °C, 70 hr (65%);
¢) Pt(DVDS) 0.3%, i-Pr,NEt, 0 °C (60%); d) TBAF-dioxane, Arl, Pd(dba); 5.0 mol%, RT, 10 hr (82%).

Scheme 1.03

4
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The divergent stereochemistry of intermediate disiloxanes 1.02 and 1.04 results from the
ability of the transition metal catalyst to direct the mode of cyclisation and addition of the Si-
H bond. Substrate 1.01 underwent syn hydrosilylation with a Pt(0) catalyst to furnish the E-
alkenylsilane 1.04. The hydrosilylation is thought to proceed via the Chalk-Harrod
mechanism (Scheme 1.04); initial oxidative addition of the hydrosilane to the catalyst
generates a hydrido-silyl complex which coordinates to the alkyne. Subsequent cis addition of
the Si-H bond and reductive elimination releases the E-vinylsilane and regenerates the

catalyst.”

—X —X X X
+ M : 1 — e =

Scheme 1.04

Anti-selectivity was observed with the use of a ruthenium arene complex, which results from
an alternative mechanism, in which silyl migration to the coordinated alkyne proceeds in
preference to hydride migration. The initial insertion orients the metal and silyl moiety cis on
the vinyl organometallic, however, metal-assisted isomerisation proceeds via a zwitterionic
carbene-like intermediate to generate the Z-alkenylsilane. The driving-force for isomerisation,
leading to the thermodynamically less stable Z-vinyl silane, is the relief of steric strain

between the metal and the adjacent silane (Scheme 1.05).

X X H—M X H X
H—M I SiR3 H=M SiR3 SiRg SiR3
L

Scheme 1.05

5
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Widenhoefer has demonstrated the use of a cationic palladium(II) complex to catalyse the
intramolecular hydrosilylation of 4-pentenylsilanes to form silacyclohexanes with excellent

regioselectivity. '

Several key steps in targeted syntheses have been facilitated by the use of intramolecular
hydrosilylation reactions; Kozmin’s studies toward the synthesis of leucascandrolide A (1.09),
a cytotoxic 18-membered macrolide isolated from the marine sponge Leucascandra
caveolata, involved an intramolecular hydrosilylation to selectively install the Ci,

stereocentre in the C;-C;s segment (1.08) (Scheme 1.06).!!

_

1.08 \” o
1.09

Leucascandrolide A NHCO,Me

a) H,PtCls 0.3 mol%, 50 °C, (d.r. = 87:13); b) TBAF-THF, 70 °C (54% two steps).

Scheme 1.06

In the synthesis of the C;-C,; fragment of the protein phosphatase inhibitor tautomycin (1.14),

Marshall and co-workers demonstrated the use of a tethered hydrosilylation-oxidation

protocol to install the terminal B-hydroxy ketone subunit (Scheme 1.07)."
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1.14

Tautomycin

a) 1-(S)-Methylprop-2-ynyl methanesulfonate, Pd(OAc), 0.5 mol%, PPhs, Et,Zn (82%), then HN(SiMe,H),;

b) H,PtCls 0.5 mol%, 60 °C; c) H,O,, KF, KHCOs, MeOH (82% three steps).

Scheme 1.07

Marshall applied a similar bis-intramolecular hydrosilylation-oxidation strategy to the total
synthesis of the polypropionate marine defence compound (-)-membrenone C (1.18).
Hydrosilylation of di-alkyne precursor 1.15 and Tamao oxidation of the derived bis-cyclic
siloxane 1.16 furnished diol 1.17. Immediate acylation and double aldol condensation

afforded the desired target compound 1.18 (Scheme 1.08).°




Introduction: Part 1

Chapter 1: Silicon Tethered Reactions

Me Me Me Me Me Me
2 N N
FZ A a
H O oL _H Me-8Si——O O—Si—Me
”~
S/I\ ,Si\ I I
Me Me Me Me Me Me
1.15 1.16

1.18
(-)-Membrenone C

a) H,PtCls 0.6 mol%, 75 °C (100%); b) H,0,, KF, KHCO;, MeOH-THF,;

¢) EtCO,H, DCC, DMAP (46% two steps); d) TiCl,, i-Pr,NEt (51%).

Scheme 1.08

In an effort to prepare diterpenoids jatrophatrione (1.19) and citlalitrione (1.20), Paquette
reported the use of a stereocontrolled intramolecular hydrosilylation-oxidation sequence to
oxygenate cleanly at the C;, position (Scheme 1.09). These novel diterpenoids are of interest

as they possess an unprecedented [5.9.5] tricyclic core and exhibit impressive biological

activity as tumour-inhibitory agents."

1.19
Jatrophatrione

1.20

Citlalitrione
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1.21 1.22 1.23
a) Me,SiHCl, TEA; b) H,PtCls, HMDS (80% two steps); ¢) H,O,, KF, KHCO;, DMF (93%).

Scheme 1.09

Carbosilylations are less prevalent than their hydro- counterparts; a noteworthy example can
be found in Yamamoto’s methodology for the preparation of six-membered silacycles from
unactivated alkynes. The Lewis acid catalysed intramolecular vinylsilylation of
alkynylvinylsilane 1.24 proceeded in an exo-frans fashion to give 1.28 in excellent yield
(Scheme 1.10). The proposed fnechanism involves stereoselective formation of aluminium ate
complex 1.26 via co-ordination of the Lewis acid to the alkyne with concurrent exo-attack of
the vinylsilane moiety on the electron deficient alkynyl carbon. Dissipation of the B-
carbocation by cleavage of the silicon-carbon bond generated intermediate 1.27 and

subsequent rearrangement afforded the trams-silacycle 1.28.1°

_ - = -
XsAl .
& \s A|X3
Z
=
-—a—> —
Ph
AR Ph X'~y Si~ey

?I\ N ?'\/\/ Me Me *
~Me Me Mo Me

1.24 - 1.25 - 1.26 -
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X Me
Si—Me
‘\Alxn | N Ph
— S — (]
i
X Me Me
Ph
1.27 1.28

a) EtAICl; (cat.), 0 °C-RT (92%).

Scheme 1.10

1.2 Silylformylation

Tethered silylformylation, which involves trapping of the catalytic intermediates of
intramolecular hydrosilylation with carbon monoxide, has been extensively studied by
Ojima.'® These rhodium-catalysed reactions proceed with excellent regioselectivity and have

been applied to the double silylformylation and desymmetrisation of silyloxyalkadiynes

(Scheme 1.11).

1.30 1.29 1.31

a) PhMe,SiH, Rh(acac)(CO),, CO (100%); b) Rh(acac)(CO),, CO (98%).

Scheme 1.11

The resulting oxasilacyclopentanes could be converted into oxasilacyclopentenes via a novel

DMAP-catalysed rearrangement (Scheme 1.12).

10
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OAc
a
—_— O:”A

Me

1.32 1.33
a) Ac,O, TEA, DMAP 5.0 mol% (76%).

Scheme 1.12

Ojima has also investigated the application of tethered silylformylation to

bis(silylamino)alkynes as an expedient route to aminoformylvinylsilanes (Scheme 1.13)."”

H
T _ N(SiMeoH)
L - .,
: —— - - >
fi = Bu
1.34 1.35 1.36

a) Rh(acac)(CO),, CO, 60 °C; b) NaBH, then aq. NH,Cl1 (84% two steps).

Scheme 1.13

In an extension of his hydrosilylation cross-coupling methodology (see Scheme 1.03),
Denmark has recently developed a novel tandem intramolecular silylformylation and silicon-
assisted cross-coupling reaction as a means of accessing geometrically defined o,f-

unsaturated aldehydes (Scheme 1.14).'*

OH
FPr
/ o) H
O-Si—-Pr —=—» H 4 L . =
/ \ ~d SII\
H—— H | ipr FPr o?
o)
o)
1.38 1.39

1.37
a) [Rh(CN#-Bu),][Co(CO).], CO, 70 °C (72%);
b) Arl, [(allyl)PdCl], 5.0 mol%, Cul 10 mol%, [-MeSi(H)O-]s.s 2.5 mol%, KF.2H;0, RT (91%).

Scheme 1.14

11
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1.3 Cycloadditions

1.3.1 Diels-Alder reactions

The intramolecular Diels-Alder reaction (IMDA) lends itself ideally to silicon tethering; a
number of groups have used silicon to connect diene and dienophile components temporarily
as a means of improving regio- and stereoselectivity during the construction of polycyclic ring
systems. The IMDA precursors have been synthesised with a variety of silyl linkages
producing silane, silyloxy, silaketal and siloxane bridged silatrienes, each possessing

relatively robust Si-C or Si-O bonds."*’

Coelho et al. have focused their attention on Si-chiral systems. Enantiomerically enriched
silatriene 1.40 was shown to undergo thermal inverse-electron demand IMDA reaction,
followed by retro Diels-Alder CO, extrusion to furnish silaisoquinolinone 1.42 in good yield,

unfortunately the sequence only proceeded with moderate diastereoselectivity (Scheme

1.15).7
Ph — ]
o Ph
) )
o o) N o
2 o Hexo _— r
R—Si* 4 l\s-—Me R—g;
’ 07N f N Me”
Me \” o) N R e H\\\
o = < I"endo
Ph
1.40 1.41 1.42

R = C¢H;; a) Toluene, A (76%, d.e. = 58%).

Scheme 1.15

Much higher diastereoselectivity was observed with the Lewis acid catalysed IMDA reaction

of chiral silatriene 1.43, which furnished endo-cycloadduct 1.44 as the major isomer (Scheme

1.16).2°

12
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1.43 1.44
R =2-MeOPh a) EtAICl,, DCM (74%, d.r. = 4:5:90:1).

Scheme 1.16

Sieburth reported the use of vinylsilanes as dienophiles in IMDA methodology applied to the

synthesis of highly oxygenated cycloadducts, such as bicyclic diol 1.47 (Scheme 1.17).*!

OH Phéilph Ho | on
. E0,C7 X" o bo  EOCa G
PR - ——
NN
™
_ J
1.45 1.46 1.47

a) EtO,C-CH=CH-Si(OTf)Ph,, py.; b) 80 °C; c) H,O,, KHF, (70% three steps).

Scheme 1.17

An example which clearly illustrates the synthetic utility of the silyl tethered IMDA reaction
is Overman’s total synthesis of (+)-aloperine (Scheme 1.18).%* This lupinine alkaloid, first
isolated from the seeds and leaves of Sophora alopecuroides L, a plant long associated with
Chinese folk-medicine, is of interest for its anti-inflammatory properties. A key feature of
Overman’s synthesis is the employment of an uncommon N-silylamine tether during the
construction of the bridged tetracyclic skeleton. The Si-N bond is inherently unstable, prone
to hydrolysis, and is hence seldom utilised in synthesis; in Overman’s tethered IMDA

protocol, several of the key intermediates were not isolated for this very reason. Diels-Alder

13
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cycloaddition of triene 1.50 proceeded to give cycloadducts 1.51 and 1.52 (5:1), subsequent
lactamisation and Tamao oxidation led to tetracyclic alcohols 1.54 (major and minor). Two
additional steps enabled completion of the first total synthesis of (+)-aloperine (1.55) in an

overall yield of 29% from 1.48.

O,,,”
NT TiO vz
CO,Me a_,
H /\Ej + SeiT 2 Me. | /\@

A
N /
Ts Me  Me Me | Ts

1.48 1.49 1.50

major

1.54

a) TEA, 0 °C-RT (76%); b) HF .py., RT, then A;
¢) H,0,, KF, KHCO;, MeOH-THF, A (63% and 13%, two steps);
d) CcFsOC(S)Cl1, DMAP, then Bu;SnH, AIBN, A (70%); ¢) LiAlH,, RT (88%).

Scheme 1.18

In a recent synthesis of unsymmetrical C-aryl glycosides, a silicon tethered IMDA reaction
was used by Martin and co-workers to prepare 1.59 (Scheme 1.19). Intermolecular Diels-

Alder reactions of unsymmetrical benzynes generally proceed with poor regioselectivity,” in

14
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this case the temporary silicon connection dictates the regiochemistry of the benzyne-furan

cycloaddition.?*

MeO
a,b,c
———- W
OMe
L —
1.56 1.57
OMe
o H
— o
MeO MeO
1.58 1.59

a) LDA, -78 °C then Me,Si(C1)CH,Br (73%); b) 2,6-dichloro-4-methoxyphenol, K,COs, BusNI (83%);
¢) s-BuLi, -95 °C to -5 °C (68%); d) TBAF-THF, DMF, RT then TFA, -5 °C-RT (90%).

Scheme 1.19

1.3.2 [3+2] Cycloadditions
Since the feasibility of silyl tethered 1,3-dipolar cycloadditions was first demonstrated by

> a number of groups have employed silicon based tethers to ensure high

Rosini,”
diastereofacial selectivity in azomethine ylide, nitrile oxide and silyl nitronate
cycloadditions.®**” In recent studies directed towards the synthesis of stereodefined
aminopolyols, Ishikawa employed a silicon tethered [3+2] nitrone cycloaddition elegantly to
construct biologically important aminosugars. The cycloadduct derived from 1.61 was readily

converted via Tamao oxidation into isoxazolidine 1.63 and then elaborated further to the

desired aminoribose derivative 1.65 (Scheme 1.20).%*
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Ph_ Ph
< Ph_ Ph o H

N, oSN s

/'\/ — — O /O
NO, H
05H1 1 C5H1 1)\|/ N

H \
CsHiy OTMS

-0~ +\OTMSJ
1.60 1.61 1.62
OTBS  1gs TBSO  OTBS o
s s C5H11 OAcC

b,cd F ef : o g,h
e CsHiT N e TN 9,

Boc V=0 BocHN  H BocHN' OAc

1.63 1.64 1.65

a) TMSCI, TEA, 0 °C-RT (99%, d.r. = 5:1); b) H,, Pd/C, Boc,0, RT (42%);
¢) H;0,, KF, KHCO;, MeOH-THF, RT; d) TBS-OTf, TEA, RT (46% two steps); €) Mo(CO)s, A;
f) SOs.py., TEA, DMSO (57% two steps); g) TBAF; h) Ac,O, TEA, DMAP, RT (52% two steps).

Scheme 1.20

The synthetic expediency of tethered [3+2] nitrone cycloadditions is clearly demonstrated in
Denmark’s adept synthesis of (—)-detoxinine (1.70), a highly functionalised amino acid, which
forms the core scaffold of constituent depsipeptides of the detoxin complex.”’ Co-
administration of the detoxin complex with the nucleoside antibiotic blasicidin S induces a
reduction in the cytotoxicity of the antibiotic without decreasing its effectiveness against rice

blast disease.

