FACTORS DETERMINING SELECTIVITIES IN THE [1,2]- AND1,4]-WITTIG
REARRANGEMENTS OF SILYL ALLYLIC ETHERS AND RELATEDSTUDIES
By

Luis M. Mori-Quiroz

A DISSERTATION
Submitted to
Michigan State University
in partial fulfilment of the requirements
for the degree of
DOCTOR OF PHILOSOPHY
Chemistry

2012



ABSTRACT

FACTORS DETERMINING SELECTIVITIES IN THE [1,2]- AND1,4]-WITTIG
REARRANGEMENTS OF SILYL ALLYLIC ETHERS AND RELATEDSTUDIES

By

Luis M. Mori-Quiroz

The [1,4]- and [1,2]-Wittig rearrangements of aayel-silyl and a,y-disilyl allylic ethers have

been studied. Structural and electronic modificetibave been introduced to learn the effect
that they produce in the [1,4]-/[1,2]-selectivitychdiastereoselectivities in some cases. These
acyclic substrates in general reacted sluggishiyg, @herefore most of these reactions show

important limitations in term in efficiency and selivities.

In a similar way, the [1,4]- and [1,2]-Wittig reangements of 2-silyl and 4-silyl 5,6-
dihydropyrans have been explored, resulting in thecovery of an overall efficient
isomerization to cyclopropylsilanes or silyl cyctyenol structures. The [1,4]-/[1,2]-selectivity
can be determined by proper structural and/or et modifications at the migrating group or
at the allylic portion. The silyl group has beertedminant in allowing clean isomerization,
presumably due to an electronic contribution, lbsitsteric demand also played a key role in

determining the [1,4]-/[1,2]-selectivity and diasteselectivities of these isomerizations.

The rearrangement of cyclic ethers has been exdaademore complex (bisallylic) substrates,
with similar efficiency and selectivities, but la@mgor shorter rings showed lower reactivity,
selectivity and overall efficiency. Comparison witlbn-silylated analogues provides a better

picture of the contribution of silyl groups in tleeisomerizations.
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CHAPTER 1

INTRODUCTION

1.1 Background

Rearrangement reactions involve the reorganizatiobbonds within a molecule to produce
structural isomers. These changes in atom conritgcéire attractive processes because they can
allow the predictable, selective and efficient fatan of more complexsomeric molecules
from simples ones. The migration of bonds can alsnge the oxidation state of some atoms,

producing different functional groups. In additidhgy are attractive from the standpoint of

1 .
atom economy because all the atoms from the reactant are preséme product. However, the

use of catalysts, activators, or initiators canidigh the atom economy of a rearrangement,

especially when they are used in stoichiometribigher quantities.

Some of the most representative, well-studied gnthstically useful molecular isomerizations
are classified asigmatropic rearrangemenFsThe termsigmatropicwas originally associated
with concerted processes, but it is currently useé more general sense to refer to the
migration of as-bond from one part of the molecule to another.ddejing on the extent of the
c-bond migration, sigmatropic rearrangements arerde=i by an order termt,j], wherei and

| refer to number of bonds separating the newly bdradems with respect to the cleaved bond.

Some important sigmatropic rearrangements avail@bteganic chemists, are concerted [3,3]-

shifts, such as the Claisen rearrangemenhich isomerizes allylvinyl ethers and their



.4 5 . I . 6
derivatives; and the Cope rearrangemendn isomerization of 1,5-dienes (and oxgr aza-

7 ..
Cope variations as well).

Sigmatropic rearrangements of ethers, strictly lsipgathe rearrangement of carbanionic ethers
— Wittig rearrangements — are of particular intereshe sense that, depending on the nature
and complexity of the reactant ether, multiple raigms are possible. In fact, the rearrangement

of bis-(,y-dimethyl)diallylether can follow up to four diffent pathways: [1,2]-, [2,3]-, [1,4]-

and [3,4]-shifts (Scheme f)each of which leads to structurally different prots.

e e

n-BulLi [2,3]-Wittig [1, 2] Wlttlg

)\A «)\ TMEDA 67% %
o]

[1, 4]-W|tt|g [3, 4] Wlttlg

Scheme 1All possible Wittig rearrangement pathways.

In the following paragraphs the main features o€ tfi,2]-, [2,3]- and [1,4]-Wittig
rearrangement pathways will be described, with easgghon the mechanistic aspects of these
isomerizations. The utility of these reactions inlding more complex molecules will also be

highlighted.



1.2 The [1,2]-Wittig Rearrangement
1.2.1  Discovery

The earliest report describing the isomerizatioretbfers was disclosed by Paul Schorigin in
1924.9 In his studies Schorigin described the rearrangénoé benzyl aryl ethers to the

corresponding carbinols in the presence of sodiuetain These examples represent formal
[1,2]-aryl shifts (Scheme 2). Several years lateog Wittig and Lisa Lohmann reported the

isomerization of benzyl ethers to the correspondiaudpinols (Scheme 2) which constitutes the

first examples involving [1,2]-alkyl shiftls(.) Such a remarkable transformation, nowadays

known as the [1,2]-Wittig rearrangement, involvlae tnetalation at the benzylic position by
sodium or phenyllithium; the resulting carbaniondergoes cleavage of a C-O bond and
formation of a C-C bond. The driving force for tisemerization is the transfer of a negative

formal charge from carbon to oxygen. This isomeiirais related to the [1,2]-migrations of

metalated ammonium salts, described by Steverthédirst time in 192&.1

g g
Na
(Yo Schorigin?
100°C (1924)

OH
PhLi (1 equw) Wittig "0

g /\© Et50, reflux O (1942)

30%

Scheme 2First examples of [1,2]-Wittig rearrangements.



1.2.2 Mechanistic studies of the [1,2]-Wittig rearrangemat
Three possible scenarios were proposed to accaunthé mechanism of the [1,2]-Wittig

rearrangement of benzylic carbanio(Scheme 3): 1) an intramolecular displacementhichv

the benzylic carbanion attacks the R group (pathajagnd directly produces alkoxidie12 2)
an elimination mechanism leading to benzaldehydkejection of carbanionR which attacks
the newly formed carbonyl (pathwayjb?)and 3) homolytic cleavage of the C-O bond followed

by recombination of the radical / radical-anionrgpathway c)l.4

N

(a) ©A_Q;R
= I y oL B
O T [ O

N

(©) ©ﬂ_gf‘)_, @o Rl

Scheme 3Proposed mechanisms for the [1,2]-Wittig rearrang@n(the positive counterion

was omitted for clarity).

The development of Woodward and Hoffman’s orbitahmetry rule%5 and Fukui’s frontier

. 16 . . . . .
orbital theory = provided a good basis to predict and better ingtrgxperimental results

relevant to the operating mechanism of the [1,2{t\g/irearrangement. In that sense, orbital
symmetry considerations argued against a concertamkss (pathway a, Scheme 3), since such

trajectory would imply a geometrically impossiblg,4]- antarafacial migration (Scheme 4),



with concomitant inversion of configuration at timégrating carbon. Schollkopf showed that the

rearrangement of optically active ethers underw@r]-Wittig rearrangement with a high
: , . % a, b, 17 ,
degree of retention of stereochemistry at the riiggacenter (Scheme 5), thus ruling

out a concerted process.

by Ty

Scheme 4Geometrically difficult, orbital symmetry-allowdd,2]-migration.

1. n-BuLi .
% Ph THE Ph
~Ao~pn - \/S(Ph
2. oxidation 0O

90% retention

Scheme 5Retention of stereochemistry at the migrating carb

The observed retention of stereochemistry at thgrating carbon during [1,2]-Wittig

migrations supported a stepwise mechanism, andlipithis was interpreted as support for an
. . L. . l% , b

elimination mechanism which involves heterolytidCeleavage (pathway b, Scheme 3‘

The isolation of-nitrotoluene in the rearrangementpafitrobenzyl ethers was also regarded as

evidencel.8 However, the higher migrating aptitude of tertiakyl groups with respect to

: . . .14 .
secondary and primary alkyl was not in agreemerth 8uch mechanism. Primary alkyl

groups with vicinal hydrogen atoms with respedhi® migrating carbon, and secondary alkyl to

10, 14, 19

a lesser extent, underwent significgelimination. The observed trend indirectly

suggested the intermediacy of radicals as the mmgragroup species. In favor of a radical



mechanism (pathway c, Scheme 3) and against theafmn of a migrating carbanion was the

following observation: 1-adamantyl benzyl ether emeent [1,2]-Wittig rearrangement but 1-

norbornyl benzyl ether did not (Schemelé).ZOSince the stability of 1-adamantyl radical is
higher than that of the more strained 1-norborra,dicra|,21 and the corresponding lithium

anions have inverse stabiﬁtzytherefore it is expected that a homolytic C-O céape takes

place prior to recombination in the [1,2]-Wittigareangements.

relative radical stabilities:
MelLi
O HO @ > ﬁ
“pn T Ph

54%
relative anion stabilities:
AQE:7 MelLi ii;;
o} """ Ho <
“—pn THF Ph
0%

Scheme 6Correspondence between radical vs anionic stahitid ability to undergo

rearrangement.

The high level of retention of stereochemistryhat tmigrating center implies that recombination
of the radical pair is faster than planarizationtttd enantiomeric migrating radical. This has
been rationalized as the cleavage and recombingiking place quickly within a “solvent

cage”. Evidence for a fleeting life of these ratidaas been gathered by using a radical clock:

The rearrangement of cyclopropylmethyl benzyl ethedergoes [1,2]-Wittig rearrangement

without isomerization of the cyclopropylmethyl gp)%fc Since recombination of the radical /



radical anion pair is faster than ring openingaih ®e inferred that rearrangement is faster than

23 . . .
Further support comes from experiments involvingiraverse approach: The

9.4x 10" s*.
rearrangement of benzhydryl 5-hexenyl ether afftihésexpected [1,2]-Wittig product without

. . 24 .. . .
isomerization of the 5-hexenyl portion,which is consistent with a faster rate of reareangnt

versus cyclization of the migrating 5-hexenyl radlic Importantly, recreation of the
“intermolecular” portion of the [1,2]-Wittig, thas, the recombination of radicals that escaped

the “solvent cage” after homolysis, has also beadiad via reaction of benzophenone ketyl in

presence of 5-hexenyl iodiéé.

The stereochemical course at the lithium-bearindpara in acyclic systems has also been

. . 25 . . . .
studied by Nakai and coworkers,and their results are in agreement with the oladiems

made by the groups of Coh2e6n and BrUcknle7 in cyclic systems. Optically active,

diastereomerier-alkoxy stannanes were independently metalatedirvibithium exchange and
underwent rearrangement to the corresponding aalghiAnalysis of these pairs of enantiomers
revealed inversion of configuration at the lithilo@aring carbon. In both cases the level of
retention of stereochemistry at the migrating canamas higher than the level of inversion at the
carbanion terminus. Interestingly, the level of endton/inversion was higher in one

diastereomer, suggesting a significant degree abiahwecognition of the enantiomeric radicals

. ... 25
during recombination.



90% retention

- SnBuz n-BuLi Et
PN CN
Ph™ "O" "Et OH 74% inversion

98% retention

_FEt

:  SnBug n-Buli
=
OH 9

: —> Ph
PPN
Ph™ "O" "Et 0% inversion

Scheme 7Stereochemical course at the lithium-bearing aarhdhe [1,2]-Wittig shift.

It is important to point out that the degree ofdrsion of stereochemistry at the lithium bearing
. . . . 28
carbon is susceptible to chelation by surroundieigioatoms, " as demonstrated by Maleczka
. . . : 9 "
and Geng with diastereomeric stannyl ethers shaw®aheme § Under conditions that

maximize chelation, the expected inversion of ayunfation at the carbanionic center, generated

via Sn/Li exchange, was reversed. Interestingly ianagreement with observations of Nakai,
25 . . . . oy . . .
the relative stereochemistry of the migrating Attdum bearing carbon atoms in the starting
. . . 29 . . o .
ether showed different diastereoselectivityThese studies show in some cases it is possible to

manipulate the stereochemical outcome taking adgantof the properties of a reacting

molecule.



inversion

BusSn  Ph retention Bﬁ
3 BuLi OH O
PN n-BulLi (: > 5

O)\(\O SN +\</OKH$

@) :
(1R39) o e
syn [1,2]- anti[1,2]-
in THF/hexanes 2 : 1 (chelation)
in THF with LiCl 1 : 2 ('normal’)
retention inversion
BusSn Ph
P n-Bui (oH Qlf (oH Q>T
o&(\o e, " OH, 0
oA e 4
(1R,3R) _
syn[1,2]- anti[1,2])-
in THF/hexanes 2 : 1 (chelation)
in THF with LiCl 1 : 4 ('normal’)

Scheme 8:Chelation-controlled’ and ‘normal’ stereochemicaitcome in the [1,2]-Wittig

rearrangement of stereodefined carbanions gendogit8d/Li exchange.

1.2.3 Representative examples of syntheticallgeful [1,2]-Wittig rearrangements

The substrate scope of the [1,2]-Wittig rearranggmis somewhat limited due to the
. . e . 25b e
requirement for radical stabilization of the migngtfragments. Another limitation is related
to the method to generate ancarbanionic ether, which does not always tolessrsitive
functionalities. However, there are several exasymé highly efficient and stereoselective

[1,2]-Wittig migrations. For example, Nakat al took advantage of the inherent chirality of

sugars and developed a highly stereocontrolled-\/jgig rearrangement of acetal systems

(Scheme 9?.0 The utility of this technologgilOb has been highlighted in the total synthesis of

. . Oc
zaragozic acid (23



=

0 1. n-BuLi (3 equiv) HO
00 0

— OTMS . —

— °C. 2h -

otepps  'HR78100°C, OTBDPS
2. NaOMe e
[1,2]-Wittig
80%
dr=96:4

Scheme 9Stereocontrolloled [1,2]-Wittig rearrangement bfagsidic acetals.

The need for sufficiently acidic hydrogens can bt byy usingo-carbanion stabilizing groups,

31 32 . .
such as carbonyl groups. Recently, Wolfeet al. employed esters bearing a chiral

auxiliary32b’ ‘1o promote a highly efficient sequence of [1,2]tMgi rearrangement / aldol

reaction (Scheme 10). Of special importance isugeof a Lewis acid to facilitate enolization
with a mild base, triethylamine. Excellent diastesdectivity and enantiocontrol was obtained

with the optimum chiral auxiliary.

Bu,BOTTf (3.2 equiv)

Phy o EtsN (4 equiv) O’P'b OH
OjOJJ\/OBn ETE g .,/OMCQH-W

H "Colie gl 0°Ctont HO Bn
2 equiv [1,2]-Wittig / aldol
88%
(95% ee,
dr =20 : 1)

Scheme 10Asymmetric, Lewis acid mediated [1,2]-Wittig remmgement / aldol reaction.
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1.3 The [2,3]-Wittig rearrangement

1.3.1 General characteristics

- l%,33 . . . .
The [2,3]-Wittig rearrangemen constitutes a migration pathway of allylic etherstalated
at the non-allylic position. Contrary to the [1{dthway, the [2,3]-manifold is allowed by

orbital symmetry according to the Woodward-Hoffmannes,16 and proceeds through a

. . . . . 3
concerted mechanism involving a highly ordered ®t&e 6-electron transition sta?fe. It

constitutes the most developed and syntheticakyulidVittig rearrangement pathway to date,

and belongs to a greater family of concerted [8j@inatropic rearrangements that include the

. o . . ., 34 . 35 . 36
isomerization of allylic ylides such d$-oxides , ammonium salts, and sulfonium salts,

. . 37 . " -
and neutral species such as allylic sulfoxidegttractive characteristics of the [2,3]-Wittig

rearrangement from a synthetic point of view inelutie ability to transfer chirality, create
adjacent stereocenters with diastereo and/or extamiirol, and the formation of stereodefined
olefins. In all ethers capable of [2,3]-Wittig remmgement the [1,2]-shift is an inherently higher
energy competitive pathway and therefore it is liguainimized at low temperatures. In some

cases though the [1,2]-Wittig can effectively agpthe concerted [2,3]-pathway.

