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Chapter 1

Introduction

The cyclopropane-skeleton is often found in a wide range of natural products." Some of
these cyclopropane-containing natural compounds show high biological activities, and sometimes
become potential drug candidates. In addition to these biological activities, cyclopropanes can
also be recognized as variants of three-carbon chain units via ring-opening.”>  Actually,
ring-opening reactions have been offering us many significant transformations in organic
syntheses. For more efficient cyclopropane ring-opening reactions, we can postulate a use of
cyclopropalnols.3

The ring fission of cyclopropanols proceeds readily with the conversion of
hydroxy-substituted carbon into carbonyl groups. This process affords various types of reactive
intermediates. When cyclopropanols are treated with a base, carbanions at P-position of
carbonyl groups, that is homoenolates, are formed (Scheme 1(a)).* The reaction of the
homoenolates with Pd(II) or bromine affords o,-unsaturated ketones, which can be regarded as
synthons of P-carbocation (Scheme l(b)).5 Furthermore, it is known that treatment of
cyclopropanols with one-electron oxidants, such as Fe(II) or Mn(III), generates -radical species

(Scheme 1(¢)).°
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Scheme 1. Building blocks from cyclopropanol.
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In addition, one of the attractive aspects of cyclopropanols as synthetic intermediates is that
the cyclopropane rings can be cleaved regioselectively depending on the reaction conditions.
This advantage enables the constructions of various structures selectively. For example, in the
case of 6-alkylbicyclo[4.1.0]heptan-1-ol derivative as a substrate, the cleavage of bond A affords
a ketone having a stereogenic quaternary carbon at a-position, as shown in Scheme 2.” In
contrast, the fission of bond B allows ring expansion, and as a result, a seven-membered ring
ketone is obtained.® Furthermore, the reaction that cleaves both bond A and bond B to give

acyclic carboxylic acid derivative has also been reported.9
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OH Other transformations
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Scheme 2. Regioselective cleavage of cyclopropane ring in cyclopropanol.

Owing to the varieties of transformation reactions, cyclopropanols have been used as versatile
synthetic tools. Hence the efficient methods for preparation of cyclopropanols have been
required.  Actually, many examples of cyclopropanol-preparation have been reported.3
However, the preparation of cyclopropanols having additional functional groups is insufficient by
these methods. To achieve the preparation of more functionalized cyclopropanols, we must

develop a new method for preparation of cyclopropanols.
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Methods for Preparation of Cyclopropanols

First of all, the author reviews the conventional methods of cyclopropanol syntheses. They
can be represented by the following four methods, as shown in Scheme 3:1% 1) the
Simmons—Smith reaction of vinyl alcohol equivalent; 2) the reaction of Fischer carbene complex
with alkenes; 3) the cyclization reaction; and 4) the reaction of ester and titanacyclopropane, that

is, the Kulinkovich reaction.

o

OR! 2 ©
3
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The Simmons-Smith Reaction with Vinyl Alcohol Cyclization Reaction
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Reaction of Alkene with Fischer Carbene Complex The Kulinkovich Reaction

Scheme 3. Methods for preparation of cyclopropanol.

1) The Simmons-Smith Reaction
The most common electrophilic cyclopropanation method is the Simmons—Smith

: 11,12
reaction:

Treatment of alkenes with the Simmons—Smith reagent (IZnCH,I), which is
prepared from diiodomethane and zinc—copper couple in diethyl ether, affords cyclopropanes.

The reaction proceeds stereospecifically, as shown in Scheme 4.
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Scheme 4. The Simmons—Smith reaction.

The Simmons—Smith reaction with vinyl alcohol equivalents affords cyclopropanol
derivatives. = For example, the reaction of silyl enol ether with the reagent gave
siloxycyclopropane efficiently.'” Desilylation with tetrabutylammonium fluoride afforded the

corresponding cyclopropanol in a high yield (Scheme 5).

TMSO CH,l, /Etyzn ~ TMSO TBAF HO

R1 N R2 R1J</R2 R1

Scheme 5. The Simmons—Smith reaction (Furukawa method) with silyl enol ether.

Also, in the case of alkenylboronic acid ester as a substrate, the Simmons—Smith reaction
proceeded to give a cyclopropylboronic acid ester. It can be converted into cyclopropanol by an

oxidation with basic hydroperoxide (Scheme 6)."*

H202 / KHCO3 R1

~ oH

R _OR2 CHyl, / Et,Zn 1 _OR?
\/\BO 2lo 2 R\<]\B OR

|
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Scheme 6. The Simmons—Smith reaction (Furukawa method) with alkenylboronic acid ester.

The Simmons—Smith reaction of metal enolate also gave cyclopropanol. Imamoto showed
the transformation of lithium enolate into cyclopropanol by using diiodomethane/samarium(II)

iodide (Scheme 7).'
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Scheme 7. Transformation of lithium enolate into cyclopropanol.

Oshima also reported that treatment of the prepared Reformatsky reagent with ditodomethane

afforded the corresponding cyclopropanol (Scheme 8).'

Igi EbZn o /OZ”Et 1) CHala g QH
R ; “[)\R1 — a,‘>l\R1
e E00C T 2) MeOH 14

Scheme 8. Transformation of zinc enolate into cyclopropanol.

2) The Reaction of Fischer Carbene Complex
Instead of the Simmons—Smith reagent, metal carbene complexes are also applicable for the

cyclopropanation of alkenes.'*"’

For example, the Fischer carbene complex, which has an
alkoxy group on the carbene atom, can be used for [2+1] cycloaddition to give cyclopropanol

derivatives (Scheme 9).18

OR! gt RO o
(00)50/1\ R? R ram< R

Scheme 9. Reaction of Fischer carbene complex with alkenes.

As shown in Scheme 10, treatment of 1-hexene with a Fischer carbene complex carrying an
2-iodoethoxy group afforded the corresponding cyclopropyl ether with moderate
diastereoselectivity.19 The iodoethyl moiety could be removed easily by treatment with

butyllithium to give the corresponding cyclopropanol.
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Scheme 10. The reaction of Fischer carbene complex with alkene.

3) Cyclization Reaction

The cyclization reaction is also an efficient method to prepare cyclopropanols; actually,
cyclopropanol was first synthesized via intramolecular nucleophilic substitution in 1942 by Cottle
and co-workers.”  When magnesium alkoxide of 3-bromo-1-chloro-2-propanol was treated with
Grignard reagent, bromine-magnesium exchange proceeded, and the sequential intramolecular

SN2 reaction gave magnesium alkoxide of cyclopropanol (Scheme 11).

OMgBr RMgBr OMgBr
I _Br Clu_A_MgBr [>—owmger

Scheme 11. Preparation of cyclopropanol by intramolecular Sy2 reaction.

A highly efficient intramolecular reaction proceeds when a carbanion equivalent is formed at
the B-position of a ketone. For example, when B-haloketone was treated with zinc powder, the
reduction proceeded to generate the corresponding zinc homoenolate; as a result, the

corresponding cyclopropanol was obtained via intramolecular nucleophilic addition (Scheme

12).!

Scheme 12. Preparation of cyclopropanol by intramolecular nucleophilic addition.
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Takeda showed the formation of a homoenolate after the nucleophilic reaction of enolate with
acylsilalne.22 This reaction involved 1,2-Brook rearrangement of the 1,2-adduct to form

B-carbanion. The subsequent intramolecular nucleophilic addition afforded the corresponding

cyclopropan-1,2-diol derivative (Scheme 13).

o) Me3S|O O

OLi
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Ph Et Ph Et

Scheme 13. Reaction of acylsilane and lithium enolate.

Takai showed the following method to generate carbanion at the B-position of the carbonyl
group:>  Treatment of o,B-unsaturated ketone with chromium(II) chloride afforded a ketone

carrying C—Cr bond at the B-position via double single electron reduction (Scheme 14).

Il
0 oo, | 7 |bo cr'
Fo o T2 %Rz
% Dy <O_Cr'" HO* D, (OH
2
||| R2 R

Scheme 14. Reaction of o,-unsaturated ketone and D,O in the presence of CrCl,.

As shown in Scheme 15, 2-(1-hydroxyalkyl)-1-alkylcyclopropanol was also obtained via

nucleophilic attack of the formed enolate to an aldehyde.”
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Scheme 15. Reaction of a,f-unsaturated ketone and aldehyde in the presence of CrCl,.

4) The Kulinkovich Reaction

In 1989, Kulinkovich reported an efficient method for preparation of cyclopropanols from
ethylmagnesium bromide and esters.”*  Treatment of an ester with titanacyclopropane, which
was prepared from ethylmagnesium bromide and titanium(IV) tetraisopropoxide, afforded
I-alkylcyclopropanol via successive nucleophilic addition of the dianion to the carbonyl group

(Scheme 16). The mechanism is shown in Scheme 17.%*%

3 EtMgBr / 1 Ti(O'Pr),; H30*

93% \
O OH

/\/\)J\OMe PN

2 EtMgBr / 0.1 Ti(O'Pr),; HyO* /

94%

Scheme 16. The Kulinkovich reaction.
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Scheme 17. Mechanism of the Kulinkovich reaction.

A New Approach for Preparation of Cyclopropanols

Among the conventional methods mentioned above, the more general methods for
construction of cyclopropanols in practical syntheses are the Simmons—Smith reaction and the
Kulinkovich reaction. In the Simmons—Smith reaction, one carbon unit of [2+1] cycloaddition
is a carbenoid, which has both nucleophilic and electrophilic properties (Scheme 18(a)). Its
electrophilic reaction with vinyl alcohol equivalents gives 1,2-dialkylcyclopropanols.
Meanwhile, in the Kulinkovich reaction, successive nucleophilic addition of vic-dianion
equivalent, that is titanacyclopropane, to esters affords 1,2-dialkylcyclopropanols (Scheme 18(b)).
Different from these methods, the nucleophilic [2+1] cycloaddition with gem-dianion
equivalent26 would give a complete new strategy (Scheme 18(c)). In this context, the author

focused on the nucleophilic [2+1] cycloaddition with gem-dianion equivalent.

10
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the Simmons—-Smith reaction

< )| > R! H,C._ R!
CHj = HC L— — X (@)
® © Znl R? OR® R? OR®
the Kulinkovich reaction
9 1

H,C—-CHR? =, ' R + j)]\ - R><OH (b)

© o (R O)le<r R' “OR3 H,C—CHR?
reaction with gem-dianion

H
o R HQ C R?

CHy  + . VAY ()

© 0o R

Scheme 18. Concept of (a) the Simmons—Smith reaction, (b) the Kulinkovich reaction, and

(c) nucleophilic [2+1] cycloaddition with gem-dianion.

Nucleophilic [2+1] Cycloaddition with gem-Dianion Equivalent

In 1991, Sato and Murayama showed a example of nucleophilic [2+1] cycloaddition with
gem-dianion equivalent to prepare cyclopropanols.”” When o,B-epoxy ketone was treated with
trialkylstannylmethyllithium, sequential nucleophilic attack of the gem-dimetal species to the
carbonyl group and the epoxy group proceeded to give 2-(1-hydroxyalkyl)-1-alkylcyclopropanol
(Scheme 19).

i 3 . .
1 2 1 5 ; )
R ¢} R R o R J — CH,(SnR%;), { R o R
Lo  OLi H,0* HO OH

R1/l</kR2 R1J<l/kR2

Scheme 19. Reaction of a,B-epoxy ketone and trialkylstannylmethyllithium.

11
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Further examples and applications in practical syntheses, however, have not been reported
since then. One of the reasons may be the high reactivity of the C-Li bond of
trialkylstannylmethyllithium. Since the gem-dimetal readily attacks various electrophiles, such
as ketones, esters, and epoxide (Scheme 20),28 the chemoselective reaction seems to be difficult.

So, its nucleophilic [2+1] cycloaddition would be restricted to simple substrates.

)
R2 R'” "R? HO[SnMe3
4> 7 H R OR?
R2 OH R’ 0 SnMe;
H2C, o)
R! SnMes HMPA Li
) H+ 1/U\ 2 (@]
\_R" ©OR
T R1JJ\/SHMG3

Scheme 20. Reaction of trimethylstannylmethyllithium and various electrophiles.

If there are some gem-dianions which have moderate nucleophilicity to react with o,B-epoxy
ketone moiety chemoselectively without affecting other functional groups, the nucleophilic [2+1]
cycloaddition with gem-dianions would be an alternative method for preparing various types of
cyclopropanols carrying additional functional groups.  Thus, the author focused on

bis(iodozincio)methane® as a gem-dianion equivalent, which consists of two C—Zn bonds.

Preparation and Reactivity of Bis(iodozincio)methane

Treatment of diiodomethane with zinc powder in Et,O affords the Simmons—Smith reagent
(IZnCH,I). When the same procedure is performed in THF in the presence of a catalytic
amount of lead, the further reduction of the generated Simmons—Smith reagent proceeds to give

bis(iodozincio)methane, as shown in Scheme 21.%

12
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Scheme 21. Preparation of bis(iodozincio)methane.

The dizinc reagent has an ability to form two C—C bonds on a carbon. Actually, several

reactions with the dizinc, which include the construction of two C—C bonds, have been reported.

The representative reaction is methylenation of an aldehyde, as shown in Scheme 22(a).”!

Sequential coupling reactions of the dizinc with two different electrophiles, such as Scheme 22(b)

32,33

and (c), are also good examples. Initially, these reactions undergo the introduction of

iodozinciomethyl group to electrophiles.

0 Zn CH,

J_ + CHyzn), — zn. 7\ — I (@)
R" "H o) ;<CH2 R OH

R' "H
Pd CuCN-2LiCl X
Arl +  CHy(Znl), ——| ArCHyZnl Cq\ (b)
B Ar” 2
o Me,sSiCl | MesSiO  CH,znl | Pd Me;SiO  CH,Ar

S A

A g CHal@nl)

Scheme 22. A couple of C—C bonds formation reactions with bis(iodozincio)methane.

R1 R2 Arl R1 R2

The dizinc reagent should be expected to have high nucleophilicity, because two

electropositive zinc atoms substitute on a carbon. However, it does not have enough

13
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nucleophilicity to attack carbonyl groups of ketones and esters. For example, the reaction of a
simple ketone, such as acetophenone, with the dizinc results in a complete recovery of the

13433 Meanwhile, when an o-heteroatom-substituted ketone, such as a-alkoxy

starting materia
ketone or oi-amino ketone, is treated with the dizinc, a coordination of the zinc atom with the
carbonyl group and the heteroatom of the substrate enhances the nucleophilicity of the dizinc to
the carbonyl group (Scheme 23).**  In this case, a nucleophilic attack of gem-dizinc, which leads

to methylenation, proceeds smoothly. Such activation of the organometallic reagent was also

observed in the reaction of Grignard reagent and o-alkoxyketones via Cram’s chelation.*

O o~ 2n-CHazn CHy
R’IJJ\(X + CHy(Znl)y —— | ‘\X R1JJ\(X
18 R1J\j/ THF, 25 °C 18
R2

(X = OR or NRy)

Scheme 23. Methylenation of a-alkoxy and -amino ketone with bis(iodozincio)methane.

Considering these facts, the author proposed a nucleophilic cyclopropanation with
bis(iodozincio)methane to prepare cyclopropanols, as shown in Scheme 24. The substrate is a
ketone having an electrophilic carbon at o-position, which makes a chelation with the dizinc.
The coordination would enhance the nucleophilicity of the reagent, and allow the nucleophilic
addition of the dizinc to the carbonyl group. As a result of the nucleophilic addition, an
iodozinciomethyl group is introduced to the adjacent carbon of the other electrophilic carbon.
Sequential nucleophilic attack of the carbanion equivalent to the adjacent carbon would proceed
readily to give a cyclopropanol. The author investigated details of the reactions with various

types of substrates.

14
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Scheme 24. Concept of nucleophilic cyclopropanation with bis(iodozincio)methane.

Overview of This Thesis

The author investigated a nucleophilic [2+1] cycloaddition of bis(iodozincio)methane and
ketones having one other electrophilic site at the o-position, such as 1,2-diketones, o,B-epoxy
ketones, o-sulfonyloxy ketones and y-ethoxycarbonyl-a,3-unsaturated ketones, to establish a new
general method of cyclopropanol syntheses. He showed the scopes, limitations, chemo- and
stereoselectivities of the reaction. Additionally, he also developed further useful
transformations of the obtained cyclopropanols, which allow the access to important building

blocks, via cyclopropane ring opening.

In Chapter 2, the author describes diastereoselective nucleophilic cyclopropanation of
1,2-diketones and o-ketoimines with bis(iodozincio)methane.3’7 When a 1,2-diketone was
treated with bis(iodozincio)methane, a sequential nucleophilic attack of the dizinc reagent to
vicinal two carbonyl group proceeded to give a cis-cyclopropan-1,2-diol, which can be converted
into trimethylsilyl ether by quenching with chlorotrimethylsilane (Scheme 25). The reaction
showed high diastereoselectivity to give cis-isomer via a specific coordination between the

substrate and the dizinc.®® The coordination was supposed to be face-to-face.

o lzn” >zl , .
1J\WR2 CHaZnl | & & | MesSici MesSIO A OSiMes
R THF, 25 °C 1>\_/< 2 R %2
R' R

face-to-face

Scheme 25. Nucleophilic cyclopropanation of 1,2-diketone with bis(iodozincio)methane.
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Treatment of the obtained cis-1,2-bis(trimethylsiloxy)cyclopropane with FeCl; afforded
1,3-diketone efficiently via cyclopropane ring opening (Scheme 26). Preparation of
cis-1,2-bis(trimethylsiloxy)cyclopropane can be achieved from bis(iodozincio)methane,
1,2-diketone and chlorotrimethylsilane, as shown in Scheme 25, so the net transformation can be

regarded as methylene insertion between two carbonyl groups in 1,2-diketone (Scheme 26).

0 . :
J\H/RZ 1) CHy(Znl), Me3SiO, A OSiMe;  FeCl, O O
R / \:

2) MeSiCl R R R1J\/U\R2

Scheme 26. Synthesis of 1,3-diketone via oxidative cyclopropane ring opening reaction of

cis-1,2-bis(trimethylsiloxy)cyclopropane.

Furthermore, a reaction of a o-ketoimine with the dizinc also showed high

diastereoselectivity to give a cis-2-aminocyclopropanol (Scheme 27).

o}
J\[(Rz CHy(Znl), H50* HO ANHR3
R : /\.
NR3 THF, 25 C R1 R2

Scheme 27. Nucleophilic cyclopropanation of a-ketoimine with bis(iodozincio)methane.

In Chapter 3, the author describes stereoselective and stereospecific nucleophilic
cyclopropanation of o,B-epoxy ketone with bis(iodozincio)methane. The specific coordination
with two oxygen atoms allows the dizinc to attack the carbonyl group diastereoselectively.
When an o,-epoxy ketone was treated with the dizinc, diastereoselective nucleophilic addition
to the carbonyl group proceeded via a specific coordination, as shown in Scheme 28. Then the

sequential stereospecific SN2 reaction of the introduced zinciomethyl group to the epoxy group

16
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also proceeded smoothly to give 2-(1-hydroxyalkyl)-1-alkylcyclopropanol diastereoselectively
(Scheme 28).* 1In the case of an optically active o,B-epoxy ketone, the reaction afforded the

corresponding cyclopropanol without loss of enantiomeric excess.

) IZn/CHz\Z | 1ZnQ  CHoznl o on
M n - 4
Q R CHy(Znl), O )0’ E )R H30* “R3
R1J\{ikR3 e o o | o2 . R’ 4
170 THF, 25°C | R . R2 R
1y 3
L R1R4 R i

Scheme 28. Nucleophilic cyclopropanation of o,B-epoxy ketone with the dizinc.

When the obtained 2-(1-hydroxyalkyl)-1-alkylcyclopropanol was treated with trifluoroacetic
acid, a ring-opening reaction proceeded via cyclopropyl cation intermediate to give the

corresponding (E)-P,y-unsaturated ketone diastereoselectively (Scheme 29).4

HO  OH

TFA "o ® O R?
R1/</\R3 R1>‘ﬂ//\R3 1JJ\)\/R3
R2 R2 R

Scheme 29. Ring opening reaction of 2-(1-hydroxyalkyl)-1-alkylcyclopropanol.

The substrate, a,B-epoxy ketone, can be prepared by the reaction of the corresponding
o, B-unsaturated ketone with basic hydroperoxide, so the net transformation can be regarded as
methylene insertion between a carbonyl group and an alkenyl group of o,B-unsaturated ketone

(Scheme 30).

17



Chapter 1

Q 1) HyOp, NaOH ~ HO _OH gy j\)\/
Ph)H/\ 2) CHy(Znl), Ph)q/\ Ph X

methylene insertion between olefin and carbonyl group

Scheme 30. The entire transformation to ,y-unsaturated ketone via nucleophilic

cyclopropanation.

In Chapter 4, the author describes a zincate-mediated novel rearrangement reaction of
2-(1-hydroxyalkyl)-1-alkylcyclopropanol. When the reaction mixture of o,B-epoxy ketone and
bis(iodozincio)methane was performed under reflux condition in THF, 1-alkenyl-1,2-diol was
obtained in moderate yield. He investigated this reaction closely, and discovered that treatment
of dilithium dialkoxide of 2-(1-hydroxyalkyl)-1-alkylcyclopropanol with a catalytic amount of

organozinc ate complex, ‘BusZnLi, affords 1-alkenyl-1,2-diol in good yield (Scheme 31).4

HO oH 1 Buli(20equiv.) R?
Jq/k\\Rs 2) 'BusZnLi (0.2 equiv.) OH
1 OH
R R* THF, reflux R!
R? R3 R*

Scheme 31. Zincate-mediated rearrangement of 2-(1-hydroxyalkyl)-1-alkylcyclopropanol.

The rearrangement can be applied for ring-size changing of the cyclic substrate. When
bicyclo[13.1.0]pentadecane-1,15-diol was treated with organozinc ate complex, the
corresponding 14-membered ring vic-diol was obtained (Scheme 32(a)). Meanwhile, treatment
of lithium alkoxide of spirocyclic diol with ‘BusZnLi gave the corresponding ring-expanded

product (Scheme 32(b)).

18
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Q OH
HO OH 1) BuLi (2.0 equiv.) _ OH
o) CHy(Znl), 2) 'BusZnLi (0.2 equiv.)
a
THF, rt THF, reflux @)
single diastereomer 94% dr=4/1
0 1) BuLi (2.0 equiv.)
CHa(Znl), QA( 2)BBusZnLi (0.2 equiv.)

0 TR " OH o (b)

\ THF, rt oH THF, reflux OH

99% dr=2/1

Scheme 32. (a) Ring contract and (b) ring expansion by means of the rearrangement.

In Chapter 5, the author describes a method to construct chiral tertiary and quaternary carbon
via nucleophilic cyclopropanation with bis(iodozincio)methane. As mentioned above, it is well
known that a cyclopropanol works as a homoenolate by a ring opening.4 The author speculated
that treatment of optically active a-sulfonyloxy ketone with bis(iodozincio)methane affords the
corresponding cyclopropanol via nucleophilic addition of the dizinc to carbonyl group, and
sequential stereospecific Sny2 reaction to the original stereogenic carbon having sulfonyloxy
group; the obtained cyclopropanol would work as a chiral homoenolate. Actually, treatment of
optically active a-sulfonyloxy ketone with the dizinc gave the desired cyclopropanol in good
yield with poor diastereoselectivity (Scheme 33).** However, when the zinc alkoxides of
cyclopropanols are utilized as zinc homoenolate equivalents, the stereogenic centers at oxygen
atom-substituted carbon of zinc alkoxide of cyclopropanol will be converted into carbonyl groups,
retaining the chirality of the tertiary carbon at the o-position. Treatment of the obtained zinc
homoenolate equivalent with allyl bromide in the presence of copper cyanide gave an optically

active o-tertiary ketone that retained a high enantiomeric ratio (Scheme 33).*

19
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O o O
R2 CHy(Znl), IZCO ~ CuCN-2LiCI ;
R T . o RZ <= Rt R ™)
2 R Br
H 0SO0,R? THF, rt R H P P H
optically active
>99% ee homoenolate >99% ee

Scheme 33. Formation of optically active homoenolate, and its reaction with allyl bromide.

The cyclopropanols, which are obtained by the reaction of o,B-epoxy ketone and the dizinc,”
can be also recognized as homoenolate. When an optically active o,-epoxy ketone was applied
as a substrate for the procedure shown in Scheme 33, an optically active a-quaternary ketone was

obtained without loss of enantiomeric excess (Scheme 34).42b

0 D 07! N\
CH,(Znl), o CuCN-2LiCl /o
) THF, rt 5 B '<
'OZnI OZn| "/OH
>99% ee >99% ee

Scheme 34. Stereospecific construction of chiral quaternary carbon by nucleophilic

cyclopropanation.

In Chapter 6, the author describes nucleophilic cyclopropanation with bis(iodozincio)methane
via 1,4-addition to o,B-unsaturated carbonyl compounds. It is known that the dizinc undergoes
1,4-addition to a,B-unsaturated ketones in the presence of silylation reagent to give (Z)-silyl enol

ethers.*

So the author planned a sequential process of 1,4-addition and intramolecular
cyclopropane formation using the dizinc and o,-unsaturated ketone carrying an electrophilic site
at y-position. Treatment of y-ethoxycarbonyl-o,B-unsaturated ketone with the dizinc in the

presence of trimethylsilyl cyanide afforded 1-ethoxy-1-trimethylsiloxycyclopropane (Scheme

35).%
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O CHo(Znl), MesSiO  CHyZnl MesSiO
R1J\/\W0Et 1)\/K[)(OEt 1%0&
Me;SIiCN R C MesSicN R
0 0 OSiMes

(2)-selective
Scheme 35. Nucleophilic cyclopropanation of y-ethoxycarbonyl-o,B-unsaturated ketone with

the dizinc by 1,4-addition.

A reaction of the obtained 1-ethoxy-1-siloxycyclopropane with imine gave B-siloxylamine
derivative as a single diastereomer (Scheme 36). The author attributes the high
diastereoselectivity to the stereoselective formation of a (Z)-3-siloxyallylzinc species via the

cyclopropane ring opening with zinc(Il) salt, and its diastereofacial selective addition to an

imine.*
0 CHyZn2 1 OsiMes X

PhM(OEt Me;SIiCN PhM/OEt ZnX; MesSio---Zn---0
/w

o THF OSiMe; Ph OEt

PhCH=NTs Ph, OSiMe; O
. P X~
reflux ", OEt
TsHN H

Scheme 36. Preparation of zinc homoenolate by cyclopropane ring opening; its reaction with

imine.
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Instrumental and Materials

'H NMR (500 MHz) and *C NMR (125 MHz) spectra were taken on a Varian UNITY
INOVA 500 spectrometer and were obtained in CDCl; or C¢Dg with tetramethylsilane as an
internal standard. '"H NMR (300 MHz), *C NMR (75 MHz) and '°’F NMR (282 MHz) spectra
were recorded on a Varian GEMINI 300 spectrometer in CDCI;3 or C¢Dg with tetramethylsilane as
an internal standard. NOE analyses allowed the assignments of the signals of each compounds.
IR spectra were determined on a SHIMADZU FTIR-8200PC spectrometer. Mass spectra were
determined on a JEOL MStation 700 spectrometer. Melting points were determined on Yanaco
micro melting point apparatus. Specific rotations were determined on a HORIBA SEPA-200
polarimeter. X-ray data were taken on a Bruker Smart APEX X-Ray diffractometer equipped
with a large area CCD detector.' The structures were solved with the program system
SHELXS-97 and refined with SHELXL-97 package from Bruker.” In-situ IR spectra were
obtained with Mettler Toledo ReactIR 45M equipped with AgX Fiber (9.5 mm). TLC analyses
were performed on commercial glass plates bearing a 0.25-mm layer of Merck Silica gel 60F,54.
Silica gel (Wakogel 200 mesh) was used for column chromatography. GPC was performed by
LC-908 (Japan Analytical Industry Ltd., two in-line JAIGEL-2H, toluene, 10 mL/min, RI
detector). [Elemental analyses were carried out at the Elemental Analysis Center of Kyoto
University.

Unless otherwise noted, materials obtained from commercial suppliers were used without
further purification. THF and Et,O were purchased from Kanto Chemical Co., stored under
argon, and used as they are. Benzene, toluene and hexane were dried over slices of sodium.

Dichloromethane was dried with molecular sieves 4A.

' G. M. Sheldrick, SHELXS 97 program for the solution of crystal structures.

University of Gottingen, Germany, 1997.
G. M. Sheldrick, SHELXL 97 program for the refinement of crystal structures.
University of Gottingen, Germany, 1997.
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Chapter 2

Diastereoselective Nucleophilic Cyclopropanation of 1,2-Diketones

and o-Ketoimines with Bis(iodozincio)methane

A reaction of 1,2-diketones and o-ketoimines with bis(iodozincio)methane gave
cyclopropan-1,2-diol and 2-aminocyclopropanol respectively via nucleophilic [2+1]
cycloaddition. The reaction proceeded via a sequential nucleophilic attack of the dizinc reagent
to vicinal two carbonyl group. The reaction showed high diastereoselectivity to give cis-isomer

via a face-to-face coordination between the substrate and bis(iodozincio)methane.
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Introduction

Cyclopropane-skeletons have been found in many natural products, and also used as versatile
synthetic intermediates.'  The most famous cyclopropanation is the Simmons—Smith reaction:
Zinc carbenoid reacts with alkenes electrophilically to give a three-membered ring.2 The zinc
carbenoid can be prepared easily from diiodomethane and zinc—copper couple in diethyl ether.
Meanwhile, when diiodomethane was treated with zinc in the presence of catalytic amount of
lead in THF, the Simmons—Smith reagent is not obtained. In this condition, the further
reduction of the reagent proceeds to give bis(iodozincio)methane (1).> This dizinc reagent,
which possesses a couple of zinc atoms on a carbon, works as a dianion equivalent.4’5 The
reagent has an ability to form a couple of C—C bonds on the same carbon, so treatment of this
reagent with the substrate carrying two electrophilic group vicinally, such as 1,2-diketones, may
arise [2+1]cycloaddition. This nucleophilic cycloaddition would afford cyclopropan-1,2-diol.

In fact, treatment of benzil (2a) with bis(iodozincio)methane (1) gave
cis-1,2-diphenylcyclopropan-1,2-diol in good yield.6 It is notable that treatment of a simple
ketone with the reagent did not proceed satisfactorily. For example, treatment of acetophenone
with the dizinc at room temperature resulted in the complete recovery of the starting material.’
The reason why the reaction with benzil proceed smoothly is that a double coordination with the
substrate enhances the reactivity of the dizinc reagent. Such activation was also observed in the
reaction of Grignard reagent and a-alkoxyketones via Cram’s chelation.® The reaction of benzil
and the dizinc proceeded with high diastereoselectivity. The author investigated the scope and

limitation of this nucleophilic [2+1] cycloaddition.

Results and Discussion

Benzil (2a) was treated with bis(iodozincio)methane (1) at 25 °C in THF for 0.5 h. Acetic

anhydride was added to the reaction mixture to convert the formed diol to the stable diacetate,

30



Chapter 2

and the whole was stirred for another 30 min at 25 °C. After aqueous work-up followed by
purification with silica gel column chromatography, 1,2-diphenylcyclpropan-1,2-diol diacetate

(3a) was obtained in 69% yield diastereoselectively (Scheme 1).