The tandem [4+2]/[3+2] cycloaddition proceeded via an intermolecular, inverse-electron
demand hetero Diels-Alder reaction of nitroalkene 1.66 with chiral auxiliary 1.67°° and
subsequent intramolecular [3+2] cyclisation of intermediate 1.68 (Scheme 1.21). The
remarkable stereocontrol (d.r. = 27 :1) results from an exo approach of 1.67, and direction of

the dipolarophile on to the same face by the silicon tether.
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O,N i .

. . 0.+.0 O
FPr iPr ~N7 N,
\l \/ X On. a Nl
O's' + —_— MeO,C o
| Ph 1

1.66 1.67 1.68

———i- MeOgcl"" HO

Xl

(o) OH OH
-Pr

1.70
(-)}Detoxinine

1.69

a) MAPh, -78 °C to -15 °C, 14.5 hr (60%).

Scheme 1.21

Maas et al. have investigated the tethered [3+2] cycloaddition of unsaturated o-silyl-o-
diazoacetates. For example cycloaddition of the diazo dipole and the tethered alkene

generated silacycle 1.73 after nitrogen extrusion from the intermediate bicyclic pyrazole 1.72

(Scheme 1.22).%

_ COyMe [ fPr
Pr /g i'Pf\s. COzMe
\ N a -N2 / :
iPr— SII 2 — — O I
O 5
),/\ Me” 2
A Me
Me Me L 4
1.71 1.72 1.73

a) Xylene, 142 °C, 3 hr (63%).

Scheme 1.22
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1.4 Radical reactions

A key synthetic process widely receptive to silicon tethered methodology is the radical
cyclisation reaction. Since the concept of silicon mediated intramolecular hydroxymethylation
was first demonstrated by Nishiyama’® and Stork,> a number of groups have utilised
bromomethyldimethylsilyl (BMDMS) ethers as a means of elaborating allylic alcohols

stereoselectively via S-exo-trig radical cyclisation."*’

Most recently, Malacria has
investigated a nitrogen version of the BMDMS radical cyclisation (analogous to Nishiyama’s
original silyl ether series) for the novel construction of y-amino alcohols. Interestingly, this
group observed complete regioselectivity from their silicon-nitrogen tethered substrates, with
cyclisation proceeding exclusively through the 5-exo-rig mode. Conversely, in Nishiyama’s
series, although cyclisation occurred predominantly through the 5-exo mode for crotyl
systems, the 6-endo mode was often observed in allylic systems lacking terminal alkene
functionality. Malacria’s protocol provided an expedient one-pot synthesis of 1,3-amino

alcohols and constituted the first use of an N-silyl linkage in radical chemistry (Scheme

1.23).*

. S-exo-trig -
N Boc /SI\ Br /N S|I\Me _N_ OH
Boc H Me Me Boc Me Boc H
_ . _ |
1.74 1.75 1.76 1.77

a) n-BuLi, BMDMSCI; b) Bu;SnH, AIBN, Av, -10 °C;
¢) H,0,, KF, KHCO;, MeOH-THF, RT (R = H, 75%; R = Me, 42%, three steps).

Scheme 1.23

Malacria has also developed the silyl tethered 5-exo-dig cyclisation and has successfully

applied this methodology to a number of radical cascade sequences. The initial 5-exo-dig
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reactions are often accompanied by radical translocation;** mainly through hydrogen transfer
processes.>* The enantioselective synthesis of triol 1.84 (Scheme 1.24) was achieved via an
uncommon 1,4-H transfer; in this reaction 5-exo-dig cyclisation of the tethered silyl methyl
radical and subsequent hydrogen transfer to the resulting vinyl radical 1.79 generated the
stabilised intermediate 1.81. Intermolecular trapping of this anomeric radical with

acrylonitrile gave adduct 1.82 which was cleaved to furnish the enantiopure triol 1.84 in

excellent yield.*

Me Me
\

O

1.78

1,4-H
transfer

1.80 1.81

1.82 1.83 1.84
a) acrylonitrile, Bus;SnH, AIBN, Av, RT (56%); b) TBAF-SiO,, 60 °C (85%);
¢) AcOH, H,0, 60 °C (100%).

Scheme 1.24
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Malacria and co-workers have applied a transannular radical cascade strategy to the
diastereoselective synthesis of linear triquinane 1.89 (Scheme 1.25). The vinyl radical
resulting from initial 5-exo-dig cyclisation of BMDMS precursor 1.85, was shown to undergo
a tandem transannular (TA) 5-exo-trig/8-endo-trig, S-exo-trig/5-endo-trig cascade to generate
tetracyclic intermediate 1.88. The methylene radical was subsequently reduced and the
silacycle oxidatively cleaved to afford the functionalised triquinane 1.89. The E,E-geometry
of the alkenyl bonds in the templating ring (1.85) was key to the success of the transannular
cascade; when the Z E-isomer was subjected to the same reaction conditions, cyclisation of

the generated vinyl radical proceeded regioselectively in a 6-endo mode. 3

B B
Me\ /Me
O—S8i
TA
——
S-exo-trig
1.85 1.86 1.87
OH OH
TA b

—_— —_—
S-exo-trig

1.89

a) Ph;SnH, AIBN, A; b) H,O,, KF, KHCO;, MeOH-THF (45% two steps).

Scheme 1.25

Silicon tethered radical cascades have proven pivotal to a number of natural product

1,4,7

syntheses."™’ Clive et al. employed a tethered radical sequence in their synthesis of (+)-
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juruenolide C (1.95) (Scheme 1.26).>7 This natural y-lactone, isolated from the seedlings of
the myristicaceous Amazonian tree Virola surinamensis, 1s known to exhibit anti-fungal
activity against Cladiosporium cladisporiolides. Clive’s synthesis pertinently demonstrates an
alternative to the intramolecular hydrosilylation reaction, incorporated within consecutive
radical cyclisations. Activation of the phenylseleno carbonate moiety of precursor 1.90
generated acyl radical 1.91 which underwent 5-exo-dig cyclisation and intramolecular
hydrogen transfer to generate silicon centred radical 1.92. 5-Endo-trig cyclisation gave the

desired y-lactone 1.94 which was converted in five further steps into (+)-juruenolide C (1.95).

1.90 1.91
B g B .
B {-Bu B
-Bu -Bu
~Sie |
Q O-si-tBu
5-exo-dig = F
Tsn - R — Me \\l‘\/a
1,5-H Me 72 S-endo-trig s
transfer o
o
o o

1.92 1.93
B u\ p
o- Si ~1-Bu gH
2 \\\\ o - ,.\\\\ O

- Me Q 5 > Me Q W >
o) o) o)
o) © o)
1.94 1.95
(+)-Juruenolide C

a) Ph;SnH, AIBN, A (79%).

Scheme 1.26
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Friestad’s stereocontrolled radical addition to chiral hydrazones via the BMDMS radical

donor 1.96 (Scheme 1.27) provided access to a range of chiral 2-hydrazino-1,3-diols (1.98) as

precursors to a-branched amines.*®

NNPh, NHNPh; NHNPh,
R . . R A o Rﬁ
S-exo-trig ;
O~ 0-Si~ OH OH
Si Br | Me
\ Me
Me Me _ -
1.96 1.97 1.98

a) Bu;SnH, AIBN, 80 °C;
b) H,0,, KF, KHCO;, MeOH-THF (R = Me, 76%; R = i-Bu, 68%; R = i-Pr, 80%; R = Ph, 57%; two steps).

Scheme 1.27

Tethering the radical acceptor also endows a high level of regio- and stereocontrol, as
illustrated by Friestad’s stereoselective synthesis of substituted vinylgylcinol 1.101 (Scheme
1.28).* Friestad’s tethered radical addition process is equivalent to an intermolecular

vinylation, but proceeded with opposing stereoselectivity.

NNPh, NHNPh, NHNPh,
a : b N
H — > SPh -_—

S-exo-trig o
O\Si /\ o sll\Me OH
7\ Me
Me Me | a
1.99 1.100 1.101

a) PhSH, AIBN, A; b) KF (89% two steps).

Scheme 1.28

In an extension of this work E-vinylsulfides were obtained by thiyl radical activation of

silicon tethered alkyne 1.102 and cyclisation of the resulting vinyl radical to install the
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vinylsulfide moiety after protodesilylation of the intermediate silacycle 1.103. The newly-
formed vinylsulfides are aldehyde equivalents, hence Friestad’s protocol is effectively the

synthetic counterpart of an acetaldehyde Mannich reaction (Scheme 1.29).*

NNPh NHNPh NHNPh
PhYu\ H Ph H
H a__ F’h\ﬁ&\ b | Y\/\sph
/// S-exo-trig SPh
o. 0-Si~ OH
/SI\ MI Me
Me Me B ©
1.102 1.103 1.104

a) PhSH, AIBN, A; b) TBAF-THF (70% two steps).

Scheme 1.29

Shuto and co-workers have employed silyl tethered radical acceptors to install functionality
selectively in branched sugar nucleosides, including hydroxyethyl and vinyl substituents.*!
Most recently this methodology was applied to alkynyl tethers, to introduce an ethynyl group
stereoselectively at an aliphatic carbon centre during the synthesis of potential nucleoside
anti-metabolites (1.105 and 1.106). From alkynyl acceptor 1.107, the 5-exo-cyclised radical
1.109 was trapped by atom transfer to form intermediate 1.110. Treatment with a fluoride ion

source promoted elimination to the desired ethynyl derivative 1.111 (Scheme 1.30).*
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(0]
:N S ______________________
MMTrO/W 5 \__/ \_/
s 7 Si—==—TMs exo-dig /ezu\/\\
g- — Me’ Me Me' Me TMS
Me- i pr— TMS
Me - J . J
1.107 1.108 1.109
0
"" \ T </ NH
i 3 N
e 0. /’§( | L % —<o
transfer /Si\ ™S
Me Me SR>
AcO' %
! _ A
1.110 1.111

a) E;B, O,; b) TBAF-THF,; c¢) aq. TFA; d) Ac,0, py. (67% four steps).

1.5 Alkene and alkyne metathesis

Scheme 1.30

The now ubiquitous ring closing metathesis (RCM) procedure has also succumbed to the

silicon tethering treatment.* This approach proved popular for the diastereoselective cross-

coupling of alkenols in the preparation of ene-diols.** Tethered olefin metathesis is not limited

to the use of silaketals; siloxane and silylether tethers have also been employed in this

capacity.*
[
- —
Pr i-Pr PCys Mes Mes
n Clin.
N Me Me Clis Rl!l..—_\ ; Ru=—
Me(F3C)sCOMMo s c¥ | Ph c¥ | Ph
Ph PCys PCys
Me(F3C),CO
1.112 1.113 1.114
Schrock’s catalylst Grubb's catalylst Grubb's 2™ generation catalylst

Figure 1.01
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Reports of alkene-alkyne cross metathesis are relatively limited due to regioselectivity issues
but, in an attempt to circumvent these problems, Dixneuf and co-workers explored the use of

silicon tethers to endow an increased level of regiocontrol during ene-yne metathesis. *°

Comparable methodology has been successfully applied to the synthesis of complex Diels-

Alder precursors by Yao (Scheme 1.31).%

~
Me, Me Me, Me
sil si{
O/ \/\ . O’
S
Ph P
AN h
™
1.115 1.116 1.117

a) Grubbs’ 2™ generation catalyst (1.114) 1.0 mol%, A; b) Maleimide, A (70% two steps).

Scheme 1.31

Most recently Dixneuf has employed a ruthenium catalyst to promote the cyclic

rearrangement of silylated enynes, as a route to novel terpene derivatives such as 1.120

(Scheme 1.32).%

1.118 . 1.120
a) [RuCly(p-cymene)], 2.5 mol%, 1,3-bis(mesityl)imidazolimium chloride 5.0 mol%, Cs,CO; 10.0 mol%, 80 °C,
16 hr (76%); b) TBAF, -78 °C-RT, 16 hr (70%).

Scheme 1.32
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Several groups have exploited the synthetic utility of the silyl tethered alkene RCM process in
target directed syntheses. Evans’ synthesis of the potent anti-tumour agent (—)-mucocin
(1.123), involved a silicon tethered RCM reaction to install the pseudo C,-symmetric 1,4-diol

core of this complex annonaceous acetogenin (Scheme 1.33).%

FPr 1.122

a) Grubbs’ catalyst (1.113), A (83%).

Scheme 1.33

Similarly, Eustache’s preparation of the cytotoxic spiroacetal attenol A (1.126) utilised a
silaketal tethered RCM strategy to fuse the two highly functionalised subunits of silyloxy-

diene 1.124 (Scheme 1.34).%°
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1.125

a) Schrock’s catalyst (1.112) 10.0 mol%, RT, 24 hr (22%).

Scheme 1.34

In a simpler variant of this chemistry, Eustache employed a silicon tethered RCM reaction for
the synthesis of cyclic silaketal intermediate 1.128 as a potential synthetic route to

acetogenins (Scheme 1.35).”!

1.127 1.128
a) Grubbs’ catalyst (1.113) 20.0 mol%, A, 48 hr (68%).

Scheme 1.35
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Subsequent attempts to convert the (£)-2-ene-1,5-diol 1.129 into a tetrahydrofuran, via 5-endo

electrophilic selenocyclisation, revealed an unexpected 4-exo reaction pathway, resulting in

the exclusive formation of oxetane 1.130 (Scheme 1.36).

1.

129

1.130

a) N-PSP, CSA (cat.), -78 °C-RT, 16 hr then 2,2-DMP, CSA (cat.), RT, 16 hr (75%).

Scheme 1.36

A number of groups have applied metathesis strategies to the field of carbohydrate

chemistry;’* Barrett employed Schrock’s catalyst (1.112) with vinylsilyl ether 1.131 to install

the frans-disubstituted double bond in his synthesis of D,L-glucosylceramide (1.134), a

biologically important glycosphingolipid (Scheme 1.37).%

OTBS
TBSO Q
TBSO
OTBS
1.131
b o TBSO
TBSO

oTBS on
o =
o. 3
OTBS H
MOMO
1.133

12

SiMe,Ph

OH HN)J\W
(@]

14
12
HO o\/'\/\/ﬁ\
OH
H

O

1.134

D,L-Glucosylceramide

a) Schrock’s catalyst (1.112) 25.0 mol%, 45 °C; b) PhLi, 0 °C (83% two steps).

Scheme 1.37
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In an effort to prepare neuro-transmission inhibiting alkaloids, Blechert et al. developed a

ruthenium-catalysed tandem ring-rearrangement metathesis for the enantioselective synthesis

of (-)-indolizidine 167B (1.138) (Scheme 1.38).>*

1.135 1.136
- OH
b M\
Cbz nPr
1.137 1.138
indolizidine 167B

a) Grubbs’ catalyst (1.113) 5.0 mol%, A,4 hr; b) TBAF, 0 °C-RT (92% two steps).