1.3.2 Stereochemical course at the lithium-beary carbon

A common feature between the [1,2]- the [2,3]-Wittearrangements is the stereochemical

course at the lithium-bearing carbon. Coﬁgnﬁmckne?g and Nakaﬂ'0 have studied the [2,3]-

Wittig rearrangement of stereodefined lithiatedeeshin detail and demonstrated that, like the

[1,2]-pathway, the [2,3]-Wittig proceeds via invers of configuration at the carbanion. In

11



Nakai’'s approach, for example, an optically activallyloxy stannane underwent tin-lithium
exchange withn-butyllithium followed by [2,3]-migration in excalht yield, complete

diastereoselectivity and inversion of stereochemwiat the initially metalated carbon (Scheme

9).
ca. 100%
inversion
SnBu n-BuLi (1.5 equiv) -
\/'\ /3\/\ - \/'\/\
O [o] -
THF, -78 *C .
[2,3]-Wittig
95%

Scheme 11Stereochemical course at the carbanion termintisifi2,3]-Wittig rearrangement.

1.3.3 Transfer of chirality
An important characteristic of the [2,3]-Wittig reangement is that the migration takes place
across a conjugated system or, in other wordsyrigeation occurs with transposition of the

allylic portion. Were there a stereocenter at #hallylic position, the chiral information is
. e 3 2
destroyed at this carbon atom due to the changghndization from spto sp, but at the same

time it is transferred to a new chiral center ie firoduct with high fidelity. In the example
shown in Scheme 12, an optically active allylicgamylic alcohol (98% ee) rearranges via the

[2,3]-sigmatropic shift to virtually form a singldiastereomer with the same degree of

enantiomeric purity (98% eé'f).b This property has been coined by Nakai as ‘asymamet

transmission’.

12



SiMes

SiMe3 ; i :
P> n-BulLi (1.5 equiv) /\/\/
K\ro\/ - X Y
THF, -85 °C OH
98% ee [2,3]-Wittig

98% ee
(98% E, 98% dr)

Scheme 12Transfer of chirality in the [2,3]-Wittig rearraagent.

1.3.4 Stereoselectivity of the [2,3]-Wittig reaangement
The creation of adjacent stereocenters is possibléhe rearrangement of allylic ethers

substituted at the terminal position. A good cquoeslence between the geometry of the initial

, . . , 4 .
olefin and the relative stereochemistry of the piidis usually observedl. As shown in

Scheme 13E-crotyl allyl ether favors thanti [2,3]-Wittig whereas the isomeri¢-crotyl allyl
ether predominantly gives thsyn [2,3]-Wittig product. The diastereoselection, whics

primarily determined by the geometry of the staytotefin, has been rationalized by transition

: . 41b, 42
state models based on ‘folded envelope’ conformatiaf a cyclopentane ring.”" Although

the degree of diastereoselectivity strongly depemd¢he nature of the R substituent (which is
proposed to take a pseudo equatorial position, 8etEl), these models allows the practitioner

to predict the stereochemical outcome of the [RY&}g rearrangement.

13



n-BuLi I H, ]
\/\/O\/\ —o> AN 7N via Me\):?)lo
THF, -85 °C OH R
E:Z=93:7 anti [2,3]-Wittig B N
(dr=4:1) R = CH=CH,
n-BuLi i H i
K\/O\/\ - /\)\‘/\ via ,_)I-.IT_\
THF, -85 °C OH 7 ©
E.Z=5:95 syn [2,3]-Wittig L Me .
(dr=10:1)

Scheme 13Correspondence between olefin geometry and destelectivity of the [2,3]-

Wittig rearrangement.

Another stereochemical feature of the [2,3]-Wittigarrangement of ethers derived from
secondary allylic alcoholsufsubstituent at the allylic fragment) is the getieraof internal
olefins. In general, the [2,3]-Wittig pathway fasothe formation ofE olefins. Scheme 12

depicts two possible transition states for theresggement of an allylic ether substituted at the

.42 . . . . .
o-position.  The favored conformation, in which most substitegi®; and RB) are positioned

in pseudo equatorial orientations, clearly leadthoE olefin product. TheZ olefin would be

generated from the unfavored conformation in whHightakes a more hindered, pseudo axial

orientation involving a 1,3-diaxial interaction. @nagain it is important to emphasize the role

. . - . . 33d
of the B substituent in determining the degree of geomatd@astereoselection.

14



_ " R1_ R
)F)_T_KO . R‘I/\/\( 2
R, H OH
i Ny E, major
/\/Ov R, base favored TS
R - _
1 Uy H R4
Ry R OH
unfavored TS Z, minor

Scheme 14Transition state models depicting the preferenc&fgeometry.

An important exception to the preference fir olefin formation is the ‘Wittig-Still’
modification43 that involves the rearrangement of stannylmetliybies. In this particular case
the highly unstable alkoxymethyl anion is generated tin-lithium exchange and undergoes
rearrangement to give predominantly thelefin product. However, it has been shown that in

. . 4 . .
some cases this preference is solvent depenéemn the other hand, experimental evidence

indicates that the rearrangement of these methgnidenerated via reduction of the

corresponding sulfides, is independent of the meetﬁd)n.45

1.3.5 Other strategies for the stereoselectiv,B]-Wittig rearrangement of ethers

In complementary approaches to the transfer oftityirdescribed above (Schemes 11 and 12),
several workers have attempted to induce sterexisadd2,3]-migrations by introducing remote
chirality, that is, a stereogenic center exteradhe sigmatropic framework. These stereocenters
can be located near the latent carbanion centeroxmal to the allylic fragment. For instance,

Nakai and coworkers have studied the rearrangenfesiallyloxy esters of a chiral auxiliary

15



derived from (-)-menthol (Scheme 1A‘§)Jn addition to the good diastereoselectiggn(vs.

anti), good enantioselectivity was observed. This ca@se exemplifies an exception to the

correspondence between olefin geometry and diastemec preference of the product (Scheme

. , 42, 47
13). It has been consistently observed iaatllyloxy enolates follow an inverse trend

wheread< olefins lead tesyndiastereoselection.

O,O\n/\o/\/\ O, \ﬂ)/\
.. 0O
A THF / HMPA,
Ph 70 °Cto rt
> 75% (23, 3R)
syn/ anti = 9:1
de (syn) =97%

Scheme 15Asymmetric induction by an intramolecular chirakdiary.

In another remarkable example, a chiral centeripralkto the allylic framework and 5-bonds

away from the carbanion center, directed the [8Bft with complete diastereo and
enantiocontrol to give a single product (Scheme4§6I)he absence of [1,2]-Wittig products and

the high diastereoselectivity observed might besegnence of coordination of the protected

diol oxygen atoms to the lithium cation during reagement.

= TMS  n-BuLi (1.2 equiv)
Op o 7 .39 o
)ro THF, -78 °C - X ™S
77%

single
diastereomer

Scheme 16Asymmetric induction by remote chirality.
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Perhaps the most attractive methodology for thentweelective generation of adjacent chiral

centers via [2,3]-Wittig rearrangements is thatrtstg from racemic ethers which are

deprotonated by chiral baé(g:i)r by achiral bases with a chiral Iigar‘?g,such as sparteingeor

example, Maezalet al employed a chiral bis-oxazoline ligand and exdessbutyllithium for

the enantioselective deprotonation of ethers (pgfifvith deuterated substrates) followed by

rearrangement to give homoallylic alcohols withedlent enantiomeric excess (SchemeSfB).

THF, -78°C, 2 h : t-Bu t-Bu
[2,3]-Wittig
71%
(98% ee)

OTIPS t-BuLi (10 equiv) OTIPS O%O

1 (1 equiv) i"/J; S/lN I\IIJ

~0Bn ~ Ph7 ;
1

Scheme 17Asymmetric induction by chiral ligand / achiraldea

1.4  The [1,4]-Wittig Rearrangement
The earliest report of a [1,4]-Wittig rearrangemeates back to 1969 when Felkin and Tambute

reported the isomerization of unactivated alkyyladithers (Scheme 18) to the corresponding

aldehydes or ketone552. In addition to these carbonyl compounds, the [Wa}ig products

were also obtained, whose ‘yields ranges from 7%83%’. >2 Although the authors provide

limited information regarding yields and productios, it is clear that modest selectivity and

low overall efficiency of the rearrangements ararahteristics of these cases.
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PrLi O OH
\/\O/n'BU F' n-BU/\)J\H + \)\H'BU

pentane / TH
[1,4]-Wittig [1,2]-Wittig
29% 23%

Scheme 180ne of the first [1,4]-Wittig rearrangements di@ts.

In contrast to the [2,3]-Wittig pathway, which alsovolves an allylic framework, the [1,4]-
Wittig shift proceeds via an allylic anion that @ndoes rearrangement to the corresponding
enolate. Regular workup procedure affords the spording carbonyl compounds. Thus, the
intermediacy of an enolate is a unique attribute¢hef [1,4]-Wittig pathway that has not been
significantly exploited, even though it is a chaesistic that clearly distinguished it from the

alkoxide-forming [1,2]- and [2,3]-Wittig pathways.

1.4.1 Mechanistic considerations of the [1,4]-Wittig pathvay
The [1,4]-Wittig rearrangement can take place wi@ twell-defined reaction pathways that
resemble those of the [1,2]- and [2,3]-Wittig shiftA first scenario involves a stepwise

mechanism, similar to the inherently competitive2]ashift, via the homolytic cleavage of the

C-O bond, followed by recombination of the radi¢aladical anion fragmen?sz. However,

contrary to the [1,2]-shift, a concerted [1,4]-pa#ly is allowed by orbital symmetrgf,d’ >3

according the Woodward-Hoffmann rules (Schemelfglx is important to point out that

whereas botlcisoid or transoid conformations are compatible with a stepwise peces

concerted mechanism very likely proceed$y via acisoid conformation (Scheme 19).
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/‘\‘-\
stepwise: \_,/’vz,,o,R—> [wd -R]—> vq,‘c)—

R*o mé) R O
concerted: “IJ = 8\8_8V — U

Scheme 19Possible mechanisms for the [1,4]-Wittig rearranget.

Early mechanistic studies showed that the [1,4tg/ftiroduct was obtained as a geometrically

pure enolate5.4aThe stereochemical course of the [1,4]-shift hasnbstudied: Rearrangement

of optically pure ether2 afforded the [1,4]- and [1,2]-Wittig products witltetention of
stereochemistry at the migrating carbon. A simdatent of racemization in both [1,4]- and

[1,2]-pathways (~30%) was interpreted by the authawsa strong evidence in favor of an

. . . . 54
stepwise, radical / radical anion mechanism.

1. n-BulLi

0 : OH
] 2. LIAIH, °

2 via [1,4]-Wittig  via [1,2]-Wittig
96% ee 3. Hp / PtO; 38% 259,

(69% ee) dr=1.2:1
(syn, 67% ee
anti, 67% ee)

Scheme 20Retention of stereochemistry at the migrating carin the [1,4]-Wittig migration.

More evidence favoring a non-concerted mechanismesofrom the following observation:

Apocamphylallyl ether underwent deprotonation baitefl to rearrange either via [1,2]- or

[1,4]-pathways (Scheme 2?[? This result resembles previous studies on the]-\/jRig
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rearrangement with the related norbornyl ethers, asd discussed above (Scheme 6), is
explained by the instability of the C1 norbornytlical, due to the pyramidal geometry of this

carbon.

2& base tms g - % + %
3 L — oTMs TMSO—<{__

isolated [1,4]-Wittig [1,2]-Wittig
product 0% 0%

sec-BulLi
ow DIJDTMS \)O\TﬂSA (j\)oms OTMS

THF, -50 °
to rt [1,4]-Wittig [1,2]-Wittig iso-[1,4]-Wittig iso-[1,2]-Wittig
62% 20% trace trace

Scheme 21Relevant experiments on the mechanism of the-\/iig migration.

In addition, the rearrangement of cyclopropylmetafyl ether afforded the [1,4]- and [1,2]-

Wittig products with virtually no ring opened isonteproducts (Scheme ZE? This result

parallels the isomerization of cyclopropylmethylnbgl ether, which undergoes [1,2]-Wittig

. . o 13 o
rearrangement without further isomerization (Sectid.2), “and suggests that recombination

of the radical pair is extremely fast (9<4LO7 s'1 or higher).23

On the other hand, Rautenstrauch suggested thit #jeWittig rearrangement is a concerted

. . . . 56 .. .
process based in his studies of the rearrangensérismembered cyclic ethers. Given its

cyclic nature, the arrangement of the five atonwIlwved in the rearrangement are in a ‘locked’

cisoid conformation, which is the ideal arrangement fopacerted [1,4]-shift. For instance 5,6-

20



dihydropyran underwent exclusive [1,4]-Wittig reargement and was isolated as the
corresponding trimethylsilyl enolate (Scheme 23)e Tearrangement of nerol oxide also gave
only the [1,4]-Wittig product with slightis diastereoselectivity and no competing [1,2]-Wittig

product was observed. Based on conformational asisaliRautenstrauch suggested a concerted

. . . . . 56
mechanism, leading predominantly to theproduct, was operative.

1. n-BuLi (2 equiv)

THF, -67 to
o
- 25°C, 4d OTMS
o > A/
2. TMSCI [1,4]-Wittig
-67 °C 48%

1. n-BuLi (2 equiv)

THF, -67 to
o _ - NS _ H

2. TMSCI [1,4]-Wittig
67 °C 80%
dr=1.5:1

Scheme 22[1,4]-Wittig rearrangement of dihydropyranyl syste

1.4.2 The problem of regiocontrol between the [4]- vs [1,2]-Wittig pathways
The [1,2]-shift is an inherent competitive pathwdythe [1,4]-Wittig rearrangement. Generally,

the selectivity in favor of the [1,4]-pathway haseh increased by running reactions at lower

55 . — " .
temperatureS. However, in most cases a significant amount of [th2]-Wittig product is

formed, and is tipically the major produ5c7t.Furthermore, in the particular case of bisallylic
ethers, compounds capable of at least four Witdthways ([1,2]-, [2,3]-, [1,4]- and [3,4]-,

Scheme 1), the [2,3]-shift is predomingﬁ?f 58There are however some cases in which the
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30b, 54b, 59

[1,4]-migration is predominant over the [1,2]-patywv and in a very few cases,

. 56 .
exclusive. ~ Some examples are given below.

Schlosser and Strunk reported the synthesis ohwttbs via the [1,4]-Wittig rearrangements of

allyl alkyl ethersk?5 These studies revealed a slight dependence ¢1 #e/[1,2]-selectivity on

the base, and particularly on the base counter kam. example, the rearrangement of (3-
methyl)butyl allyl ether withsecbutyllithium led to a ~3:1 [1,4]-/[1,2]-selectivitywhile
addition of potassiuntert-butoxide led to 10:1 selectivity at room temperat(Scheme 23).
However, at lower temperatures the presence of spota significantly retarded the
rearrangement of ethers. Remarkably, these wonksesl this methodology to synthesize a
pheromone from the coleopteran spetiegoderma inclusurandtrogoderma variablewhich

constitutes the only application of the [1,4]-Wgttearrangement in total synthesis.

sec-BulLi
o H N
o THF, -75 °C M/

tort [1,4]-Wittig [1,2]-Wittig
no additive, 73% 3 : 1
tBuOK, 73% 10 : 1

Scheme 23Effect of the counterion in the [1,4]-/[1,2]-Witselectivity.