1) CHy(Znl), (1)

O 2

)H(Ph THF, rt, 30 min ACOAOAC

I 2a00 S
2a 3a 69%

Scheme 1. Nucleophilic [2+1] cyclopropanation of bis(iodozincio)methane (1) with benzil

(2a).

The stereochemistry of the product was confirmed by X-ray crystallographic analysis. The
ORTEP figure of 3a was shown in Figure 1.° The figure shows that the product has
cis-configuration. This, however, seems to be sterically unfavored.

By ab initio calculation, Matsubara et al. had shown the reason why the reaction affords a
sterically unfavored cis—configuration.10 The study suggested that the reaction of
bis(iodozincio)methane (1) with 1,2-diketone 2 proceeds via a double coordination, that is

face-to-face coordination, to afford the cis-isomer 3 (Scheme 2).
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C(19)

(

i
0

Figure 1. X-Ray analysis of cis-1,2-diacetoxy-1,2-diphenylcyclopropane (3a).

O IZnO, A Ozl
CHy(Znl), + Me)J\WMe A
o Me Me
1 2 3
/l /,Zn\| /,Zn\|
e N Me.__OH,C Me.__OH,C'
Me”™ SO---2Zn i \/—:—Zn/l /\Zn/I = 3
N Me (O)a Me (0]

face-to-face

(side view) (bottom view)
£ 0(1)-C(1)-C(2)-0(2) = 47.7°

Scheme 2. Coordination pattern of bis(iodozincio)methane (1) with 2,3-butanedione (2).
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Other examples are summarized in Table 1. In all cases, the reaction proceeded to give
cis-diol  derivatives  diastereoselectively. Instead of acetylation, an addition of
chlorotrimethylsilane to the reaction mixture gave the silyl ether (entries 1 and 4). Depending
on the substrate, the formed cyclopropan-1,2-diol possesses reasonable stability that enables
isolation by silica gel column chromatography (entry 2). In the case of 2b (entries 3, 4 and 5),
this substrate tends to form a conjugated enolate. The dizinc reagent may work not only as
nucleophile but also as base,'" and the cyclopropanation proceeds prior to the enolization of
1,2-diketones. This fact was also explained by the ab initio calculation.”  The calculation
suggested that the dihedral angle formed by two carbonyl groups of 1,2-diketone in face-to-face
initial complex is 47.7° (Scheme 2). As the two carbonyl groups are not placed in the same
plane, the carbonyl group at C-1 position cannot contribute to facilitate a deprotonation at C-3
position via conjugation in 1-phenylpropan-1,2-dione (2b). The reaction of a-ketoaldehyde
accompanied methylenation to some extent (entry 6). The diketone which has either electron
donating group or electron withdrawing group was also examined (entries 7-9). The reaction of
basic nitrogen atom containing substrates, such as 4,4’-bis(N,N-dimethylamino)benzyl (2h) and
1,2-di(2-quinolinyl)ethanedione (2i), did not afford the cyclopropane adducts (entries 10 and 11).
The coordination of basic nitrogen atom to dizinc 1 prevents the interaction of 1 with diketone.
Meanwhile, the reaction of oxygen or sulfur atom containing substrates, 2,2°-furil (2j) and
1,2-di(2-thiophenyl)ethan-1,2-dione (2k), afforded the desired cycloadducts without any
interruption of oxygen or sulfur atom (entries 12 and 13). 1,2-Di(o-tolyl)ethan-1,2-dione (2I)
and 1,2-di(2-naphthyl)ethan-1,2-dione (2m) were also converted into sterically unfavored
cis-cyclopropan-1,2-diol derivatives in good yields with high diastereoselectivity (entries 14 and
15). While the reaction with 1,2-diferrocenylethan-1,2-dione (2n) resulted in methylenation to
give o,B-enone (4) (Scheme 3). It may be explained that 2n is difficult to take the face-to-face

coordination because of the steric hindrance of two ferrocenyl groups (Scheme 2).
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Table 1. [2+1] Reaction of bis(iodozincio)methane (1) with 1,2-dicarbonyl compounds.”

0

+  EIO
R1J\[TR2 +  CHy(znl), El 7
THF, rt, 30 min R1
o)
2 1 3
yield
entry substrate ElI product
(%)"
Q TMSO, A OTMS
1 ph)H(Ph 2a TMSCI A 3b 78
S Ph  Ph
o HO A OH
2 ph)H( 2b H;0" /A\ 3c 80
S Ph
AcO// :OAC
3 2b  Ac,O /A\ 3d 98
Ph
TMSO A OTMS
4 2b TMSCI /A\ 3e 97
Ph
o AcO, A OAC
5 Et)J\WEt 2¢c A0 A 3f 59
5 Et  Et
Q0 AcO, A OAC
6 ph)ﬂfH 2d  Ac,0 A 3g 58
S Ph  H
o CF4
7 O O 2¢e Ac,0O 3h 94
MeO ©
o O OMe
8 2f TMSCI 3i 93
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10

11
12

13

14 O
c

0

2g

2h

2i

2j

2k

21

TMSCI

TMSCI

TMSC1

TMSC1

TMSCI

TMSC1

R
2m TMSCI

)

3j

3k

3l

3m

3n

80

06

96

77

82

89

* 1,2-Diketone 2 (1.0 mmol), gem-dizinc 1 (1.2 mmol) and EI" (2.4 mmol) were used. ® Isolated yields.

In each entry, only cis-isomer was obtained diastereoselectively. © The methylenated product

-phenyl-2-propenone) was also 1solated 1n 0 yield. tarting materia was recovered. omplex
(1-phenyl-2-propenone) Iso isolated in 17% yield. ¢ Starting ial (2h) d. ¢ Compl

mixture was obtained.
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0 CH
Fe Fe
CHy(Znl @)Hp Ll "0 ©)J\;/©
n +
2lZnhz 25°C, 0.5 h
Fe e} Fe e}
1 2n 4 95%

Scheme 3. Reaction of bis(iodozincio)methane (1) with 1,2-diferrocenyl-1,2-ethandione (2n).

Treatment of o-ketoester 5 and o-ketoamides 7 with the dizinc 1 gave the methylenation
products 6 and 8 without forming the cyclopropan-1,2-diols (Scheme 4 and 5). The zinc reagent

is not nucleophilic enough to attack ester or amide group.

O CH,
THF H;0"
CHy(Znl), + RJ\H/OMe - 3 RJ\WOMe
o 25°C,1h o
1 5 6
R=Ph 5a 6a 87%
R = CHy=CH(CH,)9 5b 6b 93%

Scheme 4. Reaction of bis(iodozincio)methane (1) with a-ketoester (5).

0 . CH,
CHy(Znl), + Ph)J\[(R LLils des Ph)J\[(R
25°C, 6 h
o o

1 7
_ j > _ N 8a 63%
R=N R= } 8b 58%
7a 0 7b
OMe

Scheme 5. Reaction of bis(iodozincio)methane (1) with o-ketoamide (7).

The author also tried to perform a ring-opening reaction of the obtained silyl ethers of

cyclopropan-1,2-diols with Lewis acid which has oxidizing albility.12 As shown in Table 2,
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trimethylsilyl ethers of cyclopropanediols were converted into 1,3-diketone in good to excellent
yields with iron(IIl) chloride' in THF. Considering cyclopropanation of 1,2-diketones, the net

transformation can be regarded as methylene insertion to 1,2-diketone compounds.14
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Table 2. Ring opening isomerization into 1,3-diketones (3)*

TMSQ A OTMS FeCls O O
RT R2 THF,0°C R1J\/U\R2
3 9
entry substrate product Yield (%)°
TMSO OTMS O O
1 A 3b 9a 96
Ph Ph PhM Ph
TMSO A OTMS O O
2 A 3e 9b 83
PR Me Ph/u\/u\
O O
3 3i 9c 85
MeO OMe
O O
4 3j 9d 89
Br Br
O O
5 3k O O 9e 97
\ | 4
O O
6 31 S S of 99
\_ | /
O O
7 OO OO

* 1,2-Bis(trimethylsiloxy)cyclopropane 3 (0.5 mmol) and FeCl; (0.75 mmol) were used. ” Isolated yields
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Instead of 1,2-diketone, monotosylimide of benzil 10a, which was prepared following the
reported procedure,15 was treated with dizinc 1. At the end of the reaction, addition of acetic

anhydride to the reaction mixture gave cis-2-aminocyclopropanol acetate 11a diastereoselectively

in 95% yield (Scheme 6).

1) CHy(Znl), (1)

0
)H(Ph THF, rt, 30min_ ACO_ A NHTSs
Ph 2) Ac,0

NTs Ph Ph
10a 1a 95%

Scheme 6. Reaction of bis(iodozincio)methane (1) with o-ketoimine (10a).

The stereochemistry of 11a was confirmed by X-ray analysis (Figure 2).'"® The product was

only cis-isomer. This result indicates that the reaction with o-ketoimine also proceeds via the

face-to-face coordination.

Figure 2 X-Ray analysis of cis-1,2-Diacetoxy-1,2-diphenylcyclopropane (11a).
Other examples are summarized in Table 3.  An acidic aqueous work-up and quenching with

chlorotrimethylsilane gave the corresponding products (entries 1 and 2). Electron-donating

group, methoxy, on benzene ring did not disturb the cyclopropanation reaction (entry 3).
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Tosylimine  of  1,2-di(2-naphthyl)ethan-1,2-dione  10c  was also converted into
cis-2-aminocyclopropanol derivative 11e in 92% yield with high diastereoselectivity (entry 4).
An attempt to isolate the corresponding 2-aminocyclopropanol without a protection with
trimethylsilyl group was failed. The ring opening product, B-hydroxyimide, was isolated
quantitatively. Instead of tosylimine, phenylimine was examined for the cyclopropanation
reaction. Treatment of 10d with dizinc 1 followed by aqueous work-up afforded
cis-2-aminocyclopropanol 11f quantitatively (entry 5). In the case of O-methyl oxime 10e or
tosylhydrazone 10f, the reaction resulted in the complete recovery of the starting materials

(entries 6 and 7).

40



Chapter 2

Table 3. Nucleophilic [2+1]cycloaddition of the dizinc (1) with 1,2-ketoimines (10)*

0
+  EIO A NHX
R® 4+ CHynl Ef AN
R1JWV A2z i 30 min R k2
NX
10 1 11
yield
entry substrate EI product
(%)"
Q HO A NHTs
1 ph)J\WPh 10a  H;0" A 11b 97
NTs Ph Ph
TMSO_ A NHTs
2 10a TMSCI 7\ 11c  >99
Ph Ph
o OMe
3 O ‘ 10b H;0" 11d >99
MeO NTs
Yo
4 10c TMSCI 11e 92
OO NTs
o)
5 ph)H(Ph 10d H;0* 11f  >99
NPh
o}
6 ph)J\mPh 10e H;0" — 0°
NOMe
0
7 ph)J\WPh 10f H;0* — 0°
NNHTs

* a-Ketoimine 10 (1.0 mmol), gem-dizinc 1 (2.0 mmol) and EI* (2.4 mmol) were used. ® Isolated

yields. In each entry, only cis-isomer was found diastereoselectively. © Starting material was recovered.
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Conclusion

The author showed the scope of the nucleophilic [2+1] cycloaddition of
bis(iodozincio)methane and 1,2-diketones or o-ketoimines. Various substrates, which can
coordinate with dizinc 1 as the face-to-face manner, were converted into cis-cyclopropan-1,2-diol
derivatives diastereoselectively. These products have potential to apply for effective ligands of

organometallic chemistry, pharmaceutical applications and functionalized materials.

Experimental Section

Unless otherwise noted, commercially available reagents were used without purification.
Zinc powder was used after washing with 10% HCI according to the reported procedure.17 The
compounds 2a, 2b, 2¢, 2d, 2f, 2g, 2h, 2j, 2k and Sa are commercially available. 1,2-Diketones

2'® and methyl 2-oxotridec-12-enoate (5b)" were prepared according to the literature.

Preparation of bis(iodozincio)methane (1): A mixture of Zn (25 mmol), diiodomethane (1.0
mmol), and PbCl, (0.01 mmol) in THF (2.0 mL) was sonicated for 1 h in an ultrasonic cleaner
bath under Ar. To the mixture, diiodomethane (10 mmol) in THF (20 ml) was added dropwise
over 15 min at 0 °C with vigorous stirring. The mixture was stirred for 2 h at 0 °C.  After the
stirring was stopped, the reaction vessel was stood undisturbed for several hours. Excess zinc
was separated by sedimentation. 'H NMR spectra of the obtained supernatant showed a broad
singlet at -1.2 ppm at 0 °C, which corresponded to the methylene proton of 1. The supernatant
was used for the further reaction as a solution of 1 in THF (0.5-0.6 M). Bis(Jodozincio)methane

in THF can be kept unchanged at least for a month in the sealed reaction vessel.

General procedure for the preparation of cyclopropan-1,2-diol (3): To a solution of

1,2-diketone (2, 1.0 mmol) in THF (3 ml), bis(iodozincio)methane (1, 1.2 mmol) was added
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dropwise at 25 °C. The mixture was stirred for 30 min. Quenching reagent (2.4 mmol, water,
acetic anhydride, and chlorotrimethylsilane) was added dropwise and the resulting mixture was
stirred for additional 30 min. The mixture was poured into sat. NH4Claq and extracted with
Et,0. The combined organic phases were washed with brine and dried over Na;SOs.
Purification on a neutral silica gel column chromatography gave the corresponding

cyclopropan-1,2-diol derivative 3.

Preparation of o-ketoamide (7): The mixture of methyl benzoylformate (3.0 mmol) and
amine (3.0 mmol) was stirred at 25 °C for 12 h. The product was purified by silica gel column

chromatography to give the corresponding o-ketoamide 7.

General Procedure for the preparation of 1,3-diketone (9): To a solution of
cis-1,2-bis(trimethylsiloxy)-1,2-dialkylcyclopropane (3, 0.5 mmol) in THF (1 mL), FeCls (0.75
mmol) was added at 0 °C. The mixture was stirred for 30 min. The mixture was poured into
IN HClaq and extracted with EtOAc. The combined organic phases were washed with brine
and dried over Na,SO4. Purification on a neutral silica gel column chromatography gave the

corresponding 1,3-diketone 9.

General procedure for preparation of a-ketoimine (10): A solution of 1,2-diketone (10
mmol), amine (10 mmol), BF;*OEt, (1.0 mmol) and benzene (30 mL) was heated to reflux for
12 h. Then the solvent was removed under the reduced pressure, and the residue was purified

by silica gel column chromatography to give the corresponding a-ketoimine 10.

General procedure for the preparation of 2-aminocyclopropanol (11): To a solution of
o-ketoimine (10, 1.0 mmol) in THF (4 ml), bis(iodozincio)methane (1, 2.0 mmol) was added
dropwise at 25 °C. The mixture was stirred for 30 min. Quenching reagent (2.4 mmol, water,

acetic anhydride, and chlorotrimethylsilane) was added dropwise and the resulting mixture was
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stirred for additional 30 min. The mixture was poured into sat. NH4Claq, then sat. NaHCOsaq
was added to neutralize and extracted with Et;0. The combined organic phases were washed
with brine and dried over Na,SO4. Purification on a neutral silica gel column chromatography

gave the corresponding 2-aminocyclopropanol derivative 11.

Characterization Data

The Spectral data of the substrates 2e,20 2i,21 21,22 2m,23 2n,18 7a,24 7b* and 10d°® were found

in the literature.

cis-1,2-Diacetoxy-1,2-diphenylcyclopropane (3a)

AcQ A OAc 'H NMR (300 MHz, CDCls) § 7.28-7.20 (m, 4H), 7.18-7.10 (m, 6H), 2.51 (d, J =
Ph - Ph  90Hgz 1H), 2.11 (s, 6H), 1,83 (d, J = 9.0 Hz, 1H); °C NMR (75 MHz, CDCl5) &

170.1, 135.3, 128.8, 127.8, 64.9, 23.8, 21.1; IR (nujor) 2953, 1748, 1454, 1368, 1206, 1125, 1063,

1026, 934, 700 cm'l; mp 114.5-115.8 °C. Anal. Calcd for C19H;304: C, 73.53; H, 5.85%. Found:

C, 73.25; H, 5.95%.

cis-1,2-Bis(trimethylsiloxy)-1,2-diphenylcyclopropane (3b)

TMSOAOTMS 'H NMR (300 MHz, CDCls) 8§ 7.17-6.90 (m, 10H), 2.18 (d, J = 7.5 Hz, 1H),
Ph Ph 1,48 (d, J = 7.5 Hz, 1H), 0.08 (s, 18H); °C NMR (75 MHz, CDCl5) § 140.0,

127.9, 127.5, 126.5, 64.8, 23.1, 0.90; IR (neat) 2957, 1449, 1250, 1159, 1072, 1026, 966, 926,

843, 754, 700 cm™. Anal. Calcd for C,1H;300,S1,: C, 68.05; H, 8.16%. Found: C, 67.80; H,

7.93%.

cis-1,2-Dihydroxy-1-methyl-2-phenylcyclopropane (3c)
HOA)H 'H NMR (500 MHz, CDCl3) § 7.60-7.20 (m, 5H), 3.85 (bs, 2H), 1.27 (d, J = 7.5 Hz,
Ph 1H), 1.13 (s, 3H), 0.98 (d, J = 7.5 Hz, 1H); °C NMR (125 MHz, C¢D¢) & 140.1,

128.4, 128.3, 127.3, 62.0, 58.8, 24.5, 20.5; IR (neat) 3352, 1604, 1447, 1221, 1132, 1076, 1057,

44



Chapter 2

1024, 966, 910, 772, 700 cm’'. HRMS (m/z) Found: 164.0834. Calcd for C;oH20, [M]":
164.0837.

cis-1,2-Diacetoxy-1-methyl-2-phenylcyclopropane (3d)
AcO;%:OAC 'H NMR (300 MHz, CDCl3) § 7.65-7.56 (m, 2H), 7.38-7.20 (m, 3H), 2.09 (s, 3H),

Ph 1.92 (s, 3H), 1.68 (d, J = 9.0 Hz, 1H), 1,39 (d, J = 9.0 Hz, 1H), 1.21 (s, 3H); °C
NMR (75 MHz, CDCls) § 170.6, 170.2, 135.6, 129.6, 128.3, 128.2, 125.9, 63.5, 60.5, 22.8, 21.0,
20.7, 18.3; IR (neat) 2936, 1748, 1449, 1370, 1229, 1126, 1018, 949, 889, 852, 762, 700 cm™".

Anal. Calcd for C14H604: C, 67.73; H, 6.50%. Found: C, 67.84; H, 6.59%.

cis-1,2-Bis(trimethylsiloxy)-1-methyl-2-phenylcyclopropane (3e)

TMSOADTMS 'H NMR (300 MHz, CDCls) & 7.41-7.15 (m, 5H), 1.34 (d, J = 6.9 Hz, 1H),
Ph 1,06 (d, J = 6.9 Hz, 1H), 1.05 (s, 3H), 0.23 (s, 9H), 0.03 (s, 9H); °C NMR (75

MHz, CDCls) & 141.1, 128.0, 127.9, 126.9, 63.7, 59.7, 24.1, 22.2, 1.24, 0.82; IR (neat) 2957,

1248, 1159, 1063, 1032, 950, 841, 752, 700 cm™. Anal. Calcd for CsHy0,Six: C, 62.28; H,

9.15%. Found: C, 61.98; H, 9.27%.

cis-1,2-Diacetoxy-1,2-diethylcyclopropane (3f)

AcO A OAc 'H NMR (300 MHz, CDCls) & 1.98 (s, 6H), 1.84 (ddq, J = 15.0, 7.5, 0.9 Hz, 2H),
Et Et  1.74 (dq, J = 15.0, 7.5 Hz, 2H), 1.07 (dt, J = 8.4, 0.9 Hz, 1H), 1.00 (t, J = 7.5 Hz,

6H), 0.87 (d, J = 8.4 Hz, 1H); >C NMR (75 MHz, CDCls) § 170.4, 64.1, 24.2, 23.1, 20.9, 9.4; IR

(neat) 2976, 1748, 1454, 1371, 1240, 1215 cm™. HRMS (m/z) Found: 215.1289. Calcd for

C11H1904 [MH]+ 215.1283.
cis-1,2-Diacetoxy-1-phenylcyclopropane (3g)
ACOAOAC 'H NMR (300 MHz, CDCl3) § 7.51-7.40 (m, 2H), 7.41-7.28 (m, 3H), 4.26 (dd, J

Ph H = 8.4, 4.8 Hz, 1H), 2.13 (s, 3H), 2.04 (s, 3H), 1.80 (dd, J = 8.4, 8.4 Hz, 1H), 1,49
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(dd, J = 8.4, 4.8 Hz, 1H); >C NMR (75 MHz, CDCl3) § 171.2, 170.2, 137.5, 128.4, 128.1, 127.7,
59.9, 55.0, 20.8, 20.4, 18.8. HRMS (m/z) Found: 235.0963. Calcd for C;3H;s04 [MH]":
235.0970.

cis-1,2-Diacetoxy-1-(4-anisyl)-2-(4-trifluoromethylphenyl)cyclopropane (3h)

AcO A OAc 'H NMR (500 MHz, CDCl3) § 7.40 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 8.0

Hz, 2H), 7.25-7.22 (m, 2H), 6.70-6.67 (m, 2H), 3.72 (s, 3H), 2.43 (d, J =
9.0 Hz, 1H), 2.14 (s, 3H), 2.07 (s, 3H), 1.85 (d, J = 9.0 Hz, 1H); °C
MeO CF,

NMR (125 MHz, CDCl3) § 170.2, 170.0, 159.4, 140.0, 131.3, 129.5 (q, J
=32.5 Hz), 128.0, 126.4, 124.8 (q, J = 3.9 Hz), 123.9 (q, J = 270.6 Hz), 113.4, 65.2, 64.0, 55.1,
24.3,21.13, 21.07; IR (neat) 2938, 1747, 1733, 1616, 1583, 1520, 1368, 1121, 1073, 1016, 938,

914, 836, 735 cm™ . HRMS (m/z) Found: 408.1193. Calcd for Cy;H;00sF; [M]": 408.1185.

cis-1,2-Bis(trimethylsiloxy)-1,2-di(4-anisyl)cyclopropane (3i)

'H NMR (500 MHz, CDCl3) & 7.04-7.01 (m, 4H), 6.62-6.59 (m, 4H),
3.69 (s, 6H), 2.02 (d, J = 7.5 Hz, 1H), 1.37 (d, J = 7.5 Hz, 1H), 0.05 (s,
18H); °C NMR (125 MHz, CDCls) & 158.0, 132.4, 129.1, 112.8, 64.4,

55.0, 24.0, 1.08; IR (neat) 2925, 2360, 1611, 1514, 1458, 1297, 1250,
1177, 1155, 1071, 1037, 968, 921, 842 cm™'. Anal. Calcd for Cp3H3404Si: C, 64.14; H, 7.96%.
Found: C, 64.27; H, 7.97%. HRMS (m/z) Found: 430.1993. Calcd for C,3H3,04Si, [M]™:
430.1996.

cis-1,2-Bis(trimethylsiloxy)-1,2-di(4-bromophenyl)cyclopropane (3j)

TMSO A OTMs 'HNMR (500 MHz, CDCls) §7.22 (d, J = 8.5 Hz, 4H), 6.96 (d, J = 8.5 Hz,

4H), 2.08 (d, J = 7.5 Hz, 1H), 1.47 (d, J = 7.5 Hz, 1H), 0.06 (s, 18H); °C
O Q NMR (125 MHz, CDCl3) 8 138.9, 130.9, 129.4, 120.8, 64.3, 23.8, 1.07; IR

Br (neat) 2925, 2360, 1458, 1377, 1249, 1162, 1076, 1010, 924, 845 cm™'. Anal.
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Calcd for C,1Hy30,Br,S1,: C, 47.73; H, 5.34%. Found: C, 47.64; H, 5.24%; HRMS (m/z)
Found: 525.9988. Calcd for C,;H230,Br,Si; [M]™: 525.9995.

cis-1,2-di(2-furyl)-1,2-bis(trimethylsilyloxy)cyclopropane (3Kk)

TMSQ, A OTMS 'H NMR (500 MHz, CDCl3) § 7.22 (dd, J = 1.5, 1.0 Hz, 2H), 6.16 (dd, J = 3.5,

1.5 Hz, 2H), 5.92 (dd, J = 3.5, 1.0 Hz, 2H), 1.88 (d, /= 6.5 Hz, 1H), 1.41 (d, J
= 6.5 Hz, 1H), 0.10 (s, 18H); °C NMR (125 MHz, CDCls) & 153.4, 141.4,
110.1, 107.6, 58.7, 25.1, 0.54; IR (neat) 2959, 1504, 1416, 1252, 1220, 1159, 1071, 1011, 966,
843 cm’!. Anal. Calcd for C17H,604S1,: C, 58.25; H, 7.48%. Found: C, 58.04; H, 7.41%; HRMS
(m/z) Found: 350.1369. Calcd for C;7H»04Si, [M]*: 350.1370.

cis-1,2-di(thiophen-2-yl)-1,2-bis(trimethylsilyloxy)cyclopropane (31)

TMSO, A OTMS 'H NMR (500 MHz, CDCl3) § 7.07 (dd, J = 5.0, 1.0 Hz, 2H), 6.73 (dd, J = 5.0,

3.5 Hz, 2H), 6.59 (dd, J = 3.5, 1.0 Hz, 2H), 2.01 (d, J = 7.5 Hz, 1H), 1.66 (d, J
= 7.5 Hz, 1H), 0.13 (s, 18H); °C NMR (125 MHz, CDCl;) & 145.2, 125.8,
125.2, 125.0, 62.0, 28.9, 0.93; IR (neat) 2957, 1531, 1415, 1250, 1211, 1146, 1051, 1005, 961,
907, 843 cm™. HRMS (m/z) Found: 382.0915. Calcd for C;7H,60,S,Si> [M]": 382.0913.

cis-1,2-Bis(trimethylsiloxy)-1,2-di(2-tolyl)cyclopropane (3m)
TMSQ,’ ;OTMS 'H NMR (300 MHz, CDCl3) §7.05-6.95 (m, 4H), 6.82-6.77 (m, 4H), 2.57 (s,

6H), 2.01 (d, J = 7.2 Hz, 1H), 1.41 (d, J = 7.2 Hz, 1H), -0.01 (s, 18H); "°C
NMR (75 Hz, CDCl3) & 138.9, 138.2, 130.7, 127.7, 126.9, 124.5, 65.1, 25.8,
21.3, 1.38; IR (nujor) 2854, 1250, 1233, 843, 728, 668 cm™'. Anal. Calcd for Cp3H340,Sis: C,
69.29; H, 8.60%. Found: C, 69.02; H, 8.44%. HRMS (m/z) Found: 398.2094. Calcd for
C13H340,Si; [M]*: 398.2097.
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cis-1,2-Bis(trimethylsiloxy)-1,2-di(2-naphtyl)cyclopropane (3n)

TMSO A LTMS 1y NMR (500 MHz, CDCl3) § 7.63-7.59 (m, 6H), 7.47 (d, J = 9.0Hz.

2H), 7.35-7.29 (m, 6H), 2.48 (d, J = 7.5 Hz, 1H), 1.62 (d, J = 7.5 Hz,
1H), 0.09 (s, 18H); *C NMR (125 MHz, CDCl3) & 137.5, 132.6, 132.2,
127.8, 127.4, 127.3, 126.5, 126.2, 125.6, 125.5, 65.2, 24.0, 1.14; IR (neat) 2854, 2363, 1605,
1456, 1377, 1250, 1161, 1125, 1064, 952, 925, 842, 749 cm™. Anal. Calcd for CoH340,Si,: C,
73.99; H, 7.28%. Found: C, 73.93; H, 7.32%; HRMS (m/z) Found: 470.2101. Calcd for
Ca9H340,S1, [M]": 470.2097.

1,2-Diferrocenylpropenone (4)

— 'H NMR (500 MHz, CDCl3) 8 5.77 (s, 1H), 5.68 (s, 1H), 4.84 (t, J = 2.0 Hz,

CHa 2H), 4.54 (t, J = 2.0 Hz, 2H), 4.52 (s, 2H), 4.29 (s, 2H), 4.23 (s, SH), 4.14
)
Fe o) (s, 5H); °C NMR (125 MHz, CDCl3) § 200.3, 147.4, 114.4, 80.8, 78.4,
=

72.3,71.0, 70.0, 69.7, 69.0, 67.1; IR (nujor) 1635, 1246 cm™’. Anal. Caled
for Cy3Hy0OFe,: C, 65.14; H, 4.75%. Found: C, 64.86; H, 4.78%; HRMS (m/z) Found:
424.0209. Calcd for Ca3Hy0OFe, [M]™: 424.0213.

Methyl 2-oxotridec-12-enoate (5b)
o) 'H NMR (300 MHz, CDCl3) & 5.80 (ddt, J = 17.1, 10.2,
/\/\/\/\/\/H(OMG 6.9 Hz, 1H), 4.98 (ddt, J = 17.1, 2.1, 1.5 Hz, 1H), 4.92
° (ddt, J = 10.2, 2.1, 1.2 Hz, 1H), 3.86 (s, 3H), 2.82 (t, J =
7.2 Hz, 2H), 2.06-1.99 (m, 2H), 1.68-1.57 (m, 2H), 1.40-1.27 (m, 12H); *C NMR (75 MHz,
CDCl3): 8 194.0, 161.4, 139.0, 114.0, 52.9, 39.4, 33.9, 29.5, 29.4, 29.3, 29.2, 29.0 (co-incident),
23.0; IR (neat) 2926, 1755, 1732, 1462, 1275, 1067, 910 cm™. Anal. Calcd for Ci4H405: C,
69.96; H, 10.07%. Found: C, 69.69; H, 10.29%; HRMS (m/z) Found: 240.1724. Calcd for
C14H2405 [M]": 240.1725.
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Methyl 2-methylene-2-phenylacetate (6a)
CH» 'H NMR (500 MHz, CDCl3) & 7.43-7.32 (m, 5H), 6.37 (d, J = 1.0 Hz, 1H), 5.90
Ph OMe (d, J = 1.0 Hz, 1H), 3.83 (s, 3H); °C NMR (125 MHz, CDCl3) § 167.3, 141.3,
° 136.7, 128.3, 128.2, 128.1, 126.9, 52.2. HRMS (m/z) Found: 162.0680. Calcd
for C1oH;00, [M]™: 162.0681.

The spectral data of the product 6a are in agreement with those published.?’

Methyl 2-methylene-12-tridecenoate (6b)
CH, 'H NMR (500 MHz, CDCl3) § 6.12 (dt, J = 1.5, 0.5 Hz,
/\/\/\/\/\)H(OM‘E 1H), 5.81 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.70 (dt, J =
° 1.5, 1.5 Hz, 1H), 4.99 (ddt, J = 17.0, 2.0, 1.5 Hz, 1H),
4.93 (ddt, J = 10.0, 2.0, 1.5 Hz, 1H), 3.75 (s, 3H), 2.29 (ddt, J = 7.5, 1.0, 0.5 Hz, 2H), 2.06-2.01
(m, 2H), 1.45 (tt, J = 7.5, 7.5 Hz, 2H), 1.37 (tt, J = 7.5, 7.5 Hz, 2H), 1.34-1.25 (m, 10H) ; "°C
NMR (125 MHz, CDCls) 6 167.8, 140.8, 139.2, 124.4, 114.1, 51.7, 33.8, 31.9, 29.5, 29.43, 29.37,
29.2, 29.1, 28.9, 28.3; IR (neat) 2927, 2855, 2360, 1725, 1632, 1438, 1197, 1163, 994, 940, 909
cm’’. Anal. Calcd for Ci5Hy60,: C, 75.58; H, 10.99%. Found: C, 75.49; H, 10.71%; HRMS (m/z)
Found: 238.1935. Calcd for C;sH60, [M]*: 238.1933.