Scheme 1.38

A silicon tethered metathesis-Heck sequence has been developed by Denmark and applied to
an imaginative synthesis of (+)-brasilenyne (1.142). This anti-feedant, isolated from the sea
hare Aplysia brasiliana, possesses a synthetically demanding endocyclic 1,3-cis,cis-diene
unit. Denmark ef al. successfully overcame this challenge with their novel metathesis-
intramolecular cross-coupling strategy; vinylsilyl ether 1.139 underwent RCM to give
cycloalkenylsiloxane 1.140, subsequent silicon-assisted Heck coupling completed

construction of the cyclic ether skeleton of (+)-brasilenyne (1.142) (Scheme 1.39).”
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1.139 1.140 1.141

~~Me

1.142

(+)-Brasilenyne

a) Schrock’s catalyst (1.112) 5.0 mol%, RT, 1 hr (92%); b) [(ally)PdCl}, 7.5 mol%, TBAF, RT, 60 hr (61%).

Scheme 1.39

1.6 Cyclocarbonylation and Pauson-Khand reactions

Carbonylative couplings offer an expedient method for the rapid assembly of substituted
carbocycles bearing a carbonyl moiety. The Pauson-Khand reaction (PKR); a three
component [2+2+1] cyclisation of an alkene, an alkyne and carbon monoxide, provides a
reliable and convenient method for the construction of cyclopentenone derivatives. However,
the intermolecular PKR is not regioselective with respect to the alkene and is also mainly
restricted to the use of strained olefins. The analogous silicon tethered PKR has been
examined by both Pagenkopf and Brummond as a means of increasing the regiocontrol of
cycloaddition. Brummond and co-workers are seeking to apply their tethered PKR

methodology to the synthesis of a-alkylidene cyclopentenones, the core skeletal unit of

prostaglandin 15-deoxy-A'>"*-PGJ, (1.146) (Scheme 1.40).°
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o a / b A
!
Ph’ Si Si
Ph orf ph Ph Ph
1.144 1.143 1.145
(
CsHy4

H020(0H2)3/§
U/

1.146
15-deoxy-Al>14.pG1,

/
]

(/

a) Mo(CO)s, 90 °C (64%); b) [Rh(CO),Cl}, 5.0 mol%, CO, 90 °C (64%).

Scheme 1.40

Pagenkopf wished to adopt a similar approach for the preparation of isoprostanes,
prostaglandin mimics which feature cis-dialkyl stereochemistry at the cyclopentane ring.
Unfortunately, this group were not able to isolate the desired cyclopentenone core 1.148 due
to the predominance of a competing reaction pathway (Scheme 1.41).>” The formation of
1.149 is thought to result from fragmentation of the Si-C bond of bicyclic enone 1.148,
culminating in reduction of the propargylic carbon. Interestingly, this process is the

regiocontrolled equivalent of an intermolecular PKR reaction of an alkyne with ethylene

b n-Pr n-Pr
h
4 e )
O\ . O <%\—-
Ph O. Ph
ST

7\
Me Me

5
gas.>®

1.148 1.147 1.149
a) Co,(CO)g, H,O 1.0 mol%, A, 24 hr (62%).

Scheme 1.41
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Carbonylative alkyne-alkyne couplings, which form cyclopentadienones, are less common
than the equivalent alkene-alkyne reactions. Shibata and Pearson have both investigated the
silaketal tethered cyclocarbonylation of diynes catalysed by octacarbonyldicobalt and
pentacarbonyliron respectively.” Pearson’s protocol allows for a cross-coupling of non-

identical alkyne units, that generate unsymmetrically substituted cyclopentadienone

derivatives (Scheme 1.42).

Fe(CO)3
5 ™S 5 T™S TMS
Ph. 7/ a Ph, / ~\~ b HO
_Si —_— Si o — o
Ph” \ Ph” \ o HO
(o] O
}T TMS
L R ™S R T™MS
1.150 1.151 1.152

a) Fe(CO)s, CO, A, 24 hr (R = Me, 83%; R = Ph, 47%); b) Me;NO, 0 °C, 4 hr (R = Me, 66%; R = Ph, 74%)).

Scheme 1.42

1.7 Heck and Stille coupling

The silicon tethered Heck reaction has been investigated by both Keese and Young for the
alkenylation of five and six-membered carbocycles.®” In an effort to prepare curcusone A
(1.153), a potential anti-cancer therapeutic compound, Young et al. developed a silicon
tethered version of the Heck reaction as an alternative to a problematic and low-yielding Stille
coupling. During model studies, the silicon based approach to intermediate 1.158 proved far

superior to the inherently toxic Stille reaction (Scheme 1.43).

1.153

Curcusone A
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X~ O+ G

1.154 1.155 1.156
O. _/Ph O. _OMe
Si—Ph b Si
D ——— / \
I\ Ph Ph
| |
1.157 1.158

a) BusSnCH=CH;, Pd(PhCN),Cl;, Cul, Ph;As, NMP (27%); b) (Ph;P).Pd, TEA, MeOH (89%).

Scheme 1.43

A silicon tethered Heck/sila-Stille cross-coupling protocol has recently been applied by Cha
and co-workers to the elegant syntheses of a series of pharmacologically important
prostaglandin mimics. Synthesis of isoprostane 12-epi-PGF, (1.162) was accomplished via

an adept cascade sequence, employing dual tethers to define the stereochemistry of the epi-

prostaglandin side-chains (Scheme 1.44).%!

OEt

q, 0, oTes
Si \ ISI/OH
iPr’ \ 2 i-Pr’ \
i-Pr oTBS i-P
1.159 1.160
—
OH CO.H
oA
b R c HO 1.162
—_— i S —_— )
O‘ % 12-¢pi-PGFq
) '"o/\_/\/\/ <:|
HO éH $ ”l/ H
HO 6
1.161

a) Pd(OAc),, dppp, TEA (51%); b) ag. HCI (74%);
¢) (4-carboxybutyl)triphenylphosphonium bromide, KHMDS (55%).

Scheme 1.44
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1.8 Carbene insertions

Marsden has developed a novel strategy for the stereoselective synthesis of 1,2 4-triols via
carbenoid insertions of silicon tethered diazoacetates. The derived oxasilacyclopentane 1.164
was oxidatively cleaved after reduction of the pendant ester, to furnish the desired polyol

1.165 (Scheme 1.45).°? The moderate yield of 1.165 results from a competing elimination

pathway during the Tamao-oxidation step.

O. v

.\\\\ Si—R a b,c
7~ N7 TCoEt T2
H E H 602Et
1.163 1.164

a) Rhy(oct),4 3.0 mol%, A; b) DIBAL, -78 °C;
¢) H,0,, KF, KHCO;, DMF, 80 °C (R = i-Pr, 30%; R = Et, 35% three steps).

Scheme 1.45

Maas and co-workers have also examined the intramolecular carbene reactions of silyl
diazoacetates.”> The tethered C-H insertion of a photochemically generated carbene allowed
access to silacyclobutane 1.167, which underwent a thermal [1,3]-shift to form

oxasilacyclohexene 1.168 (Scheme 1.46).%*

tBu tBu tBu ~ CI
N/ S-/
_Si_ _-CO,Et a b o
cl —_ : —
Y t-Bu—SI_—-.,,
- 7
N, 5 Ok fo” XX
1.166 1.167 1.168

a) hv (100%); b) Toluene, 85 °C (36%).

Scheme 1.46
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1.9 Glycosylations

Since Stork et al. first demonstrated the use of temporary silyl tethers to control the regio- and

stereochemistry of radical-induced glycosylation.®> a number of groups have applied similar

methodology to the synthesis of C-glycosides. 667

Allyl- and vinylsilyl radical acceptors have been examined by Shuto et al. for the
stereoselective generation of C-glycosides.®® At elevated temperatures, provided that the
concentration of Bu;SnH was kept low, the radical cyclisation proceeded in a 6-endo fashion

to furnish the B-C-mannoside 1.171 exclusively (Scheme 1.47).

Me\ ,Me Me\ /Me
BnO O,Si NF BnO O/Si BnO OH
l-o a l-o b Bno%
BnO —_—» BnO —_— OH
B,g&/sm] Bn;w BnO
1.169 1.170 1.171

a) BusSnH, AIBN, PhCl, A; b) H,0,, KF, KHCO;, MeOH-THF (74% two steps).

Scheme 1.47

Shuto has also applied a silyl tethered radical coupling approach to his synthesis of the C-

glycoside analogue of adenophostin A (1.172), a potent IPs receptor agonist (Scheme 1.48).%
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1173 57Q 1.174

axial
attack

OPMB
b PMBO Q
_b o PMBO
OH
y,,

1.177

OH
é
o

d
S
o

X

a) Bu;SnH, AIBN, A; b) TBAF-THF (a:ff = 3:1, 66% two steps).

Scheme 1.48

Martin ef al. employed a silicon tether to deliver the aromatic aglycon in the stereodirected
synthesis of C-aryl glycosides. Electrophilic ipso-desilylation of 1.179 gave exclusive access

to the o-C-aryl glucoside 1.180, possessing the elusive 1,2-cis-configuration (Scheme 1.49).7°

36



Introduction: Part 1 Chapter 1: Silicon Tethered Reactions

OB
" OBn
BnO (o) OBn o
BnO ° X BnO o MeO BnO
b BnO

a BnO

? —_— EE— OH
Et— /S| O OMe
Et Si
/7 \
MeO B Et Et |
1.178 1.179 1.180

a) IDCP; b) TBAF (72% two steps).

Scheme 1.49

In an extension of Stork’s pioneering work on B-selective intramolecular O-aglycon delivery
(IAD),71 Rychnovsky demonstrated the utility of a silyl-IAD protocol for B-selective

glycosylation with D-mycosamine (Scheme 1.50).7

F
o M o Me o M
Sr 4 cmmroWo e b Choles%% A
_—— —_—
N3 N3 N3
holesto, O Fug O OH
] ]
\ \
Pl iPr P iPr
1.181 1.182 1.183

a) Cp,ZrCl,, AgClO,, 4A MS (73%); b) TBAF (100%).

Scheme 1.50

1.10 Ene reactions

The Robertson group are interested in developing silicon tethered ene methodology as a
method for the stereoselective generation of polylols; which could in turn be used as

intermediates in the synthesis of non-natural carbohydrates.

The nomenclature of the tethered ene cyclisation is ascribed to Oppolzer and Snieckus who
define the reaction type according to the point of attachment of the tether to the ene

component (Scheme 1.51).”
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Scheme 1.51

Early work in the Robertson group focused on C-linked Type II silicon tethered carbonyl ene
reactions.”*”” The ene precursors themselves were prepared either via silicon tethered
hydrosilylation or by a silyl tethered IMDA reaction, with organometallic ring-opening of the

intermediate oxasilacyclopentanes (Scheme 1.52 and Scheme 1.53).”°

(o)
« l-Pré /I-Pr a /O b,c /(
, Pr YA
-Pr iPr i-Pr
1.184 1.185 1.186

a) (PhsP);RhCI 0.2 mol%, 4A MS (100%); b) 2-propenyllithium, -78 °C (66%); ¢) PDC, 4A MS, 0 °C-RT (64%).

Scheme 1.52
0 Q 0x \(
\
sicMe sicMe bio Si—Me
/ ﬁ Me _a_> Me —-’—> \Me
NN
1.187 1.188 1.189

a) Toluene, 170 °C; b) 2-propenyllithium, -78 °C (67% two steps); ¢) PDC, 4A MS, 0 °C-RT (65%).

Scheme 1.53
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The Lewis acid catalysed ene reactions proceeded with a high degree of stereoselectivity to

generate a range of novel substituted silacyclohexanols (Scheme 1.54 and Scheme 1.55).

H
—a o
R2 ,Si/(
RS \R3
1.190

a) MeAICL, -78 °C,

Scheme 1.54

R' R R Yidd%

H H Me 80
Me H Me 80
H Me Me 69
i-Pr H Me 84

Bn H Me 79
H Ph i-Pr 76

Table 1.01

1.192 1.193
a) MeAICl,, -78 °C (88%).

Scheme 1.55
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Subsequently, the group’s attention moved to Type I silicon tethered carbonyl ene
cyclisations.”*”” The Type I variant offers the advantage of formation of two new

stereocentres, compared to one generated by the Type II process (Scheme 1.56).”

R' °
|
/O ab =
R2 Si N
I 2 ;
iPr HPr R /SI \
Pr Pr
1.194 1.195

a) prenyllithium, -78 °C; b) PDC, 4A MS, 0 °C-RT (R' = Ph, R> =H, 62%; R! = H, R? = Ph, 40%; two steps);
¢) Me,AICL RT (R' =Ph, R*=H, 61% and 13%; R' = H, R? = Ph, 50% and 9%).

Scheme 1.56

1.11 Miscellaneous

Taylor has developed a tandem intermolecular-intramolecular carbolithiation sequence in
order to prepare substituted silacyclopentanes regioselectively. The lithiated homopropargyl
silane 1.198 cyclised in a S-exo-dig fashion to give 1.201, predominantly as the Z-isomer; the
observed selectivity is thought to result from steric repulsion between the ether-solvated

lithium and the pendant z-butyl group (Scheme 1.57).”

™S (ELO)n Li
™ Li.(OEtp)n ™S ™S
Z a / -Bu / -Bu b / tBu
—_— —_— —_—
S-exo-dig —~—
;Si\/\ s\ SiC il
Ph Ph Ph PN ph PN ph PP
L -
1.198 1.199 1.200 1.201

a) t-BuLi, RT; b) H;0" (78%).

Scheme 1.57
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1.12 Conclusions

This introductory chapter has provided an insight into the extensive field of ‘temporary silicon
connection’ methodology, demonstrating that silyl tethers are associated with a plethora of
applications, including hydrosilylations, cycloadditions and radical reactions. This ubiquitous
process has also been applied to more recently established areas of synthetic methodology
such as RCM, and is still finding new applications, including our own tethered ene protocol.
The examples presented in this chapter have illustrated the versatility of silicon tethers in

organic transformations and their ability to facilitate key steps in targeted syntheses.

Despite widening popularity, silicon tethered processes are often restricted by the limited
methodology available for assembling the tethered systems; as a result, novel protocols for the
preparation of silanes, and pertinent methods for the rapid and efficient assembly of silicon

tethered substrates are continually sought.