In a different system, Tomookat al discovered that the proper choice of silyl groupaa

terminal alkyne allowed [1,4]-Wittig migration ofi¢ glycoside portion with good [1,4]-/[1,2]-
selectivity (7:1) and good overall yie?g.b Unfortunately, the origin of the observed seldttiv

was not discussed, however it seems such selgaswsubstrate dependent.
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\ SiRg SiRg
. . Z Ho [
oo N n-BuLi (3 equiv) o o
S SiR3 - \o . «
o THF, -78 °C \ N
OSiR; 1BS ’ OSiRg TBS OSiRg TBS
[1,4]-Wittig [1,2]-Wittig
730/0 1 oo
SiRz = TBDPS

Scheme 24Selective [1,4]-Wittig shift of a glycoside systeaported by Tomooka.

The most selective example towards the [1,4]-shiicyclic ethers was reported by Onyeozili
and Maleczka in 2006. Under optimized conditioashenzyloxy allylsilane underwent
exclusive [1,4]-Wittig rearrangement to the cor@sing acylsilane in 80% yield (Scheme
25).60 In addition, they trapped the obtained enolatéhvaitseries of electrophiles in good

yields. The authors suggested the observed exelgsiectivity might be due to the operation of

the concerted [1,4]-migration mechanism.

0">Ph sec-BuLi (1.5 equiv) PhL)Ok
vsn\n% g SiMe

o
THF, -78 °C, [1,4]-Wittig
30 min 80%

Scheme 25Exclusive [1,4]-Wittig rearrangement atbenzyloxy allylsilane.

1.5 Methods for the generation of carbanions capable dNittig rearrangements

In general, compounds capable of Wittig rearrangdésare limited by the accessibility of the
required carbanion, the actual species that undsrgond reorganization. The most common
way to access such carbanions is by deprotonatiinstrong bases such as alkyllithiums. In

the case of unsymmetrically substituted ethersossdgective metalation becomes an important
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issue and the relative acidities of theanda’ protons will determine the site of deprotonation
and therefore the possible Wittig shifts. To cirmemt this problem an anion stabilizing group
G is placed at the (or o’) position so that deprotonation is regioselec(i8eheme 26). Groups

such as alkynes, phenyl, carbonyl (ketones, amelsrs, aldehydes), cyano, sulfonyl and silyl
can perform well as the G group. The latter is mhast relevant to this thesis and will be

described in some detail.

' base R_ , sigmatropic
R OR R OGR _shift | 14,21, [1,4] or [2,3]-Wittig
G G

G = anion stabilizing group

Scheme 26Generation of carbanions via group G-directed alepiation.

Silyl groups are capable of stabilizing an adjacesmtbanion by delocalization the negative

charge through silicon d orbita?%,a'b although others attribute this ability to

hyperconjugatior?.lc’ OIThe overall effect is the reduction in pKa of t@njugated acid. Also,

silyl groups can be considered carbanion masksghwban be displaced to give a carbanion
capable of Wittig rearrangements (or other reashoNakaiet al. introduced the use of silyl

groups in Wittig rearrangements. For example, @ilitree bisallylic ethers underwent selective

. . L. 41 :
deprotonation at the less substitutegosition, ? but the presence of a silyl group at the

position led to selective deprotonation at the nsosistitutedy allylic position (Scheme 2%.
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X
MeSSi\/T/O\/\] MeSSi\/\@

[1,2] or [2,3]-Wittig
90%

MGsSI\/\(O\/\ n-BulLi
THF

Scheme 27Silicon-directed deprotonation of hindered allydgsition.

The generation of carbanions by fluoride-promotedsilgilation followed by Wittig

rearrangements has been studied by lfig%qu Nakaf?3b and Maleczkg.e’c This approach is

very attractive because it avoids the use of stiosges, which are incompatible with many
useful functional groups. Nakai reported a couglexamples in whiclu-allyloxy C-silylated

esters underwent desilylation with tetrabutylammanifluoride (TBAF) at low temperature in
THF followed by [2,3]-Wittig rearrangement (Scheﬂ@.&b Maleczka and Geng reported the
cesium fluoride promoted [1,2]- and [2,3]-Wittigareangement ofi-alkoxysilanes in DMF, an

. - 6
unusual solvent in Wittig rearrangements (Sehen)e%CS

TBAF
O._COsMe
/ﬁ/ Y2 >~ MCOZMe Nakai 630

SiMes  THF, -85 °C OH
[2,3]-Wittig
100%
~_0.__Ph CsF
NN - X Ph Maleczka 63¢
SiMe;  DMF, rt OH
[2,3]-Wittig
80%
dr=1.2:1

Scheme 28Silicon-promoted Wittig rearrangements.
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The Wittig-Still rearrangemeﬁ:t3 (section 1.3.4) is based on carbanion formatiantiv-lithium

exchange, a strategy that allows access to unstab@nions that can then undergo Wittig

rearrangements. Not surprisingly, this method igenily a common tool in natural product

. 64 . - : .
synthesis, but the associated toxicity of tin has promptedsemrch for more benign

approaches. Following two promising examples by 2duland Listf?%l Maleczka and Geng

studied the silicon / lithium exchange / Wittig meagements otw-alkoxy silanes (Scheme
29).65b Interestingly, in Mulzer's examples the absenceaoion stabilizing groups allowed
selective Si/Li exchange witlbutyllithium followed by rearrangement, whereadvialeczka’'s
examples, Si/Li exchange was accompanied by cotiygetieprotonation / rearrangement due
to the carbanion-stabilizing effect of the trimds#ilyl group along with the olefins and phenyl

groups present in these molecules. Other methadthéogeneration of carbanions capable of

Wittig rearrangements include the reductive liloiat of O,S acetals with lithium

naphthalidez,ﬁ’ 38and the Smimediated reduction of diallyl acetaqg

>/<:>_\O e >/<:\C Mulzer 652
OH

MesSi—  THF, -5to

5°C [2,3]-Wittig
68%
O. _Ph MelLi R
/Y Y N PR Maleczka 650
SiMes THF, rt OH
[2,3]-Wittig
R=H, 75%

R = SiMes, 21%

Scheme 29Examples involving Silicon-Lithium exchange / Vijttearrangements.
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It is important to mention that the formation of actual carbanion can be avoided by

generating synthetic equivalents. For examg@tallyloxy carbonyl compounds can be enolized
. . : - 32 :
with a Lewis acid and undergo Wittig rearrangemenin a unique example by Gauet al,

enamine formation with a catalytic amount of a selewy amine led to [2,3]-Wittig

rearrangement ofi-allyloxy ketones with excellent yields and modesistereoselectivities

(Scheme 3033.7

9] H (20 mol %) O Ph
MeOH, -5 °C OH
[2,3]-Wittig
84%
dr=6.5:1

Scheme 300rganocatalytic enamine formation / [2,3]-Witteggrrangement.
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CHAPTER 2
STRUCTURAL AND ELECTRONIC PERTURBATIONS ON THE REATVITY AND
SELECTIVITY IN [1,2]- vs [1,4]-WITTIG REARRANGEMENTS OFa-ALKOXYSILANES

2.1 Introduction

In an earlier stud;l/, Maleczka and Onyeozili showed that unsubstitusedlkoxysilane 1

rearranged exclusively via the [1,4]-pathway at l@mperatures to give acylsila@ein 80%
yield (Scheme 31). It was observed that the [1d2hyway became competitive with increasing

temperature, leading to a gradual erosion in [§edéctivity, resulting in mixtures d@ and
isomeric [1,2]-Wittig product, with the [1,4]-/[1,2]-ratio reaching 2.5:1 at mdemperaturé.

Following these results, we questioned whethegh [ii,4]-/[1,2]-selectivity could be retained if
we made structural changes to our model substrayeeither adding substituents at the olefin, at
the migrating group, by changing the silyl group,by introducing electronic modifications at

the aromatic ring.

~ n or sec-BulLli _
\/IO\ Ph (1.5 equiv) u Megsi OHPh +M638|K/1(J)\/
1 4
o [1:4] W|tt|g [1,2]- Wlttlg isomeric [1,2]-Wittig
-78 °C 80% 0% 0%
0°C  48% 0% 20%

Scheme 31[1,4]-/[1,2]-Wittig rearrangements ofalkoxysilanes.

The formation of the isomeric [1,2]-Wittig producan be rationalized as shown in Scheme 32.

Isomerization of the [1,2]-Wittig alkoxides) (s likely to take place via Brook rearrangement t
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homoenolateii followed by a [1,4]-Retro-Brook migration to entdaii. As pointed out

3 . . .
elsewere, such net carbon-to-carbon 1,3-silyl migrations gemerally substrate-dependent,

sensitive to steric and electronic factors, andifest at higher temperatures. We have evidence,
however, that in our case this isomerization maypart, also be an artifact of work-up and in

certain cases can be minimized (vide infra).

Me3Si O OSiMe3 MGSSi 0O H+ Me3Si @)
AN Ph < RNK(Ph — RN g Ph
Ro Ro Ro Ro

i i iii isomeric [1,2]-Wittig

Scheme 32Plausible mechanism for the isomerization of th@]fWittig alkoxidei to isomeric

enolatsiii .

2.2 Effect of alkyl substitution at the terminal allylic and benzylic positions
Nakai and co-workers have showed that the scope lenidations of the [1,2]-Wittig

rearrangement are determined principally by theranagy aptitude of the alkyl group (primary <

secondary < tertiary = allyl < benzyl) thus follawgi increasing radical stabili'f"y.ln cases of

limited radical stability of the migrating grouparbanion-stabilizing groups similarly facilitate
[1,2]-migrations? In contrast, the yield of [1,4]-Wittig products hasen reported to be relatively
insensitive to substitution at the- or y-position of the allylic moiet;‘?, although Schlosser

observed that [1,4]-/[1,2]-selectivity is diminigh&vith increasing alkyl substitution about the

o 6 . - .
migrating carbon. In the context of these previous findings, we saet to systematically

investigate the introduction of alkyl substitutiah the benzylic carbon and/or terminal allylic
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carbon ofa-alkoxyallylsilanes so as to gain insight into #teric and stereochemical factors that

might control the course of Wittig rearrangemerita-@lkoxyallylsilanes.

Dr. Onyeozili studied the effect of an alkyl substnt at the terminal %pcarbon of the allyl
moiety 6, Scheme 335. When subjected to our previously developed condti@ecBuli,

THF, —78°C)l compoundb afforded in 74% overall yield a 4:1 ratio of acidee 6 and alcohol

7 resulting from [1,4]- and [1,2]-Wittig rearrangentignrespectively (Scheme 32). The effect
such alkyl substitution on the rate of deprotormaticearrangement was negligible, consistent
with the fact that the site of deprotonation isaaklatively remote position with respect to the

alkyl substituent. Notably, the erosion of the [4[4,2]-selectivity with substitution at the

terminal allylic position is in apparent contrasithwliterature reports. Based on our earlier

observationls’ 2in which only the isomeric [1,2]-product was iselaté instead of3, Scheme

31) we were surprised to find that the rearrangeméb gave the actual [1,2]-Wittig product

(alcohol7, Scheme 33) but none of the isomeric product (le8d.

O >Ph  sec-Buli (1.5 equiv) Py MeaSi OH MesSi O
PPN - o N ph ¢ Ph
Me SiMeg o Me SiMeg Me Me
THF, -78 ~C,
5 . 6 7 8
40 min 59% 15% 0%

Scheme 33Effect of substitution at the terminalzsrparbon of the allylic moiety.

We continued our studies by analyzing the influeotsubstituents at the migrating (benzylic)

carbon, a structural change that inherently ledidstereomeric substrates. Our simplest models,
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a-(trimethylsilyl)allyl etherssyn-9 andanti-9 bearing a methyl group at the benzylic position,
were not separable by silica gel column chromaggyathus a 1:1.4 mixture a&yn-9/anti9
was employed (Scheme 34). Under our standard osactnditions we found that the most
reactive diastereomersy+9) was consumed within 8 hours whereas the ‘lesstivea
diastereomeanti-9 was recovered in 43% (based on sye-9/anti-9 mixture). In other words,
anti-9 underwent only ~27% conversion, vs. 100% conversimyn9. The [1,4]- and isomeric
[1,2]-products {0 and11, respectively) were obtained in a ratio of 1.5n8l &1 a combined 35%
yield. It was observed that allowing the reactionptoceed overnight resulted in an increased
overall yield of 10 and 11 (46%), with basically the same [1,4]-/[1,2]- raffth.7:1) with a
corresponding decrease in the recovery of the leastive’anti-9 (26%). The near complete
erosion of the [1,4]-/[1,2]- selectivity (>99:1 inompound1) is in agreement with the

detrimental effect of increasing substituents atrthigrating carbon in the [1,4]-/[1,2]-selectivity

observed by Schlossng he marked difference in the reactivity of diastanerssyn-9 andanti—

9 points to the determinant role of relative steremeistry, and more specifically the steric

environment around the allylic proton. (o silicon) in allowing the key deprotonation stiep
take place prior to rearrangement. We propose that allylic C—H, bond should be
perpendicular to the olefin and therefore alignedhwhe = system. At the same time,

antiperiplanar alignment of the allylic Cidond to the cleaving C—O would allow weakening of

the C—H, bond. The phenyl group would take the less crovatetifurthest position, maximizing

conjugation by aligning with the C—O bond and theeding to the pseudo-eclipsed conformers
shown in Figure 1. These proposed conformationglirements pose a more severe steric

interaction inant-9, the less reactive diastereomer, in which the gsaclipsing Methyl and
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TMS groups collide. On the other hand sym-9 the TMS group is pseudo-eclipsed with &hd
a less unfavorable steric interaction between #mezyic methyl and vinyl groups is possible.
Alternatively, positioning the benzylic Hproton in an “eclipsed” alignment with the TMS

groups in bothanti-9 andsyr-9 would lead to an more unfavorable steric intecarcin anti-9

(Ph vs vinyl) than irsyn-9 (Me vs vinyl).

Ph deprotonation of Ph Aligning the Ph group with the cleaving
Me 2 -Hp )Ha occurs Hg—=-ME& C_0 bond maximizes conjugation,
//' TMS </ perpendicular to %TMS however, it creates an unfavorable

the olefin (not interaction between the Me and TMS

oxygen illustrated) and a groups in the unreactive diastereomer
syn-9 anti-periplanar anti-9 (ant9) whereas in the reactive
to the cleaving diastereomer ( syn-9) the large TMS

C-0O bond. group only interacts with Hy,.

Figure 1. Proposed relevant conformers for the deprotonatiayn-9 andanti9.
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Ph Ph

A sec-BuLi (1.5 equiv) A, O MesSi O
0" “Me 0 "Me PhMSiMeS \/U\(Ph
- A . + +
X SiMeg THF, -78 °C, \/kS|Me3 Me Me
syn-9/anti-9 8h unreacted anti-9 10 11
(1:1.4) 43% [1,4]- isomeric
Wittig [1,2]-Wittig
(21%) 14%

Ph
O/KJ n-BuLi (4 equw

SiMe3  THF -7810 -30 °C,

syn-12/anti-12 30 h
(2.6:1) [1 4]-W|tt|g isomeric [1 2]-Wittig
26% 6%
Ph
O)\i-Pr n-BulLi (2 equiv) o
SlMe3+ Me3S|W * unreacted
SiMe3 THF,-78°Ct00°C, ipr i-Pr syn-15
syn-15 (99:1) 18 h 17
[1.4]- Wlttlg isomeric [1,2]-Wittig
15% 8%

27%

Scheme 34Wittig rearrangements of-alkoxysilane®, 12, andsyn-15 bearing a substituent

(methyl, 2-propenyl ango{propyl, respectively) at the benzylic carbon.