2-Phenyl-1-piperidin-1-ylpropenone (8a)

CHa 'H NMR (500 MHz, CDCl3) & 7.44-7.42 (m, 2H), 7.37-7.28 (m, 3H), 5.71 (s,
Ph ’\O 1H), 5.33 (s, 1H), 3.71-3.65 (m, 2H), 3.32-3.30 (m, 2H), 1.63—-1.60 (m, 4H),
© 1.40-1.33 (m, 2H); "*C NMR (125 MHz, CDCl3) § 169.1, 145.2, 135.7, 128.7,
128.5, 125.7, 113.3, 48.0, 42.4, 26.3, 25.6, 24.5. HRMS (m/z) Found: 215.1306. Calcd for
C1sH;NO [M]*: 215.1310.

The spectral data of the product 8a are in agreement with those published.*®
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(S)-Methyl 1-(2-phenylacryloyl)pyrrolidine-2-carboxylate (8b)

CH, "H NMR (500 MHz, CDCls) 8 7.53-7.50 (m, 2H), 7.42-7.29 (m, 3H), 5.76
N
Ph (s, 0.80H), 5.68 (s, 0.20H), 5.49 (s, 0.80H), 5.34 (s, 0.20H), 4.62 (dd, J =
O OM
o ® 8.0, 5.0 Hz, 0.80H), 4.24 (dd, J = 6.0, 2.5 Hz), 3.79 (s, 2.4H), 3.49 (s,

0.6H), 3.39-3.31 (m, 1.6H), 2.29-2.21 (m, 0.8H), 2.18-2.07 (m, 0.2H), 2.02-1.91 (m, 2H),
1.88-1.80 (m, 1H); °C NMR (125 MHz, CDCls) § 172.60, 172.58, 169.4, 169.3, 145.5, 145.4,
135.3, 135.1, 128.8, 128.7, 128.6, 128.5, 126.1, 125.9, 115.25, 115.17, 60.4, 58.4, 52.3, 52.1, 48.5,
46.0, 31.2, 29.4, 24.9, 22.6; IR (neat) 2922, 2360, 1744, 1642, 1436, 1175 cm™. HRMS (m/z)
Found: 259.1205. Calcd for C;sH;7NOs [M]": 259.1208.

1,3-Diphenyl-1,3-propanedione (9a)

o o 'H NMR (300 MHz, CDCls) & 8.00 (d, J = 7.0 Hz, 4H), 7.56 (t, J = 7.0 Hz, 2H),
Ph Ph 750 (dd, J = 7.0, 7.0 Hz, 4H), 6.87 (s, 1H); >*C NMR (75 MHz, CDCls) & 185.7,
135.5, 132.4, 128.7, 127.1, 93.1. HRMS (m/z) Found: 224.0836. Calcd for C;sH;,0, [M]*:
224.0837.

The product 9a is commercially available.

1-Methyl-3-phenyl-1,3-propanedione (9b)
O O 'HNMR (300 MHz, CDCls) §7.88 (d, J = 7.0 Hz, 2H), 7.52 (t, J = 7.5 Hz, 1H),

o AN

CDCls) 6 193.8, 183.3, 134.8, 132.3, 128.6, 127.0, 96.7, 25.8. HRMS (m/z) Found: 162.0679.

7.45 (dd, J = 7.5, 7.0 Hz, 2H), 6.18 (s, 1H), 2.20 (s, 3H); °C NMR (75 MHz,

Calcd for C1oH;002 [M]": 162.0681.

The product 9b is commercially available.
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1,3-di(4-Anisyl)-1,3-propanedione (9¢)
O O 'H NMR (500 MHz, CDCl3) § 7.96 (d, J = 9.0 Hz, 4H), 6.98
(d, J = 9.0 Hz, 4H), 6.74 (s, 1H), 3.89 (s, 6H); ’C NMR (125
MeO OMe iy, CDCl3) 6 184.6, 163.0, 129.1, 128.2, 113.9, 91.5, 55.5.
HRMS (m/z) Found: 284.1048. Calcd for C17H;604 [M]": 284.1049.

The product 9¢ is commercially available.

1,3-di(4-Bromophenyl)-1,3-propanedione (9d)
0O 0 '"H NMR (500 MHz, CDCl3) 8 7.85 (d, J = 8.5 Hz, 4H), 7.63 (d, J
= 8.5 Hz, 4H), 6.77 (s, 1H); *C NMR (125 MHz, CDCl3) § 184.7,
Br Br 134.2, 132.0, 128.7, 127.5, 92.9. HRMS (m/z) Found: 379.9044.
Calcd for C15H;00,” Br, [M]*: 379.9048.

The spectral data of the product 9d are in agreement with those published.”

1,3-di(2-Furyl)-1,3-propanedione (9e)
'H NMR (500 MHz, CDCl3) § 7.61 (dd, J = 1.5, 1.0 Hz, 2H), 7.20 (dd, J =
M 3.5, 1.0 Hz, 2H), 6.65 (s, 1H), 6.58 (dd, J = 3.5, 1.5 Hz, 2H); °C NMR
(125 MHz, CDCl3) 8 174.7, 150.3, 146.1, 115.5, 112.6, 92.1. HRMS (m/z)
Found: 204.0421. Calcd for C;HsO4 [M]F: 204.0423.

The spectral data of the product 9e are in agreement with those published.™

1,3-di(2-Thiophenyl)-1,3-propanedione (9f)
"H NMR (500 MHz, CDCl3) § 7.78 (dd, J = 4.0, 1.0 Hz, 2H), 7.62 (dd, J =

M 5.0, 1.0 Hz, 2H), 7.17 (dd, J = 5.0, 4.0 Hz, 2H), 6.54 (s, 1H); *C NMR

(125 MHz, CDCls) & 178.8, 140.6, 132.0, 130.0, 128.3, 92.6. HRMS (m/z)
Found: 235.9971. Calcd for C;Hs0,S, [M]™: 235.9966.

The spectral data of the product 9f are in agreement with those published.’!
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1,3-di(2-Naphtyl)-1,3-propanedione (9g)
'H NMR (500 MHz, CDCl3 ) § 8.60 (d, J = 1.5 Hz, 2H), 8.08 (d,
OO OO J =8.5,2.0 Hz, 2H), 8.02 (d, J = 7.5 Hz, 2H), 7.96 (d, J = 8.5
Hz, 2H), 7.91 (d, J = 8.0 Hz, 2H), 7.63-7.56 (m, 4H), 7.16 (s,
1H); ?C NMR (125 MHz, CDCl3) § 185.6, 135.3, 132.8, 132.8, 129.4, 128.5, 128.4, 128.2, 127.8,
126.8, 123.3, 93.8. HRMS (m/z) Found: 324.1152. Calcd for Cp3H 60, [M]": 324.1150.

The spectral data of the product 9g are in agreement with those published.*

4-Methyl-N-(2-0x0-1,2-diphenylethylidene)benzenesulfonamide (10a)

o '"H NMR (500 MHz, CDCl3) § 7.94-7.92 (m, 2H), 7.87 (d, J = 8.5 Hz, 2H),
Ph)gfph 7.84-7.82 (m, 2H), 7.66-7.62 (m, 1H), 7.57-7.53 (m, 1H), 7.53-7.50 (m, 2H),
NTs 7.41-7.37 (m, 2H), 7.33 (d, J = 8.5 Hz, 2H), 2.43 (s, 3H); BC NMR (125 MHz,
CDCls): 8 196.1, 174.8, 144.8, 135.6, 134.7, 134.6, 134.5, 132.4, 130.1, 129.7, 129.13, 129.11,
129.0, 128.2, 21.6; IR (nujor) 3431, 1678, 1587, 1566, 1449, 1327, 1219, 1161, 1090, 904, 820,
773 cm'l, mp 123.0-124.0 °C. Anal. Calcd for C;H70:NS: C, 69.40; H, 4.71%. Found: C,

69.66; H, 4.81%; HRMS (m/z) Found: 363.0914. Calcd for C,;H;703NS [M]": 363.0929.

N-(1,2-Bis(4-methoxyphenyl)-2-oxoethylidene)-4-methylbenzenesulfonamide (10b)
o OMe 'H NMR (500 MHz, CDCls) & 7.89 (d, J = 9.0 Hz, 2H), 7.86 (d,
O O J = 8.5 Hz, 2H), 7.80 (d, J = 9.0 Hz, 2H), 7.31 (d, J = 8.5 Hz,
MeO NTs 2H), 6.97 (d, J = 9.0 Hz, 2H), 6.85 (d, J = 9.0 Hz, 2H), 3.87 (s,
3H), 3.82 (s, 3H), 2.42 (s, 3H); °C NMR (125 MHz, CDCls): 8 194.6, 174.1, 164.9, 164.6, 144.3,
136.3, 132.7, 131.6, 129.5, 128.2, 128.0, 125.1, 114.5, 114.4, 55.6 (co-incident), 21.6; IR (nujor)
3360, 1668, 1599, 1549, 1317, 1267, 1157, 1089, 1020, 908, 818, 787, 735 cm™'. HRMS (m/z)
Found: 424.1223. Calcd for C23H,0sNS [MH]™: 424.1219.
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N-(1,2-Di(2-naphthyl)-2-oxoethylidene)-4-methylbenzenesulfonamide (10c)
o 'H NMR (500 MHz, CDCl3) § 8.34 (s, 1H), 8.23-8.22 (m, 1H),
Oe OO 8.14 (dd, J =9.0, 2.0 Hz, 1H), 8.10 (dd, J = 9.0, 2.0 Hz, 1H), 7.99
NTs (d, J = 9.0 Hz, 1H), 7.91-7.85 (m, 5H), 7.83 (dd, J = 8.0, 1.0 Hz,
1H), 7.77 (dd, J = 8.0, 1.0 Hz, 1H), 7.65-7.46 (m, 4H), 7.32-7.30 (m, 2H), 2.43 (s, 3H); °C
NMR (125 MHz, CDCl;): 8 196.1, 174.9, 144.7, 136.3, 136.2, 135.8, 133.8, 132.47, 132.43,
132.41, 132.3, 130.02, 129.97, 129.8, 129.7, 129.6, 129.4, 129.3, 129.1, 128.3, 128.0, 127.8,
127.15, 127.11, 124.2, 123.4, 21.6; IR (nujor) 3472, 1674, 1568, 1327, 1161, 1088, 910, 787, 731
cm'l, mp 86.0-86.8 °C. Anal. Calcd for C9oH,;03NS: C, 75.14; H, 4.57%. Found: C, 75.11; H,
4.78%; HRMS (m/z) Found: 463.1246. Calcd for Co90H,1O3NS [M]™: 463.1242.

2-(methoxyimino)-1,2-diphenylethanone (10e)
0 'H NMR (500 MHz, CDCl; ) § 7.97-7.95 (m, 2H), 7.63-7.58 (m, 3H), 7.51-7.48
Ph)kffph (m, 2H), 7.41-7.34 (m, 3H), 3.93 (s, 3H); >*C NMR (75 MHz, CDCls) § 193.9,
NOMe 155.7, 134.6, 134.2, 131.0, 130.1, 129.2, 128.9, 128.7, 126.2, 62.8; IR (neat) 2938,
1682, 1595, 1449, 1327, 1231, 1177, 1049, 928, 872, 772, 735, 691, 625 cm™'. Anal. Calcd for
Ci5sHi3NO,: C, 75.30; H, 5.48%. Found: C, 75.17; H, 5.43%; HRMS (m/z) Found: 239.0954.

Calcd for C;sH3NO; [M]™: 239.0946.

cis-N-(2-Acetoxy-1,2-diphenylcyclopropyl)-4-methylbenzenesulfonamide (11a)

ACOANHTS 'H NMR (300 MHz, CDCl; ) § 7.41 (d, J = 8.4 Hz, 2H), 7.07-6.98 (m, 7H),
Ph Ph 6.90-6.83 (m, SH), 5.83 (s, 1H), 2.39 (d, J = 8.4 Hz, 1H), 2.30 (s, 3H), 2.18 (d, J

= 8.4 Hz, 1H), 2.13 (s, 3H); °C NMR (75 MHz, CDCls) & 171.0, 143.1, 137.9, 135.9, 134.9,

129.3, 129.0, 128.5, 128.0, 127.93, 127.87, 127.4, 127.1, 66.2, 46.7, 22.4, 21.8, 21.7; IR (nujor)

3345, 2363, 1750, 1674, 1599, 1323, 1227 cm’'. HRMS (m/z) Found: 421.1357. Calcd for

CosHx3NO,S [M]: 421.1348.
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cis-N-(2-Hydroxy-1,2-diphenylcyclopropyl)-4-methylbenzenesulfonamide (11b)

HOANHTS 'H NMR (300 MHz, CDCls) & 7.45 (d, J = 8.1 Hz, 2H), 7.06-7.02 (m, 7H),
Ph Ph 6.89-6.83 (m, 5SH), 6.04 (s, 1H), 3.39 (bs, 1H), 2.32 (s, 3H), 2.23 (d, J = 7.8Hz,
1H), 1.77 (d, J = 7.8 Hz, 1H); °C NMR (75 MHz, CDCls) § 143.2, 137.8, 137.7, 136.3, 129.3,
129.2, 128.0, 127.7, 127.5, 127.48, 127.3, 126.9, 63.4, 47.5, 23.8, 21.8; IR (neat) 3474, 3277,
1597, 1449, 1325, 1221, 1159, 1092 cm™. HRMS (m/z) Found: 379.1241. Calcd for C2,H,NOsS
[M]": 379.1242.

cis-N-(2-Trimethylsiloxy-1,2-diphenylcyclopropyl)-4-methylbenzenesulfonamide (11c)
TMSO;A\.NHTS '"H NMR (500 MHz, CDCly) & 7.49-7.47 (m, 2H), 7.10-7.07 (m, 2H),

Ph Ph 7.04—6.98 (m, SH), 6.95-6.92 (m, 2H), 6.90-6.86 (m, 3H), 5.91 (s, 1H), 2.34 (s,
3H), 2.31 (d, J = 8.0 Hz, 1H), 1.42 (d, J = 8.0 Hz, 1H), -0.01 (s, 9H); *C NMR (125 MHz,
CDCl;) 6 142.8, 138.3, 137.5, 136.6, 129.1, 128.8, 127.8, 127.6, 127.31, 127.29, 127.28, 126.4,
64.0, 45.2,21.8, 21.4, 0.72; IR (neat) 3327, 2955, 1599, 1497, 1449, 1323, 1252, 1159, 1092, 966,
928, 843 cm™'. HRMS (m/z) Found: 451.1634. Calcd for C,5H,0NO3SSi [M]*: 451.1637.

cis-N-(2-Hydroxy-1,2-di-4-anisylcyclopropyl)-4-methylbenzenesulfonamide (11d)

'H NMR (300 MHz, CDCl3) & 7.45 (d, J = 8.1 Hz, 2H), 7.06 (d, J = 8.1
Hz, 2H), 6.98 (d, J = 9.0 Hz, 2H), 6.78 (d, J = 8.7 Hz, 2H), 6.61 (d, J =
9.0 Hz, 2H), 6.40 (d, J = 8.7 Hz, 2H), 3.67 (s, 3H), 3.63 (s, 3H), 2.33(s,

3H), 2.07 (d, J = 7.5 Hz, 1H), 1.61 (d, J = 7.5 Hz, 1H); °C NMR (75
MHz, CDCl5) § 157.4, 157.1, 139.0, 130.7, 129.2, 128.9, 128.4, 127.8, 127.5, 127.2, 126.9, 126.2,
111.5, 111.4, 61.1, 53.3, 45.7, 22.4; IR (neat) 3271, 2936, 2359, 1599, 1549, 1514, 1317, 1267,
1159, 1090, 1024, 816, 669 cm™. HRMS (m/z) Found: 439.1453. Calcd for Cp4H,sNOsS [M]*:
439.1453.
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cis-N-(2-Trimethylsiloxy-1,2-di-2-naphthylcyclopropyl)-4-methylbenzenesulfonamide (11e)
TMSO, /\ NHTs

'H NMR (300 MHz, C4¢Dg) 8 7.60-6.94 (m, 16H), 6.39-6.36 (m, 2H),
6.20 (s, 1H), 2.60 (d, J = 8.1 Hz, 1H), 2.15 (d, /= 8.1 Hz, 1H), 1.63 (s,

3H), 0.05 (s, 9H); °C NMR (75 MHz, C¢Dy) & 142.0, 139.3, 135.8,
134.4, 132.8, 132.73, 132.66, 132.3, 128.6, 127.7, 127.6, 127.4, 127.3, 127.0, 126.5, 126.1, 126.0,
125.8, 125.6, 125.5, 64.8, 46.3, 23.6, 20.8, 0.9; IR (neat) 3312, 2955, 2344, 1250, 1159, 1092,
843,752 cm™'. HRMS (m/z) Found: 551.1950. Calcd for C33H3305NSSi [M]*: 551.1950.

1,2-Diphenyl-2-(phenylamino)cyclopropanol (11f)
HO A NHPh 'H NMR (300 MHz, C¢Dg) & 7.15-6.67 (m, 15H), 2.02 (d, J = 7.2 Hz, 1H), 1.08

Ph Ph (d, J = 7.2 Hz, 1H); PC NMR (75 MHz, C¢Dg) & 147.2, 139.7, 138.6, 129.2,
128.8, 128.4, 128.0, 127.4, 126.1, 120.0, 118.5, 115.2, 66.5, 47.0, 25.0; IR (neat) 3509, 3423,
2363, 1605, 1314, 1208, 751, 693 cm™'. Anal. Calcd for C,;H;oNO: C, 83.69; H, 6.35%. Found: C,
83.39; H, 6.16%; HRMS (m/z) Found: 301.1459. Calcd for Co;H;oNO [M]": 301.1463.

55



Chapter 2

References and Notes

1. a) J. Salaiin, Chem. Rev. 1989, 89, 1247; b) A. de Meijere, S. 1. Kozhushkov, Eur. J. Org.
Chem. 2000, 3809; c) W. A. Donaldson, Tetrahedron 2001, 57, 8589; d) H.-U. Reissig, R.
Zimmer, Chem. Rev., 2003, 103, 1151; e) L. A. Wessjohann, W. Brandt, Chem. Rev. 2003,
103, 1625.

2. a)H. E. Simmons, T. L. Cairns, S. A. Vladuchick, C. M. Hoiness, Org. React. 1973, 20, 1; b)
A. H. Hoveyda, D. A. Evans, G. C. Fu, Chem. Rev. 1993, 93, 1307; c) A. B. Charette, A.
Beauchemin, Org. React. 2001, 58, 1; d) H. Lebel, J.-F. Marcoux, C. Molinaro, A. B.
Charette, Chem. Rev. 2003, 103, 977.

3. K. Takai, T. Kakiuchi, Y. Kataoka, K. Utimoto, J. Org. Chem. 1994, 59, 2668.

4. a) S. Matsubara, J. Synth. Org. Soc. Jpn. 2000, 58, 118; b) S. Matsubara, K. Oshima, K.
Utimoto, J. Organomet. Chem. 2001, 39; c) S. Matsubara, In ‘The Chemistry of Organozinc
Compounds Part 2°, ed. by Z. Rappoport and 1. Marek, Wiley: New York, 2006; Chapter 14,
p. 641.

5. a) P. Knochel, J.-F. Normant, Tetrahedron Lett. 1986, 27, 4427; also p. 4431; b) 1. Marek,
J.-E. Normant, Chem. Rev. 1996, 96, 3241; c) 1. Marek and J.-F. Normant, In ‘Organozinc
Reagents. A Practical Approach’. ed. by P. Knochel and P. Jones, Oxford University: Oxford,
1999; p. 119.

6. a) K. Ukai, K. Oshima, S. Matsubara, J. Am. Chem. Soc. 2000, 122, 12047; b) K. Nomura, K.
Oshima, S. Matsubara, Tetrahedron Lett. 2004, 45, 5957.

7. a) K. Ukai, D. Arioka, H. Yoshino, H. Fushimi, K. Oshima, K. Utimoto, S. Matsubara,
Synlett 2001, 513; b) H. Yoshino, M. Kobata, Y. Yamamoto, K. Oshima, S. Matsubara, Chem.
Lett. 2004, 33, 1224.

8. a) D. J. Cram, K. R. Kopechy, J. Am. Chem. Soc. 1959, 81, 2748; b) E. P. Lodge, C. H.
Heathcock, J. Am. Chem. Soc. 1987, 109, 2819; c) S. V. Frye, E. L. Eliel, R. Cloux, J. Am.
Chem. Soc. 1987, 109, 1862; d) X. Chen, E. R. Hortelano, E. L. Eliel, S. V. Frye, J. Am.

56



10.

I11.
12.

13.

14.
15.

16.

17.

18.

Chapter 2

Chem. Soc. 1992, 114, 1778.

Crystal structure data: Monoclinic, a = 43.816(9), b = 5.922(2), ¢ = 38.178(8) A, B =
100.53(3)°, V = 9739(3) A®, Z = 24, praiea = 1.270 Mgm™, MMoyq) = 0.71069 A, T = 296
K, Gnax =54.0°, R = 0.130 for 4583 reflections (I > 26(1)).

S. Matsubara, K. Ukai, H. Fushimi, Y. Yokota, H. Yoshino, K. Oshima, K. Omoto, A. Ogawa,
Y. Hioki, H. Fujimoto, Tetrahedron 2002, 58, 8255.

Treatment of 1-dodecyne with 1 in THF at 25 °C for 12 h gave zinc acetylide quantitatively.
a) D. W. Brooks, H. Mazdiyasni, P. Sallay, J. Org. Chem. 1985, 50, 3411; b) M. C. Pirrung,
N. J. G Webste, J. Org. Chem. 1987, 52, 3603.

For a few selected examples of oxidation by Fe(Ill), see: a) Y. Ito, T. Saegusa, J. Org. Chem.
1977, 42, 2326; b) Y. Ito, S. Fujii, T. Saegusa, J. Org. Chem. 1976, 41, 2073; c) K. L
Booker-Milburn, D. F. Thompson, J. Chem. Soc., Perkin Trans. 1 1995, 2315; d) K. L.
Booker-Milburn, D. F. Thompson, Tetrahedron Lett. 1993, 34, 7291; e) K. L
Booker-Milburn, A. Barker, W. Brailsford, B. Cox, T. E. Mansley, Tetrahedron 1998, 54,
15321; f) M. Shirai, S. Okamoto, F. Sato, Tetrahedron Lett. 1999, 40, 5331; g) V. Morisson,
J.-P. Barnier, L. Blanco, Tetrahedron Lett. 1999, 40, 4045; h) J.-P. Barnier, V. Morisson, L.
Blanco, Synth. Commun. 2001, 31, 349.

J. J. Eisch, S. K. Dua, M. Behrooz, J. Org. Chem. 1985, 50, 3674.

a) J.-D. Charrier, C. Landreau, D. Deniaud, F. Reliquet, A. Reliquet, J. C. Meslin,
Tetrahedron 2001, 57, 4195; b) M. Shimidzu, T. Sahara, R. Hayakawa, Chem. Lett. 2001, 31,
792; ¢) F. Chemla, V. Hebbe, J.-F. Normant, Synthesis 2000, 75.

Crystal structure data: Monoclinic, a = 12.7365(13), b = 10.8102(11), ¢ = 16.3267(17) A,
B =105.936°, V=2161.54) A°, Z=4, praea = 1.295 Mgm™, MMoy) = 0.71073 A, T = 296
K, Gnax =54.0°, R =0.049 for 4711 reflections (I > 20(1)).

L. FE Fieser and M. Fieser, Reagents for Organic Synthesis, Wiley: New York, 1967; Vol. 1.
p. 1276.

M. Herberhold, H. Kniesel, J. Organomet. Chem. 1987, 334, 347.

57



Chapter 2

19.
20.
21.
22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

S. Rozen, 1. Ben-David, J. Org. Chem. 2001, 66, 496.

Z. Wan, C. D. Jones, D. Mitchell, J. Y. Pu, T. Y. Zhang, J. Org. Chem. 2006, 71, 826.

S. E. Page, A. Flood, K. C. Gordon, J. Chem. Soc., Dalton Trans. 2002, 1180.

A. Ryoda, N. Yajima, T. Haga, T. Kumamoto, W. Nakanishi, M. Kawahata, K. Yamaguchi, T.
Ishikawa, J. Org. Chem. 2008, 73, 133.

J. Barkuenga, F. Rodriguez, F. J. Fananas, Organometallics 1997, 16, 5384.

F. Ozawa, H. Soyama, H. Yanagihara, I. Aoyama, H. Takino, K. Izawa, T. Yamamoto, A.
Yamamoto, J. Am. Chem. Soc. 1985, 107, 3235.

E. Takacs, R. Skoda-Foldes, P. Acs, E. Miiller, G. Kokotos, L. Kollar, Letters in Organic
Chemistry 2006, 3, 62.

J.-D. Charrier, C. Landreau, D. Deniaud, F. Reliquet, A. Reliquet, J. C. Meslin, Tetrahedron
2001, 57, 4195.

M. Selva, P. Tundo, J. Org. Chem. 2006, 71, 1464.

A. Takacs, R. Farkas, L. Kollar, Tetrahedron 2008, 64, 61.

W. Adam, H. M. Harrer, W. M. Nau, K. Peters, J. Org. Chem. 1994, 59, 3786.

A. R. Katritzky, Z. Wang, M. Wang, C. R. Wilkerson, C. D. Hall, N. G. Akhmedov, J. Org.
Chem. 2004, 69, 6617.

A. Ishii, J. Nakayama, J. Kazami, Y. Ida, T. Nakamura, M. Hoshino, J. Org. Chem. 1991, 56,
78.

P. Hallet, J. Muzart, J.-P. Pete, J. Org. Chem. 1981, 46, 4275.

58



Chapter 3

Chapter 3

Stereospecific and Stereoselective Preparation of
2-(1-Hydroxyalkyl)-1-alkylcyclopropanols

from o,B-Epoxy Ketones and Bis(iodozincio)methane

A reaction of o,B-epoxy ketone with bis(iodozincio)methane gave
2-(1-hydroxyalkyl)-1-alkylcyclopropanol via nucleophilic [2+1] cycloaddition. The reaction
proceeds via a coordination between the dizinc and o,-epoxy ketone; this coordination allows
the carbanion equivalent to nucleophilic attack onto carbonyl group stereoselectively.
Subsequential nucleophilic attack to epoxy group proceeds in a stereospecific manner, and as a

result, (/R* 2R*)-2-(1-hydroxyalkyl)-1-alkylcyclopropanol is obtained diastereoselectively.
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Introduction

Bis(iodozincio)methane (1) possesses a couple of zinc atoms on a carbon, and it works as a
dianion equivalent.! Because its reactivity is enhanced by doubly substituted electropositive
zinc atoms, the dizinc 1 may have an enough nucleophilicity onto ketone. Treatment of a simple
ketone, such as acetophenone with the dizinc 1, however, resulted in the complete recovery of the
starting material.? Meanwhile, Matsubara found that treatment of the dizinc 1 with an
a-hydroxy ketone, which has Lewis basic atom at o-position of carbonyl, performed the
nucleophilic addition smoothly to give a methylenated compounds.”® The coordination between
the dizinc and hydroxyl group at a-position might activate the reagent. The same activation is
also observed in the reaction of Grignard reagent and o-hydroxy ketone under Cram’s chelation
control.?

The author supposed that the similar activation may be observed, when the dizinc 1 is treated
with ohter ketones having Lewis basic site at a-position, such as 1,2-diketone and a,p-epoxy
ketone. Actually, in the case of 1,2-diketone as a substrate, the nucleophilic reaction of the
dizinc 1 to a carbonyl group proceeded smoothly; sequential nucleophilic addition of the
introduced iodozinciomethyl group to the other carbonyl group also proceeded readily to give
cis-cyclopropan-1,2-diol dialstereoselectively.4 The high stereoselectivity comes from the
specific coordination between the dizinc and 1,2—diket0ne.5

Considering these results, when an o,B-epoxy ketone was treated with the dizinc 1,
diastereoselective nucleophilic addition to the carbonyl group would proceed via a specific

coordination to give 2-(1-hydroxyalkyl)-1-alkylcyclopropanol diastereoselectively.

Results and Discussion

A solution of 2-benzoyl-1,1-dimethyloxirane (2a, 1.0 mmol) in THF (4 mL) was treated

with bis(iodozincio)methane (1, 1.2 mmol, 0.5 M in THF) at 25 °C. After being stirred for 30
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min, the mixture was quenched with a saturated aqueous solution of NH4Cl. The reaction gave
(IR*2R*)-2-(1-methyl-1-hydroxyethyl)-1-phenylcyclopropanol (3a) as the sole product (Scheme
1).

j\)\ CHy(Znl), (1) HO _ OH
Ph : PhM

0 THF, 25 °C, 30 min
2a 3a (67%)

Scheme 1. Reaction of 2-benzoyl-1,1-dimethyloxirane (2a) with bis(iodozincio)methane (1).

The stereochemistry of the product was determined by a single-crystal X-ray analysis. The
ORTEP figure of 3a was shown in Figure 1.° The figure shows that the product has

cis-configuration.

Figure 1. ORTEP of 3a.

Other examples of reactions conducted that led to formation of a cyclopropane ring are shown

in Table 1. 1In all cases, the reaction yielded a single diastereomer selectively. Various

o,B-epoxy ketones 2b-e could be applied for the reaction, and the reaction afforded the
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corresponding cyclopropanols in excellent yields (entries 1-4). The reaction of a,B-epoxy
ketone 2g having an acetyl group with 1 also proceeded chemoselectively to give the
corresponding cyclopropanol 3g in a good yield (entry 6). Bromo and cyclopropyl group
tolerate the reaction condition (entries 7 and 8). The reaction of cyclic o,B-epoxy ketone 2j

with 1 afforded bicyclic product 3j (entry 9).
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Table 1. Reaction of o,B-epoxy ketone 2 with bis(iodozincio)methane (1).*

o R* , HO = OH
J\)\ CHy(Znl), (1, 1.2 equiv.) % )
R Y "R R’ R
150 THF, rt, 1 h 1o Re
2 3
entry substrate product Yield (%)°
1 2b )dﬂ 3b 94
HO A OH
2 2¢ )4/\ 3¢ 87
3 2d )q/\ d >99
HO A OH
4 2e /q/\ e 95
5 2f 3f 90
”Pen)d/\
O
HO
7 2h /@?@(m 3h 95
Br
HO
8 2i 3i 83
OH
OH

* o,B-Epoxy ketone 2 (0.5 mmol), the dizinc 1 (0.6 mmol) and THF (2 mL) were
used. " Isolated yields. ¢ 2-methylene-16-oxabicyclo[13.1.0]hexadecane was also
obtained in 13%.
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Treatment of an optically active o,B-epoxy ketone (S)-2b with the dizinc 1 gave (/R,2R)-3b
without a loss of enantiomeric excess as shown in Scheme 2.

j\/ CHy(2nl), (1) HO
Ph :

7.6 THF, 25°C, 30 min Ph)d/\OH
(S)-2b (1R,2R)-3b (97%)
>99% ee >99% ee

Scheme 2. Reaction of (§)-2b with bis(iodozincio)methane (1).