The subsequent chapters of this thesis will present our developments in the area of silicon
tethered ene methodology, illustrating new routes to ene precursors and reporting their
behaviour under our established ene conditions. We will also demonstrate the utility of these
substrates to allyl transfer reactions, with the second part of the thesis dedicated to this novel
process. Finally, we will present the first application of our methodology to carbasugar

synthesis.
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Chapter 2

Synthesis and Investigation of O-Linked Prenyl Tethers

2.0 Introduction

The intramolecular Type I carbonyl ene reaction presents an attractive method for C-C bond
formation, generating two contiguous stereocentres, with a high degree of stereocontrol.
Recent work in the Robertson group has seen a transition in the focus of our studies from the
silicon tethered Type I carbonyl ene cyclisation of all-carbon systems (Section 1.10)"*"7 to the
synthesis and investigation of O-linked ene precursors,®® the C-linked systems being of

limited synthetic use due to the relatively immovable silicon residing within the ene product.

The addition of an O-linkage, incorporating an electron withdrawing group on silicon, offers
the advantage of selective removal of the silicon atom from the ene product oxasilacycle by
way of oxidative cleavage of the Si-C bond. Overall, this methodology provides a flexible and

80.81 wwhich have

stereoselective route to 1,2,4-triols with alkene functionality (Scheme 2.01)
the potential to be elaborated into a variety of carbohydrate-like scaffolds. These polyol
templates, derived from non-carbohydrate precursors,*> could prove useful intermediates in

target syntheses.

Type | Ene Reaction

oxidative R

cleavage
————————-

Major Isomer

Scheme 2.01
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Our established route for construction of the O-linked ene precursor is based on Kuwajima’s
procedure for the selective silylation of the internal hydroxyl of a terminal 1,2-diol.*
Kuwajima’s one-pot protocol was adapted by our group to employ prenyllithium (prepared in
situ from the prenyl stannane) to ring-open the intermediate siladioxolane 2.03
regioselectively (Scheme 2.02).3%! Deprotonation of diol 2.01, addition of the
dialkylchlorosilane, and subsequent evolution of hydrogen generated siladioxolane 2.02 in
situ. It is possible that co-ordination of prenyllithium to the sterically less encumbered 1°-

hydroxyl dictates the regioselectivity of the ring-opening, with predominant formation of the

kinetic 2°-silylated product 2.04.

Ph Ph Ph Ph
Y\OH —2 . Y\o LI ot | ——
OH O/ 0~ o’ /] 0. _
Si~ .1 Si R2 Si
/ R /7 \ ’ ] N ;
R! R' R R R
L - - -
2.01 2.02 2.03 2.04

a) n-BuLi, R,SiHCI; b) R’Li = prenyllithium, TMEDA (R' = -Bu, 77%; R! = i-Pr, 42%; two steps).

Scheme 2.02

Oxidation of the 1°-hydroxyl with IBX offered reliable access to the a-silyloxy aldehyde 2.05
as the ene precursor. The ensuing DMAC catalysed ene reaction gave the trams,trans-
silacyclohexanol (+)-2.06 as the major diastereomer. The oxasilacycle was cleaved
oxidatively to furnish the desired triol (+)-2.07, effectively generating two additional

stereocentres, starting from just one in the ene precursor (Scheme 2.03).5*!
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2.05 - 2.06 - 2.07
a) Me;AlCl, RT (R = -Bu, 38%; R = i-Pr, 40%); b) H,0,, KF, KHCO;, MeOH-THF, A (R = i-Pr, 17%).

Scheme 2.03

Unfortunately this route suffered from two major drawbacks. It was determined that cyclic
siloxanes in which the silicon atom bears fert-butyl groups fail to succumb to oxidative
cleavage, even under the most forcing conditions. This is attributed to steric encumbrance by
the bulky substituents preventing nucleophilic attack at silicon. Repeating the sequence with
less sterically demanding iso-propyl substituents allowed the ene product to be oxidised as
desired, but the initial Kuwajima process for preparing the required 2°-silylated diol was much

less efficient.

To date, the effort expended on the synthesis of O-linked prenyl tethered systems via the
Kuwajima route had only proven partially successful;* evaluation of these preliminary results
indicated that the project could move forward if a better method for preparing the desired O-
linked silicon tethered ene precursors could be found. Hence, the initial aims of this project

WCEre:

0 to develop and evaluate alternatives to the Kuwajima protocol, establishing a reliable

synthetic method for assembling the ene and enophile components on silicon.

0 to prepare O-linked silicon tethered ene precursors where the silicon bears two iso-

propyl groups, in order for the resulting oxasilacycles to be cleavable.
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We were also interested in developing a synthetic route which would avoid stannane
intermediates; the use of tin is becoming unfavourable in synthesis due to its inherent toxicity,

and problems associated with its removal during purification.

This project continues work pioneered by the Robertson group into O-linked silicon tethered
Type I ene cyclisations,*® with an overall objective to apply the optimised methodology to the

stereoselective synthesis of non-natural carbohydrates.

2.1 New routes to ene precursors

The previous method utilised by our group to synthesise prenylsilanes proceeded via
formation of prenyllithium in situ from a stannane precursor, which in turn is derived from the
reaction of prenylmagnesium chloride with a stannyl chloride.*® Considering the drawbacks
associated with stannane intermediates an alternative method for preparing the prenyl silyl

substrates was sought.

Our first objective was to develop a practical synthetic route for the assembly of the two
halves of the ene precursor on a silicon tether bearing two iso-propyl groups. It was envisaged
that this could be achieved by adapting a method precedented by Cava et al. based on silyl
cyanohydrin chemistry (Scheme 2.04).3* This protocol would allow access to the ene

precursor in just two steps, after routine reduction of the nitrile moiety.

Scheme 2.04
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Before the cyanohydrin chemistry could be attempted it was necessary to prepare
prenyldi(iso-propyl)silyl chloride as the silicon component. Initial investigations commenced
with the generation of prenyl Grignard, followed by in situ trapping with a chlorosilane.

Unfortunately this approach failed, with test reactions employing TBSCI resulting in the

formation of the prenyl dimer and TBS-prenyl transfer product.®’

An alternative strategy was based on the idea of obtaining prenyl silanes from more readily
accessible allylsilyl substrates. It was envisaged that allylsilanes could be ozonised in situ to
form a-silyl aldehyde intermediates; subsequent installation of the iso-propyl component via

Wittig olefination would furnish the desired prenyl substituent on the silicon tether (Scheme

2.05).%¢

Ozonolysis-Wittig Route
. ]

RI X R X R' X
\r o \( - \|/ /\)\
--------- . R
. - H /

Scheme 2.05

Exploratory model studies with commercially available allyl(dimethyl)chlorosilane, coupled

to cyclohexanol or menthol, failed to generate the desired products (Scheme 2.06).

; B =
/\/k
O ~ 0\ O o\ /
Si AN\F si” NF si
s N s N\ /
Me Me Me Me Me Me
2.08 2.09 2.10
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B ]
\‘\\\\‘ ' W\\\w 2 : \‘\\“‘.
O\Si/\/ O\s_/vO O. /\/l\
/ N\ / I\ /S|\
Me Me Me Me Me Me
2.11 2.12 2.13

O3, DCM, -78 °C then DMS, -78 °C-0 °C; then Me,C=PPhs, -78 °C-RT.

Scheme 2.06

'H NMR analysis of the multiple decomposition products provided some evidence of
rearrangement of the fragile o-(alkyloxy)dimethylsilyl aldehyde to a silyl vinyl ether; we
postulated that increasing the steric bulk around silicon might overcome this problem. Hence,
subsequent work in this area concentrated on iso-propyl analogues (Scheme 2.07, Scheme
2.08). Model studies indicated that the ozonolysis-Wittig process does indeed work well when
silicon bears relatively large alkyl substituents. Hence, allyl-TIPS (2.14) was successfully
converted to prenyl-TIPS (2.16) in excellent yield. To our surprise the intermediate tri(iso-
propyl)silanylacetaldehyde 2.15 was readily isolated and proved remarkably stable to
chromatography on silica,®” with 20% of the tri(iso-propyl)silanyloxyethene rearrangement

product observed.

2.14 2.15 2.16
a) O, DCM, -78 °C then DMS, -78 °C-RT (61%); b) Me,C=PPhs, -45 °C-RT (81%).

Scheme 2.07

As expected, reduction in steric bulk around silicon was accompanied by lower product

yields; in the case of allyldi(iso-propyl)silane 2.17, the prenyl derivative 2.19 was only
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isolated in 48% yield. The poor yield of 2.22 reflects the use of smaller, more electron

withdrawing phenyl substituents leading to in situ decomposition of the intermediate

silanylacetaldehyde (Scheme 2.08).

H. / H. 0 H. /\/I\
/Si\/\/ -—a—> Si \/\4 _b—> Si Z
. , a0\, 7\
-Pr -Pr Pr -Pr FPr FPr
217 2.18 2.19
H\ / H\ / O H\ /\/k
Ph  Ph Ph~ Ph Ph  Ph
2.20 2.21 2.22

a) O;, Sudan Red 7B, DCM, -78 °C then DMS, -78 °C-RT;
b) Me,C=PPhs, -45 °C-RT (2.19 48%; 2.22 7%; two steps).

Scheme 2.08

The next objective was to re-introduce the silyl moiety bearing two iso-propyl substituents,
with alkoxy functionality; this would provide a more exacting test of our ozonolysis-Wittig
methodology. This was achieved via a one-pot procedure to generate cyclohexyloxy-
allylsilane 2.23 directly from di(iso-propyl)dichlorosilane; unfortunately this method was
slightly hampered by competing generation of di(iso-propyl)diallylsilane (2.27). Silylation of
cyclohexanol in situ produced model precursor 2.23 for our ozonolysis-Wittig chemistry,

which proceeded in an unoptimised 50% yield (Scheme 2.09).

B ]
a b
—- —_—
O. O. o . /\/k
'\/\/ Si\/\¢ S
iPe’ iPr P’ EPr iPr” EPr
2.23 2.24 2.25

a) O;, DCM, -78 °C then DMS, -78 °C-RT; b) Me,C=PPh;, -45 °C-RT (50% two steps).

Scheme 2.09
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2.2 Di(iso-propyl)prenylsilyloxy system
Confident that the ozonolysis-Wittig route could be an effective way to construct the ene
precursor, efforts focused on the application of this methodology to readily available o-

hydroxy esters, which would be converted to the corresponding, enantiomerically pure, ene

precursors after DIBAL reduction (Scheme 2.10).

Scheme 2.10

Our first approach was to repeat the one-pot procedure employed in the synthesis of alkoxy
silane 2.23; unfortunately this route was low yielding and again hampered by the generation
of substantial quantities of the diallylsilane 2.27. To circumvent this problem we attempted to
isolate the desired allylchlorosilane 2.26 by Kugelrohr distillation but, this proved
troublesome, producing a mixture of the mono and di-substituted allylsilanes which co-

distilled (Scheme 2.11).

Cls_ A~ F NN N
MgBr __ 2 Si + Si
AN P “iPr P iPr
2.26 2.27

a) i-Pr,SiCl,, THF, -45 °C-RT (2.26:2.27 = 5:2, 83%).

Scheme 2.11
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The problem of di-addition was eventually overcome by following a stepwise approach to the
required chlorosilane. The allyl component was attached via Grignard addition to di(iso-
propyl)chlorosilane, followed by chlorination of the resulting hydrosilane, using a procedure
adapted from Ishikawa’s precedent.®® The desired allylchlorosilane 2.26 was isolated as the
sole product, in excellent yield, after reduced pressure distillation (Scheme 2.12). This two-

step protocol subsequently became our method of choice for the preparation of substituted

chlorosilanes.

H. = b o N =
A~ MaBr _a . ' /sl\/_\/ — . /Sl\/\/
FPr CiPr iPr i-Pr
2.17 2.26

a) i-Pr,SiHCl, THF, 0 °C—40 °C (99%); b) CuCl,, Cul (cat.), THF, RT (98%).

Scheme 2.12

Subsequent silylation of (S)-ethyl lactate and (S)-ethyl mandelate (2.28) under standard
conditions produced the requisite precursors for the ozonolysis-Wittig chemistry.
Unfortunately, attempts to install the iso-propyl unit in this way proved disappointing;
evidence from the 'H NMR spectra indicated substantial decomposition of the o-silyloxy
ester precursors. The addition of Sudan Red 7B as an indicator during ozonolysis, to limit
over oxidation,® did not improve matters greatly but did enable isolation of the desired

prenyl-substituted substrate 2.33 albeit in very poor yield (Scheme 2.13).
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R c
R CO.Et \‘/ O£t R\(COzEt RY002Et
Y —-—a'—> —b-> c
Vs

o< o)
OH si <\/ Oy \F O
P’ NiPr FPT NiPr P’ NEPr
2.28 R =Ph 2.29 R=Ph 231R=Ph 2.33R=Ph
230 R =Me 2.32 R=Me

a) allyldi(iso-propyl)chlorosilane (2.26), TEA, DMAP (cat.), DMF, 80 °C (2.29 94%; 2.30 87%);
b) Os, Sudan Red 7B, DCM, -78 °C then DMS, -78 °C-RT; ¢) Me,C=PPhs, -45 °C-RT (2.33 18%; two steps).

Scheme 2.13

This disappointment was compounded by the fact that there was insufficient material
available to carry forward to the ene studies. To by-pass the limitations of the ozonolysis-
Wittig chemistry we opted to revert to a tin-assisted route in order to generate precursor 2.33

more efficiently.

Tributylprenyl stannane 2.34 was prepared employing Naruta’s ultrasound-mediated Barbier
procedure.’® Transmetallation of the stannane with n-BuLi generated prenyllithium, which
was trapped in situ by di(iso-propyl)chlorosilane. The desired prenylsilane 2.19 was isolated
in good yield after separation from the tin residues by flash column chromatography on silica

gel (Scheme 2.14).

a) n-BuLi, -78 °C then i-Pr,SiHCl, -78 °C-RT (85%).

Scheme 2.14
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Prenyldi(iso-propyl)chlorosilane (2.35) was prepared in situ employing Ishikawa’s copper-

mediated chlorination protocol,®® providing access to the desired a-silyloxy ester 2.33 in

excellent yield (Scheme 2.15).

O<
P’ CiPr P’ NiPr si
P’ iPr
2.19 2.35 2.33

a) CuCl,, Cul (cat.), THF, RT; b) (S)-ethyl mandelate (2.28), TEA, DMAP (cat.), DMF, 60 °C (81% two steps)

Scheme 2.15

DIBAL reduction of ester 2.33 furnished a suitable precursor (2.36) for our ene studies. The
ene reaction was carried out under the optimised conditions for cyclisation of O-linked
systems, established previously within the group.*®”' The DMAC-mediated cyclisation
furnished two isolable ene products 2.37 and 2.38 (Scheme 2.16). 'H NMR analysis of the
crude reaction mixture indicated partial cleavage of the Si-O bond, which may explain, in

part, the moderate reaction yield.

o) OH
Ph YCOZEt Ph Ph Ph _‘,\\lk
SY S . +
~si Z o< V% O<..
. 7/ \ S|\ ISI\
FPr#Pr e’ kPr #Pr” CEPr
2.33 2.36 2.37 2.38

a) DIBAL, -78 °C (92%); b) Me,AICl, RT (43% and 9%).