This is consistent with the observation that insieg the volume of the substituent at the
benzylic position dramatically reduced deprotonatiate as the diastereomeric 2-propeny) (

and the isopropyll5) analogues were unreactive under standard reactioditions ¢ecBulLi,

THF, -78°C, 24 h). In these two cases the use of a less thdke 1§-BuLi) was necessary to

effect a reaction. A mixture aynl2/anti-12 (2.6:1) required 30 h for complete reaction at —30

Oc, vyielding acylsilanel3 and ketonel4 in a 4.3:1 ratio. The seemingly higher [1,4]-/[%,2

selectivity is clouded by the reaction also affagdia complex mixture of alkylated and

otherwise unidentified byproducts. A temperature00fC was necessary for the isopropyl
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substitutedsyn15 to undergo deprotonation and rearrangement to tiped1,4]- and isomeric
[1,2]-products16 and 17, in 23% vyield (1.8:1 ratio), along with 27% of eactedsyn15.7
Importantly, attempts to trap the initially formadlylic anion fromsyn-9 andanti-9 with D,O

were unsuccessful (< 5% D incorporation %)M NMR), suggesting that this allyllithium

intermediate quickly rearranges.

It is important to mention that we have consistentbserved thasyn diastereomers are more
reactive than the correspondingnti isomers in all cases (see below). The relative
stereochemistry adyn-9 was confirmed by X-ray crystallography of 3,5-tiaphenyl estesyn
19, as shown in Scheme 35. Although crystallgye19 was isolated from a diasteromeric
mixture of synl9anti-19, independent derivatization ahti-9 led to an ester spectroscopically
identical to the non-crystallin@enti-19. On the other hand, ring-closing metathesisyof12 and

anti-12 followed by NOE studies of the corresponding prdadtians-20 andcis-20 led to the

assignment of relative stereochemistrgym12 andanti-12 (Scheme 353.
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jh 1. 9-BBN (1 equiv) ih
THF, 75 °C, 10h 0 “Me

0" Me
i HO/\)\SiMeS

\)\SiMe3
syn-9/anti-9 syn-18/anti-18

2. 6M NaOH,
30% H,0,, EtOH

97%

(1:1.1)

Ph

m A

3,5-dinitrobenzoyl ®) O "Me
chloride (2 equiv) O.N
.~ 2 @) SiMeg
DMAP (cat.) .
. syn-19(crystalline)
pyridine NO, anti-19(oil)
55%
(1:1.3)
1% NOE
pp, , Grubbs 2"dgen. cat. "2
o H
O)\J (4mol %) pp o0 TbsiMe,
> Me ™\ Me
v"’S'M = N _N
IvVieg CH20|2, rt, 3 h M Me
5 cis-20 © MeTMe
anti-12
97% Cl...
no NOE CI’Rlu;Ph

pp - Grubbs 2nd gen. cat. 7N PCy3

° Hy H
O/KJ (4 mol %) PhJiO/\?(bSiMes
N .
%SIMes CH,Cly, 1t, 3 h 7

trans-20

syn-12 929,

Grubbs 2nd gen. ca.

Scheme 35Determination of relative stereochemistrysgfi9/anti-9 andsynl12/anti-12.

The behaviors of substrates bearing substitutiobo#t the migrating carbon and the terminal

allylic carbon were also studied. These experimgat® us the opportunity to evaluate the effect

of olefin geometry not only on the reactivity arelestivity of the rearrangements, but also on

the stereochemistry of the bond reorganization.
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Diastereomeric compoun@4 were synthesized as geometrically pdrer E isomers. However,
while the Z diastereomerssyn Z-21 and anti Z-21) could be largely separated by column
chromatography (dr >19:1), the diastereomers proved very difficult to separate torerefore

were used as a diastereomeric mixtEeQ).

In theory, clean deprotonation 21 (E or Z) followed by rearrangement should afford pairs of
diastereomeric [1,4]- and [1,2]-produc®2(and 23 respectively). As described above, further
isomerization of the [1,2]-products via silyl migom could also lead to another pair of
diastereomeric ketone24). In practice,syn andanti Z-21 were very unreactive when treated
with n-BuLi at low temperature, and even at room tempeeathese diastereomers reacted
sluggishly. Reaction ofyn Z21 (Scheme 36) witm-BuLi led to almost 50% conversion and
~20% vyield of a complex mixture of products. Caredulamination and separation of these
mixtures revealed that compoun®3 and 24 were accompanied by [2,3]-Wittig2%),

diastereomeric [1,2]- and [1,4]-Wittig products Kang the trimethylsilyl group 46 and 27,

respectively) and alkylated products (not shown).
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Ph n-BulLi
; Me Me3Si Me OH
Me O)‘Me (4 equiv)

— R /\‘/\V&Me3+ N N
N"“giMe, THF,-78 °C, NS"\"% Me)\)\( Ph

3 then rt, 48 h Me OH
Z-21 20% 22 (syn/ant/=1.1.1)24 (syn/ant/=1.1.6) syn-25 26 (dr ~3:1) 27 (dr_1.3.1)

(syn/anti=19:1)(45% brsm) [1,4]-Wittig isomeric [1,2]-Wittig [2,3]-Wittig [1,2]-Wittig via [1,4]-Wittig via
Si/Li exchange Si/Li exchange

ratio: 1 1 o5
ih n-BuLi : 8 1.3
Me O “Me (4 equiv)
o . - O
‘SiMeg ;Zi,rt78480h’ n.d. n.d. 1 4 3.4
z-21 10% anti-25 (dr~1.1.7) (dr ~1:1)

(syn/anti =1:39) (43% brsm)

Scheme 36Substitution at the migrating carbon and termggalcarbonZ isomers. n.d.: not determined.
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Although it was not possible to obtain exact ratdbgproducts or diastereomers from eitﬁbr

NMR or HPLC of crude reaction mixtures, the progumuld be partially purified allowing their
approximate ratios to be determined. Approximagestéireomeric ratios from the crude reaction
mixture were obtained by integration of the Si\e vinylic signals in thelH NMR, and were in
accordance with the isolated diastereomeric rafibg. [2,3]-Wittig rearrangement afyn Z-21
gave syn25 as a single diastereomer, whose stereochemistry teraatively assigned by

comparison with the known desilylated analog%ée‘.tempts to desilylateyn25 with TBAF or

TFA were unsuccessful.

On the other, hand all other products from [1,4}d 41,2]-migrations were obtained in low
diastereomeric ratios (ranging from 1:1 to ~3:1lpldson of the [2,3]-Wittig product is
diagnostic of competitive deprotonation at the lyazposition, rather than to silicon, perhaps
as a consequence of the relatively elevated teriyvereequired for the desired reaction to occur.
As expectedanti Z-21 was less reactivander the same reaction conditions. Here, theirsgart
material was recovered in 77% and only a total ~}08d of products25-27 was obtained
(Scheme 36). The absence of compouB#s?4 suggests that deprotonationto silicon is

inhibited due to severe steric crowding. [2,3]-Wittrearrangement ofanti Z-21 was

stereospecifl% to giving onlyanti-25. Compound®6 and27 (Scheme 36), likely to be formed

via a silicon/lithium exchangzefollowed by [1,2]- and [1,4]-Wittig rearrangemengspectively,

were obtained again in low diastereomeric ratiogerestingly, the [1,2]-produ@6 showed an

inverse diastereoselection in comparison to thaenked in the rearrangementsyh Z21.
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Ph

A BuLi (4 equi Ye 0
0 Me MBUbi( equw)y unreacted + PhNSiMe3
M e/\)\SiMQB T 30 anti E-21 e
E-21 .
syn/anti=1:1.5 44h 43% [1,4%}’V¥'tt'9
. . o
single diast  anti/ syn = 1.9:1
MeSSi OH Me3Si @)
+ MGA)S/Ph g Me)\){rph
Me Me
23 24
[1,2]-Wittig isomeric [1,2]-Wittig
16% 6%
2.6:1 dr=1.4:1

I L . 2 :
Scheme 37Substitution at the migrating carbon and termspalcarbon E isomers.

Changing the geometry of the olefin had a pronodrefect (Scheme 3‘7).In line with our

previous discussion, the reactivity towards initigprotonation was dominated by the relative
configuration at thex anda’ positions of the ethers, as illustrated by tharr@gement oE-21
(syn/ anti = 1:1.5). From this experimerstyn E21 was completely consumed byBuLi at low
temperature, while its diastereomaarti E-21 was mostly recovered (Scheme 37). Quenching
the reaction at —30 °C led to the isolation thé]fWittig product @2) in 23% yield and with low
diastereoselectivity, accompanied by the isomed¢?]{product 24) also in low yield.
Interestingly, quenching the reaction at lower terapure allowed the isolation of the direct
[1,2]-Wittig product23, which in our previous room temperature experiméBicheme 36) had

undergone silicon migration and rearrangemerg4orhis was evidenced in an experiment run

at 0°C for 52 hours and quenched at -°z8 which gave the [1,4]- and [1,2]-Wittig produ@2

and23in 30% vyield (1:1 ratio) with only traces of th@meric [1,2]-producR4. Thus, in certain
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cases, quenching the reaction at low temperatgeifisiantly reduces silyl migration. The

relative stereochemistry of the major diastereomet2 and 24 was determined as followg2

was oxidized to the known carboxylic a@#l (Scheme 38}.0

H205
Me O NaOH Me O
PhMSiMeS " Ph\‘/\)J\OH
Me THF, 50 °C, 2h Me
22 29

94%

Scheme 38Determination of relative stereochemistry2@by derivatization t@9.

On the other hand, diastereomeric compoaddr = 1.4:1) was reduced to the corresponding
alcohol 30 as a mixture of only 3 diastereomers. Partial sdjwm led to diastereomeric
enrichment of30 with a ratio of 10:2:1. Esterification with 3,5nirobenzoylchloride gav8l
again as a mixture of diastereomers, recrystalimabf the major component and X-ray
crystallographic analysis provided the relative fogpumration of this isomer. The reverse
transformations, that is, ester hydrolysis, and DdMRlation affordedsyn24, which matched
spectroscopically with the major diastereomer ie fthitial diastereomeric mixture a24

(Scheme 39).
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MegSi O NaBHs  \e.si OH partial \o.si OH
pn (2 equiv) separation

Me Me Ph +unrezezlcted Me Ph
Me EtOH / Me Me
24 CH2C|2 (1 1 ), 30 11% 30
dr=1.4:1 -78 °C, 1 h, 57% single dr=10:2:1
then rt, on 3 diastereomers diastereomer
3,5-(NO5)»CgH3COCI
(8 equiv)
pyridine, rt, 48 h
O5N NO, O5N NO,
1. 3M NaOH recrysta-
MesSi O THF, 45 °C, 2h Me3gSj O™ O llization MesSi O "0
Ph = PR~ Ph
Me)\)Kr 2. DMP (excess) Me)\/k( Me)\/K(
Me  CH,Cly, rt, 1 h Me Me
syn-24 31
61% (2 steps) X-ray 5?31/0

Scheme 39Derivatization route for the determination ofatele stereochemistry @4.

2.3 Discovery of an efficient silicon / lithim exchange / Wittig rearrangement protocol

In Chapter 1 (section 1.5) alternative methodgtiergeneration of carbanions capable of Wittig

rearrangements (other than by simple deprotonati@n¢ described. Among those, the Wittig —

Still approach, which is based on Sn/Li exchangew-stannyl ethers to the corresponding

carbanionic ethers, is a very useful and efficier@thod to initiate Wittig rearrangements.

However, the innate toxicity of tin compounc]iss an important limitation. For this reason safer

alternatives have been sought, for example Mllﬂ?zaind Maleczk%lhave studied Si/Li exchange

of a-silyl ethers with alkyllithiums followed by Wittigearrangements (Scheme 29). This

alternative desilylative process was inefficient smbstrates in section 2.2, and only at higher

temperatures the Si/Li exchange competed with épealonative pathway (Scheme 36).
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In the process of surveying alternative bases dapaballylic deprotonation in compounds
substituted at the benzylic or olefinic positionsmas found that Schlosser’s superb%l?’s&a,
combination oin-BuLi/KOt-Bu, effected transmetallation via Si/Li or Si/K &ange of thenti
Z-21 (anti/syn = 25:1) followed by [1,2]- and [1,4]-Wittig reamgements in ~2.5 hours with
good overall yield and modest [1,2]-/[1,4]-seleityiScheme 40). It is important to notice that

anti Z-21 was the most unreactive under conditions that \sapposed to favor deprotonation

(Scheme 36). Unfortunately, it was found that aniigant amount ofanti Z-21 underwent

alkylation, a known side-reaction of superbasefége 40)1.3

Ph n-BuLi (1.2 equiv) M Me O
t-BuOK (1.2 equiv e ©
Me O)\Me ( quiv) (\H\Ph . Phj)\/u\H + complex mixture

. 7
o - of alkylated products
N ‘SiMeg THF, -78 °C, Me OH Me y P
Z-21 <2h 26 (dr ~1:1) 27 (dr ~1:1)
(anti/syn = 25:1) [1,2]-Wittig via  [1,4]-Wittig via
Si/Li exchange Si/Li exchange
60% 6%

Scheme 40Wittig rearrangements @inti Z-21 with n-BuLi/t-BuOK.

Later, it was found that trimethylsilyllithium (TM$), generated from hexamethyldisilane and
methyllithium in HMPA, was an excellent reagent fbe clean and selective Si/Li exchange.
Treatment ofZ-21 (anti/syn = 3:1) with freshly prepared TMSLi led to almosbnplete
desilylation followed by [1,2]- and [1,4]-Wittig aerangements in good overall yield (Scheme
41). Due to the excess hexamethyldisilane (which iyproduct of the Si/Li exchange process),
part of the immediate [1,2]-Wittig alkoxide is trzgd as th@©-silyl ether. BothsynZ-21 andanti
Z-21 had essentially the same reactivity, as observeth fthe reaction of a 6:fsyranti

diastereomeric mixture &-21 (Scheme 41).
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It is important to point out that Schlosser obtdipeedominantly the [1,4]-Wittig product in the

deprotonative rearrangement of unsubstituted ellglihers bearing primary, secondary and

tertiary alkyl allylic ethersG. In our results the [1,2]-Wittig product was the jamaproduct,

presumably because there was an alkyl substituetiieaterminal position. Another important
difference is the effect of the counterion in thiedquct distribution. Schlosser observed the use

of the superbase-BuLi/KOt-Bu provided higher [1,4]-/[1,2]-selectivity thanetluse ofn-BulLi

6 . : . . . :
alone. In our case, desilylation adnti Z-21 in the presence of potassium counterion (

BuLi/KOt-Bu, Scheme 40) led to an increase of the [1,2}/{firoduct ratio relative to the
product distribution when TMSLi was used. Thesded#nces should be independent of the
method of metalation (deprotonation vs desilylaticend perhaps the use of HMPA in our

studies was responsible for the switch in [1,2]4]&selectivity and/or counterion effect.