The diastereoselective formation of cyclopropanol 3 proceeded as follows. The reaction
starts with the diastereoselective attack of 1 to the carbonyl group as a consequence of the

stereogenic center at the o-carbon atom (Scheme 3).2"’4’5

This step is followed by stereospecific
attack on the epoxide.

O H 1ZnO CHyZnl
CHy(Znl), (1) 1ZnO H Oznl
R1JH//5KR2 el oot B 3
ﬂ “0 stereoselective stereospecific R
H intermolecular

R2
intramolecular
B-face attack addition

substitution
Scheme 3. Stereochemical requirements for the reaction.

The explanation shown in Scheme 3 requires diastereoselective attack to the f face of 2,
which needs to be rationalized, since previous reports concerning the diastereoselective
metal-mediated nucleophilic attack to an o,B-epoxy ketone occurred from the o face of 2.

For example, treatment of 2¢ with NaBH4/LaCls resulted in the exclusive formation of

erythro-epoxy alcohol.® The diastereoselective reaction was explained by chelation effects to
form intermediate A, as shown in Scheme 4.
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o NaBH, / LaCl, ) ¢ o4 H OH

Scheme 4. Diastereoselective reduction of o,-epoxy ketone with NaBH4/LaCls.

Other metal salts, such as CaCl,, MnCl,, and ZnCl, as well as LaCl; showed the same effect.
In the present cyclopropanation reaction, the addition of the dizinc 1 can not be explained by a
simple chelation intermediate such as A,”® because the first nucleophilic attack also occurred by
B-face attack on 2. From ab initio calculation, Matsubara et al. proposed that coordination of
the dizinc 1 to vic-diketone, 2,3-dioxobutane, occurs in a face-to-face arrangement, as shown in
Figure 2.>  Such coordination has two characteristic features: First, the dihedral angle of the
diketone part (<O(1)-C(1)-C(2)-O(2) = 47.7°); second, the mechanism through which the zinc
reagent coordinates to the diketone. A line drawn between the two oxygen atoms of the
diketone, and another between the two zinc atoms in the initial complex, cross at almost right
angles. In the same way, the nucleophilic attack of the dizinc 1 on a,-epoxy ketone 2¢ can be
explained via intermediate D (Scheme 5). Attack from the other face via intermediate E will be
constrained by steric hindrance between the dizinc 1 and the epoxide ring. Thus, face-to-face
coordination will promote attack on the opposite face relative to traditional Cram-chelation

intermediates such as A.
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from side (B)— !

B (side view)

C (bottom view)

Figure 2. Initial complex formed in the reaction of 2,3-dioxobutane with 1 based on

B3LYP/II/B3LYP/I calculations.

0]

H
1/\%}_\ , CHy(Znl), (1)
R ’/,o R

H

L E (disfavored)_

stereospecific R1mR2

intramolecular
substitution

Scheme 5. Proposal for the stereoselective reaction of 2¢ with 1.
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To coordinate with the dizinc properly as shown in Scheme 5, some structural flexibility of
o,B-epoxy ketone is required. For example, the reaction of 1-oxo-2-cyclooctene oxide (2k) with

the dizinc 1 afforded only methylanation product 4 (Scheme 6).

0 H,C

O CHyznl), (1, 12 equiv) o

THF, 25 °C, 30 min

2k 4 (53%)

Scheme 6. Reaction of 2k with bis(iodozincio)methane (1).

In the case of cyclic substrate such as 2m or 2n (Scheme 7), they would experience some
difficulty in difficulty in differentiating between the intermediate corresponding to D and E
because of steric hindrance of the carbocyclic moiety. Treatment of 2m and 2n with 1 gave the
spiro compound with moderate diastereoselectivity. Figure 3 shows the results of the

single-crystal X-ray analysis of the diester obtained from 3n and 3,5-dinitrobenzoyl chloride.’

o) CH, OH
CH,(Znl), (1)
’/, CH3 OH + CH3
~O THF, 25 °C, 30 min ) .
“OH ‘OH
2m 3m 3m'
99% (81/19)
o) CHy(Znl), (1) QbﬁHs OH
' +
ﬁCH3 THF, 25 °C, 30 min / OH [ CHs
OH OH
2n 3n 3n'
72% (83/17)

Scheme 7. Formation of spirocyclic derivatives.
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Figure 3. X-Ray analysis of bis(3,5-dinitrobenzoate) of 3n.

The product, 2-(1-hydroxyalkyl)-1-alkylcyclopropanol 3, has a (1-hydroxyalkyl)cyclopropane
moiety, and it is subject to cyclopropane ring opening reaction by acid. In 1960, Julia reported
acid-catalyzed isomerization of (1-hydroxyalkyl)cyclopropanes to (E)-homoallylic alcohols.'”
When it was applied to 3 as starting material, [B,y-unsaturated ketone 5 was obtained via
carbocation intermediate (Scheme 8).11 This transformation, however, has not been studied well,
because the starting material was difficult to obtain. So the author also studied the

acid-mediated ring-opening reaction of 3.'2

Scheme 8. Julia-type transformation of 2-(1-hydroxyalkyl)-1-alkylcyclopropanol into

(E)-B,y-unsaturated ketone.
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As shown in Table 2, treatment of 2-(1-hydroxyethyl)-1-phenylcyclopropanol 3¢ with a
catalytic amount of various acids resulted in moderate E/Z selectivity (entries 1-3). Among
them, TFA (trifluoroacetic acid) gave the best diastereoselectivity. Increasing the amount of
TFA improved the yield and diastereoselectivity (entries 4 and 5). 'We found that treatment with
5 equiv. amounts of trifluoroacetic acid gave the desired [3,y-unsaturated ketone with high

diastereoselectivity (entry 6)."

Table 2. Acid-mediated transformation of 3¢ into 5c¢.?

HO _ OH acid 0o
Ph/\d/_\ CH,Cl, Ph)J\/\/
3c 5c

entry acid (equiv.)b time (h) temp. (°C) yield (%) E/ 74

1 TFA (0.2) 24 25 67 75125
2 p-TsOH (0.2) 6 25 89 68/32
3 TfOH (0.2) 6 25 76 62/38
4 TFA (1.0) 24 25 90 88/12
5 TFA (2.0) 24 25 90 92/8
6 TFA (5.0) 0.5 0 90 95/5

* The substrate 3¢ (0.5 mmol) and dichloromethane (2 mL) were used. °
TFA: trifluoroacetic acid, p-TsOH: p-toluenesulfonic acid, TfOH:
trifluoromethanesulfonic acid. ¢ Yields were determined by 'H NMR using
bromoform as internal standard. ¢ The E/Z ratios were determined by 'H
NMR analysis.

Other examples are shown in Table 3. Although a reaction of tertiary alcohol 3a at 0 °C
gave the desired product Sa in 70%, it proceeded sluggishly (entry 1). The reaction at —78 °C,
however, improved the yield (entry 2). Trisubstituted alkene Se was obtained with high
diastereoselectivity from 3e (entry 4). From bicyclic compound 3j, ring-expanded

(E)-cycloalkene 5j was obtained in excellent yield (entry 6). In the case of a primary alcolol,
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such as 3b, this acid-mediated transformation did not proceed efficiently because of the lack of
stability of the primary cation intermediate (entry 7). Treatment of 3b  with mesyl chloride and

pyridine,'* however, gave the corresponding B,y-unsaturated ketone 5b in good yield (Scheme 9).

This procedure worked well for the other primary alcohols 3d.f,g.

Table 3. Examples of the transformation of 2-(1-hydroxyalkyl)-1-alkylcyclopropanols 3 into

(E)-B,y-unsaturated ketones 5.”

Hj)qﬁ" TFA (5.0 equiv.) 0 R
CH,Cl,, 0 °C, 30 min RJK/K/R?’
3 5
entry substrate product yield (%)Y EIZ
HO A OH
1 M 3a Sa 70
Ph
2¢ 3a 5a >99
HO OH
3 3o S0 96 E onl
)J\/\/Ph g
HO OH

Se 95 E only

5m 86

DY
m
)’\/\

r /%/\ 3b
* The substrate 3.5 mmol), TFA (2.5 mmol) and dichloromethane (2 mL) were used. b

Isorated yields. ¢ Stereochemistry was determined by NOE analysis. ¢ Reaction was carried
out at —78 °C. ° Reaction was carried out at 25 °C for 24 h. " The corresponding

5 OH 3m

4 )q/\ 3e

5b 35

o,3-unsaturated ketone was also obtained in 25% yield.
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HO
)q/\ MsCl (1.2 equiv.) O R?
1
R ) OH pyridine, CH,Cl, R1M
R
A rt, 3h 5
R' = Ph, R2=H: 5b 86%
R' = Pn, R2=Me; 5d 93%
R'="Pen, R?2=Me; 5f 85%

R'=4-AcCgH,, R?=H; 59 85%

Scheme 9. Formation of 3,y-unsaturated ketones via mesylate elimination.

As mentioned above, the substrate 3 are available from the dizinc 1 and a,f-epoxy ketones 2
in one step, and o,B-epoxy ketones can be prepared from o,p-unsaturated ketones with basic
hydroperoxide easily. So the net transformation can be regarded as methylene insertion between

a carbonyl group and an alkenyl group of a,f-unsaturated ketone (Scheme 10).

o 1) HyO,, NaOH HO OH  1pp o R
— 3
R1JYR3 2) CHy(Znl), (1) R1 . R3 R1J\)\/R
ki " 1

methylene insertion between olefin and carbonyl group

Scheme 10. The schematic whole transformation.

Conclusion

The author showed the scope of the nucleophilic [2+1] cycloaddition of
bis(iodozincio)methane (1) and a,B-epoxy ketones. Various substrates, which can coordinate
with the dizinc 1, were converted into (/R* 2R*)-2-(1-hydroxyalkyl)-1-alkylcyclopropanols 3
diastereoselectively. The author also demonstrated the stereoselective synthesis of

B,y-unsaturated  ketones 7 by acid-mediated Julia-type transformation  from
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(IR*2R*)-2-(1-hydroxyalkyl)-1-alkylcyclopropanols.

Experimental Section

Unless otherwise noted, commercially available reagents were used without purification.

o, B-Epoxy ketones 2 were prepared according to the reported procedure."”

General procedure for preparation of (S)-2b: (S)-[(R)-Hydroxyphenylmethyl]oxirane was
prepared from the corresponding allyl alcohol by Katsuki—Sharpless asymmetric epoxidation.'®
The enantiomeric purity of (S)-[(R)-Hydroxyphenylmethyl]oxirane was determined by 'H NMR
after converting into the corresponding (S)-(-)-a-methoxy-a-(trifluoromethyl)phenylacetate.
The obtained optically active epoxy alcohol was oxidized according to the reported procedure to

give (5)-2b."”

General procedure for the preparation of 2-(hydroxyalkyl)-1-alkylcyclopropanol (3): To a
solution of o,B-epoxy ketone (2, 1.0 mmol) in THF (4 mL), bis(iodozincio)methane (1, 1.2
mmol) was added at room temperature. The mixture was stirred at room temperature for 30 min.
Then saturated aqueous solution of NH4Cl was added to quench the reaction and extracted with
ethyl acetate. The combined organic layers were washed with brine, and dried over Na,SOj.
The solvent was removed under reduced pressure, and the residue was purified by silica gel

column chromatography to give the corresponding 2-(hydroxyalkyl)-1-alkylcyclopropanol 3.

General procedure for the transformation of 2-(1-hydroxyalkyl)-1-alkylcyclopropanol
(3a,c,e,j,m,0) into B,y-unsaturated ketone (5): To a solution of
2-(1-hydroxyalkyl)-1-alkylcyclopropanol (3, 0.5 mmol) in dichloromethane (2 mL),
trifluoroacetic acid (2.5 mmol) was added at 0 °C. The mixture was stirred at 0 °C for 30 min,

and then the solvent was removed under reduced pressure. The residue was purified by silica
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gel column chromatography (eluting with hexane-EtOAc) to give the corresponding

B,y-unsaturated ketone 5.

General procedure for the transformation of 2-hydroxymethyl-1-alkylcyclopropanol
(3b,d.f,g) into B,y-unsaturated ketone (5): To a solution of
2-hydroxymethyl-1-alkylcyclopropanol 3 (0.5 mmol) in dichloromethane (2 mL), pyridine (2.0
mmol) and mesyl chloride (0.6 mmol) was added at room temperature. The mixture was stirred
at room temperature for 3 h, then saturated aqueous solution of NaHCO3 was added. The organic
layer was extracted with EtOAc, and the combined organic layers were dried over Na,SO4. The
solvent was removed under reduced pressure, and the residue was purified by silica gel column

chromatography eluting with hexane and EtOAc to give the corresponding 3, y-unsaturated ketone

S.

Characterization Data
The substrates 2a,18 2b,18 2c,18 2d,19 2e,20 2f,21 2i,22 2k,23 2m** and 2n* were be found in the

literature.

4-Acetylbenzoyloxirane (2g)
o]

'H NMR (300 MHz, CDCl3) & 8.12-8.02 (m, 4H), 4.21 (dd, J = 4.2, 2.4 Hz,
1H), 3.14 (dd, J = 6.6, 4.2 Hz, 1H), 2.97 (dd, J = 6.6, 2.4 Hz), 2.64 (s, 3H);

0 BC NMR (75 MHz, CDCl): 6 197.0, 194.2, 140.5, 138.2, 128.44, 128.41,
51.4, 47.6, 27.0; IR (neat) 1694, 1682, 1505, 1408, 1360, 1310, 1267, 1233, 951 cm’l. HRMS
(m/z) Found: 190.0632. Calcd for C;H;¢03 [M]": 190.0630.

4-Bromobenzoyloxirane (2h)
0 "H NMR (300 MHz, CDCl5) & 7.89 (d, J = 8.7 Hz, 2H), 7.62 (d, J = 8.7 Hz,
O 2H), 4.15 (dd, J = 4.5, 2.4 Hz, 1H), 3.11 (dd, J = 6.3, 4.5 Hz, 1H), 2.94 (dd,

Br
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J=06.3,24Hz, 1H); BC NMR (75 MHz, CDCl5): 6 193.6, 133.8, 132.0, 129.7, 129.1, 51.2, 47.5;
IR (neat) 1692, 1587, 1402, 1234, 1071, 1011, 955, 912, 741 cm’l. HRMS (m/z) Found: 225.9630.
Calcd for CoH,0,Br [M]": 225.9629.

16-Oxabicyclo[13.1.0]hexadecan-2-one (2j)

R 0 'H NMR (300 MHz, CDCl3) & 3.27 (d, J = 1.8 Hz, 1H), 3.06 (ddd, J = 8.7, 3.3, 1.8
\\ Hz, 1H), 2.52-2.31 (m, 2H), 2.08-1.99 (m, 1H), 1.72-1.68 (m, 2H), 1.55-1.43 (m,
2H), 1.36-1.25 (m, 17H); >C NMR (125 MHz, CDCls): § 207.4, 60.3, 59.0, 37.2,
30.8, 27.5, 27.0, 26.8, 26.5, 26.4, 26.2, 26.1, 25.7, 24.7, 22.6; IR (nujor) 2928, 1712, 1444, 1368,
1240, 910, 856, 733 cm’', mp 56.2-56.7 °C. Anal. Calcd for C;sHxOy: C, 75.58; H, 10.99%.
Found: C, 75.73; H, 11.24%.; HRMS (m/z) Found: 238.1936. Calcd for C;sH»sO, [M]":

238.1933.

(IR*,2R*)-2-(2-Hydroxypropyl)-1-phenylcyclopropanol (3a)

HO ~ OH TH NMR (300 MHz, C¢D¢) & 7.22-7.19 (m, 2H), 7.16-7.12 (m, 2H), 7.05-7.00 (m,
Ph 1H), 4.19 (bs, 1H), 3.55 (bs, 1H), 1.37-1.33 (m, 1H), 1.31 (s, 3H), 1.20 (s, 3H),
1.03-0.95 (m, 1H), 0.89-0.79 (m, 1H); >*C NMR (75 MHz, C¢D¢) & 144.8, 128.4, 126.4, 124.7,
70.4, 60.6, 37.1, 31.0, 30.3, 17.1; IR (nujor) 3265, 2359, 1456, 1362, 1225 cm™; mp 95.5-96.2 °C.
Anal. Calcd for C,H;¢0;: C, 74.97; H, 8.39%. Found: C, 75.13; H, 8.19%.; HRMS (m/z) Found:
193.1225. Calcd for C,H;70, [M]*: 193.1229.

(IR*%2R*)-2-Hydroxymethyl-1-phenylcyclopropanol (3b)
HO 'H NMR (500 MHz, C¢Dg) & 7.25-7.22 (m, 2H), 7.17-7.14 (m, 2H), 7.07-7.03

Ph/%/\

Hz, 1H), 3.22 (bs, 1H), 1.35-1.29 (m, 1H), 0.92-0.86 (m, 2H); °C NMR (125 MHz, C¢Dg) &

OH  (m, 1H), 4.17 (bs, 1H), 3.86 (dd, J = 11.5, 5.0 Hz, 1H), 3.60 (dd, J = 11.5, 9.0

145.2, 128.4, 126.3, 124.6, 62.0, 59.2, 29.7, 20.9; IR (neat) 3362, 3354, 1497, 1449, 1402, 1375,
1238, 1111, 1078, 1024 c¢cm’. HRMS (m/z) Found: 164.0837. Calcd for C;oH;,0, [M]":
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164.0837.
The enantiomeric excess of (/R,2R)-3b was determined by "H NMR after transformation into the
corresponding (S)-o-methoxy-a-(trifluoromethyl)phenylacetate.
HO 0 'H NMR (500 MHz, CDCl3) & 7.37-7.23 (m, 8H), 7.15-7.12 (m, 2H),
Ph)d/\o)SfOMe 4.67 (dd, 1H, J = 11.5, 4.0 Hz), 4.58 (dd, 1H, J = 11.5, 10.0 Hz), 3.89
Foe P (bs, 1H), 3.53 (s, 3H), 1.50-1.44 (dddd, 1H, J =10.0, 10.0, 7.0, 4.0 Hz),
1.35 (dd, 1H, J = 10.0, 6.0 Hz), 1.14 (dd, 1H, J = 7.0, 6.0 Hz); "°F NMR (282 MHz, CDCl5)

0 89.7 (s).

(IR*,2R*)-2-((R*)-1-Hydroxyethyl)-1-phenylcyclopropanol (3c)
HO _ OH "H NMR (500 MHz, C¢D¢) & 7.25-7.22 (m, 2H), 7.17-7.14 (m, 2H), 7.07-7.03 (m,

Ph)</\

1.20-1.14 (m, 1H), 0.89-0.85 (m, 2H); C NMR (125 MHz, C¢D¢) & 145.3, 128.3, 126.3, 124.6,

1H), 4.39 (bs, 1H), 3.81-3.75 (m, 1H), 3.44 (bs, 1H), 1.23 (d, J = 6.5 Hz, 3H),

69.0, 59.3, 35.5, 22.7, 21.5; IR (neat) 3363, 3273, 2362, 1602, 1498, 1451, 1235, 1077, 1022 cm.
Anal. Calcd for C1H140;: C, 74.13; H, 7.92%. Found: C, 74.29, H, 8.03%.; HRMS (m/z) Found:
178.0992. Caled for C;;H140, [M]*: 178.0994.

(IS*,2R*)-2-Hydroxymethyl-2-methyl-1-phenylcyclopropanol (3d)

HO 'H NMR (300 MHz, CDCl3) & 7.39-7.23 (m, 5H), 3.91 (d, J = 11.7 Hz, 1H),
Ph/lq/\OH 3.80 (d, J = 11.7 Hz, 1H), 3.06 (bs, 2H), 1.05 (s, 2H), 0.81 (s, 3H); '*C NMR (75
MHz, C¢Dg) & 140.6, 128.7, 128.6, 127.8, 67.7, 65.6, 29.5, 22.7, 19.0; IR (nujor) 3333, 3192,
1377, 1309, 1251, 1211, 1141, 1037, 1020 cm™; mp 78.0-78.5 °C. HRMS (m/z) Found: 178.0990.

Calcd for C11H1402 [M]+I 178.0994.

(I18%2R*)-2-((R*)1-Hydroxyethyl)-2-methyl-1-phenylcyclopropanol (3e)
H/Oq/?i 'H NMR (500 MHz, C¢De) & 7.29-7.26 (m, 2H), 7.18-7.14 (m, 2H), 7.10-7.07 (m,
Ph

1H), 4.03 (q, J/ = 7.0 Hz, 1H), 2.73 (bs, 1H), 2.62 (bs, 1H), 1.29 (d, J = 7.0 Hz,
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2H), 0.83 (d, J = 5.5 Hz, 1H), 0.80 (d, J = 5.5 Hz, 1H), 0.70 (s, 3H); *C NMR (125 MHz, C¢Ds)
0 141.2, 128.7, 128.3, 127.4, 70.6, 65.6, 32.0, 22.3, 19.6, 14.9; IR (neat) 3358, 3350, 1446, 1290,
1227, 1130, 1099, 1074, 1047, 1026 cm™; mp 68.5-69.3 °C. HRMS (m/z) Found: 192.1146.
Calcd for C1oH 60, [M]: 192.1150.

(/R*,2R*)-2-Hydroxymethyl-1-pentylcyclopropanol (3f)
HO 'H NMR (300 MHz, CDCl3) & 3.99 (dd, J = 11.4, 5.1 Hz, 1H), 3.59 (dd, J =

”Pen/%/\

1.07-0.97 (m, 1H), 0.89 (t, J = 7.2 Hz, 3H), 0.67-0.57 (m, 2H); °C NMR (125 MHz, C¢Ds) &

OH 11.4, 9.0 Hz, 1H), 2.39 (bs, 2H), 1.56-1.46 (m, 4H), 1.35-1.26 (m, 4H),

62.6, 59.0, 39.1, 31.8, 25.5, 25.4, 22.7, 17.4, 14.0; IR (neat) 3390, 3377, 2931, 2359, 1030, 1012
cm’’. Anal. Calcd for CoH;50,: C, 68.31; H, 11.47%. Found: C, 67.31; H, 11.08%; HRMS (m/z)
Found: 158.1309. Calcd for CoH;30, [M]*: 158.1307.

(IR*2R*)-1-(4-Acetylphenyl)-2-hydroxymethylcyclopropanol (3g)
HO 'H NMR (500 MHz, CDCl3) & 7.85 (d, J = 8.5 Hz, 2H), 7.31 (d, J = 8.5
Hz, 2H), 4.15 (dd, J = 11.5, 4.5 Hz, 1H), 3.76 (dd, J = 11.5, 9.0 Hz, 1H),

0 3.71 (s, 1H), 2.56 (s, 3H), 2.55 (bs, 1H), 1.65-1.59 (m, 1H), 1.29 (dd, J
=9.5, 6.5 Hz, 1H), 1.22 (dd, J = 7.0, 6.5 Hz, 1H); °C NMR (125 MHz, C¢Dg) & 198.1, 150.5,
135.0, 128.5, 123.8, 62.3, 59.0, 31.0, 26.6, 22.4; IR (neat) 3381, 3362, 2359, 1667, 1605, 1566,
1406, 1360, 1277, 1238, 1111, 1030, 961, 829 cm™. Anal. Caled for CioH1405: C, 49.41; H,
4.56%. Found: C, 49.11; H, 4.50%.; HRMS (m/z) Found: 206.0942. Calcd for C;,H40; [M]":

206.0943.

(IR*2R*)-1-(4-Bromophenyl)-2-hydroxymethylcyclopropanol (3h)
HO 'H NMR (500 MHz, CDCl3) § 7.43 (d, J = 9.0 Hz, 2H), 7.15 (d, J = 9.0

/©/%AOH Hz, 2H), 4.13 (dd, J = 11.5, 5.0 Hz, 1H), 3.73 (dd, J = 11.5, 9.0 Hz, 1H),
Br

3.19 (bs, 1H), 2.20 (bs, 1H), 1.54-1.48 (m, 1H), 1.22 (dd, J =9.5, 6.0 Hz,
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1H), 1.14 (dd, J = 6.5, 6.0 Hz); C NMR (125 MHz, C¢De) & 143.4, 131.4, 126.1, 120.3, 62.4,
59.1,29.6, 21.2; IR (neat) 3283, 3271, 1487, 1433, 1395, 1283, 1240, 1115, 1018, 982, 918 cm™".
Anal. Calcd for CioH;;O,Br: C, 49.41; H, 4.56%. Found: C, 49.11; H, 4.50%; HRMS (in/z)
Found: 241.9938. Calcd for C oH;;0,Br [M]": 241.9942.

(IR*,2R*)-1-Cyclopropyl-2-hydroxymethylcyclopropanol (3i)
HO 'H NMR (500 MHz, CDCl3) & 3.98 (dd, J = 11.5, 5.0 Hz, 1H), 3.59 (dd, J =
OH 115,90 Hz, 1H), 2.61 (bs, 1H), 2.23 (bs, 1H), 1.33 (tt, J = 8.0, 5.0 Hz, 1H),
1.05-0.99 (m, 1H), 0.59 (dd, J = 9.5, 5.5 Hz, 1H), 0.54 (dd, J = 6.0, 5.5 Hz, 1H), 0.52-0.45 (m,
2H), 0.28-0.22 (m, 1H), 0.20-0.15 (m, 1H); *C NMR (125 MHz, C¢D¢) & 62.4, 60.2, 23.8, 17.1,
15.2,2.69, 2.54; IR (neat) 3343, 2361, 1429, 1240, 1211, 1022, 934 cm’".

(IR* 14R*,155%)-bicyclo[13.1.0]hexadecane-1,14-diol (3j)
OH 'H NMR (500 MHz, CDCl3) 8 4.05 (dt, J = 6.0, 3.0 Hz, 1H), 2.41 (bs, 2H),
2.12-2.05 (m, 1H), 1.75-1.71 (m, 2H), 1.58-1.25 (m, 20H), 1.02-0.88 (m,
3H), 0.62 (dd, J = 10.0, 5.5 Hz, 1H); °C NMR (125 MHz, CDCl;) § 71.2,
61.0, 39.2, 38.8, 28.1, 27.8, 27.2, 26.92, 26.85, 26.44, 26.42, 26.3, 25.9, 25 .4,
24.2, 15.7; IR (nujor) 3275, 3263, 2359, 1375, 1015 cm'l; mp 70.5-71.5 °C. Anal. Calcd for
Ci6H300,: C, 75.54; H, 11.89%. Found: C, 75.37, H, 12.03%.; HRMS (m/z) Found: 255.2320.
Calcd for C;¢H3,0, [MH]™: 255.2324.

1-methylspiro[2.5]octane-1,4-diol (3m)
Me  (major isomer): 'H NMR (500 MHz, C¢Dg) & 4.21 (bs, 2H), 3.93-3.92 (m, 1H),
(jw\ OH 1.90-1.81 (m, 3H), 1.71-1.65 (m, 1H), 1.55-1.50 (m, 1H), 1.48-1.40 (m, 1H),
"OH 142 (s, 3H), 1.32-1.22 (m, 1H), 0.83 (dt, J = 13.5, 4.5 Hz, 1H), 0.79 (d, J = 5.0
Hz, 1H), 0.12 (d, J = 5.0 Hz, 1H); *C NMR (125 MHz, C¢D¢) & 71.3, 59.2, 32.7, 32.0, 28.0, 24.9,
23.6,21.5,21.2. (minor isomer): 'H NMR (500 MHz, C¢D) & 3.40-3.30 (m, 1H), 1.90-1.84

77



Chapter 3

(m, 1H), 1.79-1.73 (m, 2H), 1.70-1.61 (m, 2H), 1.59-1.51 (m, 3H), 1.55 (s, 3H), 1.42—1.34 (m,
3H), 0.56 (d, J = 6.0 Hz, 1H), 0.35 (d, J = 6.0, 2.0 Hz); °C NMR (125 MHz, C¢Ds) & 72.1, 59.2,
32.7, 31.5, 24.7, 24.4, 24.3, 20.9, 20.0.; IR (neat) 3379, 2931, 1444, 1290, 1246, 1200, 1163,
1140, 1071, 1036, 988 cm’! : HRMS (m/z) Found: 156.1148. Calcd for CoH;60, [M]": 156.1150.

(IR*3R* 4R*)-1-methylspiro[2.4]heptane-1,4-diol  (3n)
Me  (major isomer): 'H NMR (500 MHz, C¢Ds) & 4.13-4.12 (m, 1H), 3.71 (bs, 2H),
QDKOH 2.05-1.98 (m, 2H), 1.93-1.83 (m, 2H), 1.67-1.60 (m, 1H), 1.36 (s, 3H), 0.99-0.93
OH (m, 1H), 0.90-0.87 (m, 1H), 0.12 (d, J = 5.0 Hz, 1H); "°C NMR (125 MHz, C¢Ds)
o 81.1, 58.1, 37.9, 35.6, 30.6, 28.6, 24.0, 23.1, IR (neat) 3362, 2957, 1604, 1439, 1310, 1265,
1186, 1074, 1028, 978, 914 cm’!. Anal. Caled for Ci6H300,: C, 67.57; H, 9.92%. Found: C,

67.13; H, 9.92%.

(IR*,2R*)-2-((S*)-Hydroxyphenylmethyl)-1-methylcyclopropanol (30)
HO , OH 'H NMR (500 MHz, CDCl3) § 7.47-7.45 (m, 2H), 7.24-7.20 (m, 2H), 7.14-7.10

9.0, 6.0 Hz, 1H), 0.70 (dd, J = 6.0, 6.0 Hz, 1H), 0.36 (dd, J = 9.5, 6.0 Hz, 1H); °*C NMR (125

Ph (m, 1H), 4.63 (d, J = 9.0 Hz, 1H), 3.33 (bs, 2H), 1.27 (s, 3H), 0.95 (ddd, J = 9.5,

MHz, C¢Dg) 6 143.9, 127.6, 126.5, 125.5, 74.2, 54.9, 31.7, 24.6, 18.0; IR (neat) 3345, 3335, 2359,
1454, 1265, 1074, 1015, 957, 916, 756, 698 cm™'. Anal. Calcd for C1H405: C, 74.13; H, 7.92%.
Found: C, 74.07; H, 7.90%.

2-Methylene-9-oxabicyclo[6.1.0Jnonane (4)

H>C, o 'H NMR (300 MHz, CDCl3) § 5.02 (s, 1H), 4.99 (s, 1H), 3.38 (d, J = 4.8 Hz, 1H),
3.00 (ddd, J = 9.9, 4.2, 4.2 Hz, 1H), 2.25-2.21 (m, 2H), 2.06-1.98 (m, 1H),
1.70-1.14 (m, 7H); °C NMR (75 MHz, CDCls) & 143.8, 112.5, 57.3, 56.4, 35.7,

27.4, 269, 26.4, 25.7; IR (neat) 2928, 1651, 1454, 1001, 899 cm'; HRMS (m/z) Found:

138.1047. Calcd for CoH1,0 [M]™: 138.1045.
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4-Methyl-1-phenyl-3-penten-1-one (5a)
O

'"H NMR (300 MHz, CDCl3) & 7.99-7.94 (m, 2H), 7.58-7.53 (m, 1H),
Ph X
M/ 7.49-7.44 (m, 2H), 5.48-5.41 (m, 1H), 3.69 (dd, J = 7.2, 0.6 Hz, 2H), 1.77 (s,

3H), 1.70 (s, 3H); >C NMR (75 MHz, CDCl3) § 198.7, 137.1, 135.8, 133.2, 128.8, 128.6, 116.6,
38.9, 26.3, 18.7; HRMS (m/z) Found: 175.1124. Calcd for CjpH;s0 [MH]™: 175.1123.