Scheme 2.16
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possible that the bulky iso-propyl substituents on silicon would have some bearing on the

outcome of the reaction.

With 2.37 in hand, the next objective was to effect oxidative cleavage of the silacyclohexanol.
It is well established that silicon-carbon bonds, where silicon bears one or more electron
withdrawing group(s), such as fluorine or oxygen, can be cleaved oxidatively under a variety
of conditions to provide a hydroxyl moiety. In essence, selective cleavage requires a fluoride
ion source to activate silicon and a peroxide to effect the Si-C oxidation. This process has
been the focus of study of several groups and has been the subject of a recent review,”> with
the most notable contributions to the field made by Tamao and Kumada,* Fleming,” and

more recently Woerpel.”®

Oxidative cleavage of the Si-C bond of oxasilacycle 2.37 was performed under Tamao-
Kumada conditions;’* however, instead of furnishing the expected triol, the process yielded an
inseparable mixture of diastereomeric tetrahydrofurans 2.39a and 2.39b, with 76% recovered
starting material (Scheme 2.18). This unexpected result was later ascribed to the unintended

use of acidic sodium hydrogensulfate during the aqueous work up.

OH OH
Ph, £f Ph g
a + w
o) o)
2.39a 2.39b

a) H,0,, KF, KHCO;, MeOH-THF, A (a:b = 2:1, 19%).

Scheme 2.18
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The diastereomeric ratio of 2.39 was determined from the 500 MHz 'H NMR spectrum and
was observed to be 2:1 in favour of 2.39a. The stereochemical assignment was made on the

basis of qualitative n.O.e. data (Appendix 3).

At this point we decided to move away from the a-silyloxy ester systems towards more robust
silylcyanohydrin-based substrates, returning to our original proposal of adapting Cava’s
literature protocol (see Scheme 2.04).** Although Cava’s route is not asymmetric, the primary
purpose was to investigate the viability of the one-pot process and subsequently to explore the

behaviour of the silylcyanohydrin substrates under the ozonolysis-Wittig conditions.

Cava has limited his study of this reaction to bulky, commercially available, chlorosilanes for
the preparation of O-trialkylsilyl cyanohydrins;** our initial task was to extend this work by

examining the ability of allylchlorosilane 2.26 to partake in a similar process.

Investigations commenced with test reactions performed with commercially available
aldehydes and chlorosilanes (Table 2.01). To our surprise the reactions would not complete,
even with prolonged reaction times, when performed under the conditions described by Cava
et al.®* Elevating the temperature appeared to have no beneficial effect; modifications with
added 18-crown-6"7 or lithium ethoxide’® did not improve matters greatly. Changing the
reaction solvent did have some bearing on the progress of the reaction; with the use of a less
polar solvent such as DCM the yield of 2.40 improved, but we were still unable to drive the

reaction to completion (Scheme 2.19).

H CN

R
+ KCN + RgSiCIl ———» \|/
OSiR3

o=
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—_— -
OTBS
2.40
a) TBSCI, KCN.
Scheme 2.19
Aldehyde Chlorosilane Solvent Conditions Yield %

Benzaldehyde TIPSC1 MeCN Znl, (cat.), 40 hr, RT not isolated

“ “ “ Znl, (cat.), 44 hr, RT-70 °C “

“ TBSCl1 “ Znl, (cat.), 22 hr, RT “

* “ “ Znl, (cat.), 44 hr, RT-70 °C “
2-Furaldehyde “ ¢ Znl, (cat.), 23 hr, RT 16 (2.40)

¢ “ “ Znl, (cat.), 20 hr, 70 °C 15

“ " “ Znl, (cat.), 43 hr, RT-70 °C 10

“ “ “ 18-crown-6, 72 hr, RT 39

“ “ “ LiOEt, 48 hr, RT 34

“ ¢ ¢ Znl, (cat.), ))), 23 hr, RT 29

¢ “ “ Znl, (cat.), ))), 70 hr, RT 40

“ “ DMF Znl, (cat.), ))), 75 hr, RT 38

“ “ DCM Znl, (cat.), ))), 27 hr, RT 32

“ " ¢ Znl; (cat.), ))), 70 hr, RT 58

‘ ? THF Znl, (cat.), ))), 76 hr, 25 °C 92

Table 2.01

The problem was eventually alleviated when acetonitrile was substituted for THF, as in

Kurihara’s comparable protocol which employed LiCN in the absence of a Lewis acid

catalyst.99 Initial sonication of the reaction mixture was also found to assist the dissolution of

KCN (Scheme 2.20).
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O\
o Si/\/

P Nipr

2.41
a) allyldi(iso-propyl)chlorosilane (2.26), KCN, Znl, (cat.),))) THF, 90 hr, 25 °C (78%).

Scheme 2.20

With the silylcyanohydrin protocol optimised, allyldi(iso-propyl)chlorosilane (2.26) was
employed to generate 2.42 from iso-butyraldehyde. The ozonolysis-Wittig sequence was

performed, with limited success, to construct the desired prenyl tether (Scheme 2.21).

/Hr /l\’/CN /H/CN
H a b,c
O. P O. /\/l\
(0] /Si\/\/ Si\ s
iPr” CiPr Pr” “iPr

2.42 243

a) allyldi(iso-propyl)chlorosilane (2.26), KCN, Znl, (cat.), ))) THF, 50 hr, 25 °C (85%);

b) Os, Sudan Red 7B, DCM, -78 °C then DMS, -78 °C-RT; ¢) Me,C=PPhs, -45 °C-RT (36% two steps).

Scheme 2.21

As in the synthesis of o-silyloxy substrate 2.33, the silylcyanohydrin precursor (2.43) could
also be prepared more efficiently by recourse to prenylsilane 2.19 (prepared via a tin-assisted
route). Subsequent DIBAL reduction furnished the ene precursor in satisfactory yield

(Scheme 2.22).1%
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e A &%_ﬁ%&

2.19 243 245

a) CuCl,, Cul (cat.), THF, RT;
b) 2-hydroxy-3-methylbutyronitrile (2.44), TEA, DMAP, DCM, RT (83% two steps);
¢) DIBAL, -78 °C (64%).'"!

Scheme 2.22

Substrate 2.45 (o-substituent = i-Pr) was expected to react in an analogous fashion to ene
precursor 2.36 (a-substituent = Ph); however, treatment of 2.45 with DMAC at RT revealed
an interesting mode of reactivity. The cyclisation generated just one isolable ene product 2.46,
accompanied by a novel silacycle which showed peaks in its 400 MHz 'H NMR spectrum
indicative of a terminal vinylic group. This compound was later identified as the siladioxolane

2.47 resulting from intramolecular allylic transfer (Scheme 2.23).

a) Me,AICL RT (37% and 39%).

Scheme 2.23

The ene product was confirmed as the expected trans,trans cyclic siloxane by 400 MHz 'H

NMR coupling constant analysis and quantitative n.O.e. data (Figure 2.03, Table 2.02).
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This intriguing result suggested that allylic transfer operates in competition with the ene

cyclisation and could possibly account for the moderate mass balance observed in previous

ene studies.*

At the time, we postulated that the ability of precursor 2.45 to stabilise a build up of positive
charge f3- to silicon may account for the competitive allyl transfer reaction in the presence of
DMAC (Scheme 2.24). Considering the similarity of substrates 2.36 and 2.45 it is difficult to
propose a satisfactory explanation for their dichotomous behaviour under identical DMAC-
mediated ene conditions. Interestingly, later work suggested that the allyl transfer process

could proceed efficiently in the absence of a Lewis acid catalyst.

-
Allyl Transfer Reaction: B- carbocation
’AIMe oCl _AlMeCI~
o)) Q
) I 1 1
R\(‘ Z R R
—- + —
O\ o\
Si Si
2N
R" R R R
Scheme 2.24

Cleavage of the Si-C bond of silacyclohexanol 2.46 was attempted initially under Tamao-
Kumada conditions,”* but this failed to yield any of the desired product, returning starting
material after 3 days at reflux. Oxidative cleavage was then performed under Woerpel’s more
forcing conditions,”® with limited success, furnishing triol 2.48 in just 22% yield (Scheme

2.25).
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2.46 2.48

a) TBHP, DMF, 0 °C then CsOH.H,0, TBAF, RT-70 °C (22%).

Scheme 2.25

The poor yield obtained from this conversion was attributed to the steric hindrance of the two
bulky iso-propyl substituents impeding nucleophilic attack at silicon, and to decomposition of

the ene product under the harsh basic reaction conditions.

2.3 Diphenylprenylsilyloxy system

Considering the poor results obtained from the oxidative cleavage of di(iso-propyl)silyl
derivatives 2.37 and 2.46, we set out to prepare less sterically encumbered diphenylsilyl ene
precursors. Fleming has shown that phenyl-substituted silanes succumb readily to oxidative
cleavage.” It was hoped that phenyl substituents would confer the appropriate balance of
effective size and electronic activation, leading to an improvement in the conversion of the

ene product to the desired triol.

Resigned to the fact that we could not efficiently circumvent the use of tin during the
synthesis of the requisite prenylsilyl ene precursors, the diphenylsilane was prepared directly
from the prenylstannane. Use of triphenylstannane 2.49 was found to be superior to
tributylstannane 2.34, enabling facile separation of the non-polar silane from the tin
residues.!?? Prenyl(diphenyl)silane 2.22 was isolated in excellent yield following addition of
prenyllithium to diphenylchlorosilane (Scheme 2.26). Addition of TMEDA to the reaction

mixture proved detrimental, leading to predominant formation of the di-substituted silane, via

displacement of the silyl hydride by the organolithium. '
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2.49 2.22
a) n-BuLi, -78 °C then Ph,SiHCl, -78 °C-RT (97%).

Scheme 2.26

At this time we became aware of Piers’ use of a borane Lewis acid catalyst to activate silanes
for the reduction of carbonyls and for the silylation of hindered hydroxyls.'®* Concurrent
work within the group demonstrated that the tris(pentafluorophenyl)borane catalyst could be
employed to couple allylsilanes to o-hydroxy esters readily, with no apparent detriment to the
allylic substituent.* Consequently this approach was adopted for the preparation of 2.50 from

commercially available (S)-ethyl lactate (Scheme 2.27).

COzMe
CO,Et _a
Y
OH
2.50 251

a) prenyl(diphenyl)silane (2.22), B(C4Fs); 5.0 mol%, DCM, A (70%); b) DIBAL, -78 °C (61%).

Scheme 2.27

Ene cyclisation of aldehyde 2.51 proceeded smoothly under our standard DMAC-mediated
conditions to afford the separable, diastereomeric, silacyclohexanols 2.52 and 2.53, free of

allyl transfer products (Scheme 2.28).
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Interestingly, the minor product gained from ene cyclisation of precursor 2.51 is consistent
with cyclisation through a cis-decalin type transition state (Scheme 2.29). This preference for
the cis,cis isomer (compared to cis,trans isomer 2.38) would appear to result from the
diphenyl-substitution of the ene precursor. Furthermore, the electron withdrawing nature of
these substituents reduces the ability of silicon to stabilise positive charge at the B-position,
which disfavours the allyl transfer process. The relative size of the o-substituent may also be
a contributing factor; compared to phenyl (2.36) or iso-propyl (2.45) substituents the small o.-

methyl group of precursor 2.51 would present minimal A'? strain (consistent with the Houk

model) favouring cyclisation through the cis-decalin pathway.

OH

cis-decalin minor product

Scheme 2.29

Pleasingly, oxidative cleavage of the major silacyclohexanol 2.52, under Tamao-Kumada
conditions, proceeded more readily than the related di(iso-propyl)silyloxy derivatives to

afford the desired triol 2.54 in excellent yield (Scheme 2.30).

2.54

a) H,0,, KF, KHCOs, MeOH-THF, RT (88%).

Scheme 2.30

66



Results and Discussion: Part 1 Chapter 2: Synthesis and Investigation of O-Linked Prenyl Tethers

2.4 Conclusions

We have examined a variety of routes to O-linked silicon tethered ene precursors and assessed
the ability of these substrates to undergo stereoselective ene cyclisation. In the course of these

studies we observed a competing allyl transfer process; this course of reactivity is reported on

further in Chapter 3.

Our investigations have demonstrated that phenyl substituents on silicon ease oxidative
cleavage of the ene product, allowing efficient access to stereodefined triols. It is hoped that
the four-step sequence developed for the synthesis of 2.54 can be extended to incorporate

more elaborate functionality.
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Chapter 3

Synthesis and Investigation of Functionalised Side Chain

3.0 Introduction

Prior to this point all the O-linked substrates possessed inert side chains, merely for synthetic

expediency, therefore it was of interest to study the compatibility of side chain functionality

with the ene cyclisation.

A parallel area of interest concerned silicon tethered crotyl systems which, in principle, would
enable stereospecific access to ene cyclised products. In Chapter 2 the major and minor ene
products arising from prenyl substrate 2.51 could be ascribed to proton abstraction from either
the E- or Z- methyl group respectively. Moving to a crotyl system should limit access to either
the trans,trans or cis,cis oxasilacycle depending on the geometry of the crotyl substituent
(Scheme 3.01). The E-crotyl substrate should cyclise preferentially through a frans-decalin
type transition state; the Z-crotyl substrate through a cis-decalin-like conformation, generating

either anti,anti or syn,syn triols after oxidation of the intermediate oxasilacycles.

E- crotyl system

H
RI
O\HQ _-H
R\ _/ /l .......... »> |1 |  re=emacaca -
Si "
| H
R H

trans-decalin
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Z- crotyl system

OH OH
R’ R’

(O OH
Si OH

cis-decalin

Scheme 3.01

In view of the fact that, at the time, preliminary investigations of crotyl systems had recently
been initiated within the group,® it seemed logical to incorporate both these objectives within
a targeted carbohydrate synthesis; a suitable precursor would combine a tethered crotyl silane,
capable of exploiting the ordered transition state arrangement of the ene cyclisation, with

latent functionality in the form of a suitably protected side chain.

Our silicon tethered ene methodology has the potential to facilitate an array of carbohydrate
syntheses, including branched sugars and C-linked disaccharides. The incorporation of
nitrogen into the O-linked systems had not been previously explored and it was hoped that
such an approach would bring diversity to our silicon tethered ene chemistry. Thus, an initial
area of investigation was concerned with the synthesis of non-natural iminosugars as potential

glycosidase inhibitors, 1%

3.1 Attempted isofagomine synthesis
The potent glycosidase inhibitor isofagomine was selected as our first target (Figure 3.01).'%
Compounds of this type, capable of accepting positive charge at the anomeric position, act as

effective transition state mimics during enzymatic glycosylation, binding to the glycosidase

by imitating the shape and partial charge of the intermediate formed during glycosidic bond
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cleavage.'"’