1. Me3SiSiMej (3 equiv)

Ph MeLi (3 equiv)
. Me Me O
(o}
Me O “Me HMPA, 0 °C, 5 min ; /\(Lph . PhMH , syn z-21
\)‘SiMeS 2. Addition to Z-21, Me OR Me
Z-21 THF, -78 °C, 26 (R = H, dr ~ 1:1) 27 (dr ~ 1:1) )
(syn/anti = 3:1) then -35 °C 32 (R =SiMeg, dr ~1:1) 17% 9%
<6h 60% (1:2.1 ratio) (syn/anti = 2:1)
o 1. Me3SiSiMej (3 equiv)
MelLi (3 equiv) M
o , e Me O
Me O"Me HMPA, 0 °C,5 min _ Nph . PhMH . anti z-21
““SiMes 2. Addition to Z-21, Me OR Me
zZ-21 THF, -78 °C, 26 (R=H, dr ~1:1) 27 (dr ~ 1:1) .
(anti/syn=6:1)  then-350C 32 (R=SiMeg, dr~1:1) 15% 6%
45h 58% (1:1.6 ratio) (anti/syn = 6:1)

Scheme 41Wittig rearrangements @21 via Si/Li exchange with TMSLI.
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2.4 Electronic effects in the Wittig rearrangments ofa-alkoxysilanes
The effect of electronic modifications at the artimaing, and therefore at the migrating
benzylic carbon, was studied next. Several dexeatiof 1 (scheme 31) bearing electron-

donating and electron-withdrawing groups were sgsited — teamed with Mr. Kiyoto

14 . - . .
Tanemura - and submitted to our optimized conditions (TableUnfortunately our synthetic
protocol (based on leaving-group activation at Ie@zylic position) was not suitable for the
preparation of compounds bearing more representagihectron-withdrawing groups, and

moreover, our reaction conditions were incompatiblth some of these groups (e.g. nitrile,

carbonyl and nitro groups).
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Table 1.Electronic effects in the [1,4]- and [1,2]-Wittigarrangements of analogueslof

A~ sec-BuLi (1.5 equiv) OH
vO\sn\A/ll;3 on Ar\/\)oksn\ﬂe " Me\g}\/m
THF, -78 °C, 3 3
1,33-40 30 min [1,4]-Wittig [1,2]-Wittig
entry  substrate Ar yield [1,4]-a yield [1,2]-a
1 1 Ph (2) 80% B) -
2 33 4-MeGgH,  (41)87%  60) 3%
3° 34  4-MeOGH; (4251%  61) 9%
4 35 4-CICeHs (43 57% 62 1%
5 36 A-FCHs — (4455% 63 2%
6 37 3-MeGgHys (45 76%  64) 2%
7 38  3-MeOGH, (46)73% 65 2%
8 39  2-MeOGH; (47)80%  66) 3%
9 40 2-allyiCgHs  (48)64%  67)n.d.

%1n all cases the [1,4]- and [1,2]-Wittig productere isolated
as a mixture from which yields were determined HyNMR. b
26% isomeric enol ethess, €11 equiv ofsecBuLi, 8%
unreacted34. d 1.2 equivsecBuLi, 34% of mixture (4:1) of
isomericenol ethe’59 and unreacteds. © 2.5 equiv ofn-BulLi,
7% unreacte®9. n.d. = not determined.

In all cases the [1,4]-Wittig products, acylsiland4-48, were obtained after column

chromatography as mixtures containing small quastiof the [1,2]- products5(0-57). The

51



product ratios were determined 6y| NMR and from them the corresponding yields were

calculated (Table 1). Comparison of the reactieityp-methyl, p-methoxy,p-chloro andop-fluoro
benzyl ethers (entries 2-5) with that df(entry 1) revealed a small effect on the product
distribution, but in the cas@-methoxy benzylether3@) the [1,4]-/[1,2]- selectivity was
significantly lower (5:1). In addition, the readtiwof compounds34, 35, and36 was lower than
that of unsubstitutedl)] andortho or metasubstituted benzyl ether87#40). Although in the
case of35 the use of lower base equivalents (to avoid lititltalogen exchange) might have led
to incomplete conversion, thp-methoxy derivative 34) afforded isomeric enol ethes8,
whereas the-fluoro substrate36) gave isomeric enol eth&9, both diagnostic of incomplete

rearrangement of the allylic carbanion (Scheme 42).

sec-BulLi MeO

M
ﬁo ® (1.5 equiv) OH OMe
o ST s L o Y

N
SiMe THF, -78 °C, SiMe; MesSi
34 30 min [1,4]-Wittig [1,2]-Wittig
60%
(5.3:1 ratio)
Me OMe
+ KO
SiMe3
58
26%

Scheme 42Incomplete rearrangement®4 under optimized conditions.

The possibily of competitiveortho metalation of34 in addition to allylic deprotonation

suggested the intermediacy of a dianion that nighdélower to rearrange. However, repetition of
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the reaction shown in Scheme 42 and quenching BB provided monodeuteratéd58 in

which deuterium was incorporated only at the allplosition (Figure 2).

CH2D \/©/OMG
\(O x_ hoD

SiMeg incorporation
6-58

Figure 2. Deuterium trapping experiment led&®8, suggesting competitivertho metalation

does not take place.

Substitution with other alkyl or methoxy groupstla metaor ortho positions (Table 1, entries
4-8) also led to the [1,4]-Wittig products with higelectivity and only traces of the [1,2]-
alcohols were observed. In the case of 2-allyllzstitution, competitive allylic deprotonation led
to incomplete conversion under our standard casbtand thus an excess of a less reactive base

(n-BuLi) was used (entry 8).

Examples of electronic effects in the Wittig reagaments op-substituted benzyl ethers are
scarce and mostly limited to electron rich benagups. For example, Cossy al. studied the

Wittig rearrangements of aryl substituteeébenzyloxy acetamides that proceeded predominantly
via the [1,2]-shift (46-67% yield) and smaller amtsiof theortho-[2,3]-shift (15-24% yield)l.5
Although the [1,4]-pathway was not possible in thesmses, it is interesting that electron
donating groups at the benzyl group had little effa the yield of the [1,2]-Wittig product and

its diastereoselectivity, although the authors mid specify the yield of thertho [2,3]-Wittig

products for each case, or mention any observaggarding enhancement or decrease of
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reactivity in these experiements. In a single exantpe highly electron deficieknitro benzyl

ether underwent extensive decomposition. It is woiiting thatp-nitro benzyl ethers are also

S . . 16
known to undergo elimination @knitrotoluene carbanion.

R4
0 C/R1 LIHMDS 0 Ro 0
@NJ\/O THF, -30 o°c=®)%© ) @I
R, , -30 to OH R, OH R,
[1,2]-Wittig ortho-[2,3]-Wittig
Ry =H, Me, MeO 46-67% 15-24%
Ro = Me, Bu, allyl, cyclopropyl, Ph dr=2:11t06:1

Scheme 43[1,2]- and ortho-[2,3]-Wittig rearrangementsoebenzyloxy acetamides.

Miyashita et al. also studied the [1,2]-Wittig migrations of arylibstituted a-benzyloxy
imidazolium and benzimidazoliur1n7. All para-substituents (Cl, Me, MeO) provided comparable

yields (51-81%) without competition of other Witpgthways and no differences in reactivity or
others byproducts were reported. Based on thessorer experiments the authors suggested
that an anionic mechanism was operative (Schemsecdion 1.2.2), however a radical / radical

anion mechanism is perfectly possible.

Dr. Onyeozili studied the rearrangement of diastereric p-methoxy andp-nitrobenzyl ethers

60 and 61 (Figure 3).7 Although these examples contain additional modifans, such as an

alkyl benzylic substitution and a different silylogip, it is significant that the former gave the
[1,4]- and [1,2]- Wittig products in only 22% yield.8:1 ratio), while the latter underwent

extensive decomposition.
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In this study a similar result was obtained frora tharrangement of diastereomeric compounds

A/OW/Q/OMG A/OW/Q/ NO»

PhMeoSi  Me PhMeoSi  Me

60 61

Figure 3. Substrates studied by Dr. Onyeozili.

62. Submission of a 1:1afti/syr) mixture of62 to deprotonation witm-BuLi led to combined

yield of 40% of the [1,4]- and [1,2]-Wittig prodwc(63 and64). A small amount of unreacted
anti-62 was recovered (<3%) accompanied by a compoundstans to be a dibenzyl dimer

(65), which might have been formed by recombinatiotmal benzyl radicals (Scheme 44). The

product distribution (~2:1) resembles the rearrargggnof unsubstituted compoud(Scheme

34), and also suggests that electronic effects Igldgyrole in determining the regioselectivity in

the rearrangements afbenzyloxy allylsilanes.

0

Me3Si

Me
62

Me nBuLi Me

@ ) o Me
equiv MPO
> + MGSSim

THF, -78 °C, SiMes Me

then -30 oC, 63 64
3h [1,4]-Wittig isomeric [1,2]-Wittig
26% ’ 14%
Me Me O Me

MesSi  Me Me Me

anti-62 65
21%

(anti-62 / 65 = 1:9 ratio)

Scheme 44Wittig rearrangements of diastereomegit
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Finally, the effect of the silyl group in the [1;41,2]-selectivity was studied. Derivatives of
compoundl (70-73) containing bulkier groups (SiMEh, SiMePh, SiPhy and SiEt) were
synthesized via Lewis acid-catalyzed etherificatbdrihe corresponding-silyl allylic alcohols

with benzyltrichloroacetimidates:-Silyl allylic alcohols 66-69) were obtained via retro-Brook

rearrangement of tha situ generated-silyl allylic alcohols (Scheme 45).

NH
1. n-BuLi (1.1 equiv) PYV.S
OH 2. RgSiCl (1.1 equiv) OH Ph(zg CClg 0">Ph
quiv)
N ——  SAgi ~ N""giR
3. sec-BuLi or 3 TMSOTf (0.1 equiv) 3
t-BuLi (1.2) equiv hexane, 0 °C
THF, -78 °C SiR3 to rt SiR3
66, SiMe,Ph, 72% 70, SiMeoPh, 73%
67, SiMePh,, 66% 71, SiMePh,, 51%
68, SiPhs, 11% 72, SiPhg, 42%
69, SiEts, 80% 73, SiEts, 52%

Scheme 45Preparation ofi-silyl allylic alcohols56-59 and benzyl etherg0-73.

Showing similar selectivity as our model substrhfgable 2, entry 1), compourkD bearing a
single phenyl group at silicon selectively led tylailane74 via the [1,4]-Wittig pathway, and

only traces of the [1,2]- producig) were observed (entry 2). On the other hahdcontaining a
SiMePh group underwent rearrangement with a significalay [1,4]-/[1,2]- selectivity (1.4:1)
giving rise to acylsilan@5 in 48% and isomeric [1,2]-Wittig produ@® in 35% (entry 3). A
SiPhg group {2) also led to low [1,4]-/[1,2]- selectivity (1.8:Xentry 4) that is surprisingly
similar to that of the SiMePhexample, whereas the bulky SiEgroup 3) provided almost

exclusive [1,4]-Wittig product (entry 5).
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Table 2. Effect of the silyl group on the [1,4]-/[1,2]-setevity.

sec-BuLi Ph
O >Ph (1.5-2 equiv) Li 0
\)\sms THE 7800’ SiMeg Me3Si/\)J\/Ph
a ’ 1,4]-Witti isomeric [1,2]-Witti
30 min [1,4]-Wittig isomeric [1,2]-Wittig
entr substrate i a ; a
y yield [1,4]- yield [1,2]-
Ph 0 0
! 1 SiMeg Me3Si/\)J\/Ph
2 3
80% 0%
Ph 0 o
2 60 SiMe,Ph PhMeQSiA)J\/Ph
74 78
67% trace
Ph 0 o
3 61 SiMePh, thMeSi/\)J\/Ph
75 79
48% 35%
Ph 0 o
76 80
36% 20%
Ph 0 o
b
5
03 SiEty EtSSi/\)J\/Ph
77 81
67% trace

% |solated yields? Reaction stopped after 2 hours.
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From the point of view of a stepwise mechanism ing a radical/radical anion pair. Silyl

groups are known to stabilize- and B-carboradicals byn(p-d) bonding and/or by

hyperconjugatior}.8 In the case ofi-carboradicals, hyperconjugation does not playngortant
role and stabilization is primarily by(p-d) bondingl.9 In addition, phenyl groups are likely to

. . . . . e .20 o
reinforce suchr(p-d) interaction, increasing stabilization of theradical. ~ Considering the

decrease of [1,4]-/[1,2]- selectivity shown in &8l (entries 1-3), it is tempting to view the effec
of increasing phenyl groups at silicon as incregstabilization of the:-radical {v, Scheme 46),
leading to partial ‘localization’ of the radicalto silicon. A lower resonance contributor, the
radical resonance structure),(would lead to the [1,4]-Wittig enolate, assumihgs pathway
proceeds via a stepwise mechanism. This is, ofsepuan over simplification, since the actual

silyl intermediate is not only a radical anion, laigo an allylic radical (Scheme 46). However, it
is interesting that a SiBlgroup led to a [1,4]-/[1,2]- selectivity similap that of the SiMePh
analogue (entries 3 & 4), presumably because thieehisteric demand of the SiPtvercomes

electronic stabilization and recombination at thosition becomes prohibitive. On the other
hand, increasing the steric demand from S$§Me SiEg did not affect the [1,4]-/[1,2]-

selectivity.
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) ) o)

SAgR, . NSeiRy T SR,

iv v
A major resonance A minor resonance
contributor with contributor with
increasing Ph groups increasing Ph groups
at Si? at Si?
. ..Ph
J s L HoC
0] Ph o
R3Si SiR3
[1,2]-Wittig [1,4]-Wittig
alkoxide enolate

Scheme 46Radical-anion resonance contributavsgndv) and recombination with benzyl

radical to the corresponding Wittig anions.

In principle, a concerted mechanism for the [1,4}tMy pathway should be favored by an
increase in the steric demand of the silyl groupalise this indirectly would favor tresoid

conformation yi, Scheme 47) in which the olefinie-system is in close proximity with the

benzylic C-O bond (Scheme 47). In fact, it has b&®mwn that 1-(trimethy|siIyI)aIIyIIithiumZ,1

as well as the related 1,3-bis(trimethylsilyl)ailliflium,22 adopt a conformation in which the

silyl groups are in thexo position. In addition, the steric bulk of the silyroups plays an

important role in determining the regioselectiviipy the electrophile-trapping of 1-

(trialkylsilyl)allylIithium.23 The fact that the [1,2]-Wittig pathway is favoreg bulkier silyl

groups, and particularly those containing phenylugr at silicon, suggests that the electronic
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factor exerts control in the [1,4]-/[1,2]- regioselivity of the rearrangement inx-

alkoxyallylsilanes.

Ph
§ \
@)
O =
N~ - iR
Agn, a
Vi Vii
cisoid conformer transoid conformer

presumably favored
by bulky silyl groups

Scheme 47Two possible conformations of an ethereal allgidon prior to rearrangement.

2.5 Conclusions

Substitution at the migrating carbon impacts thdtig/rearrangement odi-alkoxyallylsilanes,
decreasing reactivity towards deprotonation andliagpthe [1,4]-/[1,2]-selectivity. In addition,
the reactivity in these diastereomeric substratesavily depends on their relative
stereochemistrysynor anti, the former being more reactive in all cases. il@nhy, substitutions
at the terminal carbon of the allyl moiety alone iorcombination with substitution at the
migrating carbon also lowers the [1,4]-/[1,2]-sélty, especially where substitution comes in
the form of Z-olefins. The introduction of electronic modifiaatis at the benzylic fragment
appear not to have any impact on the [1,4]-/[1&¢stivity, although the reactivity of the

carbanionic ethers to undergo rearrangement iaiocecases is lowered.

The nature of the silyl groups affects the [1,4]2]-selectivity, with inductively electron
withdrawing groups (phenyl groups) on silicon famagrthe [1,2]-Wittig pathway. Remarkably,

this trend seems to be in conflict with the inchegssteric demand of the silyl group, which is
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expected to affect the [1,2]-pathway to a highdeeidue to the proximity of the recombination
carbon to the silyl group. Taken together theselteshow that the beneficial effect of silyl
groups on reactivity (by lowering the pKa of altylhydrogens) is countered by the steric

congestion afforded upon substitution at the beanylallylic (or both) positions.