The spectral data of the product 5a are in agreement with those published.*®

1-Phenyl-3-buten-1-one (5b)
0 "H NMR (500 MHz, CDCl3) & 7.99-7.96 (m, 2H), 7.59-7.55 (m, 1H), 7.49-7.45

NN

7.0, 1.5 Hz, 2H); °C NMR (125 MHz, CDCl3) § 198.0, 136.5, 133.2, 131.0, 128.6, 128.3, 118.7,

(m, 2H), 6.09 (ddt, J = 17.0, 10.5, 7.0 Hz, 1H), 5.25-5.20 (m, 2H), 3.77 (dt, J =

43.4. HRMS (m/z) Found: 145.0648. Calcd for C;oHoO [M-H]": 145.0653.

The spectral data of the product 5b are in agreement with those published.”

1-Phenyl-3-penten-1-one (5¢)
o) '"H NMR (500 MHz, CDCl3) & 7.99-7.96 (m, 2H), 7.58-7.55 (m, 1H),

)'k/\/
Ph

C NMR (75 MHz, CDCl3) & 198.8, 198.3, 137.0, 136.9, 133.3, 129.8, 128.9, 128.79, 128.77,

7.49-7.44 (m, 2H), 5.76-5.56 (m, 2H), 3.70-3.68 (m, 2H), 1.73-1.71 (m, 3H);

128.6, 128.5, 127.8, 123.7, 122.6, 42.9, 37.7, 18.7, 13.7. HRMS (m/z) Found: 160.0884. Calcd
for C1H;,0 [M]": 160.0888.

The spectral data of the product 5¢ are in agreement with those published.?

3-methyl-1-phenylbut-3-ene-1-one (5d)

M 'H NMR (500 MHz, CDCl3) & 8.00-7.97 (m, 2H), 7.58-7.55 (m, 1H), 7.48-7.44
Ph (m, 2H), 5.00-4.98 (m, 1H), 4.86-4.85 (m, 1H), 3.69 (s, 2H), 1.82 (s, 3H); "°C
NMR (125 MHz, CDCl3) & 198.1, 139.7, 136.8, 133.1, 128.5, 128.4, 115.0, 47.7, 22.8;
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The spectral data of the product 5d are in agreement with those published.”’

(E)-3-methyl-1-phenyl-3-penten-1-one (Se)

M '"H NMR (500 MHz, CDCl3) & 7.99-7.97 (m, 2H), 7.57-7.53 (m, 1H),
Ph 7.47-7.43 (m, 2H), 5.39 (qqt, J = 7.0, 1.5, 1.5 Hz, 1H), 3.47 (t, J = 1.0 Hz,
2H), 1.69 (dt, J = 1.0, 1.0 Hz, 3H), 1.64 (dtq, J = 7.0, 1.5, 1.5 Hz, 3H); °C NMR (125 MHz,
CDCl;) 8 198.8, 136.9, 132.9, 130.0, 128.5, 128.3, 123.6, 49.2, 16.2, 13.6; IR (neat) 2918, 2363,
1683, 1597, 1448, 1333, 1278, 1202, 999 cm™'. Anal. Calcd for C;,H40: C, 82.72; H, 8.10%.
Found: C, 82.75; H, 8.13%; HRMS (m/z) Found: 174.1042. Calcd for C,H40 [M]": 174.1045.

1-nonen-4-one (5f)

o 'H NMR (500 MHz, CDCl3) § 5.92 (ddt, J = 17.0, 10.5, 7.0 Hz, 1H), 5.18 (ddt, J

nPen)k/\

1.5, 1.5 Hz, 2H), 2.43 (t, J = 7.5 Hz, 2H), 1.57 (tt, J = 7.5, 7.5 Hz, 2H), 1.33-1.24 (m, 4H), 0.88 (t,

=10.0, 1.5, 1.5 Hz, 1H), 5.13 (ddt, J = 17.0, 1.5, 1.5 Hz, 1H), 3.17 (ddd, J = 7.0,

J =7.0 Hz, 3H); *C NMR (125 MHz, CDCl5) & 209.1, 130.7, 118.7, 47.7, 42.3, 31.3, 23.4, 22 4,
13.9;

The spectral data of the product 5f are in agreement with those published.”

1-(4-Acetylphenyl)-3-buten-1-one (5g)

0 'H NMR (500 MHz, CDCl3) 8 8.04 (s, 4H), 6.08 (ddt, J = 17.0, 10.0, 7.0

h Hz, 1H), 5.26 (ddt, J = 10.0, 1.5, 1.5 Hz, 1H), 5.23 (ddt, J = 17.0, 1.5, 1.5

0 Hz, 1H), 3.79 (ddd, J = 7.0, 1.5, 1.5 Hz, 2H), 2.66 (s, 3H); °C NMR (125
MHz, C¢Dg) & 197.45, 197.44, 140.2, 139.6, 130.4, 128.51, 128.46, 119.2, 43.7, 26.9; IR (neat)
2922, 2359, 1678, 1397, 1306, 1273, 1209, 1115, 928, 826 cm™'. Anal. Calcd for C,H;,0;: C,
76.57; H, 6.43%. Found: C, 76.31, H, 6.56%; HRMS (m/z) Found: 188.0832. Calcd for C;,H,0,

[M]": 188.0837.
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(E)-3-cyclohexadecen-1-one (5j)

O Z 'H NMR (500 MHz, CDCl3) § 5.58-5.47 (m, 2H), 3.03 (d, J = 6.5 Hz, 2H),
249 (t,J=7.0 Hz, 2H), 2.09 (dt, J = 6.5, 6.0 Hz, 2H), 1.59 (tt, J = 7.0, 7.0 Hz),
1.42-1.21 (m, 18H); *C NMR (125 MHz, CDCl3) § 210.4, 135.6, 123.2, 47.7,

40.9, 32.1, 28.2, 27.4, 27.2, 27.1, 26.9, 26.5, 26.2, 26.1, 25.6, 22.3; IR (neat) 2927, 2360, 1714,

1460, 970 cm™. Anal. Caled for Ci16H2gO: C, 81.29; H, 11.94%. Found: C, 81.06; H, 11.99%;

HRMS (m/z) Found: 236.2136. Calcd for C1¢H»30 [M]*: 236.2140.

1-Cyclohexenylpropanone (5m)

m 'H NMR (500 MHz, CDCls) § 5.58-5.56 (m, 1H), 3.03 (s, 2H), 2.16 (s, 3H),
© 2.07-2.02 (m, 2H), 1.93-1.89 (m, 2H), 1.65-1.60 (m, 2H), 1.59-1.54 (m, 2H);

BC NMR (125 MHz, CDCl3) § 209.2, 131.5, 126.6, 53.4, 29.0, 28.5, 25.4, 22.7, 21.9. HRMS

(m/z) Found: 138.1040. Calcd for CoH ;40 [M]": 138.1045.

The spectral data of the product 5m are in agreement with those published.”’

5-Phenyl-4-penten-2-one (50)
0 '"H NMR (500 MHz, CDCl3) & 7.39-7.36 (m, 2H), 7.33-7.30 (m, 2H),
NP 7.26-7.22 (m, 1H), 6.49 (d, J = 16.0 Hz, 1H), 6.30 (dt, J = 16.0, 7.0 Hz, 1H),
3.36 (dd, J = 7.0, 1.0 Hz, 2H), 2.24 (s, 3H); °C NMR (125 MHz, CDCls) § 208.0, 136.7, 134.0,
128.6, 127.6, 126.3, 121.5 47.8, 29.6. HRMS (m/z) Found: 160.0888. Calcd for C;;H;,0 [M]™:
160.0888.

The spectral data of the product 50 are in agreement with those published.*
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Chapter 4

A New Zincate-Mediated Rearrangement Reaction of

2-(1-Hydroxyalkyl)-1-alkylcyclopropanol

A novel rearrangement of 2-(1-hydroxyalkyl)-1-alkylcyclopropanol was found. It proceeds
in the presence of a catalytic amount of organozinc ate complex to give vic-diols. The
rearrangement can be applied to various types of 2-(1-hydroxyalkyl)-1-alkylcyclopropanol,
which can be prepared easily from the corresponding o,B-epoxy ketone and
bis(iodozincio)methane. When bicyclo[13.1.0]pentadecane-1,15-diol was treated with
organozinc ate complex, the corresponding 14-membered ring vic-diol was obtained. Thus, the

rearrangement is also useful to change the ring size of the cyclic substrate.
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Introduction

Cyclopropanes have been recognized as variants of three-carbon chain units in organic
synthesis,' and a large number of cyclopropane ring opening reactions have been reported.2
Triggered by the formation of a cation or a radical at the adjacent carbon of a cyclopropane ring,
most of them proceed to release the three-membered ring strain.’  In 1960, Julia et al. reported

acid-catalyzed ring opening isomerization of cyclopropyl alkyl carbinol (Scheme 1, (a)).*

OH "

H,0 OH
R1/d/kR2 - R1/§J/®\R2 R1J\/\/R2 (a)

0]
CHyznl) (1)  HO _~OH  1rA | HO  H o)
Ny AN B & . (b)
R1J\{O\R2 THF, R1)</\R2 R1)€)@R2 A SR
2 3 4
Scheme 1. Julia-type transformation of 2-(1-hydroxyalkyl)-1-alkylcyclopropane and

2-(1-hydroxyalkyl)-1-alkylcyclopropanol.

The reaction affords (E)-homoallylic alcohol via carbocation formation on the
cyclopropyl-substituted  carbon. The author had reported a preparation of
2-(1-hydroxyalkyl)-1-alkylcyclopropanol 3 from o,B-epoxy ketone 2 and bis(iodozincio)methane
(1).> When the Julia-type reaction was applied to 2-(1-hydroxyalkyl)-1-alkylcyclopropanol 3,
the carbocation-mediated ring opening reaction with trifluoroacetic acid (TFA) gives the
corresponding B3,y-unsaturated ketone 4, as shown in eq (b) in Scheme 1.87

Meanwhile the author tried to convert the formed zinc alkoxide of
2-(1-hydroxyalkyl)-1-alkylcyclopropanol 3a’ into the corresponding [, y-unsaturated ketone

directly, making use of the Lewis acidity of the zinc species in the reaction mixture.® Actually,

a,B-epoxy ketone 2a (0.5 mmol) was treated with an excess amount of bis(iodozincio)methane (1,
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1.25 mmol) at 25 °C; then, heating the reaction mixture to reflux for another 2 h afforded the

desired B,y-unsaturated ketone 4a in good yield (Scheme 2).

@) CHx(Znl), (1, 2.5 equiv.) | 1ZnO _ OZnl o)
Ph)J\%\ THF, 25 °C Ph reflux th
2a 3a’ 4a 92%
E/Z=68/32

Scheme 2. Tandem transformation of 2a into 4a via [2+1]cycloaddition of

bis(iodozincio)methane (1).

Treatment of 2a with 1.1 equivalent amount of 1, however, gave
2,3-dihydroxy-3-phenyl-4-pentene (5a) as a major product instead of the ,y-unsaturated ketone
4a (Scheme 3(a)).9’10 When the latter reaction was examined using the labeled reagent,

CD,(Znl), (1’), 5,5-dideuterio-3-phenylpent-4-ene-2,3-diol 5a” was obtained (Scheme 3(b)).

1ZnO OZnl

The author investigated the details of this novel rearrangement.
CHo(Znl), (1, 1.1 equiv.)
THF, 25 °C Ph

—\ OH
1) reflux
: Ph OH (@)
2) H30"
0] 3a'

5a 68%
Ph)J\f/f\

//O
IZnO OZnl | 1)reflux D,C= OH
D2 - ’— OH (b

2a
3a
5a" 65%

CD,(Znl), (1, 1.1 equiv.)

THF, 25 °C

Scheme 3. A novel rearrangement reaction of 3a’ or 3a”.
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Results and Discussion

The author speculated that the reaction proceeded via a zincate intermediate. The working

*?  which was

hypothesis of this rearrangement is shown in Scheme 4. The zinc alkoxide 3a
formed from 3a’ under heating, would be coordinated with the remaining 1. The zincate A may
fragment into aldehyde and carbanion as B through a strong electron-donating effect of the

zincate. The two fragments, aldehyde and carbanion, will form a tight pair through zinc (C),

and yield 5a’ via nucleophilic addition."’

©) Znl
70 ™ 20l Znl o
O/ \o < /Zn\
38 — )4/\ nl —— o Q)
Ph /§>\
Ph
3a™ A
4 ©)
n/\/Zn j\ IZn/\Z/n___|O> O/Z/n/;ZnI
. fast_ -, Znl
SRR e
Q- o Q
Ph Znl Ph)\/ i
- B C (tight pair) ~ 5a’

Scheme 4. The working hypothesis of the rearrangement.

Considering the role of zincate-complex, the author optimized the rearrangement starting
from 2-hydroxymethyl-1-phenylcyclopropanol (3b) (Table 1). Treatment of 3b with 2.0 equiv.
of dimethylzinc (entry 2) or 3.0 equiv. of butyllithium (entry 3) resulted in the recovery of the
starting material completely. One equiv. of zinc(Il) chloride and 3.0 equiv. of butyllithium,
however, gave the desired product in 88% yield (entry 4). The combination was expected to
form a zincate-complex carrying alkoxy and butyl groups. The reaction became sluggish when
the proportion of butyllithium to zinc(Il) chloride was decreased (entries 5 and 6). The

conditions in entries 5 and 6 would not allow formation of a zincate-complex such as
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(RO),BuZnLi. The stoichiometric amount of zincate, ’Bu3ZnLi12’13

, which can be prepared
easily from ZnCl, and ‘BuLi, was also effective for this rearrangement (entry 7). Treatment of
the prepared lithium alkoxide of 3b with a catalytic amount of ‘BusZnLi also gave 5b (entries 8

and 9).

Table 1. The rearrangement of 3b into 5b.”

HO reagent — OH
A — M _oH
Ph OH reflux, THF, time Ph

3b 5b
Entry reagent time (h) yield (%)
1 CH,(Znl); (1.0 equiv.) 3 18
2 Me,Zn (2.0 equiv.) 3 0°
3 BuLi (3.0 equiv.) 3 0°
4 BuLi (3.0 equiv.) / ZnCl, (1.0 equiv.) 3 88
5 BuLi (3.0 equiv.) / ZnCl, (2.0 equiv.) 3 53
6 BuLi (2.0 equiv.) / ZnCl, (1.0 equiv.) 3 0°
7 tBusZnLi (1.0 equiv.) 3 70
8 BuLi (2.0 equiv.) / ‘BusZnLi (0.2 equiv.) 6 88
9 BuLi (2.0 equiv.) / ‘Bu3ZnLi (0.1 equiv.) 12 65

* The substrate 3b (0.5 mmol) was used. ° Yield was determined by '"H NMR using
bromoform as internal standard. © The starting material was recovered completely. ¢

Complex mixture was obtained.

The author traced the rearrangement of 3b with reactIR (Figure 1).'* The reaction

proceeded gradually, and almost completed after 4.5 h.
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Figure 1. The result of IR during the reaction of 3b into Sb.

In order to determine the generality of the rearrangement, we treated various lithium
alkoxides of 2-(1-hydoxyalkyl)-1-alkylcyclopropanol 3, with zincate complex as a catalyst (Table
2). The substrates 3¢ and 3d gave the corresponding 1,2-diols in good yields (entries 1 and 2).
Cyclopropyl alkyl carbinols were also converted into the corresponding 1,2-diols in good yields
with a low diastereoselectivity (entries 3-5). In the case of cyclopropyl dimethyl carbinol 3g,
the corresponding diol was obtained in 57% yield (entry 6). It is notable in this case that
propiophenone was also obtained in 30% yield. Moreover, when the substrate 3h was treated
under the condition at 60 °C, 1-phenyl-1-propanone and cyclohexanone were obtained (entry 7).
In this case, the rearranged product was not obtained. The ketones may come from the reaction

intermediate, which corresponds to B in Scheme g.M
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Table 2. Examples of the rearrangement of 3 into 5.

Chapter 4

2
HO = OH  'BusZnlLi 0.2 equiv. ROH
) R* BuLi 2.0 equiv. OH
R L3
R2 THF, reflux R3 R4
3 5
entry substrate product time (h) yield (%)"
HO
OH
1 Ph)qAOH 3¢ iOH se 24 89
Ph
HO — OH
2 3d 5d 24 89
“Pen)dAOH "Pe_n>QOH
HO _ OH " o, 78
3 R 3a Sa 24
oA o dr = 3/2°
HO  OH OH 08
4 3e OH Se 24
Ph Ph dr=2/1°
— OH
HO _ OH 86
s A 3t XOH st 24
Ph Ph dr=3/1%'
HO  OH =\ OH )
g
6 on 38 p NOH 5g 1 57
HO = OH =\ M
. OH .
7 3n Ph 5h 1 n.d!

* Substrate 3 (0.5 mmol), BuLi (1.0 mmol), ‘Bu3ZnLi (0.1 mmol) were used. " Isolated
yields. ¢ The diastereomeric ratios were determined by 'H NMR. ¢ The stereochemistry of

major product was (25* 3R*). © The stereochemistry of major product was (25% 35%). " The

stereochemistry of major product was (25%3R*). ¢ Reaction was carried out at 47 °C. "

Propiophenone was also obtained in 30% yield. ' Reaction was carried out at 60 °C.

Propiophenone and cyclohexanone was obtained in 68% and 52% yield, respectively.
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As shown in Scheme 35, the author tried the rearrangement using mono-protected form of
diols. The rearrangement did not proceed with the substrates carrying ether 6 or 7. In the case
of 6, the corresponding [,y-unsaturated ketone 8 was obtained quantitatively via cyclopropane
ring-opening followed by elimination of methoxy group. Treatment of 7 resulted in complete
recovery. These results imply the importance of zinc dialkoxide formation as 3@’ in Scheme 4

for the rearrangement.

HO BusZnLi 0.2 equiv.

/%/\ BulLi 2.0 equiv. )]\/\

Ph OMe THF, reflux, 2 h Ph N
6 8

t . .
MeO BusZnLi 0.2 equiv.

BulLi 2.0 equiv.
Ph /%/\ OH 9 7 recovery

THF, reflux, 6 h

7

Scheme 5. The reaction of mono-protected substrate under the rearrangement condition.

When the rearrangement is applied to a lithium alkoxide of a bicyclic compound, the
ring-contracting reaction occurs. In the case of bicyclo[13.1.0]hexadecane-1,14-diol (3i)," the
zincate-catalyzed reaction gave 14-membered diol (5i, 1-vinylcyclotetradecan-1,2-diol) (Scheme
6). The stereochemistry of the major product is (/R*2S*). From the same substrate 3i, the

Julia-type reaction with trifluoroacetic acid gave the corresponding ring-expanded product 9.
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OH OH
Z
{BusZnLi 0.2 equiv.
BuLi 2.0 equiv.
O
THF, reflux, 1
HO OH HF, reflux, 14 h 5i
0] .
CHy(Znl); (1, 1.2 equiv.) 94% dr=4/1
THF, 25 °C, 30 min ' o _
35% TFA 5.0 equiv.
2i ' . 3i CH,Cl,
single diastereomer 0 °C. 30 min
9

>99% E only

Scheme 6. The rearrangement of 3i into Si.

Meanwhile, treatment of lithium alkoxide of spirocyclic diol 3j with ‘BusZnLi gave the

corresponding ring-expanded product 5j in good yield (Scheme 7).

0 , fBusZnLi 0.2 equiv.
CHa(Znl), (1, 1.2 equiv.) QA( BuLi 2.0 equiv.
o .. OH OH
‘ THF, 25 °C, 30 min OH THF, reflux, 24 h OH
2 3j 5
99% dr=2/1

Scheme 7. The rearrangement of 3j into 5j.

The substrate, 2-(1-hydroxyalkyl)-1-alkylcyclopropanol 3, is prepared from the
corresponding a,f-epoxy ketone 2 and dizinc 1.°  The author applied this method to
o,B-aziridinyl ketone 10; the corresponding 2-(1-aminoalkyl)-1-alkylcyclopropanol 11 was
obtained. This product 11 was also available as a substrate of the rearrangement, and in this

case, the corresponding vic-amino alcohol 12 was obtained as a single isomer (Scheme 8).
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o ' ZnCl, (1.0 equiv.) = OH
)\(‘\ CHa(Znl); (1,1.2equiv) [ HO NHTS\ 1g 53 6 equiv) BS/NHTS

NTs THF, 25°C, 2 h THF, reflux, 3 h Ph
10 21% 11 12
81%

Single diastereomer
Scheme 8. The transformation of 10 into 12 via [2+1]cyclization with

bis(iodozincio)methane.

The enantioenriched 3 can be obtained easily from optically active 2, which can be prepared
via Katsuki-Sharpless asymmetric epoxidation followed by Swern oxidation. If the
rearrangement proceeds in a stereospecific manner, this can be a useful method to construct
enantioenriched vic-diols. So, the author studied the stereochemistry of the rearrangement in
detail.

The reaction with the optically pure (/R,2R)-3b gave the corresponding product (S)-5b'® with
a loss of enantiomeric purity (Scheme 9). The author proposes three possibilities to explain the
loss of enantiomeric purity during the reaction: 1) A racemization of the product proceeds under
the reaction condition; 2) the rearrangement is not stereospecific; and 3) a racemization of the
substrate proceeds under the reaction condition. To clarify the cause of the loss of enantiomeric

purity, the author conducted the following experiment.

ZnCl, (1.0 equiv.)
i rzea) Y awigoewn N\,
THF, 25°C, 30 min PN OH  THE reflux, 3 h Ph

>99% ee >99% ee 24% ee
(S)-2b (1R,2R)-3b (S)-5b

Ph

2:0
O

Scheme 9. The rearrangement of optically active 3b.

The obtained optically active product (S)-Sb (59% ee) was treated under the same conditions

as the rearrangement, and no significant loss of enantiomeric purity was detected (Scheme 10).
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t . .
— OH Bu3ZnL| 0.2 equw. — OH
N BuLi 2.0 equiv. 8
Ph OH Ph OH
THF, reflux, 3 h

(S)-5b (S)-5b
(59% ee) (57% ee)

Scheme 10. Exposure of partially optically active (S)-5b under the rearrangement condition.

The author also tracked the enantiomeric purity of the substrate (/R,2R)-3b and the product
(5)-5b during the reaction. The result is shown in Figure 2. Decreasing of the enantiomeric
purity of 3b was observed, and at the same time, that of Sb was lost gradually. The result in
Figure 2 implied that the enantiomeric purity of the product Sb depends on that of the starting
material 3b. The rearrangement may proceed in a stereospecific manner, but the racemization

of the substrate may determine the enantiomeric purity of the product.

HO ZnCl, 1.0 equiv.

! . —\ OH
BulLi 3.0 equiv. ‘>\/
Ph/\d/\OH Ph OH '+ (1R 2R)3b
THF, reflux
(1R, 2R)-3b (S)-5b
(>99% ee)
100

g0
a0
0F
60 |

—a—cg of 3h
—i—ice of bb

50
0 F

ee (4

a0
20 F
10 F

n

0 30 ]l an
time Cmnd

Figure 2. Tracking of ee of (/R,2R)-3b and (5)-5b during the reaction.
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It should be noted that the diastereomer of 3b was not observed during the reaction, although
the enantiomeric purity was lost gradually. The recovered substrate at every period was
cis-configuration. The author suppose that the racemization of 3b proceeds as shown in Scheme
1.7 The zinc alkoxide, (/R,2R)-3b’, is converted into B-carbanion D via cyclopropane
ring-opening with an electron-donating effect from the electron-rich zinc atom. Racemization
of carbanion D may proceed in the THF reflux condition, and give E. Formation of

cyclopropane ring from E gives the opposite enantiomer of the substrate, (15,25)-3b.'*

FT’:u I?u

Zn Zn
@x \O M%nBu CO H %nBu O/ \O
= A == A e =
ph)ﬂ) a AN/ Ph/k-')
(1R,2R)-3b’ D E (1S,2S)-3b’

Scheme 11. Proposed mechanism of isomerization of 3b’ under the reaction condition.

Based on all these results, the author attributed the loss of enantiomeric purity of the product

to the racemization of the substrate.

Conclusion

The author found some novel rearrangements of lithium alkoxides of
2-(hydroxyalkyl)-1-alkylcyclopropanols that were mediated by zincate-complex. Various types
of substrates are available and the reaction can be applied for transformations of molecular
skeleton. And at the same time, the author have proposed the ability of zincate complex to

9

donate electrons.'”  This electron-pushing effect may apply to other reactions.
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Experimental Section

The substrates, 2-(1-hydroxyalkyl)-1-alkylcyclopropanols 3, were prepared as mentioned in
Chapter 3.° In-situ IR spectra were obtained with Mettler Toledo ReactIR 45M equipped with
AgX Fiber (9.5 mm).

General procedure of the rearrangement (method A): To a solution of
2-(1-hydroxyalkyl)-1-alkylcyclopropanol (3, 1.0 mmol) and zinc chloride (1.0 mmol, 136.4 mg)
in THF (8 mL), ‘BuLi (1.6 M in pentane, 3.0 mmol) was added at 0 °C. The mixture was heated
to reflux. Then saturated aqueous solution of NH4Cl was added to quench the reaction and
extracted with ethyl acetate. The combined organic layers were washed with brine, and dried
over Na,SOy4. The solvent was removed under reduced pressure, and the residue was purified

with silica gel column chromatography to give the corresponding vic-diol S.

General procedure of the rearrangement (method B): 'BusZnLi was prepared by liberated

a

procedure.””® To a solution of 2-(1-hydroxyalkyl)-1-alkylcyclopropanol (3, 1.0 mmol) in THF
(8 mL), ‘BuLi (1.6 M in pentane, 3.0 mmol) was added at 0 °C, and stirred for 10 min. To the
solution, the prepared ‘BusZnLi (THF solution, 0.2 mmol) was added at 0 °C. The mixture was
heated to reflux. Then saturated aqueous solution of NH4CIl was added to quench the reaction
and extracted with ethyl acetate. The combined organic layers were washed with brine, and

dried over Na;SO4. The solvent was removed under reduced pressure, and the residue was

purified with silica gel column chromatography to give the corresponding vic-diol 5.

The rearrangement using the labeled reagent, CD,(Znl),;: To a solution of 2a (1.0 mmol) in
THF (4 mL), CDy(Znl), (1’, 1.1 mmol) was added at room temperature, and the mixture was
stirred at room temperature for 30 min. Then the mixture was heated to reflux for 2 h. To the

resulting mixture, the saturated aqueous solution of NH4Cl was added to quench the reaction and
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extracted with ethyl acetate. The combined organic layers were washed with brine, and dried
over Na,SOy4. The solvent was removed under reduced pressure, and the residue was purified by

silica gel column chromatography to give Sa” in 65% yield (dr = 79/21) as a colorless oil.

Preparation of (F)-cyclohexadec-3-enone (9):6 To a solution of 3i (1.0 mmol) in CH,Cl, (4
mL), trifluoroacetic acid (5.0 mmol) was added at O °C, and stirred for 30 min. The solvent was
removed under reduced pressure, and the residue was purified by silica gel column

chromatography to give (E)-Cyclohexadec-3-enone (9, >99%).

Preparation of (1R*2R%*)-2-(phenyl-N-tosylaminomethyl)-1-methylcyclopropanol (11): To
a solution of 10 (1.0 mmol) in THF (4 mL), bis(iodozincio)methane (1, 1.2 mmol) was added at
room temperature. The mixture was stirred at room temperature for 30 min. The saturated
aqueous solution of NH4Cl was added to quench the reaction and the saturated aqueous solution
of NaHCO; was added to neutralize. Then the organic layer was extracted with ethyl acetate.
The combined organic layers were washed with brine, and dried over Na;SO4. The solvent was
removed under reduced pressure, and the residue was purified by silica gel column

chromatography to give 11 in 21% as a single diastereomer.

In-situ IR Spectra Analysis

Procedure for the rearrangement reaction of 3b: The reaction was performed in a 50 mL
round-bottomed flask equipped with a Teflon-coated magnetic stirrer bar and Dimrotho reflux
condenser. The top of condenser was connected with a balloon filled with argon gas (ca. 1 atm).
To a solution of 3b (1.0 mmol) in THF (8 mL), ‘BuLi (1.6 M in pentane, 3.0 mmol) was added at
0 °C, and stirred for 10 min. To the solution, the prepared ‘Bu;ZnLi (THF solution, 0.2 mmol)
was added at 0 °C. The mixture was heated to reflux. The ReactlR™ probe was inserted
directly into the reaction mixture. The measurement was started when the temperature of the

reaction mixture was stabilized at 70 °C. The measurement was conducted every 30 sec.
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(Figure 3). The consumed amount of 3b and the generated amount of Sb were determined by

1140-1020 cm™' peak (Figure 4).
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Figure 3. The absorption intensity of 3b and 5b plotted every 30 sec.
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Figure 4. IR spectra of 3b and Sb in situ.
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Tracking of ee of (IR,2R)-3b and (5)-5b during the reaction

Procedure for tracking of ee of (IR,2R)-3b and (S)-5b: To a solution of
2-(1-hydroxyalkyl)-1-alkylcyclopropanol (3, 1.0 mmol) and zinc chloride (1.0 mmol) in THF (8
mL), ‘BuLi (1.6 M in pentane, 3.0 mmol) was added at 0 °C. The mixture was heated to reflux.
The mixture (1 mL) was sampled every 30 min. The sampled mixture was poured into the
saturated aqueous solution of NH4Cl, and extracted with ethyl acetate. The combined organic
layers were washed with brine, and dried over Na,SO4. The solvent was removed under
reduced pressure, and the residue was purified by silica gel column chromatography to give the
remained 3b and the generated Sb. The enantiomeric purity of (/R,2R)-3b was determined by
'HNMR after converting into the corresponding
(8)-(-)-a-methoxy-o-(trifluoromethyl)phenylacetate. ~ To the solution of 3b (0.1 mmol),
dichloromethane 0.5 mL) and pyridine (0.24 mmol),
(R)-(+)-a-methoxy-a-(trifluoromethyl)phenylacetyl chloride (0.12 mmol) was added at 0 °C and
stirred for 1 h. Then the solution was poured into sat. Na,COsaq, and the organic layer was
extracted with dichloromethane. The combined organic layers were dried over Na;SO4. The
solvent was removed under reduced pressure, and the residue was purified with silica gel column
chromatography to give the corresponding (§)-a-methoxy-o-(trifluoromethyl)phenylacetate.
The enantiomeric excess of the product was determined by 'H NMR focused on cyclopropyl
carbinol group (the chemical shift at 4.67 ppm corresponds to (/R,2R)-isomer and that at 4.66
ppm, (1S,2S)-isomer).