The naturally occurring iminosugar fagomine (3.02) (Figure 3.02) mimics the
oxonium ion intermediate formed during glycosylation and is only mildly active in this
respect. In contrast its non-natural analogue isofagomine (3.01), first synthesised by Bols et

al. in 1994, is an extremely powerful B-glucosidase inhibitor of the 1-N-iminosugar class and

has been identified as a possible therapeutic agent for Type II diabetes (K; = 0.11 uM).'*>'%?

OH
HO Q

HO
OH ®

OH

gAY
HO NH

3.01
(+)Isofagomine

Figure 3.01 Figure 3.02

The conceived synthesis would allow access to the basic iminosugar unit in nine steps from
the inexpensive starting material L-(S)-malic acid (Scheme 3.02). Reduction of the
hemiaminal would generate (-)-isofagomine,'”® whereas elimination of the hydroxyl group

would result in the formation of an iminoglycal, which may exhibit inherent biological

activity.
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OH OH OH |
HO,,, AN CbzHN /OH
H — Ly ——>  CbzHN e
N~ TOH OH
OH O
l COgMe
CbzHN CbzHN H CbZHN/Y
! pu— : /\) ——— O. /\/‘ ———
~ < pZ si
Si Si N
PR /N R R
R R R R

OH

0 o
CbzHN COMe /\r[< /\H( COH
Z /Y : CbzHN : 0 :: H02C : o) -_—: Hozc/\r
OH 74 74

L~(S)-malic acid

Scheme 3.02

It was envisaged that the proposed route to isofagomine would prove sufficiently flexible to
allow access to several stereoisomers, and various other iminosugar derivatives by analogous

procedures, once the basic route had been completed and optimised.

Investigations commenced with the synthesis of isoserine derivative 3.05, required as the
‘enophile’ component. Protection of L-(S)-malic acid was effected with 2,2-
dimethoxypropane and catalytic CSA.'® Conversion of the carboxylic acid moiety of 3.03 to
the carbamate-protected isoserine acetonide (3.04) was achieved in one pot. Treatment with
diphenyl phosphoryl azide generated the acyl azide, which underwent Curtius rearrangement
spontaneously, under the reaction conditions, to the isocyanate. This reactive species was
trapped in situ by benzyl alcohol to furnish the desired isoserine acetonide 3.04 in good yield.
Subsequent acid catalysed methanolysis afforded the carbamate-protected isoserine ester 3.05

in good overall yield on a multi-gram scale (Scheme 3.03).
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O O

coH coM
Hozc/Y 7 a Hozc/\r[<0 b CbZHN/\l/[(o o, obeiN Y CMe
OH 07< 07< OH
3.03 3.04 3.05
a) 2,2-DMP, CSA (cat.), RT (65%), b) DPPA, TEA then BnOH RT-70 °C, 16 hr (80%);

¢) MeOH, CSA (cat.), RT (85%).

Scheme 3.03

This approach is a more efficient version of the original step-wise Curtius procedure

presented independently by Suzuki and Milewska.''*'!' A

similar step-wise process has been
developed by Burger et al. for the preparation of various N-protected hexafluoroacetonide
derivatives.'> It was hoped that our condensed route would, if required, prove sufficiently

flexible to accommodate a range of alcohols, allowing a number of different carbamate

protecting groups to be incorporated into the end product.

The preparation of Z-crotyl(dimethyl)chlorosilane (3.06) has literature precedent,'” hence this
silane was initially selected with some reservations concerning the minimal steric bulk around
silicon and how this might influence the outcome of the ene reaction; previous studies with a
dimethyl-substituted system had observed cleavage of the allyl substituent from the silane
under the Lewis acidic conditions.”® If this choice of silyl moiety proved capricious, methods
for the preparation of the diphenyl-substituted silane would be explored as earlier work had
indicated that phenyl substituents on silicon were beneficial in the oxidative cleavage step

(Section 2.3).

In practice, nickel-catalysed hydrosilylation of butadiene with dimethylchlorosilane provided

the Z-crotyl-substituted chlorosilane 3.06 in excellent yield (Scheme 3 04).15
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a Cl\ /\)
\J - si{ =

Me’ Me

3.06

a) Ni(acac), 3.0 mol%, Me,SiHCl, 100 °C (89%).

Scheme 3.04

Silylation of isoserine ester 3.05 with the dimethylchlorosilane 3.06 under standard conditions
generated the desired Z-crotyl substrate 3.07. Subsequent DIBAL reduction of the methyl

ester to aldehyde 3.08 generally proceeded in good yield albeit with some recovery of starting

material (Scheme 3.05).

C02Me
CO,Me CszN/\‘/ CbzHN H
CszN/\‘/ a b
————- O ~ / e R O\ /
OH Si N Si N
Vd 7/
Me Me Me Me
3.05 3.07 3.08

a) Z-crotyl(dimethyl)chlorosilane (3.06), TEA, DMAP (cat.), DMF, 0 °C—40 °C (78%); b) DIBAL, -78 °C (72%).

Scheme 3.05

With precursor 3.08 in hand an ene reaction was attempted under the standard conditions. The
DMAC catalysed ene reaction was expected to proceed preferentially through a cis-decalin
transition state to furnish the cis,cis cyclic siloxane as the major diastereomer (see Scheme
3.01). Unfortunately, no products of ene cyclisation could be isolated, precursor 3.08 simply
decomposed; this was attributed to poor Z-crotyl(dimethyl)silyloxy aldehyde stability under
the Lewis acidic conditions of the ene reaction. Examination of the 200 MHz 'H NMR
spectrum of the crude product mixture confirmed the formation of a small quantity of diol,

resulting from allylic transfer.
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Since the dimethylsilyl variant 3.08 had proved labile under our established ene conditions we
decided to investigate the more sterically encumbered diphenylsilyl derivative. Attempts to
repeat the hydrosilylation protocol with diphenylchlorosilane, trapping the resulting Z-
crotylchlorosilane (3.09) with isoserine ester 3.05, returned very poor yields of the desired
product 3.10 and considerable amounts of polymerised butadiene. The poor yield was
ascribed to steric hindrance imparted by the phenyl substituents slowing the rate of
hydrosilylation, together with the hydrolytic instability of the intermediate chlorosilane 3.09

(Scheme 3.06).

CbzHN COsMe
| a Cl< /\/’ b ‘ /\‘/
A - Si —_— O« pZ

P Ph Si
PN’ Ph
3.09 3.10

a) Ni(acac); 3.0 mol%, Ph,SiHCI, 100 °C; b) isoserine ester 3.05, TEA, DMAP (cat.), DMF, 0 °C—40 °C (11%).

Scheme 3.06

Fortuitously, at this time a method became available for the synthesis of Z-
crotyl(diphenyl)silane 3.12. The procedure, developed concurrently in our group,*® employed
-BuLi to deprotonate 2-butyne, the resulting organolithium intermediate being trapped with
diphenylchlorosilane, without rearrangement, to give propargylic silane 3.11. The desired Z-
crotylsilane 3.12 was isolated in satisfactory yield, free of the E-isomer, after selective

reduction of the alkyne bond with DIBAL (Scheme 3.07).5%11

= 2 SN = H\Si/\)
— s ———
Ph” \/Ph\ P’ Ph
3.11 3.12

a) t-BuLi, TMEDA, -78 °C-RT then Ph,SiHCl, -78 °C-RT (96%); b) DIBAL, A, then H;O" (65%).

Scheme 3.07
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With silane 3.12 in hand silylation of the isoserinate was readily achieved, employing Piers’
protocol, to furnish 3.10 in 77% yield. Although DIBAL reduction of the resulting ester
provided access to the desired ene precursor 3.13, this conversion often proceeded in only

moderate yield, which was attributed in part to over-reduction, coupled with a tendency of the

aldehyde to decompose on silica gel. (Scheme 3.08).

o)
CO,Me
/\) CszN/\‘/ CbzHN H
H\ / a b
s.\ — oL /\) — O. /\)
PK Ph SN S
Ph’ Ph Ph"  Ph
3.12 3.10 3.13

a) isoserine ester 3.05, B(C¢Fs); 5.0 mol%, DCM, A (77%); b) DIBAL, -78 °C (76%).

Scheme 3.08

The Z-crotyldiphenyl substrate 3.13 failed to react in a useful manner under our established
Type 1 ene conditions and application of DMAC at RT resulted in no products of ene
cyclisation, 3.13 merely undergoing rapid decomposition, again with some 'H NMR evidence

of allyl transfer amongst the multiple products (Scheme 3.09).

o) OH
CbzHN /\HL H CbzHN
si Siy
Ph” Ph Ph"  Ph
3.13 3.14
Me,AlC], RT.
Scheme 3.09

It soon became clear that Type I ene cyclisation of crotyl silanes was not viable under the

conditions explored. Before abandoning this mode of reaction completely, we decided to
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repeat the ene chemistry with a prenylsilyl derivative, to confirm that our lack of success was

indeed due to the crotyl substituent and could not be attributed to the polar, protic side-chain.

3.2 Aminotriol synthesis
The prenyl systems are biased to undergo ene cyclisation due to the electron donating ability

of the two terminal methyl groups, which enables stabilisation of a partial positive charge y-

to silicon (Scheme 3.10).

Ene Reaction: y- carbocation

X3A|\ o 3A|\

Scheme 3.10

Preparation of the prenylsilyl derivative followed the established route and silylation of
isoserine ester 3.05 with the prenyl(diphenyl)silane 2.22 proceeded uneventfully. However,
reduction of the ester with DIBAL proved troublesome; it was almost impossible to ascertain
the extent of conversion to aldehyde 3.16 due to the streaking of the product during tlc

(Scheme 3.11).

Si
OH \
Ph’

o
C02Me
COMe CszN/\l/ . CbzHN H
CszN/\l/ 2 . O« Z —_— O. 7
si{
Ph P’ Ph

3.05 3.15 3.16
a) prenyl(diphenyl)silane (2.22), B(CsFs); 5.0 mol%, DCM, A (78%); b) DIBAL, -78 °C (68%).

Scheme 3.11
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Under these conditions the aldehyde often became contaminated with over-reduced products
and we decided to pursue a reduction-oxidation strategy in an attempt to optimise the overall
conversion to 3.16. The use of lithium aluminium hydride proved too severe, resulting in the

addition of hydride to silicon and cleavage of 3.15, regenerating the prenylsilane 2.22 and

furnishing diol 3.17 (Scheme 3.12).'"°

CO,Me
CszN/\r
/\/I\ CbZHN/Y\ g =
2 . si{
Ph’ " Ph

3.15 3.17 2.22
a) LiAIH,, -78 °C (42% and 31%).

Scheme 3.12

The use of sodium borohydride did little to improve matters; inspection of the 400 MHz 'H
NMR spectrum provided evidence of silyl migration, indicating a complex product mixture
containing 3.18, the unwanted 1°-silylated diol (3.19) and the desilylated product (3.17)

(Scheme 3.13).

CO.Me
CszN/\r CszN/Y\
/\/k /\/k CbZHN/Y\ \l\/
——»

3.15 3.18

+ CszN/Y\OH

OH
3.17
a) NaBH,, 0 °C-RT (68% overall).

Scheme 3.13
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Ultimately, reduction with excess DIBAL proved to be the best option; the 400MHz '"H NMR
spectrum of 3.18 confirmed the presence of an internally protected diol, with loss of the OH
coupling to the CH, signal on addition of D,0. Although, the desired aldehyde 3.16 was
isolated cleanly in comparable overall yield after Swern oxidation, the two-step strategy

offered no great advantage over direct reduction (Scheme 3.14).

si Si
\ \
Pn’  Ph P Ph

o
CO,Me
CszN/\r CszN/Y\OH CbzHN H
a b
o< /\/l\ -_— 2N /\)\ - O< /\/k
/SI\
PR Ph

3.15 3.18 3.16
a) DIBAL, -78 °C (51%); b) oxalyl chloride, TEA, DMSO, -78 °C-RT (94%).

Scheme 3.14

Treatment of aldehyde 3.16 with DMAC proceeded uneventfully at RT to furnish a single ene
product, tentatively assigned as the trams,trans isomer on the basis of 400 MHz 'H NMR
analysis of the crude product. Expecting oxasilacyclic intermediate 3.20 to be labile to
chromatography on silica gel, the crude material was carried forward to the next step without
purification. Oxidative cleavage of the Si-C bond under Tamao-Kumada conditions furnished
the desired aminotriol 3.21 in 47% yield (Scheme 3.15). The moderate conversion in this
reaction was attributed to the dual problem of solvation and recovery of the aminotriol during

aqueous work-up.
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b

3.16 - 3.20 = 3.21
a) Me,AlC), RT; b) H,O,, KF, KHCO;, MeOH-THF, RT (47% two steps).

Scheme 3.15

Eager to confirm the stereochemistry of the aminotriol (3.21) we decided to try to promote an
oxidative cyclisation, selective oxidation of terminal 1,4-diols having literature precedent.'
Disappointingly, attempts to oxidise the 1°-hydroxyl of 3.21 with either Ag;CO;3 on Celite®,
PCC, or TPAP all failed to induce lactonisation, resulting instead in unproductive

decomposition (Scheme 3.16).

a CbzHN
CbzHN

3.21 3.22 3.23

a) Ag,CO;-Celite® or PCC or TPAP; b) H,, Pd/C.

Scheme 3.16

Undeterred by stability issues, we repeated the ene sequence to isolate silacyclohexanol 3.20
in a surprisingly good yield of 52% following flash column chromatography on silica gel. The
relative stereochemistry was then established by routine coupling constant analysis and n.O.e.

data (Figure 3.03, Table 3.01).
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bulk of the silicon group linked with a concurrent increase in ease of Si-O bond cleavage may

also contribute to the failure of the ene cyclisations in the crotyl case.

We briefly directed our attention to the preparation of a di(iso-propyl)silyl-substituted ene
precursor. Unfortunately Piers’ tris(pentafluorophenyl)borane-catalysed silylation protocol
was not equally applicable to iso-propyl substituted silanes. In the case of silanes 2.17 and
2.19 attempted borane-assisted coupling to isoserine ester 3.05, under a variety of conditions,

furnished 3.24 and 3.25 in optimal yields of just 7% and 11% respectively (Scheme 3.17).

CO.Me
/\/Rl\ CszN/\r 2" R
He a

.7 \. Si

FPro HPr P’ Nipr
217R=H 3.24R=H
2.19R =Me 3.25R=Me

a) isoserine ester 3.05, B(C¢Fs); 10.0 mol%, toluene, A (3.24 7%; 3.25 11%).