2.6 Experimental Section

Preparation ofa-alkoxysilanes — General procedufe Trichloroacetimidate of the appropriate

. . 4 . . .
alcohol (prepared according to literature proceﬁur@.o equiv) was added to a stirred solution

of the requisitex-(trimethylsilyl)allyl aIcohoF>OI (1.0 equiv) in cyclohexane or hexane (0.2 M) at

room temperature. A solution of TMSOTTf (0.055 equiv cyclohexane or hexane (usually 0.1

mL/1.0 mL cyclohexane) or, alternatively, BPEb in dry diethyl ether, was then added

dropwise. White precipitate formed upon additiontlté Lewis acid. The reaction mixture was

stirred at room temperature until completion agygdi bylH NMR (typically overnight) and

filtered through a plug of celite. The precipitates then washed with pentane or hexane

(precipitate is soluble in ether) and the filtratduted with ether. The diluted filtrate was

subsequently washed with NaHg@G4) (twice), 1M HCI (twice), and lastly with brine (twe).

The organic phase was dried over anhydrous Mg3i@ered, and concentrated to furnish the

crude product. Purification by column chromatograpm silica gel (0-2% EtOAc in hexane

gradient) afforded the pure product.
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Preparation of compoungl

Applying the general procedufeto 6.75 g (46.86 mmol) oEfj-1-(trimethylsilyl)but-2-en-1-ol,

17.75 g (70.29 mmol) and the trichloroacetimidatdenzyl alcohol and Bf*OEt, (0.65 mL,
5.15 mmol) in cyclohexane afforded 2.11 g (34%pafs a colorless oiﬁH NMR (300 MHz,
CDCl3) § 7.35 (m, 5 H), 5.55-5.39 (m, 2 H), 4.69-4.65Jd, 12.4 Hz, 1 H), 4.37-4.28 (d,=
12.4 Hz, 1 H), 3.52-3.50 (d,= 7.1 Hz, 1 H), 1.74-1.72 (d,= 4.7 Hz, 3 H), 0.01 (s, 9 H}-C
NMR (75 MHz, CDC}) & 139.4, 129.7, 128.0 (2 C), 127.5 (2 C), 127.0,.1285.1, 71.3, 18.0,

_3.7. HRMS (CIm/z252.1775 [(M+NH) " calcd for G 4Hp20Si, 252.1784].

Preparation of compounds
Applying general procedura to 4.01 g (30.82 mmol) ofi-hydroxysilane 1-(trimethylsilyl)-
prop-2-en-1-ol, 17.25 g (58.57 mmol) of the triglolacetimidate of 2-methyl-1-phenylpropan-1-

ol, and 0.38 g (1.70 mmol) of TMSOTTf, and stirrithg reaction overnight afforded 5.7 g (79%)

of 9 as a 1:1 mixture of diastereome@ompounds sy@/anti-9b: lH NMR (300 MHz, CDC%)

§ 7.36-7.10 (m, 10 H), 5.83-5.68 (m, 2 H), 5.06—4187 4 H), 4.56-4.46 (m, 2 H), 3.82-3.80

(dt,J=6.9, 1.4 Hz, 1 H), 3.43-3.41 (dt= 6.9, 1.4 Hz, 1 H), 1.39 (d,= 6.6 Hz, 3 H), 1.35 (d,
J=6.6 Hz, 3 H), 0.06 (s, 9 H), 0.02 (s, 9 HIC NMR (75 MHz, CDC#) 5 145.3, 144.2, 137.6,

128.4, 128.0, 127.9, 127.1, 126.7, 126.6, 125.8,11111.7, 76.0, 75.6, 74.1, 73.2, 24.8, 22.3, —

3.7, -3.8. HRMS (Elyn/z234.1434 [(M]; calcd for G4Hp00Si, 234.1440]ant-9: 'H NMR

(500 MHz, CDC}) & 7.35-7.21 (m, 5 H), 5.82-5.70 (m, 1 H), 5.05-41852 H), 4.56-4.49 (q,
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J=6.6, Hz, 1 H), 3.43-3.40 (di,= 7.1, 1.3 Hz, 1 H), 1.39 (d,= 6.6 Hz, 3 H), 0.00 (s, 9 H).

13c NMR (125 MHz, CDCY) 5 144.4, 137.8, 128.2, 127.2, 126.8, 112.2, 75.73,784.6, —3.9.
IR (neat) 2972, 2928, 2899, 1628, 1493, 1452, 148~ HRMS (El) m/z 234.1428 [(M}:

calcd for G4H220Si, 234.1440].

Preparation of compount?

12 was prepared following a procedure reported irerainure2.5 Allyltrimethylsilane 1-

(trimethylsilyl)prop-2-en-1-ol (1.26 g, 11.0 mmdl,75 mL), benzaldehyde (1.67 g, 11.0 mmaol,

1.12 mL), and TMSOTTf (0.36 mL, 2.0 mmol, 0.44 g)reveuccessively added to a stirred cold (—

78 9C) solution ofa-(trimethylsilyl)allyl trimethysilyl ether (2.0 g10.0 mmol) in CHCl> (100

mL). The reaction was stirred for 70 min and therergghed with NaHC®(ag. sat.). The

aqueous phase was extracted with,Clbl (100 mL x 4), and the combined organic layers were

washed with NaHC® (100 mL x 2), brine (100 mL x 2), and then drieco¥gSQ,. Filtration

and concentration afforded the crude product a2 &8 mixture of diastereomers. After silica
gel chromatography 1.96 g (7.58 mmol) of the pumEpcts were obtained in a combined yield

of 77%. The pair of diastereomers is separabledynen chromatography on silica gel (5% and

10% CHCl> in hexanes)Compound amtil2: lH NMR (300 MHz, CDC%) 6 7.35-7.22 (m, 5

H), 5.88-5.69 (m, 2 H), 5.05-4.95 (m, 4 H), 4.4@24dd,J = 7.7, 5.8 Hz, 1 H), 3.44-3.42 (@,

= 7.4 Hz, 1 H), 2.59-2.49 (quini,= 7.7 Hz, 1 H), 2.39-2.30 (quint,= 6.86, 1 H), —0.01 (s, 9

H). 1> NMR (126 MHz, CDGY) 5 142.5, 137.7, 135.4, 128.1 (2 C), 127.4 (3 C),31612.9,
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79.3, 73.0, 43.03, —4.0. HRMS (Qt)/z 261.1664 [(M+H}; calcd for GgH240Si, 261.1675].

Compound sy12 “H NMR (300 MHz, CDC4) & 7.30-7.20 (m, 5 H), 5.79-5.60 (m, 2 H),
5.01-4.80 (M, 4 H), 4.39-4.35 (t= 6.2 Hz, 1 H), 3.82-3.78 (dI,= 7.1, 1.3 Hz, 1 H), 2.54—
2.40 (m, 2 H), 0.05 (s, 9 H}°C NMR (500 MHz, CDG4) 5 143.6, 137.9, 134.9, 127.8 (2 C),

126.9, 126.6 (2 C), 116.8, 111.9, 81.1, 75.8, 41F7. HRMS (Cl)m/z 261.1681 [(M+H];

calcd for GgH240Si, 261.1675].

Preparation of compountb
Applying general procedur to 0.88 g of 1-(trimethylsilyl)-prop-2-en-1-ol & mmol), 3.96 g
of the trichloroacetimidate of 1-phenylbutan-1-di3@@5 mmol, 2 equiv) and 0.07 mL of

TMSOTTf (0.4 mmol, 0.055 equiv) overnight afforde2 g of 15 (75%) as a 1:1 mixture of
diastereomers after column chromatography (0-2%AEtQradient). IR (neat) 1628 c_r%
Compound antl5: 1H NMR (300 MHz, CDC%) & 7.31-7.19 (m, 5 H), 5.77-5.70 (m, 1 H),

5.03-4.92 (ddJ = 10.6, 17.2 Hz, 2 H), 4.07—4.06 (= 7.5 Hz, 1 H), 3.39-3.37 (d,= 8.0 Hz,

1 H), 1.91-1.85 (m, 1 H), 1.01-1.00 (= 6.6 Hz, 3 H), 0.72-0.70 (d,= 7.1 Hz, 3 H), -0.01

(s, 9 H).23c NMR (75 MHz, CDC) 5 141.8, 138.0, 128.1 (2 C), 127.8, 127.1 (2 C),.113
84.7, 72.6, 35.0, 19.2, 19.0, -4.0. HRMS (AP@IE 263.1821 [(M+H): calcd for GgHp7OSI,

263.1831] Compound sy15: "H NMR (300 MHz, CDC) § 7.35-7.17 (m, 5 H), 5.64-5.53 (m,

1 H), 4.89-4.72 (ddJ = 10.7, 16.7 Hz, 2 H), 4.01-3.99 @= 6.9 Hz, 1 H), 3.72-3.68 (d,=

7.4 Hz, 1 H), 1.99-1.89 (m, 1 H), 0.93-0.91J¢; 6.9 Hz, 3 H), 0.77-0.74 (d,= 6.9 Hz, 3 H),
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0.05 (s, 9 H), 0.08 (s, 9 H}°C NMR (75 MHz, CDC#) 5 142.6, 138.2, 127.4 (2 C), 127.3 (2
C), 126.5, 111.4, 87.5, 76.6, 34.5, 18.7 (2 C)5-BRMS (APCI)m/z263.1821 [(MJ calcd for

C16H270SI, 263.1831].

Preparation of compounH-21
Applying general proceduré to 3.6 g of E)-1-(trimethylsilyl)but-2-en-1-ol (24.98 mmoﬁo,I
13.32 g of the trichloroacetimidate of phenethyloalol (49.5 mmol, 2 equiv) and 0.47 mL of

BF3*OEt (3.74 mmol, 0.15 equiv) afforded 3.07 g1 (39%).Compounds 21 (mixture of

diastereomeranti/synO.58:0.42):1H NMR (500 MHz, CDC%) 6 7.33—-7.19 (m, 5 H), 5.42-5.31

(m, 2 H), 4.52 (q) = 6.5 Hz, 0.58 H), 4.49 (d,= 6.0 Hz, 0.42 H), 3.69 (d,= 7.0 Hz, 0.42 H),

3.29 (d,J = 7.0 Hz, 0.58 H), 1.71 (d,= 5.5 Hz, 1.74 H), 1.61 (d,= 6.0 Hz, 1.26 H), 1.35 (d,
= 6.5 Hz, 1.74 H), 1.32 (d} = 6.0 Hz, 1.26 H), 0.03 (s, 3.78 H), -0.05 (s25:3. -°C NMR
(125 MHz, CDC}) anti E21: $144.6, 130.2, 128.1 (2 C), 127.0, 126.8 (2 C), 8245.0, 72.4,

24.7, 17.9, —=3.9syn E21: § 145.8, 130.4, 127.9 (2 C), 126.6, 125.9 (2 C),.0245.2, 73.2,

22.0,17.8, —3.8. HRMS (Cij/z248.1591 [(M): calcd for GeHp40Si, 248.1596].

Preparation of compoung-21
Following the general procedufeto 3.49 g of 1-(trimethylsilyl)but-2-yn-1-ol (2435mmol) and

13.1 g of the trichloroacetimidate sécphenethyl alcohol (49.06 mmol, 2 equiv) in cyclraee

(140 mL) at 0°C was added 0.46 mL of BFOEt, (3.68 mmol, 0.15 equiv). After 1 hour the
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reaction was stopped, worked up according to theeigeé proceduréd followed by column
chromatography (8% DCM in hexanes) to afford 5 %8 of diastereomeric alkyn28 as
colorless oil (diastereomers partially separat@dyne reduction: To a solution of 1.435 g of
28 (5.82 mmol, dr = 1:1) in hexanes (210 mL) was adégh (2.6 mL, 2.5 mL/mmoR8) and
Lindlar's catalyst (38.8 mg, 37.5 mg/mm®8). The flask was flushed with hydrogen and a
hydrogen balloon attached. The mixture was vigdyoasrred and the reaction monitored by
NMR (about 4 h). The reaction mixture was panialbncentrated, filtered through a plug of
celite and fully concentrated. Column chromatogyafi©% DCM in hexanes) afforded 900 mg
(62%) of Z-21. Note: Pure alkyn&8 decomposes relatively quickly after isolation atsi

decomposition products appear to poison the cdtalgd hamper reduction thus requiring
addition of more catalyst. Samples 28 stored at —28C slowly decomposed turning yellow,

such samples in hexanes were filtered through at sleca gel plug and rinsed with more

hexanes. After concentration cle@8 was immediately submitted to the reduction reactio

Spectroscopic data fanti-28: 1H NMR (500 MHz, CDC%) 6 7.37-7.23 (m, 5 H), 4.79 (4,=
6.5 Hz, 1 H), 3.43 (¢ = 2.5 Hz, 1 H), 1.88 (d] = 2.5 Hz, 3 H), 1.40 (d] = 7.0 Hz, 3 H), 0.06

(s, 9 H).C NMR (126 MHz, CDGY) 5 143.8, 128.3 (2 C), 127.3, 126.8 (2 C), 82.7, 77653,

60.5, 24.4, 3.9, —4.0. Spectroscopic datasior28: lH NMR (500 MHz, CDC$) 6 7.35 (d,J =
7.5 Hz, 2 H), 7.30 (m, 2 H), 7.21 (&= 1.5, 7.5 Hz, 1 H), 4.71 (d,= 6.5 Hz, 1 H), 3.88 (g] =

2.5 Hz, 1 H), 1.78 (dJ = 2.5 Hz, 3 H), 1.36 (d] = 6.5 Hz, 3 H), 0.12 (s, 9 H}°C NMR (126

MHz, CDCl) 6 145.0, 128.0 (2 C), 126.8, 126.1 (2 C), 83.1, /7651, 61.0, 21.4, 3.8, -3.8. IR
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(neat) 2963, 2203, 1248, 1082, 843 _(%mHRI\/lS (El) m/z 246.1444 [(I\/I)F; calcd for
C15H220Si, 246.1440].

Spectroscopic data f@nti Z-21: 1H NMR (500 MHz, CDC%) 6 7.29 (t,J = 7.0 Hz, 2 H), 7.23

(m, 3 H), 5.50 (ddg) = 1.0, 7.0, 11.0 Hz, 1 H), 5.39 (ddb= 1.5, 10.5, 11.0 Hz, 1 H), 4.44 @,

= 6.5 Hz, 1 H), 3.67 (d] = 10.5 Hz, 1 H), 1.35 (ddd,= 0.5, 2.0, 7.0 Hz, 3 H), 1.34 (d= 6.5

Hz, 3 H), —0.03 (s, 9 H)--C NMR (126 MHz, CDC4)  144.6, 130.5, 128.1 (2 C), 127.1, 126.9
(2 C), 124.4, 75.6, 67.4, 24.6, 13.4, —3.9. HRMSI[Em/z 249.1663 [(M+H]: calcd for

C15H250Si, 249.1675]. Spectroscopic data ﬁymZ-leH NMR (500 MHz, CDC$) & 7.32—
7.26 (m, 4 H), 7.20 (m, 1 H), 5.43-5.32 (m, 2 HY54(q,J = 6.5 Hz, 1 H), 4.13 (dl = 9.5 Hz, 1
H), 1.51 (m, 3 H), 1.34 (dl = 6.5 Hz, 3 H), 0.04 (s, 9 H}°C NMR (126 MHz, CDC4) 5 145.6,
130.9, 127.9 (2 C), 126.7, 126.0 (2 C), 123.2, 7684, 22.0, 13.5, —3.8. HRMS (ESt)/z

T .
249.1675 [(M+H) calcd for GsH50Si, 249.1675].

Wittig rearrangements at-alkoxysilanes — General proceduBe A solution of(]-alkoxysilane
(2.0 equiv) in freshly distilled THF (0.06—0.07 Mjas cooled to the desired temperature under
nitrogen. The required amount &BuLi (1.5-4.0 equiv, 1.3 M in cyclohexane) mBuLi (1.6

M in hexanes) was added dropwise via syringe. Eaetron mixture was stirred at the reaction

temperature for the desired length of time, theenghed with Ni{Cl(sap)and diluted with ether.