'H NMR (500 MHz, CDCl3) & 7.37-7.23 (m, 8H), 7.15-7.12 (m, 2H), 4.67 (dd, 1H, J = 11.5, 4.0
Hz), 4.58 (dd, 1H, J = 11.5, 10.0 Hz), 3.89 (bs, 1H), 3.53 (s, 3H), 1.50-1.44 (dddd, 1H, J = 10.0,
10.0, 7.0, 4.0 Hz), 1.35 (dd, 1H, J = 10.0, 6.0 Hz), 1.14 (dd, 1H, J = 7.0, 6.0 Hz); '°’F NMR (282
MHz, CDCl3) 6 89.7 (s)

Meanwhile, the enantiomeric purity of (S)-5b was determined by '"H NMR after converting into
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the corresponding (S)-(—)-o-methoxy-o-(trifluoromethyl)phenylacetate. To the solution of Sb
(0.1 mmol), dichloromethane 0.5 mL) and pyridine 0.24 mmol),
(R)-(+)-a-methoxy-a-(trifluoromethyl)phenylacetyl chloride (0.12 mmol) was added at 0 °C and
stirred for 1 h. Then the solution was poured into sat. Na,COsaq, and extracted with
dichloromethane. The combined organic layers were dried over Na,SO4. The solvent was
removed under reduced pressure, and the residue was purified with silica gel column
chromatography to give the corresponding (§)-a-methoxy-o-(trifluoromethyl)phenylacetate.
The enantiomeric excess of the product was determined by '"H NMR focused on methoxy group
(the chemical shift at 3.40 ppm corresponds to (S)-isomer and that at 3.44 ppm, (R)-isomer).

'H NMR (500 MHz, CDCl3) 8 7.47-7.26 (m, 10H), 6.16 (dd, J = 17.0, 11.0 Hz, 0.33H), 6.13 (dd,
J=17.0, 11.0 Hz, 0.67H), 5.37 (dd, J = 17.0, 0.5 Hz, 0.33H), 5.35 (dd, J = 17.0, 0.5 Hz, 0.67H),
5.28 (dd, J =11.0, 0.5 Hz, 0.33H), 5.26 (dd, J = 11.0, 0.5 Hz, 0.67H), 4.60 (dd, J = 38.5, 11.5 Hz,
1.34H), 4.59 (dd, J = 17.0, 11.5 Hz, 0.66H), 3.44 (d, J = 1.0 Hz, 0.99H), 3.40 (d, J = 1.0 Hz,
2.01H), 2.48 (s, 1H); "’F NMR (282 MHz, CDCl3) § 89.7 (s, 0.67F), 89.5 (s, 0.33F).

Characterization Data

The spectral data of 7 can be found in the literature.*

(IR*%2R*)-2-(1-Hydroxycyclohexyl)-1-phenylcyclopropanol (3h)

OH OH 'H NMR (500 MHz, CDCl3) § 7.33-7.30 (m, 2H), 7.27-7.23 (m, 2H),
7.16-7.12 (m, 1H), 3.00 (bs, 1H), 2.45 (bs, 1H), 1.87-1.84 (m, 1H),
1.79-1.70 (m, 3H), 1.58-1.36 (m, 6H), 1.23-1.15 (m, 1H), 1.07 (ddd, J =

10.5, 5.5, 2.0 Hz, 1H), 1.01 (dd, J = 10.5, 7.5 Hz); C NMR (125 MHz, CDCl5) & 144.0, 127.4,
125.5,123.9, 69.9, 59.5, 38.2, 37.6, 35.4, 25.1, 21.4, 21.1, 15.3; IR (neat) 3302, 3287, 2932, 1447,
1234, 1026, 951, 758, 696 cm™"; mp 89.5-90.8 °C. Anal. Calcd for C;5HyO,: C, 77.55; H, 8.68%.
Found: C, 77.29; H, 8.67%; HRMS (m/z) Found: 231.1377. Calcd for C;sH;o0, [M-H]":
231.1385.
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2,3-Dihydroxy-3-phenyl-4-pentene (5a)

=\ ~H OH 'H NMR (300 MHz, CDCl3) § 7.52-7.23 (m, 5H), 6.34 (dd, 0.28H, J = 17.1, 10.5
il Hz), 6.27 (dd, 0.72H, J = 17.1, 10.5 Hz), 5.47 (dd, 0.28H, J = 17.1, 1.5 Hz), 5.46
(dd, 0.72H, J = 17.1, 1.5 Hz), 5.30 (dd, 0.28H, J = 10.5, 1.5 Hz), 5.29 (dd, 0.72H, J = 10.5, 1.5
Hz), 4.14 (q, 0.72H, J = 6.3 Hz), 4.10 (q, 0.28H, J = 6.3 Hz), 1.18 (d, 2.16H, J = 6.3 Hz), 0.97 (d,
0.84H, J = 6.3 Hz); °C NMR (75 MHz, CDCl3) § 143.8, 142.5, 139.3, 129.0, 128.8, 128.6, 127.7,
127.3, 126.3, 125.6, 115.7, 115.2, 79.7, 79.3, 73.9, 73.1, 17.4, 16.7; IR (neat) 3383, 1493, 1447,
1368, 1198, 1095 cm'l, Anal. Calcd for C{{H40,: C, 74.13; H, 7.92%. Found: C, 73.84; H,

8.03%; HRMS (m/z) Found: 178.0993. Calcd for C;;H;40, [M]*: 178.0994.

To confirm the stereochemistry of the rearranged product Sa, we synthesized an authentic sample
of (25* 3R*)-5a as shown in Scheme 12. Nucleophilic addition of vinylmagnesium bromide to

the a-siloxyketone afforded a single isomer because of the chelation control.

0 —. OH

OTMS
Ph)\/ a2, Ph)J\E/ b, ph/\/
OTMS OH

ba

Scheme 12. Synthesis of an authentic sample of 5a: (a) mCPBA, CH,Cl; (b)

vinylmagnesium bromide, THF; (c) TBAF, THE.
The ORTEP figure of the authentic sample was shown in Figure 5. Compared with '"H NMR

spectrum of the authentic (25*3R*)-5a, it was found that the major isomer of the rearranged

product Sa was (25* 35 *)-isomer.
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Figure 5. The ORTEP of the authentic Sa.

For the X-ray diffraction study, a crystal was mounted on a glass fiber coated with epoxy
resin. Measurements were made on a Rigaku Mercury charge-coupled device (CCD) system
with graphite monochromated Mok, radiation. Crystal data: M = 178.22, Orthorhombic, Pbcn,
a = 25.693(7), b = 7.699(2), ¢ = 10.478(3) A, B=90°, V = 2072.6(10) A3, Z =9, peaica = 1.285
Mg/m3, MMoke) = 0.71073 A, T = 293(2) K, 26max = 54.0°, R = 0.1075 for 2276 reflections (/
> 20(0)).

5,5-Dideuterio-2,3-dihydroxy-3-phenyl-4-pentene (5a”)
D20:>£FOH 'H NMR (300 MHz, CDCls) § 7.52-7.23 (m, 5H), 6.33 (bs, 0.21H), 6.26 (bs,
Ph
0.79H), 4.14 (q, 0.79H, J = 6.3 Hz), 4.10 (q, 0.21H, J = 6.3 Hz), 1.18 (d, 2.37H,

J=6.3Hz),0.97 (d, 0.63H, J = 6.3 Hz).

1,2-Dihydroxy-2-phenyl-3-butene (5b)

:>g/| 'H NMR (300 MHz, CDCl3) § 7.48-7.43 (m, 2H), 7.39-7.33 (m, 2H), 7.30-7.25
Ph on (m, 1H), 6.15 (dd, 1H, J = 17.4, 10.5 Hz), 5.39 (dd, 1H, J = 17.4, 1.2 Hz), 5.29 (dd,
1H, J = 10.5, 1.2 Hz), 3.78 (d, 2H, J = 1.5 Hz), 2.64 (bs, 2H); *C NMR (75 MHz, CDCl;) §
1427, 140.8, 128.7, 127.7, 125.9, 115.8, 77.8, 69.8. HRMS (m/z) Found:164.0833. Calcd for
CioH0, [M]*:164.0837.

The spectral data are in agreement with those published.21
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1,2-Dihydroxy-3-methyl-2-phenyl-3-butene (5c)

%8'1 'H NMR (300 MHz, CDCl3) & 7.47-7.25 (m, 5H), 5.16 (dq, 1H, J = 0.9, 0.9 Hz),
Ph OH 5.08 (dq, 1H, J=1.2,0.9 Hz), 4.05 (d, 1H, J=11.1 Hz), 3.89 (d, 1H, J=11.1 Hz),
1.64 (dd, 3H, J = 1.2, 0.9 Hz); °C NMR (75 MHz, CDCl3) & 147.1, 142.2, 128.6, 127.8, 126.0,
112.2, 79.5, 68.4, 19.8; IR (neat) 3278, 1448, 1191, 1066, 1035 cm™; mp 30.0-30.5 °C. Anal.
Calcd for C11H140,: C, 74.13; H, 7.92%. Found: C, 74.41; H, 7.94%; HRMS (m/z) Found:
178.0993. Calcd for C;1H;40, [M]7:178.0994.

1,2-Dihydroxy-2-vinylheptane (5d)

:>£H/ 'H NMR (300 MHz, CDCl3) & 5.80 (ddd, 1H, J = 17.4, 10.8, 0.6 Hz), 5.34 (ddd,
"Pen o IH, J =174, 1.5, 0.6 Hz), 5.25 (ddd, 1H, J = 10.8, 1.5, 0.6 Hz), 3.49 (s, 2H),
2.28 (bs, 1H), 1.97 (bs, 1H), 1.58-1.42 (m, 2H), 1.36-1.24 (m, 6H), 0.87 (t, 3H, J = 6.6 Hz); "°C
NMR (125 MHz, CDCls) 8 140.8, 115.0, 76.0, 68.7, 37.0, 32.2, 22.8, 22.5, 14.0; IR (neat) 3382,
2933, 2359, 1460, 1379, 1060 cm™' Anal. Caled for CoHy50,: C, 68.31; H, 11.47%. Found: C,
68.04; H, 11.54%; HRMS (m/z) Found: 157.1233. Calcd for CoH;70, [M-H]":157.1229.

2,3-Dihydroxy-4-methyl-3-phenyl-4-pentene (Se)
'H NMR (500 MHz, CDCl3) § 7.57-7.20 (m, 5H), 5.28 (dq, 0.72H, J = 1.0, 1.0
¢ OH Hz), 5.24 (dq, 0.28H, J = 1.0, 1.0 Hz), 5.07 (dq, 0.28H, J = 1.5, 1.0 Hz), 4.89 (dq,
0.72H, J = 1.5, 1.0 Hz), 4.61 (g, 0.72H, J = 6.0 Hz), 4.49 (q, 0.28H, J = 6.0 Hz),
1.65 (dd, 0.84H, J = 1.5, 1.0 Hz), 1.56 (dd, 2.16H, J = 1.5, 1.0 Hz), 1.24 (d, 2.16H, J = 6.0 Hz),
0.93 (d, 0.84H, J = 6.0 Hz); C NMR (125 MHz, CDCls) & 149.1, 146.5, 143.7, 141.4, 128.3,
127.9, 127.2, 126.9, 126.1, 125.3, 110.8, 110.7, 80.9, 80.8, 70.0, 69.2, 19.4, 19.3, 16.5, 16.4; IR

(neat) 3458 cm’’. Anal. Calcd for CoH30,: C, 74.97; H, 8.39%. Found: C, 74.91; H, 8.56%.

To confirm the stereochemistry of the rearranged product Se, we synthesized an authentic sample
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of (2R*35%)-5e as shown in Scheme 13. Nucleophilic addition of a-methylvinylmagnesium

bromide to the a-siloxyketone afforded a single isomer because of the chelation control.

O :,/OH

OTMS
N S N
OTMS OH

5e

Scheme 13. Synthesis of an authentic sample of Se: (a) mCPBA, CH,Cl; (b)
a-methylvinylmagnesium bromide, THF; (c) TBAF, THFE.

Compared with 'H NMR spectrum of the authentic (2R* 3S*)-5e, it was found that the major

isomer of the rearranged product Se was (25* 35 *)-isomer.

1,2-Dihydroxy-2-methyl-1-phenyl-3-butene (5f)

wOH 'H NMR (300 MHz, CDCl3) & 7.35-7.25 (m, 5H), 5.86 (dd, 1H, J = 17.4, 10.8 Hz),
Ph 5.25 (dd, 1H, J = 17.4, 1.5 Hz), 5.16 (dd, 1H, J = 10.8, 1.5 Hz), 2.17 (s, 1H), 1.27

(s, 3H); °C NMR (75 MHz, CDCl3) § 140.4, 128.22, 128.17, 128.0, 127.8, 114.9, 80.9, 76.1,

24.8; IR (neat) 3406, 2982, 1453, 1374, 1174, 1045 cm™ Anal. Calcd for C;H,40,: C, 74.13; H,

7.92%. Found: C, 74.00; H, 8.11%.

To confirm the stereochemistry of the rearranged product 5f, we synthesized an authentic sample

of (2R* 3R*)-5f as shown in Scheme 14. Nucleophilic addition of vinylmagnesium bromide to

the a-siloxyketone afforded a single isomer because of the chelation control.
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(@] _
O I T T S

OTMS STMS H

=h Olll

5
Scheme 14. Synthesis of an authentic sample of 5f: (a) methylmagnesium iodide, Et,O; (b)

vinylmagnesium bromide, THF; (c) HClaq.

Compared with 'H NMR spectrum of the authentic (2R* 3R*)-5f, it was found that the major

isomer of the rearranged product 5f was (2R * 3R *)-isomer.

2,3-Dihydroxy-2-methyl-3-phenyl-4-pentene (5g)

=\ °H OH 'H NMR (300 MHz, CDCl3) § 7.57-7.53 (m, 2H), 7.37-7.23 (m, 3H), 6.74 (dd, J
™ =17.1, 10.8 Hz, 1H), 5.47 (dd, J = 17.1, 1.5 Hz, 1H), 5.34 (dd, J = 10.8, 1.5 Hz,
1H), 1.27 (d, J = 0.3 Hz, 3H), 1.10 (d, J = 0.3 Hz, 3H); °C NMR (75 MHz, CDCls) & 142.7,
140.5, 128.0, 127.4, 127.3, 115.8, 80.9, 75.9, 25.8, 25.0; IR (neat) 3462, 3326, 1446, 1360, 1161,
1008 cm'l; mp 45.3-46.0 °C. Anal. Calcd for C,H60,: C, 74.97; H, 8.39%. Found: C, 74.70; H,

8.38%.

1,2-Dihydroxy-1-vinylcyclobutadecane (5i)
OH OH 'H NMR (500 MHz, CDCl3) § 5.92 (dd, 1H, J = 17.5, 10.5 Hz), 5.37 (dd, 1H, J
Z = 17.5, 1.5 Hz), 5.23 (dd, 1H, J = 10.5, 1.5 Hz), 3.72 (d, 1H, J = 10.0 Hz),
1.71-1.04 (m, 24H); C NMR (125 MHz, CDCls) § 140.5, 115.0, 77.5, 74.4,
36.9, 28.6, 26.43, 26.35, 25.8, 24.5, 23.7, 23.6, 23.5, 23.4, 19.2; IR (neat) 3325,
2922, 2359, 1456, 1377, 1043 cm'l; mp 107.5-108.5 °C. Anal. Calcd for C;¢H30O,: C, 75.54; H,
11.89%. Found: C, 75.26; H, 11.98%; HRMS (m/z) Found: 254.2247. Calcd for C;¢H300, [M]":

254.2246.
To confirm the stereochemistry of the rearranged product Si, we synthesized an authentic sample
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of (IR*2R*)-1,2-dihydroxy-1-vinylcyclopentadecane as shown in Scheme 15. Nucleophilic
addition of vinylmagnesium bromide to the a-siloxyketone afforded a single isomer because of

the chelation control.

OTMS e)

Scheme 15. Synthesis of an authentic sample of 1,2-dihydroxy-1-vinylcyclopentadecane: (a)

mCPBA, CH,Cly; (b) vinylmagnesium bromide, THF; (c) TBAF, THE.

Compared with "H NMR spectrum of the authentic (IR*2R*)-5i, it can be speculated that the

major isomer of the rearranged product Si was (/R *,2S*)-isomer.

1-Methyl-6-methylenecyclohexane-1,2-diol (5j)
major isomer (syn): 'H NMR (500 MHz, C¢Dg) 8 5.16 (t, 1H, J = 1.0 Hz), 4.85 (s,
oH 1H), 3.40 (s, 1H), 2.53 (bs, 1H), 2.33 (bs, 1H), 2.25-2.21 (m, 1H), 1.92-1.87 (m,
OH 1H), 1.70-1.65 (m, 1H), 1.64-1.56 (m, 1H), 1.51-1.45 (m, 1H), 1.23 (s, 3H),
1.24-1.16 (m, 1H); >C NMR (125 MHz, C¢D¢) 8 151.7, 108.9, 76.0, 74.5, 32.7, 30.3, 24.1, 22.5;
IR (nujor) 3307, 2363, 1456, 1377, 1108, 1057 cm™; mp 64.8-66.0 °C. Anal. Calcd for CgH405:
C, 67.57; H, 9.92%. Found: C, 67.32; H, 9.64%; HRMS (m/z) Found:142.0994. Calcd for
CgH40, [M]*: 142.0994. minor isomer (anti): 'H NMR (500 MHz, C¢Dg) & 5.32 (s, 1H),
4.81 (t, 1H, J = 1.5 Hz), 3.82 (bs, 1H), 3.56 (dd, 1H, J = 11.0, 5.0 Hz), 3.38 (bs, 1H), 2.08-2.05
(m, 1H), 1.94-1.88 (m, 2H), 1.49-1.39 (m, 2H), 1.35 (s, 3H), 1.22-1.13 (m, 1H); °C NMR (125
MHz, CDCls) 8 152.9, 107.4, 77.8, 77.4, 33.1, 31.5, 24.6, 20.0; HRMS (m/z) Found:142.0994.
Calcd for CgH40, [M]": 142.0994.
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The ORTEP of the ester obtained from 3,5-dinitrobenzoyl chloride and minor isomer of 5j is

shown in Figure 6.

Figure 6. The ORTEP of derivative of §j (minor isomer).
Crystal data: M = 336.30, Monoclinic, C2/c, a = 11.942(2), b = 12.265(3), ¢ = 22.611(5) A, B=
102.343(4)°, V =13235.5(11) A3, Z=8, praa = 1.381 Mg/m3, A (Moyq ) =0.71073 A, T=296 K,
26max =54.0°, R =0.0569 for 7050 reflections (I > 26(1))

(IR*%2R*)-2-Methoxymethyl-1-phenylcyclopropanol (6)

HO 'H NMR (500 MHz, CDCl3) § 7.36-7.19 (m, 5H), 3.89 (dd, J = 10.2, 5.4 Hz,

Ph/ld/\o

1H), 1.26 (dd, J =9.6, 6.0 Hz, 1H), 1.16 (dd, J = 6.6, 6.0 Hz, 1H).

Me 1H), 3.59 (dd, J = 10.2, 8.4 Hz, 1H), 3.37 (s, 3H), 2.97 (bs, 1H), 1.64—1.54 (m,

2-(Phenyl-N-tosylaminomethyl)-1-methylcyclopropanol (11)

HO NHTs 'H NMR (300 MHz, C¢Dg) 8 7.66 (d, 2H, J = 8.4 Hz), 6.97-6.89 (m, 5H), 6.68 (d,
Ph  2H, J = 8.4 Hz), 5.50 (d, 1H, J = 6.3 Hz), 4.39 (dd, 1H, J = 9.3, 6.3 Hz), 1.84 (s,

3H), 1.41 (s, 3H), 1.01 (ddd, 1H, J = 9.3, 6.3, 6.0 Hz), 0.57 (dd, 1H, J = 6.0, 6.0 Hz), 0.32 (dd,

1H, J=9.3, 6.0 Hz).
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2-Hydroxy-2-methyl-1-phenyl-1-p-toluenesulfonamino-3-butene (12)
j@NHTs 'H NMR (500 MHz, C¢Dg) & 7.51-7.49 (m, 2H), 6.85-6.79 (m, 3H), 6.72-6.70
Ph (m, 2H), 6.54-6.53 (m, 2H), 5.46 (dd, 1H, J = 17.5, 11.0 Hz), 5.39 (d, 1H, J =
8.5 Hz), 5.00 (dd, 1H, J=17.5, 1.5 Hz), 4.78 (dd, 1H, J = 11.0, 1.5 Hz), 4.36 (d, 1H, J = 8.5 Hz),
1.78 (s, 3H), 1.17 (s, 3H), 0.45 (s, 1H); °C NMR (125 MHz, C4Dg) & 141.3, 139.8, 137.7, 136.8,
128.1, 127.4, 127.3, 126.4, 126.2, 113.4, 74.1, 65.1, 25.0, 19.9; IR (nujor) 3480, 3245, 1377,
1318, 1158, 1089 cm™; mp 98.7-99.5 °C. Anal. Caled for CgH,NO;3S: C, 65.23; H, 6.39%.
Found: C, 65.27; H, 6.42%; HRMS (m/z) Found: 332.1320. Calcd for C;sH»NOsS [MH]":
332.1320.

To confirm the stereochemistry of the rearranged product 12, we synthesized an authentic sample
as shown in Scheme 16. Nucleophilic addition of vinylmagnesium bromide to the

a-aminoketone proceeded via the chelation control, and (2R * 3R *)-isomer was obtained.

0 vinylmagnesium bromide :;iliph
P :
: THF,0°C,0.5h N
NHTs NHTs
12

Scheme 16. Synthesis of an authentic sample of 12.

Compared with '"H NMR spectrum of the authentic (2R* 3R*)-12, it was found that the obtained

product 12 was (2R* 3R*)-isomer as a single diastereomer.
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stereochemistry of 3i.

Compared with the result of specific rotation of the literature, it was found that the obtained
5b has (S)-configuration. See: M. E. Vargas-Diaz, L. Chacon-Garcia, P. Valezquez, J.
Tamariz, P. Joseph-Nathan, L. G. Zepeda, Tetrahedron: Asymmetry 2003, 14, 3225.

a) D. Seyferth, L. G. Vaughan, J. Am. Chem. Soc. 1964, 86, 883; b) Y. D. Wu, K. N. Houk, J.
A. Marshall, J. Org. Chem. 1990, 55, 1421; c)E. J. Verner, T. Cohen, J. Am. Chem. Soc. 1992,
114, 375; d) K. Tomooka, T. Igarashi, M. Watanabe, T. Nakai, Tetrahedron Lett. 1992, 33,
5795; e) R. Hoffmann, T. Riickert, R. Briickner, Tetrahedron Lett. 1993, 34, 297, f) K.
Tomooka, T. Igarashi, T. Nakai, Tetrahedron Lett. 1993, 34, 8139; g) R. Gawley,
Tetrahedron Lett. 1999, 40, 4297.

Although we tried to trap D or E with allyl bromide and methyl iodide, the corresponding
B-allylated ketone and B-methylated ketone was not obtained.

Kondo and Uchiyama have reported the directed ortho metalation of aromatic compounds,
such as ethyl benzoate, with di-tert-butyl-TMP zincate (LiZn(TMP)'Bu,). The reaction
affords o-zincated aromatic compound directly.  This reactivity is contrast to the low
basicity found for conventional zinc reagents. Because ligand on the zinc atom of the
zincate has stronger basicity than that on conventional zinc reagents, we are expecting that a

ligand of zincate complex, such as an alkoxy group, has an ability as electron-donor.  See,
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Y. Kondo, M. Shilai, M. Uchiyama, T. Sakamoto, J. Am. Chem. Soc. 1999, 121, 3539.
20. M. P. Doyle, D. v. Leusen, J. Org. Chem. 1982, 47, 5326.
21. C. Agami, F. Couty, C. Lequesne, Tetrahedron 1995, 51, 4043.
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Chapter 5

Stereospecific Construction of Chiral Tertiary and Quaternary Carbon

by Nucleophilic Cyclopropanation with Bis(iodozincio)methane

The reaction of a ketone having a leaving group at o-position, such as o,B-epoxy ketone or
a-sulfonyloxy ketone, with bis(iodozincio)methane afforded a zinc alkoxide of cyclopropanol.
The reaction proceeded by nucleophilic addition of the dizinc to the carbonyl group, and a
sequential intramolecular nucleophilic substitution of the introduced iodozinciomethyl group to
the adjacent electrophilic carbon that has a leaving group. When an optically active o,B-epoxy
ketone or a-sulfonyloxy ketone was treated with the dizinc, a zinc alkoxide of cyclopropanol
having a chiral tertiary or quaternary carbon in the cyclopropane ring was obtained. The
obtained zinc alkoxide of cyclopropanol acts as a chiral homoenolate, and the treatment of it with
an electrophile in the presence of copper cyanide gave an optically active «-tertiary or

-quaternary ketone that retained high optical purity.
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Introduction

The stereoselective construction of chiral tertiary and quaternary carbon is still a challenging
subject in organic syntheses.1 Among several important strategies, one of the most attractive
routes would be a stereospecific substitution reaction of carbon nucleophile with an optically
active secondary and tertiary carbon atom having a leaving group. This method, however,
contains an unavoidable problem: An intermolecular Sxy2 reaction by a carbon nucleophile
would be difficult when there is a steric hindrance around the electrophilic carbon. Especially
with the tertiary electrophilic carbon (R3C—X), the SN2 reaction does not proceed. However, in
cases of intramolecular reactions, an Sy2 reaction, which affords a cyclopropane compound,
proceeds efficiently and stereospecifically, even in the case of a substrate having a leaving group
on a tertiary carbon.’ Although the method seems to be attractive to construct a tertiary or
quaternary carbon in a cyclopropane ring, it is not easy to prepare a substrate that has both a
nucleophilic carbon and an optically active secondary or tertiary electrophilic carbon in the same
molecule. As one idea for the preparation, the author proposed the nucleophilic addition of
bis(iodozincio)methane (1)3, which possesses a couple of carbon—zinc bonds on a carbon atom, to
a carbonyl group of a ketone carrying an enantiomeric enriched stereogenic center containing a
leaving group at o-position, such as o,B-epoxy ketone” or a-sulfonyloxy ketone’.

The author have already reported an efficient route for cyclopropane ring formation by a
sequential nucleophilic reaction of bis(iodozincio)methane (1):4'6 As shown in Scheme 1, when
o,B-epoxy ketone or a-sulfonyloxy ketone was treated with 1, its nucleophilic addition to the
carbonyl group proceeds and introduces a iodozinciomethyl group to adjacent carbon of the
original stereogenic center (3 in Scheme 1). The intermediate 3 would lead to a sequential
intramolecular nucleophilic attack to afford a cyclopropane derivative. The intramolecular Sn2
reaction to a target tertiary carbon proceeds stereospecifically to afford the zinc alkoxide of
cyclopropanol 4, which has a quaternary center. So, treatment of an optically active substrate 2

with 1 afforded the zinc alkoxide of cyclopropanol 4, which has the enantiomeric enriched
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tertiary or quaternary carbon. Moreover, the obtained chiral zinc alkoxide of cyclopropanol can
work as a homoenolate 5 by a ring opening.” Treatment of an electrophile with the homoenolate
5 would afford an optically active o-tertiary or -quaternary ketone 6 that retains high

enantiomeric purity.

0 5 R*CH,M i 3
R1J\/ —F—~ R1J>{
R21G R R?
0 intermolecular 1ZnO Znl
. R nucleophilic addition B }
R Y +  CHy(Znl), RN RS
27 P
2 1 3
intramolecular 1ZnO (0] reaction as 0]
nucleophilic substitution R1J%1/R3 R1J\’<i3 chiral homoenolate N R3
ifi * < 4 <
stereospecific R2 R2 Znl R4-X R2 R
4 5 6

chiral homoenolate

Scheme 1. Strategy for construction of chiral tertiary or quaternary center at o-position of

ketone via nucleophilic cyclopropanation with bis(iodozincio)methane (1).

Thus, the author attempted the preparation an optically active homoenolate equivalent by the
reaction of a ketone that has stereogenic center containing a leaving group at a-position with 1.
The process leads to the sequential reaction of the obtained chiral homoenolate with an
electrophile to prepare a ketone having optically active tertiary or quaternary carbon at

Ol-position.

Results and Discussion

To prepare a homoenolate equivalent, the author treated ketones having leaving groups at

a-position with bis(iodozincio)methane (1) as shown in Table 1. A solution of a-tosyloxy
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ketone (7a, 1.0 mmol) in THF (4 mL) was treated with bis(iodozincio)methane (1, 1.2 mmol, 0.5
M in THF) at 25 °C. After being stirred for 2 h, the mixture was quenched with a saturated
aqueous solution of NH4Cl. Purification by a silica gel column chromatography gave
1-phenyl-1-cyclopropanol (11a) and 1-phenyl-1-propanone (12a) (Table 1, entry 1). The ketone
12a was generated by a cyclopropane ring opening by treatment with acid. When the
a-tosyloxy ketone 7a was treated with 3 equiv. amounts of the dizinc 1, the substrate was
consumed completely to convert the reactants into 11a and 12a (entry 3). Instead of a-tosyloxy
ketone, the reaction of a-acetoxy ketone 8 with the dizinc 1 resulted in the complete recovery of
the starting material (entry 4). Although a reaction of a-bromoketone 9 with the dizinc 1
afforded 11a and 12a, it proceeded sluggishly (entry 5). A reaction of a-iodoketone 10 with the

dizinc 1 gave a complex mixture (entry 6).

Table 1. Reactions of ketones having leaving group at «-position with

bis(iodozincio)methane (1).*

O CHy(Znl), (1, y equiv.) H;0* HO 0]
Ph)J\/X THF, 25 °C, th ph)<] ’ ph)J\/
11a 12a
entry X y (equiv.) t(h) vyield of 11a (%) yield of 12a (%)
1° OTs (7a) 1.2 2 9 34
2 OTs (7a) 2.0 2 32 31
3 OTs (7a) 3.0 2 56 43
4 OAc (8) 3.0 2 0 0
5 Br (9) 3.0 15 17 21
6° 1(10) 3.0 15 0 0

* A ketone (7-10, 1.0 mmol), the dizinc 1 (0.5 M in THF), and THF (4 mL) were used. °
Yields were determined by '"H NMR using bromoform as internal standard. ¢ The starting
material was also obtained in 50% yield. ¢ The starting material was recovered completely.

¢ Complex mixture was obtained.
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Other examples of the reaction of a-tosyloxy ketones with the dizinc 1 are shown in Table 2.
In the cases of 7a-c¢, ketones 12 were also obtained as by-products (entries 1-3). When the
reaction of 1 and 7a was quenched by chlorotrimethylsilane instead of by an aqueous solution of
NH,4CI, 1-phenyl-1-trimethylsiloxycyclopropane (13) was obtained in a high yield (Scheme 2).
In the case of o-methyl-o-tosyloxy ketones 7e-h, the reactions gave the
1-alkyl-2-methylcyclopropanols 1le-h in high yields (enties 5-8). The obtained
2-alkylcyclopropanols 11e-h, however, were diastereomeric mixtures (entries 5-8). After the
nucleophilic addition of 1 to carbonyl group of 7, the intramolecular Sx2 reaction of the existing
iodozinciomethyl group to the adjacent stereogenic center that has a tosyloxy group will proceed
in stereospecific SN2 manner.  So, the diastereofacial selectivity in nucleophilic addition of 1 to
carbonyl group of 7e-h would determine the diastereomeric ratio of 11e-h. However, when the
zinc alkoxides of cyclopropanols 1le-h are utilized as zinc homoenolate equivalents, the
stereogenic centers at oxygen atom-substituted carbon of zinc alkoxide of cyclopropanol will be
converted into carbonyl groups retaining the chirality of tertiary carbon at o-position.”®  So the
poor diastereofacial selectivity of the nucleophilic attack to carbonyl group will not be significant,

when the reaction as zinc homoenolate is carried out as shown in Scheme 1.
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Table 2. The reaction of a-tosyloxy ketone 7 with the dizinc 1.*

j\(R' 1)CHy(Znl); (1) HO
R 2) 0" R/KLR
OTs
7 11
entry substrate product t(h) yield (%)" d.r.
| Q HO 2 56¢
Ph)J\/OTS a Ph” J 11a
(0] HO
2 I 15 31°
"Octyl )J\/OTS 7b "Octyl 11b
(0] HO
3 o OTs o 12 38!
\ ! Tc \ ! 11c
(0] HO
FsC 7d FaC 11d
o HO
5 OTs 10 86 761248
ph)# o LM
Me Te
(0} HO
6 OO OTs Me 15 99 67/33¢
Me  =¢ 11f
(0} HO
7 /@*(0“ /O/%Me 20 81 67/33¢
MeO Mo 7g  Meo 11g
o) HO
8 Q)J\(OTS J@/%M‘a 4 88 72/28¢
Me
FsC 7h FsC 11h

* A a-tosyloxy ketone 7 (1.0 mmol), the dizinc 1 (3.0 mmol, 0.5 M in THF), and THF (4 mL) were used. b
Isolated yields. ¢ The diastereomeric ratios were determined by '"H NMR. ¢ Propiophenone was also

obtained in 43% yield. ¢ 3-Undecanone was also obtained in 59% yield. " 1-(2-Furyl)-1-propanone was

also obtained in 50% yield. & Stereochemistry of cyclopropane ring in major isomer was trans.
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1) CHy(Znl), (1
Q '3 3c(:,nz)ﬁ( ) Megsio
.
Ph)J\/O ®  2)MesSiCl Ph” J
7a 13 (94%)

Scheme 2. Quench of the reaction mixture of 7a and 1 with chlorotrimethylsilane.