Scheme 3.17

In comparison the diphenylsilyl variant 3.26 was readily formed under milder conditions, with

a lower catalyst loading (Scheme 3.18).

Ph’ " Ph O\S‘\/\/
Ph’ Ph
2.20 3.26

a) isoserine ester 3.05, B(CsFs); 5.0 mol%, DCM, A (70%)

Scheme 3.18
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A combination of steric and electronic factors may account for this observed behaviour on
moving from bulky alkyl groups on silicon to relatively small, electron withdrawing, phenyl
substituents. Examination of the literature revealed no examples of Piers’ method having been
applied to the silylation of hindered hydroxyls with sterically demanding alkyl silanes. In fact

Piers comments that both tri(iso-propyl)silane and tribenzylsilane are ineffective silylating

agents, even under forcing conditions. 104

3.3 Aminodiol synthesis

Concerned that the delicate a-silyloxy aldehyde precursors were partially unstable to the
Lewis acid employed in the ene reaction it was decided to attempt to induce cyclisation under

neutral thermal conditions, in the hope that the substrates would be less liable to decompose.

Hence substrate 3.16 was dissolved in toluene and warmed to 120 °C in an attempt to optimise
the yield of the ene products. The thermal behaviour of 3.16 was surprising; instead of the
expected ene cyclisation, we observed a remarkably smooth conversion to siladioxolane 3.27
(Scheme 3.19) arising from allyl transfer of the prenyl component. Qualitative n.O.e. analysis
of this intermediate suggested that the allyl transfer process proceeds with anti-Felkin-Ahn

selectivity.

Isolation of siladioxolane 3.27 was attempted, by silica gel chromatography, without success
due to the sensitivity of these compounds towards hydrolysis. It is quite feasible that this
mode of reaction had competed with the ene cyclisation under the DMAC-mediated
conditions, but the instability of the resulting diphenyl-substituted siladioxolanes contributed
to the loss of this by-product. This result offers a possible explanation for the mediocre yields

obtained from previous ene reactions.*
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The crude siladioxolane 3.27 was desilylated directly employing KF in methanol with added
hydrogen peroxide to aid the breakdown of silyl residues and generally ease purification. The

aminodiol 3.28 was isolated in an excellent yield of 95% over two steps (Scheme 3.19).

CszN/\HJ\ H _a CszN/\/:\ b | CszN/Yg(\
O. /\)\ o OH

Si O~gy’
PH Ph o/ Ph
| .
3.16 3.27 3.28

a) Toluene, 120 °C, 20 hr; b) H,O,, KF, MeOH, RT (95% two steps).

Scheme 3.19

In an attempt to improve the stability of the intermediate siladioxolane, the di(iso-propyl)-
substituted variant 3.29 was subjected to the same thermal conditions; this time the substrate
was dissolved in deuterated toluene and the progress of the allyl transfer reaction monitored
by '"H NMR. From the results obtained in Chapter 2 (Section 2.2) we proposed that the

siladioxolane resulting from the di(iso-propyl) precursor should be isolable.

Pleasingly, the allyl transfer conditions were found to be general, applied to the di(iso-
propyl)silyl analogue (3.29) the outcome paralleled that of the diphenylsilyl derivative,
although the reaction time was slightly protracted. In this case the siladioxolane 3.30 was

isolable and stable to chromatography on silica gel (Scheme 3.20).
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3.4 Iminosugar synthesis

With aminodiol 3.28 in hand we decided to implement the final steps of our original

isofagomine synthesis, which would lead to an unknown iminosugar derivative and also re-

confirm the assigned stereochemistry of the diol.

We initially encountered some problems concerning the solubility of the unprotected diol
(3.28) in DCM at -78 °C, leading to the recovery of appreciable amounts of starting material
following ozonolysis. Subsequently the reaction temperature was raised to overcome this
problem and the ozonolysis was performed successfully at -45 °C. The highly polar
intermediate 3.31 was accompanied by many inseparable impurities and so the crude material
was taken through directly to the hydrogenation step. Again, due to the high polarity of the
resulting hydroxylated piperidine, it was necessary to acetylate compound 3.32 to aid
purification prior to isolation. The drawback of this approach being the complex rotameric
NMR spectrum exhibited by the product. However, with the aid of COSY, HMQC and

HMBC experiments, the product was identified as compound 3.33.

Attempts to deacetylate compound 3.33 with base-activated resin resulted in cleavage of the

acetates from the two hydroxyls, but did not effect deprotection of the amine (Scheme 3.22).
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i 7 i 7
OH ?QH 'r::'
CszN/YS(\ a CbzHN b
OH o HO I
OH OH
n N o _
3.28 3.31 3.32
Ac Ac
N
c d
— —_—
AcO { HO
OAc OH
3.33 3.34

a) O;, Sudan Red 7B, DCM, -45 °C then PhsP-resin, -45 °C-RT; b) H,, Pd/C, EtOH;
¢) Ac,0, py., DMAP (cat.), 0 °C-RT (18% three steps);
d) Amberlite® IRA (OH) resin, MeOH, 50 °C (94%).

Scheme 3.22

Since elaboration of the unprotected diol 3.28 had proven difficult it was decided to amend
the order of the synthetic sequence, acetylating the diol first, before subjecting the alkene to
ozonolysis. It was hoped that this would ease purification, allowing the intermediates to be

isolated, and avoid the problem of N-protection in the final product.

Following routine acetylation, we were slightly surprised to find that the protected diol 3.35
also had limited solubility in DCM at low temperatures; again this problem was circumvented
by performing the ozonolysis procedure in a mixture of DCM and methanol (5:1, v/v) at -45
°C. Use of dimethyl sulfide in the course of the same reaction also proved troublesome,
leading to the inadvertent isolation of the intermediate ozonide,''* following column
chromatography of the anticipated product. To overcome the limitations of dimethyl sulfide,

triphenyl phosphine was employed in its place to furnish hemiaminal 3.36 as a mixture of

diastereomers, in good overall yield.
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3.5 Conclusions

This study has extended the scope of our ene methodology, demonstrating that latent side
chain functionality can be successfully incorporated within the ene precursor with no
detriment to the overall sequence. This is exemplified by the formation of 2,3,5-aminotriol

3.21. In association with this synthesis we have developed an expedient route to the useful

isoserine derivative 3.05.

Although the envisaged synthesis of isofagomine proved unsuccessful, during the course of
the investigation we observed a silicon tethered allyl transfer process which proceeded
stereoselectively under thermal conditions, generating 2,3-aminodibl 3.28. This result
parallels the equally unexpected siladioxolane discussed in Chapter 2 (Section 2.2); further
investigations of this mode of reaction and preliminary applications are reported in Part 2 of

this thesis.
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Chapter 4

Silicon-Assisted Allylation

4.0 Introduction

The allylation of carbonyl derivatives is an essential preparative process in organic synthesis,
providing access to important synthetic intermediates such as functionalised homoallylic
alcohols and amines. The addition of allylic metal reagents provides a reliable method for
controlling the stereochemistry of the forming C-C bond; the emergence of this process as a
cornerstone in the field of asymmetric synthesis stems from Hoffiman’s pioneering work with
crotylboronates'”” and Yamamoto’s subsequent investigations with crotylstannanes.'®® A

variety of allylic organometallic compounds have since been employed in this capacity,'?"!*

123 .

but the most common allylic semi-metallic reagents remain those of boron (Type I),”™ tin

(Type I)'** and silicon (Type II).'?

Of the Type II reagents employed to effect asymmetric transformations, the use of allylsilanes
is most preferable due to their greater stability and lower toxicity when compared to the
analogous stannanes. The ability of organosilicon reagents to act as both an electron donor
and acceptor, to accommodate a variety of functional groups, and to tolerate a diverse range
of reaction conditions, underpins the popularity of these versatile reagents in stereocontrolled
synthesis. In this regard, silicon-mediated allylations are of great synthetic utility and have

attracted much attention in the literature. 2%

This introductory chapter will focus solely on silicon allylation chemistry of carbonyl
compounds and imine derivatives, giving a brief overview of the more prevalent silicon
allylation reagents and highlighting key areas of stereoselective silicon-assisted allylation

methodology.
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4.1 Allylation of C=0 groups with silicon reagents

Carbonyl allylation with silicon reagents was first described by Hosomi and Sakurai in the
mid 1970s.'®® Since then the asymmetric synthesis of homoallylic alcohols by addition of
allylic silanes to carbonyl compounds has been the focus of study for many groups, two

comprehensive reviews which encompass this area of silicon chemistry have been published

by Panek and Fleming.'?’

The Hosomi-Sakurai reaction traditionally involves addition of an allylsilane to a carbonyl
compound promoted by a Lewis acid. In the case of Lewis acid-catalysed reactions of
crotylsilanes, the addition proceeds non-stereospecifically to give the syn homoallylic alcohol

as the major diastereomer, regardless of the geometry of the crotyl substituent (Scheme 4.01).

-
Antiperiplanar Synclinal
LA LA
~ 0+ +0/ Mo R H
Me H H Me Me H H Me
—_—» R L + LA
H R R H 0 H S_J R
OH A
SiRj SiR; Syn-homoallylic SiR3 SiR3
alcohol
E- crotylsilane Z- crotylsilane E- crotylsilane Z- crotyisilane
oo A WA ot Me H R
Me H H Me H Me H H Me
=< XN ——— R N = LA_ +
R H H R \f\/ Q R 0 H
OH LA
SiR SiR anti-homoallylic SiR SiR
8 8 alcohol ® 8
destabilising
interactions

Scheme 4.01
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This result has been ascribed to the preference for either an antiperiplanar arrangement of the
open acyclic transition state, in order to minimise steric interactions between the y-methyl

group of the crotyl unit and the R-group of the carbonyl, or to a synclinal orientation, where
the reacting = -bonds are oriented at an angle of 60° and steric interactions of the Lewis acid,

coordinated to the oxygen lone pair and positioned anti to the R-group of the carbonyl, are

minimised.'” Mechanistic studies have indicated that the anti-Sg’ arrangement is the most

favourable pathway. 125,130,131

Notably, in the case of substituted allylsilanes, the stereochemistry of the resulting
homoallylic alcohol can be influenced by the choice of Lewis acid. For example, monodentate
Lewis acids, such as boron trifluoride etherate, give predominantly anfi-selectivity. In
contrast, by employing a chelating species, such as titanium tetrachloride the
diastereoselectivity is reversed due to the location and co-ordinating ability of the Lewis acid,

resulting in syn-selectivity (Scheme 4.02), 121127132

Antiperiplanar Synclinal

OMe
b
_—
I/SiMes

4.01

OH OH
C7H1 SW C7H1 SUIY

OMe OMe
4.04 4.05

a) C'H, 5CHO, BF;.OEt; (dl' =71:29); b) C,H,sCHO, TiCl, (dl' = 100:0).

Scheme 4.02
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The use of chiral Lewis acids to catalyse enantioselective allylation reactions has become
prevalent since Yamamoto first introduced chiral acyloxy boranes (4.06) in the early 1990s

(Figure 4.01)."*?

.
OiPr O COH CFs
o) O\
B
OiPr O 0
CFs
4.06
—
Figure 4.01

A wide variety of chiral allylation catalysts have appeared in the literature and have found
application in a number of complex natural product syntheses.'?* Typical chiral Lewis acid
complexes comprise of a strong Lewis acid, normally a borane or titanium(IV) species,
coupled with a chiral ligand, such as BINOL or BINAP. The main disadvantage of chiral
Lewis acid-catalysed additions is an overall lack of diastereocontrol; this problem has
subsequently been addressed by the development of chiral Lewis bases, which will be

discussed later in this chapter (Section 4.5).

Increasing the innate Lewis acidity of silicon itself can be a useful method to effect carbonyl
allylation by removing the need for an external Lewis acid. Ligation of small, highly
electronegative substituents can lead to a dramatic increase in Lewis acidity at silicon. In the
case of crotyltrifluorosilanes 4.07 and 4.10 this electron withdrawing effect has been
exploited to enhance the diastereoselectivity of the reaction by effectively transforming the

allylation into an intramolecular process (Type I mechanism) via the co-ordination of the

carbonyl and silicon reagent (Scheme 4.03).134
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Introduction: Part 2
' . SiF, Me
SN SF — \(—/—/\§; — FPh \/'\/
Ph i
L H - (_)H
4.07 4.08 4.09
- -
SiF, Me
SIF3 _a__> H / . / —_— Ph 5
K\/ “/=o ~NF
Ph H
i J OH
4.10 4.11 4.12

a) PhCHO, CsF (d.r. = 99:1).
Scheme 4.03

This principle has recently been extended by Roush, who developed the silylfluoride-
promoted allylation procedure for the synthesis of anti,anti-dipropionate stereotriads from o~

methyl-B-hydroxy aldehydes.”® This methodology was applied to the synthesis of the C7-Cie

fragment of zincophorin (4.14), a potent zinc-binding antibiotic. Roush has suggested that the

cyclisation proceeds through bicyclic transition state 4.16, with the silane attached to the -

hydroxyl group of the aldehyde, allowing intramolecular transfer of the crotyl substituent

(Scheme 4.04).1¢

Zincophorin

Me
4 4.14

9%
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_ -
R
OH O Mey, OH OH
/\/‘\/U\ —2 . ’ ? —_ /\/k/k/\
TBDPS Y H ~ g&F T8DPSO” YT Y YN
= = o=Vl y = = =
Me Me H\('&\/ . Me Me Me
4.15 4.16 - 4.17

a) Z-crotyltrifluorosilane (4.10), i-ProNEt, 0 °C (75%, d.r. = 94:6).

Scheme 4.04

Confining the silicon atom within a small ring with a restricted tetrahedral geometry also
results in an increased level of Lewis acidity,">’ a principle that has been illustrated by the
work of Utimoto ef al. (Scheme 4.05)."*® Co-ordination of a nucleophile to the silicon atom in
silacyclobutane 4.18 releases strain by moving to a more favourable trigonal-bipyramidal
geometry in five-membered chelate 4.19. This ring strain activation effectively promoted
intramolecular allyl transfer to the chelated aldehyde, which proceeded under thermal

conditions with good diastereoselectivity, in the absence of any external catalyst.

(> Si oPr
Si L H-_/7. 2 Ph ———> Ph H =
I/\/ ~ph A ~ N\
Ph =
n-Pr nPr OH

4.21 - 4.22 4.23
a) PhCHO, 130 °C; b) H;0" (4.20 68%, d.r. = 95:5; 4.23 66%, d.r. = 95:5).