Phases separated and the organic phase was washedhver and brine. The organic phase was
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dried over anhydrous MgS(and concentrated. Silica gel chromatography (Q%0EtOAC in

hexane gradient) afforded the rearranged prodwstially as light oils.

Wittig rearrangements of compoubd
Applying the General proceduBeto 141 mg (0.60 mmol) dand 0.69 mL (0.90 mmol) cfec
BuLi (1.3 M in cyclohexane) at —78 °C for for 30 nmiafter purification by column

chromatography on silica gel, afforded 106 mg (7%%& 4:1 mixture of both [1,4]- and [1,2]-

rearrangement producs(a light yellow oil) and7 as a colorless oilCompound6: 1H NMR
(300 MHz, CDC4) [1 7.32—-7.17 (m, 5 H), 2.61-2.50 (m, 2 H), 2.47-21803 H), 0.84—0.81 (d,
J=6.6 Hz, 3 H), —0.13 (s, 9 H)°C NMR (125 MHz, CDGJ)) [ 248.6, 140.6, 129.2 (2C), 128.2
(2C), 125.9, 54.9, 43.3, 29.6, 19.9, —3.3. IR (nN&@09 cm~. HRMS (El)m/z233.1355 [(M—

H)+; calcd for G4H210Si, 233.1362]Compound: lH NMR (500 MHz, CDC$) 6 7.26—7.10

(m, 5 H), 5.60-5.56 (dgl = 15.4, 1.6 Hz, 1 H), 5.19-5.12 (apparent #ig, 15.4, 6.6 Hz, 1H),

2.86 (d,J = 7.7 Hz, 1 H), 2.81 (d] = 7.7 Hz, 1 H), 1.64-1.62 (dd,= 6.6, 1.6 Hz, 3 H), 0.05 (s,

9 H). 1°c NMR (125 MHz, CDGY) 5 136.2, 135.4, 130.6 (2 C), 127.9 (2 C), 126.3,.621
70.4, 43.1, 17.8, -4.2. IR (neat) 3432 ¢m HRMS (El) m/z 234.1435 [(MJ: calcd for

C14H220Si, 234.1440].
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Wittig rearrangements of compoufd
Applying General procedur® to 360 mg (1.53 mmol) & and 1.8 mL (2.30 mmol) cfBuLi

(2.3 M in cyclohexane) at —78 °C overnight, affatdes2 mg (46%) of a 1.68:1 mixture d®

and 11 as a colorless oil€Compoundl0: lH NMR (300 MHz, CDC$) 6 7.33-7.12 (m, 5 H),
2.67-2.57 (m, 1 H), 2.54-2.41 (m, 1 H), 1.89-11672 H), 1.24-1.21 (dl = 7.1 Hz, 3 H), 0.11
(s, 9 H).1°C NMR (125 MHz, CDCY) 5 248.2, 146.6, 128.4, 127.0, 126.0, 46.4, 39.32,30.

22.4, -3.2. IR (neat) 1643 cih HRMS (EI) m/z 233.1358 [(M—H]: calcd for G4H210Si,

233.1362].CompoundL: "H NMR (300 MHz, CDG) & 7.33-7.19 (m, 5 H), 3.82-3.75 (4=
6.9 Hz, 1 H), 2.34-2.28 (m, 2 H), 1.38 (o= 6.9 Hz, 3 H), 0.77-0.55 (m, 2 H), —0.11 (s, 9 H)
13c NMR (126 MHz, CDGY) 5 211.8, 140.8, 128.8 (2 C), 127.8 (2 C), 127.03535.6, 17.7,
10.3, -1.9. IR (neat) 1717, 1601 ¢m HRMS (Cl)m/z234.1466 [(M}L; caled for G4H220Si,

234.1440].

Wittig rearrangements of compout?d

Applying General procedut® to 165 mg (0.638 mmol) df2 and 1.6 mL oh-BuLi (2.55 mmol,

4 equiv, 1.6 M in hexanes) at —78, allowing the reaction to warm to —8G and stirring at this

temperature for about 48 h, after purification Imuenn chromatography on silica gel afforded

45 mg (32%) of a 4.53:1 mixture @B and14 as light yellow oils. Note: the reported yiefd i

based on 2.64:1 diastereomeric ratioaofti / syn 12. Compoundl13: lH NMR (500 MHz,

CDClg) & 7.34-7.16 (m, 5 H), 5.78-5.60 (m, 1 H), 5.00-4(89 2 H), 2.58-2.52 (m, 1 H),
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2.50-2.45 (m, 1 H), 2.39-2.31 (m, 3 H), 2.00-183 { H), 1.72-1.64 (m, 1 H), 0.09 (s, 9 H).

13c NMR (126 MHz, CDGY) 5 248.1, 144.4, 136.8, 128.4 (2 C), 127.7 (2 C),42616.0, 46.1,
45.1, 41.4, 27.9, —3.2. IR (neat) 1717, 1643 CrhiRMS (EI)m/z 260.1595 [(M: calcd for

C16H240Si, 260.1596].

Compoundi4 *H NMR (500 MHz, CDC#) & 7.31-7.08 (m, 5 H), 5.68-5.60 (m, 1 H), 5.00—
4.91 (M, 2 H), 3.72 (§ = 7.4 Hz, 1 H), 2.81-2.75 (m, 1 H), 2.45-2.39 {nH), 2.31 (m, 2 H),
0.74-0.68 (m, 1 H), 0.62-0.56 (m, 1 H), —0.11 (§{)9°°C NMR (126 MHz, CDG}) 5 210.6,

138.6, 135.9, 128.8 (2C), 128.2 (2C), 127.2, 118%], 36.7, 36.5, 10.1, -1.9. IR (neat) 1716,

1643 crm . HRMS (El)m/z260.1593 [(M]; calcd for GgHo4OSi, 260.1596].

Wittig rearrangements of compoutd

Applying General procedurB to 69.5 mg ofsyn15 (0.265 mmol) and 0.33 mL af-Buli

(0.5296 mmol, 2 equiv) in THF (3.3 mL) at =78 °@lahen at C for 17 H afforded a mixture

(15.8 mg) oft6 and17in a combined 23% yield as colorless oil alongwii8.6 mg of unreacted

syn15. Column chromatography was performed with 3% Et@Ahexanes. Spectroscopic data
for 16: “H NMR (500 MHz, CDC4) 5 7.26-7.03 (m, 5 H), 2.39-2.35 (m, 1 H), 2.30-Z®4 1
H), 2.20-2.15 (m, 1 H), 2.08-2.02 (m, 1 H), 1.8G31(m, 1 H), 1.71-1.63 (m, 1 H), 0.94 (=
6.8 Hz, 3 H), 0.68 (dJ = 6.8 Hz, 3 H), 0.06 (s, 9 HJ-C NMR (126 MHz, CDCY) 5 248.6,

143.8, 128.4 (2 C), 128.1 (2 C), 126.0, 52.4, 3352, 20.9, 15.3, =3.3. IR (neat) 1719, 1643
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cm_l. HRMS (APCI) m/z 263.1840 [(M+I—J|r) calcd for GgHo70Si, 263.1831]. Spectroscopic

data for17: 'H NMR (500 MHz, CDC§) & 7.29-7.20 (m, 5 H), 3.30 (d,= 10.2 Hz, 1 H),
2.42-2.25 (m, 3 H), 0.94 (d,= 6.3 Hz, 3 H), 0.74-0.67 (m, 1 H), 0.63 (d= 6.8 Hz, 3 H),
0.61-0.54 (M, 1 H), =0.11 (s, 9 H)'C NMR (126 MHz, CDG4) 5 211.7, 138.4, 128.7 (2C),

128.6 (2C), 127.0, 66.4, 37.8, 30.7, 21.7, 20.8, 91.9. IR (neat) 1715 ¢rii HRMS (CI) m/z

262.1755 [(M); calcd for GHogOSi, 262.1753).

Wittig rearrangements of anti / sy21

Applying representative proceduBeto 235 mg (0.946 mmol) dE-21 (anti/syn = 1.5:1) and

2.36 mL ofn-BuLi (3.78 mmol, 4 equiv, 1.6 M in hexanes) in TKHE2 mL) at —3C for 44 h.

After purification by column chromatography on aigel (30% CHCI» in hexanes) 101 mg of

anti E-21 (43%), 10.1 mg o022 (16%) and 72 mg of a mixture 88 (23%,anti/syn =1.9:1) and

24 (6%, anti/syn= 1.44:1) were obtained. Analytical samples28fand 24 were obtained by
subsequent column chromatography of the mixturé&o(EH,Cl, in hexanes)Compound22
(mixture of diastereomemnti-22/syn22, 0.65:0.35 ratio):lH NMR (600 MHz, CDC$) 6 7.28—

7.24 (m, 2 H), 7.18-7.12 (m, 3 H), 2.64 (m, 0.65 Mp1 (m, 0.65 H), 2.52 (m, 0.35 H), 2.46 (m,

0.35 H), 2.38-2.26 (m, 2 H), 1.21 @z 6.6 Hz, 1.05 H), 1.20 (d,= 7.2 Hz, 1.95 H), 0.84 (d,

= 6.6 Hz, 1.05 H), 0.70 (d,= 6.6 Hz, 1.95 H), 0.14 (s, 5.85 H), 0.08 (s, 3)5-C NMR (151

MHz, CDCk) major diastereomera(ti-22): 6 248.6, 145.4, 128.1 (2 C), 127.9 (2 C), 126.0,
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53.0, 44.6, 33.5, 18.2, 18.04, —3.16. Minor diasierer §yn22): 5 248.7, 146.3, 128.2 (2 C),

127.6 (2 C), 126.0, 54.0, 45.0, 33.8, 18.05, 173425. IR (neat) 1643 ér. HRMS (EShm/z
249.1665 [(M+H$r; calcd for GsHos50Si, 249.1675]Compound23 (mixture of diastereomers,

0.88:0.12 ratio, relative stereochemistry not asesi: lH NMR (600 MHz, CDC%) 6 7.26-7.14

(m, 5 H), 5.72 (ddJ = 1.2, 15.6 Hz, 0.12 H), 5.59 (dd= 1.2, 15.6 Hz, 0.88 H), 5.28 (dij=
6.6, 15.6 Hz, 0.12 H), 5.12 (dd= 6.6, 15.6 Hz, 0.88 H), 3.04 (§= 7.2 Hz, 0.88 H), 3.00 (d,
= 7.2 Hz, 0.12 H), 1.71 (dd,= 1.8, 6.6 Hz, 0.36 H), 1.61 (ddi= 1.2, 6.6 Hz, 2.64 H), 1.32 (d,

= 7.2 Hz, 2.64 H), 1.27 (d= 7.2 Hz, 0.36 H), 1.03 (s, 0.12 H), 1.02 (s, G:§8—0.03 (s, 7.92
H), —0.09 (s, 1.08 H)-°C NMR (151 MHz, CDC4) major diastereomeb: 142.8, 135.1, 128.9 (2
C), 127.8 (2 C), 126.3, 120.8, 73.6, 46.8, 17.84162.5. Minor diastereomes: 143.0 133.5,
129.2 (2 C), 127.9 (2 C), 126.6, 122.0, 73.4, 4680, 16.5, —3.0. HRMS (Chn/z 249.1666

[(M+H)+; calcd for GsH240Si, 249.1675].Compound24 (mixture of diastereomergnti-

24/syn24, 0.55:0.45)'H NMR (600 MHz, CDC#) 8 7.30 (m, 2 H), 7.24-7.20 (m, 3 H), 3.78 (q,

J=7.2 Hz, 0.55 H), 3.71 (§,= 7.2 Hz, 0.45 H), 2.36 (m, 0.45 H), 2.33 (m, OHB5 2.14 (dd]
=10.2, 16.8 Hz, 0.45 H), 2.08 (d#i= 10.8, 16.2 Hz, 0.55 H), 1.38 (@= 6.6 Hz, 1.35 H), 1.37

(d,J = 7.2 Hz, 1.65 H), 1.18 (m, 0.55 H), 1.13 (m, OH)50.82 (d,J = 7.8 Hz, 1.35 H), 0.69 (d,

J=7.2 Hz, 1.65 H), —0.118 (s, 4.95 H), —0.1604(85 H).">C NMR (151 MHz, CDC4) major

diastereomeranti-24): 56 210.8, 140.6, 128.8 (2 C), 127.91 (2 C), 127.052543.3, 17.6, 15.3,

14.1, -3.55. Minor diastereomesy24): 5 211.4, 128.7 (2 C), 127.89 (2 C), 127.03, 53.6543
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17.4, 155, 14.7, -3.54. IR (neat) 1718 ¢mHRMS (ESI)m/z 249.1667 [(M+H]: calcd for

C15H250Si, 249.1675].

Wittig rearrangement of compousginZ-21

Following the general proceduBeto 253.8 mg oéynZ-21 (1.02 mmol) in 10.5 mL of THF at —

78°C was added 2.56 mL ofBulLi (4.086 mmol, 4 equiv, 1.6 M in hexanes), tuéd bath was

removed and the reaction stirred at room tempezator 48 h. After work up and column
chromatography (gradient of 2—10% EtOAc in hexatigsn 50% EtOAc in hexanes) afforded
142.1 mg ofsynZ-21 (56%, dr = 18:1), 11.1 mg of a 1:1 mixturea& (syn/anti= 1.1:1) and24

(syn/anti= 1:1.6), 15.6 mg 025 (6%, single diastereomer), 13 mgaff (7%, dr = 3:1) and 5.4
mg of 27 (3%, syn/anti= 1.3:1). Compound25: (tentatively assigned aS/n25):18 1H NMR
(500 MHz, CDC4) 6 7.36 (m, 2 H), 7.31 (m, 2 H), 7.21 (= 1.5, 7.5 Hz, 1 H), 5.97 (dd,=
8.0, 19.0 Hz, 1 H), 5.70 (dd,= 1.0, 19.0 Hz, 1 H), 2.52 (m, 1 H), 1.85 (s, 1 HFO (s, 3 H),
0.84 (d,J = 6.5 Hz, 1 H), 0.04 (s, 9 H}°C NMR (151 MHz, CDG}) 5 147.8, 147.0, 132.4,
127.8 (2C), 126.4, 125.2 (2C), 75.9, 51.4, 28.35141.2. IR (neat) 3474 ¢ HRMS (ESI)

¥ . .
m/z 249.1680 [(M+H); calcd for GgH»s0Si, 249.1675]. Compound 26: (mixture of

diastereomers, 0.63:0.37 ratioJ)H NMR (500 MHz, CDC%) 6 7.34-7.26 (m, 3 H), 7.19 (m, 2

H), 5.68 (m, 0.37 H), 5.49 (m, 0.63 H), 5.40 (M8H), 5.31 (m, 0.63 H), 4.51 (m, 1 H), 1.66

(ddd,J = 0.5, 2.0, 7.0 Hz, 1.11 H), 1.53 (ddd* 0.5, 1.5, 6.5 Hz, 1.89 H), 1.43 (s, 1 H), 1.33

(dd,J = 0.5, 7.0 Hz, 1.89 H), 1.21 (ddi= 0.5, 7.5 Hz, 1.11 H)--C NMR (151 MHz, CDC4)

73



143.28, 143.26, 131.33, 131.30, 128.6, 128.2, 12828.1, 127.7, 126.9, 126.7, 126.4, 71.7,

71.5, 46.6, 45.9, 17.5, 16.0, 13.5, 13.2. IR (n&a)7 crﬁl. Compound27: (mixture of

diastereomers 1:1 ratié)—l NMR (500 MHz, CDC$) 6 9.70 (m, 1 H) 9.57 (m, 1 H), 7.28 (m, 4