Functional group tolerability of the transformation into cyclopropanols was demonstrated as
shown in Scheme 3. It can be performed even in the presence of another carbonyl group in the
substrate. The reaction of o-tosyloxy ketone having an additional carbonyl group, such as 7i
and 7j, with 1 proceeded chemoselectively to give the corresponding cyclopropanols (11i and

11j) in good yields without affecting the other carbonyl groups, as shown in Scheme 3.

o 1) CHy(Znl), (1) HO
OTs 25°C. 2 h
2) H;O"
o) 7i 0 11i (92%)
o 1) CHa(Znl), (1) HO
OTs 25°C, 3 h
MeO 2) H3O" MeO
o) 7j O 11 (96%)

Scheme 3. The reaction of 7i or 7j with 1.

Instead of an isolation of cyclopropanol 11, the acylation of the zinc homoenolate equivalent
11a’,c’ was examined (Scheme 4).71 After the reaction of o-tosyloxy ketone 7 with the dizinc 1,
treatment of the resulting mixture with benzoyl chloride in the presence of palladium catalyst

afforded the corresponding 1,4-diketone 14 in good yield.
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2) PhCOCI (2.0 equiv.) o)
)O]V 1) CHy(Znl), (1) 1ZnO } Pd(PPhs)4 (0.1 equiv.) )th (@)
OTs J< Ph
Ph THF,25°C, 4h Ph J 25°C,3h 5
7a 11a’ 14a (57%)
2) PhCOCI (2.0 equiv.)
9 )z () [ 29 ] (p—:;ljezgj(t))alz? ;Oéo(soezq:mv) i
0 OTs o) Cas ~ 0 Ph" (b)
\ | THF,25°C,4h | { | J 25°C,2h \ | 8
7c 11¢' 14c (79%)

Scheme 4. The reaction of acid chloride and zinc homoenolate 11’ prepared from 1 and 7.

The author also attempted a sequential reaction of the prepared zinc alkoxide of
cyclopropanol 11° with allyl bromide in the presence of copper cyanide.® A solution of
a-tosyloxy ketone 7 (1.0 mmol) in THF (4 mL) was treated with the dizinc (1, 2.0 mmol, 0.5 M
in THF) at 25 °C. After being stirred for the period (tl) shown in Table 3, the mixture was
treated with CuCNe2LiCl (2.0 mmol) at =30 °C for 10 min. Allyl bromide was added to the
resulting mixture, and the whole was stirred at 25 °C for the period (t2) shown in Table 3.
Purification by silica gel column chromatography gave o-homoallylated ketones 15 in good
yields, as shown in Table 3. In the case of the reaction of a-methyl-a-tosyloxy ketones 7e-h,
the allylation proceeded regioselectively to give o--methyl ketones 15e-h as sole products (entries

5-8). The reaction also tolerated the existence of other carbonyl groups (entries 9 and 10).
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Table 3. The reaction of allyl bromide with the homoenolates prepared from 1 and 7.*

0 2) allyl bromide 0o
R2 1) CH2(ZnI)2 (1) 1ZnO -‘ CuCN-¢<2LiCI
R’ THF, 25°C, t' h RY :I/RZJ -30t025°C, t? h R’ S
OTs ' ' ’ R2
7 11" 15
) ) yield
entry substrate Product t (h)y t(h b
(%)
0 0
1 N 4 4 85
o 0TS 7a Ph N 15a
0 0
2 PN 24 3 g4
”Octyl)J\/ OTs b "Octyl N 15p
0 0
3 OI OTs W 15 6 79
\ 7c \ 15¢
0 0
OTs
FiC 7d F3C 15d
0 0
5 ph)J\/OTS th 4 4 76
Me Te Me 15e
0 0
Nevew . n
Me  7¢ Me 15f
0 0
oT
! @Aﬁ S W 2% 12 s
MeO Me 7 Meo Me 15g
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0 o)
OTs
8 Q)\( X 3 5 87
Me Me
FsC 7h FsC 15h
0 o)
OTs X
9 2 2 86
o) 7i o) 15i
o) o)
OTs N
10 1eo MeO 3 4 81
o) 7j o) 15j

* A o-tosyloxy ketone 7 (1.0 mmol), the dizinc 1 (2.0 mmol, 0.5 M in THF), CuCN * 2LiCl (2.0 mmol, 1
M in THF), allyl bromide (2.0 mmol), and THF (4 mL) were used. ® Isolated yields.

An optically active a-mesyloxy ketone (S5)-17 can be prepared easily by treatment of silyl
enol ether 16 with AD-mix- to form enantiomeric enriched o-hydroxy ketone,” followed by
mesylation of hydroxy group. As shown in Scheme 5, after the preparation of zinc alkoxide of
cyclopropanol from the optically active a-mesyloxy ketone (R)-17 with 1, the resulting mixture
was treated with allyl bromide in the presence of CuCNe2LiCl. The optically active o-tertiary

ketone (R)-18 was obtained without loss of enantiomeric purity.

OTMS ) 1) CHy(Znl), (1) 0]
/@)\/ 1) AD-mix-f /©)§0M3 25°C,2h X
2) MsCl Me H 2) allyl bromide H Me
NC NC CUCNs2LiCl NC
16 (S)-17 301025°C. 3 h (S)-18 (53%)
>98%ee >98%ee

Scheme 5. Preparation of chiral homoenolate from (R)-17 and 1, and its reaction with allyl

bromide.

Though this method worked well to construct a chiral tertiary carbon at a-position of a ketone,

it was difficult to apply for construction of a chiral quaternary carbon at o-position from
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a-sulfonyloxy ketone: Treatment of 2-mesyloxy-2-methyl-1-phenyl-1-propanone with the
dizinc 1 resulted in complete recovery of the starting material. That is, the preparation of zinc
homoenolate equivalent containing quaternary carbon in cyclopropane ring is impossible from
a,a-dialkyl-a-sulfonyloxy ketone with 1. Meanwhile, as the author reported previously, the
reaction of an o-alkyl-o,B-epoxy ketone 19 with 1 proceeds smoothly to afford a
2-(1-hydroxyalkyl)-1,2-dialkylcyclopropanol having quaternary center in the cyclopropane ring
in a high yield* An epoxide is superior as a leaving group. The zinc alkoxide of
2-(1-hydroxyalkyl)-1,2-dialkylcyclopropanol 20 would act as a homoenolate equivalent. We
speculated that the treatment of electrophiles with the obtained zinc alkoxide of cyclopropanol 20
in the presence of CuCNe2LiCl would afford a-quaternary ketone 22 as shown in Scheme 6. So,
the reactions of a zinc homoenolate, which was prepared from o,B-epoxy ketone 19 and the

dizinc 1, with electrophiles were examined.

Zn
o R* y_\Zn—l intermolecular
R1MR3 +  CHyZnl), COI R“:/ nucleophilic addition
‘0 1 S stereoselective
R? R 74 R
19 1 R?
1Zn0 Z|2‘|1 intran'1'olecu/ar_ . IZnO(* OZnI . O OH
- ) nucleophilic substitution )q/tg , M‘R:; _Er_ oR3
R? 7R3 Sstereospecific R , R = R’ Hy0* R! 7 R4
RZ\Q R —an R? “—E/
20 22

Scheme 6. Strategy for construction of chiral tertiary or quaternary carbon at o-position of a

ketone via nucleophilic cyclopropanation of o,B-epoxy ketone 19 with 1.

A solution of a,B-epoxy ketone 19a (1.0 mmol) in THF (4 mL) was treated with the dizinc(1,

1.2 mmol, 0.5 M in THF) at 25 °C for 1 h. Then, the mixture was treated with CuCN<2LiCl (2.4
mmol) at —30 °C for 10 min. Allyl bromide was added to the resulting mixture, and the whole

was stirred at 25 °C for 12 h.  After an aqueous work-up, a purification by a silica gel column
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chromatography gave o-homoallylated ketone 22aa in 69% yield (Table 4, entry 1). In the
cases of o-methyl-o,B-epoxy ketone 19b and 19¢, B-hydroxy ketones having quaternary carbon
at o-position were obtained (entries 2 and 3). Treatment of 1-acetyl-1-cyclohexene oxide (19d)
under the same conditions also gave the corresponding o-quaternary ketone 22da in 67% yield
(entry 4). Instead of allyl bromide, other electrophiles were also examined: Treatment of
methallyl bromide with 20d also afforded the corresponding product 22db in good yield (entry 5).
The reaction of prenyl bromide with 20d proceeded regioselectively (entry 6). In the case of
propargyl bromide and 1-bromo-2-butyne, the reaction with 20d proceeded regioselectively in an
SN2’ manner to give the corresponding allenes 22dd and 22de (entries 7 and 8). The reactions
of electrophiles with a homoenolate prepared from 1-acetyl-1-cyclopentene oxide (19e) with 1

also afforded the corresponding o-quaternary ketones in good yields (entries 9 and 10).

Table 4. Preparation of homoenolate from an o,-epoxy ketone 19 and the dizinc 1, and its

reaction with electrophiles.”

O R4 IZnO  OZnl |2) EI*/ CUCNe2LiCl O OH
JK(K 1) CHy(Znl); (1) 1)4/@?3 -30t025°C, 12 h oR3
R1 /,/E R3 ° R R . H O+ R1 R R4
R2O THF,25°C, 1 h R2 » 113 R2 El
19 20 22
entry substrate EI* product Yield (%)°
O
1 Ph)J\,/E /\/Br 69
‘O 19a
O
2° Ph)J\(/; B 52
O
Me  19b
O
3° nBu - A~Br nBu 27
(O]
Me 19c
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o N\
(0]
4 , _~_-Br Y 67
19d “OH 22da
5 19d )v /<O 70
Br oy
“OH 22db

Br
6 19d ﬁ/\/ 54
7 19d = 27
0 Me
Me%\ —
8 O)é\ - pe 73
19d , <
“OH 22de
o \
9 Q/Z{ AN B 0 57
WO 19 ’ {
OH 22ea

10 19e )\/Br / {o 55

OH  22¢b

* An o,B-epoxy ketone 19 (1.0 mmol), the dizinc 1 (1.2 mmol, 0.5 M in THF), CuCN *2LiCl
(2.4 mmol, 1 M in THF), electrophile (2.4 mmol), and THF (4 mL) were used. ® Isolated
yields. ¢ The reaction of allyl bromide with the prepared homoenolate 20 were carried out at
40 °C.
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An optically active o,B-epoxy ketone can be prepared easily by Katsuki-Sharpless
asymmetric epoxidation of a corresponding allyl alcohol 23, followed by Swern oxidation. As
shown in Scheme 7(a), treatment of allyl bromide with a homoenolate prepared from (§)-19a and
1 under the same conditions afforded (R)-2-(hydroxymethyl)-1-phenyl-5-hexen-1-one ((R)-22aa),
which possesses optically active tertiary carbon at o-position, in good yield. High enantiomeric
excess was retained. In the case of (/S,2R)-1-acetyl-1-cyclohexene oxide ((/S,2R)-19d), the
reaction gave optically active a-quaternary ketone (/R,2R)-22da without loss of enantiomeric
excess (Scheme 7(b)). The ORTEP figure of a compound derived from (/R,2R)-22da and

3,5-dinitrobenzoyl chloride is shown in Figure 1.'°

1) Ti(O'Pr)
D_(_)_DIPT 1) CHQ(ZnI)z (1)
OH TBHP j\/ 25 °C, 30 min
. > a
Ph” 7 2)(COCI), PR 2 2)allyl bromide @
DMSO CuCNs2LiCl
23a EtsN (S)-19a ~30t025°C, 15 h (R)-22aa
(>99% ee) (63%, 93% ee)
1) Ti(O'Pr),
D ( ) DIPT 1) C":Z Zn|)2 (1)
2) COCI)2 2) allyl bromide
CUCNe2LiCI
EtSN (1S2R)19d  -301025°C,15h (1R 2R)-22da
(>99% ee) (67%, >99% ee)

Scheme 7. Preparation of optically active homoenolates, and their reactions with allyl

bromide.
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Figure 1. The ORTEP of the compound derived from (/R,2R)-22da and 3,5-dinitrobenzoyl

chloride.

Conclusion

The author demonstrated the preparation of zinc homoenolate equivalent from a-sulfonyloxy
ketone and bis(iodozincio)methane. The prepared zinc homoenolate reacted with allyl bromide
mediated by CuCNe2LiCl to give o-tertiary ketone. The reaction proceeded regioselectively
and chemoselectively. The zinc homoenolate prepared by the reaction of a a,f-epoxy ketone
with the dizinc also reacted with various electrophiles under the same condition to give a
o-tertiary or -quaternary ketone. The transformation proceeded in a stereospecific manner, so
treatment of electrophile with the homoenolate prepared by the reaction of optically active
o-sulfonyloxy ketone or a,B-epoxy ketone with the dizinc gave the corresponding optically
active o-tertiary or -quaternary ketone; high enantiomeric purity was retained. The high optical
purity of the substrate can be introduced easily by the reliable asymmetric reactions, so this
stereospecific method can be applied for pharmaceuticals or natural product syntheses containing

tertiary or quaternary carbons.
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Experimental Section

Unless otherwise noted, commercially available reagents were used without purification.
Phenacyl acetate 8 and phenacyl bromide 9 are are commercially available. o-Tosyloxy ketones
7" and 2-iodoacetophenone 10'? were prepared according to the literature. o,B-Epoxy ketones

19 were prepared according to the procedure mentioned in Chapter 3.

General procedure for the nucleophilic cyclopropanation of a-sulfonyloxy ketone with
bis(iodozincio)methane: A solution of o-sulfonyloxy ketone (7, 1.0 mmol) in THF (4.0 mL)
was treated with bis(iodozincio)methane (1, 0.5 M solution in THF, 3.0 mmol) at 25 °C. Then
saturated aqueous solution of NH4Cl was added to quench the reaction and extracted with ethyl
acetate. The combined organic layers were washed with brine, and dried over Na,SO4. The
solvent was removed under reduced pressure, and the residue was purified by silica gel column

chromatography to give the corresponding cyclopropanol 11.

Preparation of 1-Phenyl-1-trimethylsiloxycyclopropane (13): A solution of 7a (1.0 mmol) in
THF (4.0 mL) was treated with bis(iodozincio)methane (1, 0.5 M solution in THF, 3.0 mmol) at
25 °C for 2 h. Then chlorotrimethylsilane (2.0 mmol) was added and the whole was stirred for
additional 30 min. Water was added and the organic layer was extracted with hexane. The
combined organic layers were washed with brine, and dried over Na,SO4. The solvent was
removed under reduced pressure, and the residue was purified by silica gel column

chromatography to give the corresponding cyclopropanol 13.

General procedure for the preparation of 1,4-diketone: A solution of a-sulfonyloxy ketone
(7, 1.0 mmol) in THF (4 mL) was treated with bis(iodozincio)methane (1, 0.5 M in THF, 2.0
mmol) at 25 °C. The resulting mixture was added to a solution of benzoyl chloride (2.0 mmol),

palladium catalyst (5~10 mol%), ligand (~20 mol%), and THE. The whole mixture was stirred
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at 25 °C. Then saturated aqueous solution of NH4Cl was added and extracted with ethyl acetate.
The combined organic layers were washed with brine, and dried over Na;SO4. The solvent was
removed under reduced pressure, and the residue was purified by silica gel column

chromatography to give the corresponding 1,4-diketone 14.

General procedure for the homoallylation of o-sulfonyloxy ketone: A solution of
a-sulfonyloxy ketone (7, 1.0 mmol) in THF (4.0 mL) was treated with bis(iodozincio)methane (1,
0.5 M solution in THF, 2.0 mmol) at 25 °C. The mixuter was cooled at =30 °C. To the mixture,
CuCN¢e2LiCl (1.0 M solution in THF, 2.2 mmol) was added and stirred for 10 min at -30 °C.
Then allyl bromide (2.0 mmol) was added and the cool bath was removed. After stirring at
25 °C, saturated aqueous solution of NH4Cl was added and extracted with ethyl acetate. The
combined organic layers were washed with brine, and dried over Na,SO4. The solvent was
removed under reduced pressure, and the residue was purified by silica gel column

chromatography to give the corresponding homoallylated ketone 15.

General procedure for the homoallylation of a,B-epoxy ketone: A solution of o,B-epoxy
ketone (19, 1.0 mmol) in THF (4.0 mL) was treated with bis(iodozincio)methane (1, 0.5 M
solution in THEF, 1.2 mmol) at 25 °C. The mixuter was cooled at —30 °C. To the mixture,
CuCN¢e2LiCl (1.0 M solution in THF, 2.4 mmol) was added and stirred for 10 min at —-30 °C.
Then electrophile (2.4 mmol) was added and the cool bath was removed. After stirring at 25 °C,
saturated aqueous solution of NH4CI was added and extracted with ethyl acetate. The combined
organic layers were washed with brine, and dried over Na,SO,4. The solvent was removed under
reduced pressure, and the residue was purified by silica gel column chromatography to give the

corresponding product 22.

Characterization Data

The substrates 7a,13 7b,14 7c,15 7e,13 10,12 19a,16 19b,17 19c,18 19d" and 19¢*° were found in
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the literature.

2-Tosyloxy-1-(4-trifluoromethylphenyl)-1-ethanone (7d)
0O 'H NMR (500 MHz, CDCls) § 7.95 (d, J = 8.1 Hz, 2H), 7.83 (d, J = 8.1
ot Hz, 2H), 7.73 (d, J = 8.4 Hz, 2H), 7.35 (d, J = 8.4 Hz, 2H), 5.24 (s, 2H),
FsC 2.45 (s, 3H); °C NMR (125 MHz, CDCl3): § 190.0, 145.5, 136.5, 135.3
(q, J =33.0 Hz), 132.5, 129.9, 128.5, 128.1, 125.9 (q, J = 3.9 Hz), 123.3 (q, / = 271.5 Hz), 69.9,
21.6; "’F NMR (282 MHz, CDCl; ) 8 97.84; IR (nujor) 1709, 1364, 1327, 1175, 1130, 1057, 966,
910, 739 cm'l, mp 117.5-118.0 °C. Anal. Calcd for C6H;304F5S: C, 53.63; H, 3.66%. Found: C,

53.56; H, 3.80%; HRMS (m/z) Found: 358.0490. Calcd for C;6H;304F;S [M]": 358.0487.

1-(2-Naphthyl)-2-tosyloxy-1-propanone (7f)
0 'H NMR (300 MHz, CDCl5) & 8.40 (s, 1H), 7.96-7.86 (m, 4H), 7.75 (d, J
OO OTs _g4 Hz, 2H), 7.66-7.55 (m, 2H), 7.20 (d, J = 7.8 Hz, 2H), 5.94 (q, J =
e 6.9 Hz, 1H), 2.35 (s, 3H), 1.67 (d, J = 6.9 Hz, 3H); °C NMR (125 MHz,
CDCl3): 0 194.7, 145.0, 135.8, 133.5 (co-incident), 132.3, 131.0, 130.7, 129.7, 129.0, 128.7,
127.9, 127.8, 127.0, 124.0, 77.4, 21.5, 18.9; IR (nujor) 1694, 1626, 1597, 1470, 1362, 1190, 1177,
1071, 1017, 920, 816 cm'l, mp 98.2-98.6 °C. Anal. Calcd for Cy0H;304S: C, 67.78; H, 5.12%.
Found: C, 67.81; H, 5.30%; HRMS (m/z) Found: 354.0920. Calcd for CyoHi304S [M]":
354.0926.

1-(4-Methoxyphenyl)-2-tosyloxy-1-propanone (7g)
O 'H NMR (300 MHz, CDCl3) & 7.88 (d, J = 9.0 Hz, 2H), 7.75 (d, J = 8.4
/©)K(OTS Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 6.92 (d, / = 9.0 Hz, 2H), 5.73 (q, J =
MeO e 6.9 Hz, 1H), 3.87 (s, 3H), 2.40 (s, 3H), 1.57 (d, J = 6.9 Hz, 3H); "°C
NMR (125 MHz, CDCls): 8 193.0, 164.1, 144.9, 133.6, 131.2, 129.7, 127.9, 126.5, 114.0, 77.3,
55.5, 21.6, 18.8; IR (nujor) 1694, 1601, 1514, 1354, 1267, 1234, 1177, 1030, 1009, 928, 843, 820,
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735 cm'l, mp 87.0-87.5 °C. Anal. Calcd for C;7H;305S: C, 61.06; H, 5.43%. Found: C, 61.00; H,
5.44%; HRMS (m/z) Found: 334.0875. Calcd for C;7H;305S [M]": 334.0875.

2-Tosyloxy-1-(4-trifluoromethylphenyl)-1-propanone (7h)
0O 'H NMR (500 MHz, CDCls) & 8.00 (d, J = 8.4 Hz, 2H), 7.73 (d, J = 8.1
/©)K(OTS Hz, 2H), 7.71 (d, J = 8.1 Hz, 2H), 7.27 (d, J = 8.4 Hz, 2H), 5.71 (q, J =
FsC " 6o Hz, 1H), 2.42 (s, 3H), 1.61 (d, J = 6.9 Hz, 3H); *C NMR (125 MHz,
CDCl3): 8 194.4, 145.3, 136.6, 134.9 (q, J = 32.4 Hz), 133.3, 129.8, 129.2, 127.9, 125.7 (q, J =
3.75 Hz), 123.4 (q, J = 271.5 Hz), 77.6, 21.6, 18.4; ’F NMR (282MHz, CDCl; ) § 97.84; IR
(nujor) 1703, 1597, 1360, 1323, 1176, 1142, 1067, 1011, 924, 665 cm™, mp 92.5-93.0 °C. Anal.
Calcd for C7H;504F5S: C, 54.83; H, 4.06%. Found: C, 54.86; H, 4.16%; HRMS (m/z) Found:
372.0641. Calcd for C17H;504F;S [M]*: 372.0643.

1-(4-Acetylphenyl)-2-tosyloxy-1-ethanone (7i)

9 OTs 'H NMR (300 MHz, CDCl3) § 8.03 (d, J = 8.4 Hz, 2H), 7.93 (d, J = 8.4

Hz, 2H), 7.85 (d, J = 8.4 Hz, 2H), 7.36 (d, J = 8.4 Hz, 2H), 5.25 (s, 2H),

o) 2.65 (s, 3H), 2.46 (s, 3H); °C NMR (125 MHz, CDCl3): § 197.1, 190.2,
145.5, 140.9, 136.9, 132.6, 130.0, 128.7, 128.4, 128.2, 70.0, 26.8, 21.7; IR (nujor) 1717, 1690,
1362, 1263, 1179, 968, 910, 735 cm™, mp 116.0-117.0 °C. HRMS (m/z) Found: 332.0722. Calcd

for C17H16053 [M]+I 332.0718.

1-(4-Methoxycarbonylphenyl)-2-tosyloxy-1-ethanone (7j)

9 OTs 'H NMR (300 MHz, CDCl3) 8 8.12 (d, J = 8.1 Hz, 2H), 7.89 (d, J =

MeO 8.1 Hz, 2H), 7.84 (d, J = 8.1 Hz, 2H), 7.35 (d, J = 8.1 Hz, 2H), 5.26 (s,
o) 2H), 3.96 (s, 3H), 2.45 (s, 3H); °C NMR (125 MHz, CDCl3): § 190.2,
165.8, 145.4, 137.0, 134.8, 132.6, 130.0, 129.9, 128.2, 128.0, 69.9, 52.6, 21.7; IR (nujor) 1720,

1715, 1373, 1283, 1179, 1111, 1065, 968, 910, 733 cm'l, mp 109.5-110.2 °C. Anal. Calcd for
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Ci7H1606S: C, 58.61; H, 4.63%. Found: C, 58.48; H, 4.68%; HRMS (m/z) Found: 348.0673.
Calcd for C17H606S [M]": 348.0668.

1-phenylcyclopropanol (11a)

HO  'H NMR (500 MHz, CDCl3) § 7.36-7.30 (m, 4H), 7.25-7.21 (m, 1H), 2.17 (bs, 1H),
Ph 1.27 (ddd, J =7.5, 5.5, 0.5 Hz, 2H), 1.05 (ddd, J = 7.5, 5.5, 0.5 Hz, 2H); °C NMR
(125 MHz, CDCl3) 6 144.2, 128.3, 126.4, 124.4, 56.6, 17.9.

The spectral data of the product 11a are in agreement with those published.”!

1-octylcyclopropanol (11b)

HO  'H NMR (500 MHz, CDCl3) § 1.77 (bs, 1H), 1.56-1.27 (m, 14H), 0.88 (t, J = 6.5 Hz,
"Octyl 3H), 0.72 (dd, J = 7.0, 5.5 Hz, 2H), 0.43 (dd, J = 7.0, 5.5 Hz, 2H); °C NMR (125
MHz, CDCl3) 8 55.9, 38.3, 31.9, 29.7, 29.6, 29.3, 25.9, 22.7, 14.1, 13.5; IR (neat) 3321, 2926,
1466, 1377, 1258, 1101, 1007 cm’. Anal. Calcd for C1H»O: C, 77.58; H, 13.02%. Found: C,
77.69; H, 13.01%; HRMS (m/z) Found: 170.1665. Calcd for C;;H,,O [M]*: 170.1671.

1-(2-furyl)cyclopropanol (11c)
HO 'H NMR (500 MHz, CDCl3) 8 7.32 (dd, J = 2.0, 1.0 Hz, 1H), 6.32 (dd, J = 3.5, 2.0
O ] Hz, 1H), 6.22 (dd, J = 3.5, 1.0 Hz, 1H), 1.18-1.15 (m, 2H), 1.09-1.06 (m, 2H); "*C
\ NMR (125 MHz, CDCls) 8 156.5, 141.4, 110.3, 104.7, 52.3, 15.2.

The spectral data of the product 11¢ are in agreement with those published.*

1-(4-trifluoromethylphenyl)cyclopropanol (11d)
HO  'H NMR (500 MHz, CDCl3) § 7.56 (d, J = 8.0 Hz, 2H), 7.36 (d, J = 8.0 Hz,
2H), 2.35 (bs, 1H), 1.35 (ddd, J =7.5, 5.5, 0.5 Hz, 2H), 1.10 (ddd, J = 7.5, 5.5,
FaC 0.5 Hz, 2H); >C NMR (125 MHz, CDCl3) & 148.7, 128.4 (q, J = 31.9 Hz),
125.2 (q, J = 3.3 Hz), 124.2 (q, J = 270.1 Hz), 124.1, 56.1, 19.1; "’F NMR (282MHz, CDCl; ) §
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98.75; IR (neat) 3350, 2922, 1456, 1377, 1328, 1240, 1130, 1099, 1016 cm™: mp 53.8-54.5 °C.
Anal. Calcd for CoHoF50: C, 59.41; H, 4.49%. Found: C, 59.17; H, 4.29%.

2-methyl-1-phenylcyclopropanol (11e)
HO (major isomer): 'H NMR (500 MHz, CDCls) §7.43-7.41 (m, 2H), 7.38-7.34

oL Me

5.5 Hz, 1H), 0.87 (dd, J = 6.5, 5.5 Hz, 1H), 0.77 (d, J = 6.5 Hz, 3H); °C NMR (125 MHz,

(m,2H), 7.30-7.27 (m, 1H), 2.27 (bs, 1H), 1.49-1.45 (m, 1H), 1.15 (dd, J = 10.0,

CDCl3) 6 140.2, 128.2 (co-incident), 127.4, 61.8, 21.2, 19.5, 14.6. Anal. Calcd for C;oH;,0: C,
84.81; H, 7.12%. Found: C, 84.75; H, 7.08%. (minor isomer): '"H NMR (500 MHz, CDCl3)
07.35-7.31 (m, 2H), 7.29-7.27 (m, 2H), 7.23-7.19 (m, 1H), 2.15 (bs, 1H), 1.33-1.32 (m, 3H),
1.28-1.23 (m, 2H), 0.84-0.82 (m, 1H); ?C NMR (125 MHz, CDCl5) § 145.4, 128.3, 126.0, 123.8,
59.0,24.2,23.2,12.5.

The spectral data of the product 11e are in agreement with those published.”

To determine the stereochemistry of 11e, the following experiment was performed.

The authentic sample of cyclopropanol A was synthesized from the corresponding (Z)-silyl enol
ether B. (Z)-Silyl enol ether B was treated with diethylzinc and diiodomethane at 0 °C for 30
min. The obtained siloxycyclopropane was treated with trifluoroacetic acid to give

cis-2-methyl-1-phenylcyclopropanol A (Scheme 8).

1) EtZZn, CH2|2

OTMS  toluene, 0 °C, 30 min )Oéll\ﬁs
X _Me Me
Ph 2) TFA Ph
CH,Cl,, 0 °C, 15 min .
(2B 22 ' cis-A

Scheme 8. Synthesis of an authentic sample of 11e.

Compared with '"H NMR spectrum of the authentic sample A, it was found that the

stereochemistry of cyclopropane ring in major isomer was trans.
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OH OH
H Me
Me H
major isomer minor isomer

2-methyl-1-(2-naphtyl)cyclopropanol (11f)
HO (major isomer): 'H NMR (500 MHz, CDCls) & 7.86-7.81 (m, 4H), 7.61
Me (dd, J = 8.5, 1.5 Hz, 1H), 7.51-7.46(m, 2H), 2.19 (bs, 1H), 1.58-1.51 (m,
1H), 1.23 (dd, J = 10.0, 6.0 Hz, 1H), 1.02 (dd, J = 7.0, 6.0 Hz, 1H), 0.79 (d,
J =7.0 Hz, 3H); °C NMR (125 MHz, CDCl3) & 137.7, 133.2, 132.8, 128.0, 127.9, 127.6, 126.8,
126.6, 126.1, 125.9, 62.1, 21.3, 19.5, 14.6; IR (nujor) 3228, 2924, 1456, 1377, 1195, 1135, 1094
cm'l; mp 71.9-72.5 °C. Anal. Calcd for C4H40: C, 84.81; H, 7.12%. Found: C, 84.63; H,
7.17%; HRMS (m/z) Found: 198.1040. Calcd for Ci4H;4O [M]*: 198.1045. (minor isomer):
'H NMR (500 MHz, CDCl3) § 7.83-7.79 (m, 4H), 7.49-7.43 (m, 2H), 7.28 (dd, J = 8.5, 2.0 Hz,
1H), 2.37 (bs, 1H), 1.38 (d, J = 2.5 Hz, 3H), 1.39-1.32 (m, 2H), 0.91 (m, 1H); *C NMR (125
MHz, CDCls) 8 142.7, 133.2, 132.0, 128.0, 127.7, 127.5, 126.1, 125.4, 122.6, 122.4, 59.3, 24.0,
23.0, 12.5; IR (nujor) 3210, 2925, 1458, 1377, 1366 cm™; mp 77.5-78.5 °C.