Scheme 4.05
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4.2 Allylation of C=N groups with silicon reagents

Asymmetric amine synthesis via allylic metal addition to the C=N bond of activated imino
derivatives is of fundamental importance to the synthetic chemist; chiral homoallylic amines
act as important intermediates in the syntheses of many biologically active nitrogen-
containing molecules. Organosilanes have proven to be valuable reagents for the allylation of
activated imine derivatives in a number of natural product syntheses.'*””'** However,
compared to allylic metal additions to C=0 bonds, imine allylations often suffer from poor
reactivity and selectivity due in part to the reduced electrophilicity of the C=N bond.'**'*!
Kobayashi has examined the use of benzoylhydrazones to address this problem.'**'* The
regio- and stereoselectivity can be successfully controlled in these additions via bidentate co-
ordination of the hydrazone moiety of substrate 4.30 to the silicon atom of the
crotyltrichlorosilane 4.24 forming a closed, chair-like transition structure organised around
silicon (Scheme 4.06). The stereochemical outcome of the addition was contrary to that

observed from tetracoordinate Lewis acid-mediated crotylation (Section 4.1).'*!

cl _NHB
J ;l/ Sio o
. a ‘. ! 3
NSt —— \(H\ = N‘N/”\ o — Y Y
H H Me
4.24 B 4.25 - 4.26
i Cl ] NHBz
; );/,srf‘_o HN”
. H /. ’ 3
l/\/s'c's — VARLN N/”\ Wl th
H Me
4.27 - 4.28 - 4.29

a) cinnamaldehyde benzoylhydrazone (4.30), DMF, 0 °C (4.26 82%, d.r. = 95:5; 4.29 80%, d.r. = 97:3).

Scheme 4.06
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It is well established that addition of electron withdrawing substituents, such as sulfonyl,
sulfoxy or ester groups, to simple imines increases the electrophilicity of the C=N bond.
Masﬁyama ef al. formed a N-tosyliminium species in situ from a carbonyl substrate and
tosylamine, in the presence of NCS and tin (IT) chloride. Subsequent reaction of the iminium
intermediate 4.32 with E-crotyltrimethylsilane provided access to the corresponding

homoallylic amine with moderate diastereoselectivity (Scheme 4.07).'*

H\ﬁ/TS
o H +_Ts Me H NHTs
L= = | W | — AN
R™ TH . R X
H Me
SiMes
4.31 4.32 4.33 4.34

a) TsNH,, SnCl,, NCS, 0 °C;
b) E-crotyltrimethylsilane (R = Ph, 91%, d.r. = 89:11; R = ¢-CéH;;, 62%, d.1. = 91:9).

Scheme 4.07

4.3 Dual activation of allylsilanes

Prior to addition, trialkyl-substituted allylsilane reagents normally require activation of the
carbonyl moiety with a strong Lewis acid, to which the substrate may be labile.'** In an
attempt to overcome this drawback Friestad developed the novel strategy of dual activation of
the allylsilane, employing two mild activators as opposed to a single strong promoter. Friestad
used the soft Lewis acid indium (III) triflate in conjunction with TBAT, a fluoride ion source,
to activate chiral N-acyl hydrazones towards allylation; the resulting chiral allylamines
showed promising levels of enantioselectivity. It has been suggested that the allylation
proceeds via attack of a fluoride-activated hypervalent-silane on indium chelated hydrazone

4.36 (Scheme 4.08).!4
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_ o)
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f; TO~ )y’ Y Q HN' N\) NHBz
~N a /N ,N\) : b,c
N Y i N Y — CHPh —— ™ pp A\
2 2 Ph
)I\ CHyPh )I\ CH,Ph
Ph™ "H Ph” TH ] X
4.35 4.36 4.37 4.38

a) Si(allyl)s, TBAT, In(OTf); (78%, d.r. = 99:1); b) n-BuLi, (PhCO),0 (81%); ¢) Sml,, HMPA (93%).

Scheme 4.08

Shibasaki has also demonstrated the use of dual activation methodology, employing catalytic
copper (I) chloride and TBAT with allyltrimethoxysilane to induce activation in a range of
aldehydes and imines; the mechanism of this process is unknown, however a putative fluoro-
silicon species is thought to impart allylation, 4%

4.4 Pentacoordinate allylsilanes

The ability of silicon to expand its valence from the tetravalent to pentacoordinate species has

129,149
14 Wang

been exploited by a number of groups in order to effect stereoselective allylation.
et al. extended Hosomi’s work with tartrate-based silicates,"*® by employing pentacoordinate
silanes to promote the allylation of carbonyl derivatives. Chiral pentavalent species 4.40 was
formed in situ following the addition of (+)-di(iso-propyl)tartrate to allyltrichlorosilane 4.39
in a strongly donating co-solvent; the diol-modified allylsilane reacted cleanly to afford the

corresponding homoallylic alcohol 4.42 with decent e.e. (Scheme 4.09).!

i ] i ]
DMF CO,i-Pr ?MF . Re~F
N SiClg a s'. R\{e b H\/ Si O -
= > /S~ o ” /7 7|\ /| Yo =~ 2
—_— , -~7<<0 OH
cl COiPr A cl J
! i !
4.39 4.40 4.41 4.42

b) (+)-di(iso-propyl)tartrate, DMF; b) CH3(CH,),CHO (R = CH3(CH,),, 52%, €.¢. = 81%).

Scheme 4.09
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Both Kira and Hosomi have used catechol-based pentacoordinate crotylsilanes in a similar
manner, albeit with limited diastereoselectivity. The overall negative charge of the
pentavalent intermediate 4.43 is stabilised by delocalisation into the electronegative ligands,
resulting in electron deficiency at silicon and a consequent increase in the Lewis acidity at this

centre (Scheme 4.10).1°%152

I | =
f\/SiFs 2 . I/\/Si“\g L . M AN — = PAAF
- O’ z
- - . —
4.10 4.43 4.44 4.12

a) catechol, TEA; b) PhCHO, 80 °C; c) H;O" (88%, d.r. = 90:10).

Scheme 4.10

4.5 Chiral Lewis bases

Kobayashi has examined the use of simple Lewis bases, such as HMPA, to activate
allyltrichorosilanes towards carbonyl addition via the formation of hypervalent silicates. In
the presence of donating co-solvents such as DMF the conditions are essentially neutral, yet

the Hosomi-Sakurai reactions proceeded efficiently in the absence of additional catalysts

(Scheme 4.11).1%

) DM o
. a —— SiClg b /\/I\/\
NSt = _/_/|§ S — - Y Ph
R Me
|
4.24 4.45 4.46
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DMF
H | OH
. a \/,SiCl 3 b
l/\/ SiCl; 2 H _/7|§ 0, —_— /Y'\/\ Ph
R Me
" J
4.27 4.47 4.48

a) Ph(CH,),CHO, DMF, 0 °C; b) H;O" (4.46 87%, d.r. = 97:3; 4.48 90%, d.r. = 99:1).

Scheme 4.11

The use of chiral Lewis bases to promote stereoselective allylation and crotylation is now
emerging as a highly efficient method to prepare homoallylic alcohols and amines.'**'*
Excellent levels of enantio- and diastereoselectivity have been observed with chiral amine
4.49,"* urea 4.50,'> pyridine-N-oxides 4.51 and 4.52,'* formamides 4.53,'%7 phosphoramides

4.54,"°% and sulfoxides 4.55,"* employed as allylation promoters (Figure 4.02).

Figure 4.02

160 who was the

Chiral Lewis base methodology has been extensively studied by Denmark,
first to investigate the use of chiral phosphoramides to generate reactive hypervalent

allylsilicates in situ.'®' This strategy has recently been extended to dimeric activators,
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employed to construct stereogenic quaternary carbon centres enantioselectively.'®?
Bisphosphoramide 4.58, derived from 2,2’-bispyrrolidine, successfully catalysed the
diastereoselective Hosomi-Sakurai reaction of benzaldehyde with y,y-disubstituted silane 4.56

to afford 4.57, a key intermediate in the synthesis of arylpiperazine derivative LY426965

(4.59), a known serotonin antagonist (Scheme 4.12).'¢?

;
Pha -0 & g H N\P//O O\\P/N &l
Y\/ - Ph% HimA Ny~ CHas~ 7 \N H
Me Ph Me ' ‘
Me Me
4.56 4.57 4.58

4.59
LY426965

a) PhCHO, 4.58 10 mol%, BusNI, DCM, -78 °C (64%, d.r. = 99:1; e.r. = 97:3).

Scheme 4.12

The allylation is thought to proceed through a six-membered cyclic transition state (Type I
mechanism), with the chiral Lewis base (4.58) chelating to allylsilane 4.56 at its highly
electropositive silicon centre. Loss of a chloride ion generated cationic octahedral species
4.60, sufficient Lewis acidity being retained at this position to allow co-ordination of the

carbonyl substrate, promoting transfer of the allyl substituent (Figure 4.03).'%
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4.60

Figure 4.03

4.6 Lewis acid catalysed allylation with a-chiral silanes

Several groups have reported the use of a-chiral silanes to impart stereoselectivity during

129,7

allylation reactions. Panek has studied this methodology extensively and employed o-

chiral allylsilane reagents in the syntheses of chiral homoallylic alcohols (Scheme 4.13),'®
chiral tetrahydrofurans,'®® chiral homoallylic amines and functionalised pyrrolidines (Scheme
4.14)."7 In the case of chiral silane 4.61, the diastereoselection of the Lewis acid-catalysed E-
crotylation can be reversed by exerting the influence of chelation (MgBr,.OEt;) and non-

chelation (BF3.0Et;) controlled conditions.

Antiperiplanar Synclinal

4.62
OH OH
B O\/?\/k/\ Bno\/'\/ X
" X" co,Me NX"coMe

Me

4.64 4.65
a) BnOCH,CHO, BF;.0Et,, -78 °C (d.r. = 7:1); b) BnOCH,CHO, MgBr; OEt,, -25 °C(d.r.=13:1).

Scheme 4.13
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The diastereoselective synthesis of syn homoallylic carbamate 4.68 resulted from direct
amino-crotylation of N-acyl imine 4.67 generated in situ. At lower temperatures silyl-
functionalised pyrrolidine 4.69 was obtained, resulting from a [3+2] annulation pathway

(Scheme 4.14).'¢7

Me FsB.. _CO e
N~ 3. - COaMe 4.68
: CO.Me + /u\ — ]
SiMe,Ph A" TH
4.66 4.67
b .
Synclinal

/COzMe

'l‘l+ SiMeoPh anti-Sg' addition
A\ H >

4.70 4.71
a) ArCHO, H,NCO,Me, BF;.OEt,, -20 °C (4.68 79%, d.r. = 9:1);
b) ArCHO, H,NCO,Me , BF;.0Et;, -100 °C to -78 °C (4.69 72%, d.r. = 20:1).

Scheme 4.14

Chiral tetrahydrofurans have been prepared in a similar manner by Roush et al. during studies
toward the total the synthesis of the highly cytotoxic polyether macrolide Pectenotoxin II. The

C11-Ca6 sub-unit (4.76) was prepared via two stereoselective [3+2] annulation reactions of a-

chiral allylsilanes 4.72 and 4.75 (Scheme 4.15).'%®
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4.72 4.73 4.74
5-steps

BnO

4.75

4.76
a) methyl pyruvate, SnCl,, -78 °C (75%);,

b) TESCI, Im., DMF; c) methyl pyruvate, SnCl,, -78 °C (60% two steps).

Scheme 4.15

Panek applied his allylation strategy to the syntheses of several polypropionate derived

macrolides,'® such as oleandolide (4.77),'”° and a number of the ansamysin antibiotics,'’

including (+)-macbecin I (4.78) (Figure 4.04).'7

1

4,77
Oleandolide

(+)-Macbecin 1

Figure 4.04
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Of Panek’s more recent syntheses,'” his assembly of the C,-C,4 fragment (4.82) of cytotoxic
marine metabolite (+)-discodermolide (4.83) provides a pertinent example of chiral E-

crotylsilane bond construction methodology (Scheme 4.16).'7

OH

O \/k/\
£ b
TBDPSO/\(U\H + < ScoMe —=—» HO” X" coMe
Me §iMe2Ph Me Me
4.79 4.80 4.81

steps

Me Me OTBS

4.83
(+)-Discodermolide

a) TiCly, -78 °C; b) H;0" (85%, d.r. = 30:1).

Scheme 4.16

Woerpel has devised a novel hydrosilylation-allylation methodology to generate polyols

diastereoselectively from o-chiral silanes (Scheme 4.17)."”

Mes lIVIes
\
OBn SiMes,H OBn si—Q OBn OH OH
COEt a OEt ’
LPr /H/\/ B 2 o /'Y\)'V —2 - a )\(\/‘\/\
Me Me Me
4.84 4.85 4.86

a) TBAF 10 mol%, 0 °C (82%, d.r. = 85:15); b) allyltrimethylsilane, BF;.OEt, -78 °C-0 °C (91%),
¢) TBHP, CsOH.H;0, CsF, NMP (69%, d.r. = 99:1).

Scheme 4.17
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4.7 Chiral auxiliaries

In an extension of Chan’s work with silicon-bearing (-)-B-pinene,'”® pyrrolidine'”” and (-)-
menthyloxy'”® ligands, Shing has attached allylsilanes to carbohydrate-based chiral auxiliaries
in order to direct the stereoselectivity of the Hosomi-Sakurai reaction.'” The Lewis acid-

mediated allylation of simple aldehydes with chiral allylsilane 4.87, derived from L-arabinose,

allowed access to homoallylic alcohols with moderate enantioselectivity (Scheme 4.18).

e ¢
O T
m . ~
(o]
Sil MOBn
N Me
Z Me
4.87 4.88

a) (C5H11)CHO, BF3.0Et2, -78 °C (71%, €c — 38%)

Scheme 4.18

Tietze has examined the use of norpseudoephedrine to generate chiral auxiliary 4.93 in situ;
stereoselective allylation of aliphatic aldehydes and ketones has been successfully achieved
employing this strategy.'®® The oxonium ion 4.90 was formed initially via the reaction of the
carbonyl substrate 4.89 with catalytic trimethylsilyltriflate; addition of norpseudoephedrine
derivate 4.91 generated 4.92 which cyclised to form oxazolidinium ion intermediate 4.93 as
the chiral auxiliary. Nucleophilic addition of allyltrimethylsilane to 4.93 produced the
homoallylic ether 4.94 with excellent diastereoselectivity (Scheme 4.19). Subsequent

deprotection furnishing the enantiopure homoallylic alcohol in 88% yield.
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93 4.94
a) TMS-OT{, -78 °C; b) allyltrimethylsilane (R = i-Pr, 71%, d.c. = 99%).

Scheme 4.19

4.8 Strained silacycles

As discussed in Section 4.1, constraining silicon within a small ring leads to an associated
increase in Lewis acidity; this has proved an effective way to activate allylsilanes towards
addition to carbonyl derivatives. In an extension of Trombini’s work with chiral tin
complexes,'®' Leighton applied the same principle to strain-activated silacycles as a means to
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