H), 7.18 (m, 2 H), 7.14 (m, 4 H), 2.67 (m, 1 HB&(m, 1 H), 2.49 (ddd] = 1.0, 4.5, 16.0 Hz, 1
H), 2.33-2.26 (m, 3 H), 2.17 (dddi= 3.0, 9.0, 16.0 Hz, 1 H), 2.07 (ddb= 2.5, 8.5, 16.0 Hz, 1

H), 1.26 (d,J = 2.5 Hz, 3 H), 1.25 (d] = 2.5 Hz, 3 H), 0.99 (d] = 6.5 Hz, 3 H), 0.85 (d] = 6.5

Hz, 1 H).7°C NMR (151 MHz, CDGY) § 202.8, 202.5, 145.7, 144.8, 128.4, 128.2, 12728,5,

126.3, 126.2, 49.5, 48.3, 45.1, 44.5, 34.6, 34844,118.03, 17.98, 17.6. IR (neat) 1724_%m

Diastereomer27 are known compounds and have spectral data in Gedtn those previously

reported:.L 0

Preparation of diastereomerit8

A 100 mL round-bottomed flask equipped with a maignstir bar and a nitrogen line was
charged with 9-BBN (0.5 M solution in THF, 2.04 mL02 mmol) and substrag (671 mg,
2.85 mmol) was then added as a THF solution (0.%7 ™he reaction was refluxed at an oil bath

temperature of 9{C, for 10 h. The reaction mixture was cooled ta&%5 °C and ethanol (2.0

mL), NaOH (6 M, 0.5 mL) and $0> (30% w/w, 1.0 mL) were added. The reaction wasesti

at 55 to 65°C for 1 h and cooled to room temperature. The agsi@hase was saturated with

potassium carbonate, phases were separated, tlamiorghase was dried over anhydrous
magnesium sulfate and concentrated to afford thelecrproduct. Purification by silica gel

(EtOAc 0-10% in hexanes) gave 702 mg of psyel18anti-18 in 97% vyield. IR (neat) 3370

74



cm_l. Compoundanti-18: 1H NMR (500 MHz, CDC%) 6 7.40-7.23 (m, 5 H), 4.56 (d,= 6.5
Hz, 1 H), 3.86 (M, 1 H), 3.78 (m, 1 H), 3.231t 5.0 Hz, 1 H), 2.75 (M, 1 H), 2.20-2.13 (m, 1
H), 1.63 (m, 1H), 1.42 (d] = 6.5 Hz, 3 H), —0.06 (s, 9 HJ°C NMR (126 MHz, CDG}) 5
1435, 128.2 (2 C), 1275, 126.8 (2 C), 76.4, 7624, 31.7, 23.7, —2.8. HRMS (Eily/z

253.1618 [(M+H5r; calcd for G4H2505Si, 253.1624]. Compounsiyn18: 1H NMR (500 MHz,

CDCl3) & 7.34 (m, 4 H), 7.29 (m, 1H), 4.36 @= 6.5 Hz, 1 H), 3.54-3.45 (m, 2 H), 3.26 (dd,
= 45,95 Hz, 1 H), 1.81 (m, 1 H), 1.67-1.60 (mHR 1.42 (d,J = 6.5 Hz, 3 H), 0.09 (s, 9 H).

13c NMR (126 MHz, CDGY) 5 143.6, 128.5 (2 C), 127.8, 126.8 (2 C), 77.9, 68113, 33.8,

23.6, —2.5. HRMS (Eln/z253.1627 [(M+H); calcd for G 4H250,Si, 253.1624].

Preparation of ester syh9

A mixture of the substrate alcohol (obtained by BhNBoxidation of reactivesyn18 (201 mg,
0.80 mmol), and 3,5-dinitrobenzoyl chloride (366,Mgp9 mmol) in pyridine as solvent, was
heated to reflux for 52-55 h. Then the solvent weammoved under reduced pressure and the
crude product purified by chromatography on silieh (hexanes/EtOAc (0—-10%) to afford 194

mg, 55% of the expected est®yn19 as a solid. Recrystallization from a 1:1 EtOH/duex

mixed solvent afforded product as colorless crgstap 74.5-75.5C. IR (neat) 1728, 1630 cm

! 11 NMR (300 MHz, CDC#) 5 9.17 (t,J = 2.2 Hz, 1 H), 8.88 (d] = 2.2 Hz, 2 H), 7.29-6.99
(m, 5 H), 4.36—4.29 (m, 2 H), 4.18-4.10 (m, 1 HR53-3.20 (dd,) = 8.0, 6.0 Hz, 1 H), 1.90—

1.83 (M, 2 H), 1.41 (dJ = 6.3 Hz, 3 H), 0.15 (s, 9 H}°C NMR (126 MHz, CDCY) 5 162.2,
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148.4, 143.9, 134.0, 129.2, 128.2, 127.4, 126.2,112/8.1, 66.7, 64.4, 30.6, 23.6, —2.7. HRMS

(ESI)m/z447.1599 [(M+H); calcd for G1Ho7N,07Si, 447.1587].

Preparation of cis20 and trans20

To a solution of unreactiveaiiti) 12 (167 mg, 0.641 mmol) in C4lo (10 mL, ~0.7 M) was

added second-generation Grubbs catalyst (4 mol%, 123, 0.025 mmol) and the solution was

stirred under nitrogen at room temperature for 3te reaction mixture was concentrated and

purified by column chromatography (10% &> in hexanes) to afford 144 mg 72 @&-20
(97%). Compound ci€0: "H NMR (500 MHz, CDC#) & 7.34-7.22 (m, 5 H), 5.82-5.78 (m, 2
H), 4.38 (dd,J = 3.5, 10 Hz, 1 H), 4.17-4.15 (m, 1 H), 2.26-2(2 2 H), 0.08 (s, 9 H)"C
NMR (126 MHz, CDC}) § 144.0, 128.10 (2 C), 128.06, 126.9, 125.6 (2 @)..1, 75.3, 71.6,

34.2, -4.0. HRMS (Clin/z261.1681 [(M+H$r; calcd for GgH240Si, 261.1675]. The relative

stereochemistry ofis-20 was assigned based on positive NOESY signals leetyweotons at

4.15 ppm and 2.26-2.12 ppm. Following the sameguhoe forsyn12 (184 mg, 0.707 mmol)

and Grubbs second-generation catalyst (4 mol%, 84 0028 mmol) in CHCI> for 3 h,
followed by column chromatography (30% &> in hexanes) afforded 151 mg (92%@ns
20. Compound tran@0: “H NMR (500 MHz, CDC#) § 7.38=7.24 (m, 5 H), 5.83-5.76 (m, 2 H),
472 (tJ= 5.5 Hz, 1 H), 4.01 (m, 1 H), 2.41-2.38 (m, 2 BP9 (s, 9 H)-°C NMR (126 MHz,

CDCl3) 6 142.3, 128.5 (2C), 128.4, 127.5, 126.9 (2C), 120236, 70.4, 30.4, -2.7. HRMS (ClI)
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m/z261.1664 [(M+H§L; calcd for GgH240Si, 261.1675]. The relative stereochemistryrahs

20 was confirmed based on negative NOESY signalsdmtvprotons at 4.72 ppm and 4.01 ppm.

Preparation of compounzd
The [1,4]-Wittig produc3 from the Wittig rearrangement of-alkoxysilane ofE-21 (217 mg,

0.87 mmol) was dissolved in THF (0.24 M, 3.6 mpdadM NaOH (0.83 mL/mmol starting

material, 0.72 mL) added. The mixture was heate85te40°C, and then oxidized by dropwise
addition of 30% HO> (0.42 mL/mmol starting material, 0.36 mL), while imtaining the

reaction temperature below 50 °C for 2 h. The ags@hase was cooled td0, and acidified
to pH of 1-2 with 6 M HCI. The resulting aqueouaterial was extracted with ether (5 x 20
mL), and the ether solution dried with anhydrous3@yg. Filtration and concentration afforded

158 mg (94% vyield) of diastereomer®9 as a thick colorless oil. Purification by column

chromatography on silica gel (hexane/EtOAc 0-10%draed 29 as a 2.8:1 mixture of

diastereomers (ratio b%H NMR). IR (neat) 3100-2500 (br), 2967, 1707, 149852, 1412,

1290 cm’. Compounds an29'syn29 (2.8:1 ratio),anti-29 "H NMR (500 MHz, CDCh) &

11.49 (s, 1 H), 7.31-7.18 (m, 5 H), 2.72-2.65 (qulre 7.1 Hz, 1 H), 2.53-2.48 (dd,= 14.8,

4.4 Hz, 1 H), 2.28-2.18 (m, 1 H), 2.14-2.09 (@¢,15.1, 9.1 Hz, 1 H), 1.28-1.26 (= 7.1 Hz,

3 H), 0.88 (d,J = 6.6 Hz, 3 H).°C NMR (126 MHz, CDC4) 5 179.8, 144.8, 128.2, 127.6,

126.2, 44.4, 38.9, 36.2, 18.3, 17syn29: 6 11.49 (br s, 1 H), 7.33-7.18 (m, 5 H), 2.63-2.56
(quint,J = 7.1 Hz, 1 H), 2.35-2.31 (apparent dds 15.4, 4.4 Hz, 1 H), 2.28-2.18 (m, 1 H),

2.04-1.99 (ddJ = 14.8, 9.3 Hz, 1 H), 1.27-1.24 @ 7.1 Hz, 3 H), 1.04 (d] = 6.6 Hz, 3 H).
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13C NMR (126 MHz, CD() 6 179.8, 145.7, 128.2, 127.5, 126.1, 44.7, 39.84,388.3, 17.2.

anti-29 andsyn29 are known compounds and have spectral data indedth those previously

reporte& 0

Assignment of relative stereochemistry for compd#hd

Preparation of compoun8d80

To a cold (-7€C) solution 0f24 (50 mg, 0.20 mmol, dr = 1.4:1) in 1:1 GEI,/EtOH (3 mL)

was added a suspension of NaBi5.2 mg, 2 equiv) in EtOH (0.8 mL). After 1 haine cold

bath was removed and the reaction kept at room destyre overnight. The reaction mixture
was then treated with water (2 mL) and diluted wdibthyl ether. The aqueous phase was

washed with diethyl ether (x 2). Combined orgasitracts were washed with brine, dried over
MgSOy and concentrated. Column chromatography (5% Eti@A®xanes) gave 28.5 mg (57%)

of 30 in two fractions of different diastereomeric rasiong with 5.2 mg (11%) of unreact2d.

Compounds30 (major diastereomer)le NMR (600 MHz, CDC%) 6 7.29 (m, 2 H), 7.20 (m, 3
H), 3.80 (m, 1 H), 2.72 (quind,= 6.6 Hz, 1 H), 1.42 (m, 1 H), 1.31 @= 7.2 Hz, 3 H), 1.29 (d,

J=4.8Hz, 1 H), 1.07 (m, 1 H), 0.84 (s, 3 H), 0@®2 1 H), -0.10 (m, 9 H)l.30 NMR (151
MHz, CDChk) 6 144.8, 128.4 (2 C), 127.7 (2 C), 126.3, 73.0, 48613, 15.9, 15.0, 13.1, —-3.6.
IR (neat) 3423, 2955, 1456, 1248, 839'%:nh-IRMS (ESI) m/z 232.1651 [(M—Olf|) calcd for

C15H24Si, 232.1647].
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Preparation of compoun8l
One fraction of30 (15.6 mg, 0.063 mmol, dr = 10:2:1) was dissolvegyridine (1 mL) and 3,5-
dinitrobenzoyl chloride (flakes were crushed ptioraddition) was added in one portion. After

48 hours the mixture was diluted with diethyl et mL) and washed with 1M HCI (2 mL x
3), HO, brine, dried over MgSfand concentrated. Partial separation of the diesteers (2
fractions) by column chromatography (4% EtOAc inxdrees) gave 24.4 mg (56%) 81 as a
solid. Recrystallization of one fraction from @El>/ hexanes gave a single diastereomeslof
whose relative stereochemistry was determined bgyxerystallographyCompound31 (major
diastereomer)%H NMR (500 MHz, CDC$) 6 9.22 (t,J = 2.0 Hz, 1 H), 9.13 (dl = 2.0 Hz, 2 H),

7.30 (t,J = 7.5 Hz, 2 H), 7.22 (m, 3 H), 5.86 (m, 1 H), 308, 1 H), 1.75 (dddJ = 2.5, 10.0,

13.0 Hz, 1 H), 1.32 (d] = 7.0 Hz, 3 H), 1.26 (ddd,= 2.5, 12.0, 14.5 Hz, 1 H), 0.87 @z= 7.5
Hz, 3 H), 0.47 (m, 1 H), —0.14 (s, 9 H)°"C NMR (126 MHz, CDG}) 5 162.4, 148.8 (2 C),
142.7, 134.3, 129.4 (2 C), 128.7 (2 C), 127.7 (212¥.0, 122.3, 79.4, 44.5, 34.2, 17.7, 15.4,

13.5, -3.7. mp: 139-14. IR (neat) 3107, 2957, 1726, 1545, 1348, 127801¢m".

Preparation of anti24 from recrystallize®B1

To a solution of31 (4.4 mg, 0.010 mmol, dr > 95:5) in THF (1 mL) wadded 3M NaOH (0.5

mL) and the mixture stirred for 2 hours in an aktbat 45°C. Then, the reaction mixture was

diluted with diethyl ether (10 mL). The aqueousgthwvas washed with diethyl ether (2 mL x 2).
Combined organic extracts were washed with watramgpdried over MgS@and concentrated.

Pasteur pipette chromatography (5% EtOAc in hexXagage 1.5 mg (61%) d30 as a single
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diastereomer. This alcohol (1.5 mg) was dissolvedry CHCI» (0.5 mL) and DMP (0.3 M in

CHxCly, 0.25 mL, excess) was added at room hexanes heckd through a plug of silica to

give ~1.5 mg (ca. 100%) ainti-24.

Wittig rearrangements of 21 via Silicon/Lithium exchange — General procedGre

To a solution of hexamethyldisilane (189 mg, 1.280h 3 equiv) in HMPA (4 mL) at 8C was
added methyllithium (1.6 M in EO, 0.81 mL, 3 equiv) dropwise to give a deep reldtsm.
After 5 minutes this TMSLi solution was transferngd cannula to a solution &-21 (107 mg,
0.43 mmol, 1 equiv) in THF (4.5 mL) at -#&. Then the temperature was raised to 2G5
After ~6 hours the reaction was quenched by addiHg (sat) (4 mL) and the mixture diluted

with Et,O (15 mL). The aqueous phase was extracted wi® E2x 10 mL). Combined organic

extracts were washed with water x35 mL), brine and dried over MgGOThe solid was

filtrated and the filtrate was concentrated. Silge column chromatography (5% and 15%
EtOAc in hexanes) of the residue afforded 45 m@4dR8f a mixture of32 andZ-21 (6:1 ratio),

11.3 mg (15%) o027 and 16.7 mg (22%) &6 as clear oils.

Synthesis of trichloroacetimidate reagents
Preparation of 4-methylbenzyl-2,2,2-trichloroacatate — General procedur@

To a suspension of sodium hydride (60% w/w oil dispn, 147 mg, 3.68 mmol, 0.15 equiv) in

EtoO (10 mL) at 0 °C was added a solution of 4-mettyltyl alcohol (3 g, 24.6 mmol, 1 equiv)
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in EtO (6 mL) dropwise. The mixture was stirred at rotemperature for 30 minutes and

cooled down in an ice bath. Trichloroacetonitri56 g, 24.6 mmol, 1 equiv) was added
dropwise. After 3 hours dry methanol (79 mg) wadeatlvia syringe and after 5 minutes the
mixture was concentrated. The residue was suspendeekanes and filtered through a plug of
celite. The filtrate was concentrated and