1-(4-methoxyphenyl)-2-methylcyclopropanol (11g)
HO (major isomer): 'H NMR (500 MHz, CDCls) § 7.36-7.26 (m, 2H),
/©/<1/Me 6.90-6.87 (m, 2H), 3.81 (s, 3H), 2.23 (bs, 1H), 1.46—1.39 (m, 1H), 1.11
MeO (dd, J = 10.0, 5.5 Hz, 1H), 0.78-0.76 (m, 1H), 0.76 (d, J = 6.5 Hz, 3H);
BC NMR (125 MHz, CDCl3) § 158.9, 132.3, 129.7, 113.6, 61.5, 55.2, 20.7, 19.4, 14.9. HRMS
(m/z) Found: 178.1001. Calcd for C;;H40, [M]": 178.0994. (minor isomer): '"H NMR (500
MHz, CDCl3) & 7.24-7.21 (m, 2H), 6.88-6.85 (m, 2H), 3.80 (s, 3H), 2.06 (bs, 1H), 1.30 (d, J =
6.0 Hz, 3H), 1.20-1.12 (m, 2H), 0.75 (m, 1H); >C NMR (125 MHz, CDCl;) § 158.2, 137.4,
125.8, 113.7, 59.1, 55.3, 23.1, 22.0, 12.5; IR (neat) 3401, 2957, 2344, 1670, 1601, 1514, 1458,
1375, 1302, 1250, 1177, 1031 cm™.
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2-methyl-1-(4-trifluoromethylphenyl)cyclopropanol (11h)
HO (major isomer): 'H NMR (500 MHz, CDCl3) § 7.61 (d, J = 8.0 Hz, 2H),
/©/<1/Me 7.52 (d, J = 8.0 Hz, 2H), 2.33 (bs, 1H), 1.56-1.49 (m, 1H), 1.23 (dd, J =
FsC 10.0, 6.0 Hz, 1H), 0.95 (dd, J = 6.5, 6.0 Hz, 1H), 0.77 (d, J = 6.5 Hz, 3H);
C NMR (125 MHz, CDCl3) § 144.4, 129.4 (q, J = 32.0 Hz), 128.2, 125.2 (q, J = 3.8 Hz), 124.2
(q, J = 270.5 Hz), 61.3, 22.0, 20.1, 14.2; "’F NMR (282 MHz, CDCl3) § 97.89. HRMS (m/z)
Found: 216.0760. Calcd for C;;H;;OF;: 216.0762. (minor isomer): 'H NMR (500 MHz,
CDCl3) 0 7.57-7.55 (m, 2H), 7.36-7.34 (m, 2H), 2.04 (bs, 1H), 1.34-1.33 (m, 3H), 1.31-1.26 (m,
2H), 0.95-0.90 (m, 1H); *C NMR (125 MHz, CDCl3) & 149.9, 128.1 (q, J = 32.0 Hz), 125.2 (q, J
=3.8 Hz), 124.3 (q, J = 270.1 Hz), 123.7, 58.7, 25.3, 24.5, 12.5; ’F NMR (282 MHz, CDCl5) §
98.12; IR (nujor) 3338, 2923, 1456, 1377, 1328, 1167, 1111, 1072 cm™; mp 66.8-67.4 °C.

1-(4-acetylphenyl)cyclopropanol (11i)
HO 'H NMR (500 MHz, CDCl3) 8 7.91 (d, J = 8.5 Hz, 2H), 7.34 (d, J = 8.5 Hz,
2H), 2.59 (s, 3H), 1.38 (ddd, J =7.5, 5.5, 0.5 Hz, 2H), 1.14 (ddd, /= 7.5, 5.5,

0 0.5 Hz, 2H); °C NMR (125 MHz, CDCl3) § 197.7, 150.5, 135.1, 128.5, 123.8,
56.3, 26.6, 19.5; IR (neat) 3381, 1681, 1607, 1566, 1408, 1360, 1308, 1273, 1236, 1190, 1121,
1101, 1015 cm™. Anal. Calcd for Ci1H120s: C, 74.98; H, 6.86%. Found: C, 75.12; H, 6.93%;

HRMS (m/z) Found: 176.0836. Calcd for C;H;,0, [M]": 176.0837.

1-(4-ethoxycarbonylphenyl)cyclopropanol (11j)
HO 'H NMR (500 MHz, CDCl3) 8 8.00-7.98 (m, 2H), 7.33-7.31 (m, 2H), 3.91
MeO (s, 3H), 2.04 (bs, 1H), 1.37 (ddd, J = 7.5, 5.5, 0.5 Hz, 2H), 1.13 (ddd, J =
0 7.5, 5.5, 0.5 Hz, 2H); >C NMR (125 MHz, CDCl3) § 167.1, 150.3, 129.6,
127.7, 123.6, 56.1, 52.0, 19.4; IR (nujor) 3450, 2925, 1456, 1377, 1288, 1240, 1183, 1119 cm™;

mp 78.0-78.8 °C. Anal. Calcd for C;;H,03: C, 68.74; H, 6.29%. Found: C, 68.79; H, 6.32%;
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HRMS (m/z) Found: 193.0857. Calcd for C;;H;303 [MH]": 193.0865.

1-Phenyl-1-trimethylsiloxycyclopropane (13)
MesSiO  "H NMR (300 MHz, CDCl3) § 7.35-7.20 (m, 5H), 1.19 (ddd, J = 7.5, 5.1, 0.6 Hz, 2H),
Ph 0.99 (ddd, J=7.5, 5.1, 0.6 Hz, 2H), 0.05 (s, 9H).

The spectral data of the product 13 are in agreement with those published.”*

1,4-diphenylbutan-1,4-dione (14a)
0 'H NMR (500 MHz, CDCl3) & 8.06-8.04 (m, 4H), 7.60-7.57 (m, 2H),
Ph)k/\[(Ph 7.51-7.47 (m, 4H), 3.48 (s, 4H); >C NMR (125 MHz, CDCls) § 198.7, 136.7,
° 133.2, 128.6, 128.1, 32.6.

The spectral data of the product 14a are in agreement with those published.”

1-furyl-4-phenylbutan-1,4-dione (14c¢)

0 'H NMR (500 MHz, CDCl3) § 8.03-8.01 (m, 2H), 7.60 (dd, J = 2.0, 0.5 Hz,
0 Ph

T 1H), 7.57 (tt, J = 7.0, 1.5 Hz, 1H), 7.49-7.46 (m, 2H), 7.26 (dd, J = 3.5, 0.5
O

Hz, 1H), 6.55 (dd, J = 3.5, 1.5 Hz, 1H), 3.46-3.44 (m, 2H), 3.33-3.30 (m,
2H); °C NMR (125 MHz, CDCl3) § 198.4, 187.9, 152.5, 146.3, 136.6, 133.2, 128.6, 128.1, 117.1,
112.2, 32.24, 32.20.

The spectral data of the product 14c are in agreement with those published.”

1-phenyl-5-hexen-1-one (15a)
0 'H NMR (500 MHz, CDCl3) & 7.97-7.95 (m, 2H), 7.57-7.54 (m, 1H),

Ph)J\/\/\

2.0, 1.5 Hz, 1H), 5.00 (ddt, J = 10.0, 2.0, 1.5 Hz, 1H), 2.98 (t, J = 7.5 Hz, 2H), 2.16 (qt, J = 7.5,

7.48-7.44 (m, 2H), 5.82 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.05 (ddt, J = 17.0,

1.5 Hz, 2H), 1.86 (tt, J = 7.5, 7.5 Hz, 2H); °C NMR (125 MHz, CDCl3) & 200.2, 138.0, 137.0,
132.9, 128.5, 128.0, 115.3, 37.7, 33.2, 23.3.
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The spectral data of the product 15a are in agreement with those published.?’

1-tetradecen-6-one (15b)
O '"H NMR (500 MHz, CDCl3) & 5.76 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H),

nOCtyl)J\/\/\

2.42-2.36 (m, 4H), 2.05 (qt, J = 7.5, 1.5 Hz, 2H), 1.67 (tt, J = 7.5, 7.5 Hz, 2H), 1.56-1.53 (m,

5.01 (ddt, J =17.0, 2.0, 1.5 Hz, 1H), 4.96 (ddt, J = 10.0, 2.0, 1.5 Hz, 1H),

2H), 1.30-1.25 (m, 10H), 0.87 (t, J = 6.5 Hz, 3H); °C NMR (125 MHz, CDCl5) § 211.3, 138.0,
115.1,42.9,41.8, 33.1, 31.8, 29.3, 29.2, 290.1, 23.9, 22.8, 22.6, 14.1; IR (neat) 2928, 1713, 1674,
1641, 1605, 1454, 1410, 1371, 1273, 1130, 1074 cm™. Anal. Calcd for C 4Hy60: C, 79.94; H,
12.46%. Found: C, 80.21; H, 12.53%; HRMS (m/z) Found: 210.1990. Calcd for C4H»cO [M]":

210.1984.

1-furyl-5-hexen-1-one (15¢)

0 'H NMR (500 MHz, CDCl3) § 7.57 (dd, J = 2.0, 1.0 Hz, 1H), 7.17 (dd, J =
{j)‘\/\/\ 4.0, 1.0 Hz, 1H), 6.52 (dd, J = 4.0, 2.0 Hz, 1H), 5.80 (ddt, J = 17.0, 10.0,
\ 6.5 Hz, 1H), 5.04 (ddt, J = 17.0, 2.0, 1.5 Hz, 1H), 4.99 (ddt, J = 10.0, 2.0,
1.5 Hz, 1H), 2.82 (t, J = 7.5 Hz, 2H), 2.14 (qt, J = 7.5, 1.5 Hz, 2H), 1.83 (tt, J = 7.5, 7.5 Hz, 2H);
C NMR (125 MHz, CDCls) & 189.5, 152.8, 146.2, 137.9, 116.8, 115.3, 112.1, 37.6, 33.1, 23.2.

The spectral data of the product 15¢ are in agreement with those published.”®

1-(4-trifluoromethylphenyl)-5-hexen-1-one (15d)
0 'H NMR (500 MHz, CDCLy) 5 8.04 (d, J = 8.0 Hz, 2H), 7.71 (d, J =
/Q)M 8.0 Hz, 2H), 5.81 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.04 (ddt, J =
FaC 17.0, 2.0, 1.5 Hz, 1H), 5.00 (ddt, J = 10.0, 2.0, 1.5 Hz, 1H), 2.99 (t, J
7.5 Hz, 2H), 2.16 (qt, J = 7.0, 1.5 Hz, 2H), 1.86 (tt, J = 7.5, 7.5 Hz, 2H); 3C NMR (125 MHz,
CDCly) § 199.1, 139.6, 137.8, 134.2 (q, J = 32.9 Hz), 128.3, 125.6 (q, J = 3.8 Hz), 123.6 (q, J =
271.1 Hy), 115.5, 37.9, 33.0, 23.0; '9F NMR (282MHz, CDCl;) & 98.06: IR (neat) 2938, 2359,
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1694, 1410, 1327, 1170, 1132, 1067, 1016 cm™’. Anal. Calcd for C3H;30F;: C, 64.46; H, 5.41%.
Found: C, 64.21; H, 5.43%; HRMS (m/z) Found: 242.0918. Calcd for C;3H,30F; [M]*: 242.0918.

2-methyl-1-phenyl-5-hexen-1-one (15e)
0 'H NMR (500 MHz, CDCl3) § 7.96-7.94 (m, 2H), 7.57-7.54 (m, 1H),
Ph)g/\/% 7.48-7.45 (m, 2H), 5.79 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 4.99 (ddt, J = 17.0,
Me 2.0, 1.5 Hz, 1H), 4.96 (ddt, J = 10.0, 2.0, 1.5 Hz, 1H), 3.50 (qt, J = 14.0, 6.5
Hz, 1H), 2.11-2.06 (m, 2H), 1.98-1.91 (m, 1H), 1.56-1.47 (m, 1H), 1.20 (d, J = 7.0 Hz, 3H); °C
NMR (125 MHz, CDCl3) 6 204.3, 138.1, 136.7, 132.8, 128.6, 128.3, 115.1, 39.7, 32.6, 31.5, 17.3.

The spectral data of the product 15e are in agreement with those published.”

2-methyl-1-(2-naphtyl)-5-hexen-1-one (15f)
0 'H NMR (500 MHz, CDCl3) § 8.47 (s, 1H), 8.04 (dd, J = 8.5, 1.5 Hz,
OO X 1H), 7.97 (d, J = 8.0 Hz, 1H), 7.90 (d, J = 8.5 Hz, 1H), 7.88 (d, J =
Me 8.0 Hz, 1H), 7.62-7.54 (m, 2H), 5.82 (ddt, J = 17.0, 10.0, 6.5 Hz,
1H), 5.03— 4.97 (m, 2H), 3.68 (qt, J = 14.0, 6.5 Hz, 1H), 2.16-2.11 (m, 2H) 2.04-2.02 (m, 1H),
1.62-1.56 (m, 1H), 1.27 (d, J = 7.0 Hz, 3H); >C NMR (125 MHz, CDCl3) § 204.2, 138.1, 135.5,
133.9, 132.6, 129.7, 129.5, 128.5, 128.3, 127.7, 126.7, 124.2, 115.2, 39.7, 32.7,31.5, 17.5; IR
(neat) 2932, 1678, 1467, 1276, 1185, 1123 cm’’. Anal. Calcd for Ci7H30: C, 85.67; H, 7.61%.
Found: C, 85.52; H, 7.64%; HRMS (m/z) Found: 238.1362. Calcd for C;7H;30 [M]": 238.1358.

1-(4-methoxyphenyl)-2-methyl-5-hexen-1-one (15g)
0 'H NMR (500 MHz, CDCls) & 7.94 (d, J = 9.0 Hz, 2H), 6.94 (d, J =
9.0 Hz, 2H), 5.79 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.00-4.94 (m,
MeO e 2H), 3.87 (s, 3H), 3.46 (qt, J = 14.0, 6.5 Hz, 1H), 2.11-2.03 (m, 2H),
1.96-1.89 (m, 1H), 1.55-1.48 (m, 1H), 1.18 (d, J = 6.5 Hz, 3H); °C NMR (125 MHz, CDCl;) &

202.9, 163.3, 138.2, 130.5, 129.6, 115.0, 113.7, 55.4, 39.3, 32.8, 31.5, 17.5; IR (neat) 2970, 1672,
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1601, 1510, 1460, 1420, 1371, 1308, 1260, 1173, 1031 cm™. Anal. Calcd for C14H,30,: C, 77.03;
H, 8.31%. Found: C, 76.95; H, 8.27%; HRMS (m/z) Found: 218.1306. Calcd for C;4H;30, [M]":
218.1307.

2-methyl-1-(4-trifluoromethylphenyl)-5-hexen-1-one (15h)
O] 'H NMR (500 MHz, CDCl3) 8 8.04 (d, J = 8.0 Hz, 2H), 7.73 (d, J =

8.0 Hz, 2H), 5.77 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.00-4.96 (m,

Me
FsC 2H), 3.49 (dq, J = 14.0, 6.5 Hz, 1H), 2.12-2.07 (m, 2H), 1.97-1.90

(m, 1H), 1.57-1.51 (m, 1H), 1.21 (d, J = 7.0 Hz, 3H); >C NMR (125 MHz, CDCls) & 203.3,
139.3 (d, J = 0.9 Hz), 137.8, 134.2 (q, J = 32.9 Hz), 128.6, 125.7 (q, J = 3.8 Hz), 123.6 (q, J =
271.5 Hz), 115.4, 40.1, 32.3, 31.4, 17.0; ’F NMR (282 MHz, CDCl; ) § 97.96; IR (neat) 2935,
1690, 1410, 1326, 1172, 1132, 1068, 1017 cm™. Anal. Calcd for C,4H;sOF3: C, 65.62; H, 5.90%.
Found: C, 65.54; H, 5.88%; HRMS (m/z) Found: 256.1074. Calcd for C4H,sOF; [M]*: 256.1075.

1-(4-acetylphenyl)-5-hexen-1-one (15i)

0 'H NMR (500 MHz, CDCl3) & 8.03 (s, 4H), 5.82 (ddt, J = 17.0, 10.0,

h 6.5 Hz, 1H), 5.05 (ddt, J = 17.0, 2.0, 1.5 Hz, 1H), 5.01 (ddt, J = 10.0,

0 2.0, 1.5 Hz, 1H), 3.01 (t, J = 7.5 Hz, 2H), 2.65 (s, 3H), 2.17 (qt, J =
7.0, 1.5 Hz, 2H), 1.86 (tt, J = 7.0, 7.0 Hz, 2H); °C NMR (125 MHz, CDCls) § 199.7, 197.5,
140.1, 140.0, 137.9, 128.5, 128.2, 115.5, 38.1, 33.1, 26.9, 23.0; IR (neat) 2923, 2360, 1679, 1456,
1404, 1312, 1268 cm'l; mp 49.5-51.0 °C. Anal. Calcd for C4H;60,: C, 77.75; H, 7.46%. Found:

C, 77.74; H, 7.46%; HRMS (m/z) Found: 216.1153. Calcd for C14H;60, [M]": 216.1150.

1-(4-ethoxycarbonylphenyl)-5-hexen-1-one (15j)

Q 'H NMR (500 MHz, CDCl3) § 8.12 (d, J = 9.0 Hz, 2H), 8.00 (d, J
X

MeO =9.0 Hz, 2H), 5.82 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.05 (ddt, J
0 = 17.0, 2.0, 2.0 Hz, 1H), 5.00 (ddt, J = 10.0, 2.0, 1.5 Hz, 1H),
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3.00 (t, J = 7.5 Hz, 2H), 2.16 (qt, J = 7.0, 1.5 Hz, 2H), 1.86 (tt, J = 7.0, 7.0 Hz, 2H); °*C NMR
(125 MHz, CDCls) § 199.7, 166.3, 140.2, 137.9, 133.7, 129.8, 127.9, 115.5, 52.5, 38.0, 33.1,
23.0; IR (nujor) 2924, 1722, 1677, 1457, 1407, 1378, 1284, 1112 cm™; mp 55.5-57.0 °C. HRMS
(m/z) Found: 232.1097. Calcd for C4H;605 [M]*: 232.1099.

1-(4-Cyanophenyl)-2-mesyloxy-1-propanone (17)
o] 'H NMR (500 MHz, CDCl3) & 8.03 (d, J = 8.4 Hz, 2H), 7.81 (d, J = 8.4
Hz, 2H), 5.96 (q, J/ = 7.2 Hz, 1H), 3.12 (s, 3H), 1.65 (d, J = 7.2 Hz, 3H);
NC e BC NMR (125 MHz, CDCl3): & 194.3, 136.8, 132.7, 129.0, 117.5, 117.3,
76.6, 39.3, 18.2; IR (nujor) 1709, 1352, 1221, 1179, 976, 910, 735 cm™, mp 112.0-113.2 °C.

HRMS (m/z) Found: 253.0413. Calcd for C;;H;;O4sNS [M]": 253.0409.

(R)-1-(4-cyanophenyl)-2-methyl-5-hexen-1-one ((R)-18)

O 'H NMR (500 MHz, CDCl3) & 8.02 (d, J = 8.5 Hz, 2H), 7.77 (d, J =
g ';M S 8.5 Hz, 2H), 5.76 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.00-4.96 (m,
e
NC 2H), 3.45 (tq, J = 7.0, 7.0 Hz, 1H), 2.11-2.07 (m, 2H), 1.96-1.89 (m,

1H), 1.57-1.50 (m, 1H); *C NMR (125 MHz, CDCls) § 202.9, 139.6, 137.7, 132.5, 128.6, 118.0,
116.1, 115.6, 40.1, 32.2, 31.3, 17.0; IR (neat) 2931, 2360, 2232, 1689, 1458, 1406, 1280, 1226
cm’’. Anal. Calcd for C14H50ON: C, 78.84; H, 7.09%. Found: C, 79.06; H, 7.20%; HRMS (m/z)
Found: 213.1156. Caled for C14H;sON [M]*: 213.1154. [alp™ = —24 (¢ = 0.0105 g/mL,
benzene); HPLC conditions: Daisel CHIRALCEL AD-H, hexane/2-propanol = 99.9/0.1, 1.5

mL/min, retention time: 23.85 min ($); 25.00 min (R).

(R)-2-(hydroxymethyl)-1-phenyl-5-hexen-1-one (22aa)
o} 'H NMR (500 MHz, CDCl3) § 7.97-7.94 (m, 2H), 7.60-7.57 (m, 1H),
Ph™ X OH  7.50-7.46 (m, 2H), 5.77 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.02-4.98 (m, 2H),
— 3.94 (dd, J =11.0, 7.0 Hz, 1H), 3.85 (dd, J = 11.0, 4.0 Hz, 1H), 3.67-3.62 (m,
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1H), 2.43 (bs, 1H), 2.16-2.08 (m, 2H), 1.86-1.79 (m, 1H), 1.77-1.69 (m, 1H); *C NMR (125
MHz, C¢D¢) & 204.5, 137.5, 136.6, 133.4, 128.7, 128.4, 115.7, 62.7, 47.1, 31.3, 28.0; IR (neat)
3447, 2934, 2361, 1678, 1597, 1449, 1375, 1234, 1053, 1001 cm™'. Anal. Calcd for C13H;60,: C,
76.44; H, 7.90%. Found: C, 76.69; H, 8.02%; HRMS (m/z) Found: 204.1154. Calcd for C;3H;60,
[M]": 204.1150. HPLC conditions: Daisel CHIRALCEL OJ-H, hexane/2-propanol = 95/5, 1.0

mL/min, retention time: 9.36 min (R); 10.42 min (S).

2-(hydroxymethyl)-2-methyl-1-phenyl-5-hexen-1-one (22ba)

o) '"H NMR (500 MHz, CDCl3) & 7.74-7.72 (m, 2H), 7.51-7.48 (m, 1H),
Pi™ X ©OH  7.44-7.40 (m, 2H), 5.74 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 4.97 (ddt, J = 17.0,

e — 2.0, 1.5 Hz, 1H), 4.93 (ddt, J = 10.0, 2.0, 1.5 Hz, 1H), 3.91 (dd, J = 11.5, 7.0
Hz, 1H), 3.61 (dd, J = 11.5, 7.0 Hz, 1H), 2.41 (t, J/ = 7.0 Hz, 1H), 2.15-2.07 (m, 1H), 2.04-1.96
(m, 1H), 1.93 (ddd, J = 14.0, 12.0, 4.5 Hz, 1H), 1.86 (ddd, J = 14.0, 12.0, 5.5 Hz, 1H), 1.38 (s,
3H); C NMR (125 MHz, CDCls) § 209.2, 138.3, 137.9, 131.5, 128.3, 127.8, 114.9, 68.8, 52.6,
35.5, 28.6, 21.0; IR (neat) 3403, 2934, 2360, 1668, 1445, 1214, 1046 cm™. Anal. Calcd for
C14H130,: C, 77.03; H, 8.31%. Found: C, 77.11; H, 8.24%; HRMS (m/z) Found: 218.1305. Calcd

for C14H1802 [M]+I 218.1307.

6-(hydroxymethyl)-6-methyl-9-decen-5-one (22ca)

0 'H NMR (500 MHz, CDCl3) § 5.77 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.02
"Bu” X OH (ddt, J = 17.0, 2.0, 1.5 Hz, 1H), 4.96 (ddt, J = 10.0, 2.0, 1.5 Hz, 1H), 3.74

e — (dd, J =11.0, 6.5 Hz, 1H), 3.50 (dd, J = 11.0, 6.5 Hz, 1H), 2.47 (dt, J = 6.5,
4.5 Hz, 2H), 2.25 (dd, J = 6.5, 6.5 Hz, 1H), 2.04-1.90 (m, 2H), 1.64 (dd, J = 9.0, 7.5 Hz, 2H),
1.57-1.51 (m, 2H), 1.34-1.27 (m, 2H), 1.17 (s, 3H), 0.91 (t, J = 7.5 Hz, 3H); °C NMR (125
MHz, CDCl3) § 216.9, 138.0, 114.9, 67.7, 52.2, 37.5, 34.6, 28.4, 25.6, 22.4, 19.3, 13.9; IR (neat)
3415, 2927, 1698, 1464, 1377, 1261, 1116, 1023 cm™. HRMS (m/z) Found: 199.1696. Calcd for

C12H2302 [MH]+ 199.1698.
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(IR,2R)-2-acetyl-2-(3-butenyl)cyclohexanol (22da)

N\ 'H NMR (500 MHz, CDCls) & 5.77 (ddt, J = 17.0, 10.0, 6.0 Hz, 1H), 5.02 (ddt, J =
””/<O 17.0, 2.0, 1.5 Hz, 1H), 4.96 (ddt, J = 10.0, 2.0, 1.5 Hz, 1H), 3.66 (bs, 1H), 3.07 (bs,
“OH 1H), 2.15 (d, J = 0.5 Hz, 3H), 2.10-1.95 (m, 3H), 1.85-1.45 (m, 8H), 1.39-1.25 (m,

2H); °C NMR (125 MHz, C¢De) & 216.5, 138.1, 114.9, 73.5, 55.5, 34.7, 31.0, 30.4, 28.5, 26.4,

22.7,22.2; IR (neat) 3420, 2936, 1699, 1448, 1355, 1232, 1170, 1138, 1064 cm™". HRMS (m/z)

Found: 197.1540. Calcd for Cj,H 0, [MH]*: 197.1542. [alp™ = +16 (c = 0.0188 g/mL,

benzene).

HPLC analysis was conducted after transformation of (/R,2R)-22da into the corresponding

benzoate by treatment with benzoyl chloride.

N N\

BzCl /<O 0

O
(RN} I/
CH,Cl, / pyridine 0
“'OH

Scheme 9. Preparation of benzoate of (/R,2R)-22da.

HPLC conditions: Daisel CHIRALCEL AD-H, hexane/2-propanol = 98/2, 1.0 mL/min, retention

time: 8.07 min (/R,2R); 9.23 min (IS,2S5).

(IR*,2R%*)-2-acetyl-2-(3-methyl-3-butenyl)cyclohexanol (22db)
'H NMR (500 MHz, CDCls) & 4.71-4.70 (m, 1H), 4.68—4.67 (m, 1H), 3.69 (ddd, J
/<O = 8.0, 8.0, 3.5 Hz, 1H), 3.02 (d, J = 8.0 Hz, 1H), 2.15 (s, 3H), 2.02-1.88 (m, 3H),
“OH  1.85-1.73 (m, 3H), 1.72 (s, 3H), 1.69-1.46 (m, 4H), 1.40-1.27 (m, 2H); °*C NMR
(125 MHz, CDCl3) § 216.3, 145.5, 110.0, 73.4, 55.5, 33.6, 32.2, 30.9, 30.1, 26.3, 22.5, 22.2; IR
(neat) 3420, 2936, 1695, 1450, 1355, 1263, 1232, 1170, 1046 cm™". Anal. Calcd for C13H,0,: C,
74.24; H, 10.54%. Found: C, 74.34; H, 10.31%; HRMS (m/z) Found: 210.1621. Calcd for
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C13H2202 [M]+I 210.1620.

(IR*,2R%*)-2-acetyl-2-(4-methyl-3-pentenyl)cyclohexanol (22dc)
'H NMR (500 MHz, CDCl; ) & 5.07-5.03 (m, 1H), 3.70 (ddd, J = 8.0, 8.0, 4.0

N o Hz. 1H), 3.05 (d. J = 8.0 Hz, 1H), 2.15 (s, 3H), 1.99-1.78 (m, 4H), 1.70-1.46
/< (m, 6H), 1.67 (d, 3 J = 1.0 Hz, 3H), 1.58 (d, J = 1.0 Hz, 3H), 1.39-1.26 (m, 2H);
""OH

C NMR (125 MHz, CDCl3) & 216.4, 132.3, 123.7, 73.3, 55.7, 35.4, 30.9, 30.1,
26.3, 25.6, 22.8, 22.5, 22.2, 17.6; IR (neat) 3458, 2934, 2344, 1697, 1449, 1375, 1354, 1265,
1236, 1217, 1167, 1138, 1064 cm™. HRMS (m/z) Found: 224.1774. Calcd for Ci4H40, [M]*:
224.1776.

(IR*,2R*)-2-acetyl-2-(2,3-butadienyl)cyclohexanol (22dd)

—
)

'H NMR (500 MHz, CDCl3 ) § 5.10 (m, 1H), 4.67 (dt, J = 6.5, 2.5 Hz, 2H), 3.62

\

/<O (ddd, J = 9.0, 9.0, 4.0 Hz, 1H), 3.21 (d, J = 9.0 Hz, 1H), 2.44-2.31 (m, 2H), 2.16
“OH (s 3H), 2.02 (dddd, J = 14.0, 6.5, 3.5, 1.5 Hz, 1H), 1.86-1.80 (m, 1H), 1.72-1.54
(m, 3H), 1.47 (ddd, J = 14.0, 10.0, 3.5 Hz, 1H), 1.38-1.22 (m, 2H); *C NMR (125 MHz, CDCl;)
8 216.2, 209.7, 84.8, 74.5, 74.0, 56.1, 35.1, 31.2, 30.8, 26.8, 23.1, 22.4; IR (neat) 3389, 2936,
2359, 1954, 1693, 1604, 1447, 1408, 1360, 1273, 1244, 1177, 1123 cm™". HRMS (m/z) Found:
195.1382. Caled for C1,H;60, [MH]*: 195.1385.

(IR*,2R*)-2-acetyl-2-(2-methyl-2,3-butadienyl)cyclohexanol (22de)
Me 'H NMR (500 MHz, CDCl; ) & 4.60—4.57 (m, 2H), 3.74 (ddd, J = 7.5, 7.5, 3.5 Hz,
= o IH), 3.19 (d, J = 7.5 Hz, 1H), 2.34 (dd, J = 2.5, 2.5 Hz, 2H), 2.18 (s, 3H),
/< 2.06-2.01 (m, 1H), 1.84-1.79 (m, 1H), 1.70 (t, J = 3.0 Hz, 3H), 1.69-1.52 (m, 4H),

1.40-1.30 (m, 2H); °C NMR (125 MHz, CDCl3) § 216.4, 208.0, 93.8, 74.3, 72.9,
56.0, 38.1, 30.7, 29.9, 27.2, 22.2, 22.1, 20.8; IR (neat) 3460, 2938, 2360, 1958, 1697, 1449, 1424,

1354, 1136, 1078, 1060 cm™. Anal. Calcd for C13H,00,: C, 74.96; H, 9.68%. Found: C, 74.71; H,
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9.78%; HRMS (m/z) Found: 208.1471. Calcd for C13H200, [M]": 208.1463.

(IR*,2R*)-2-acetyl-2-(3-butenyl)cyclopentanol (22ea)
\ 'H NMR (500 MHz, CDCl3) § 5.75 (ddt, J = 17.0, 10.0, 6.5 Hz, 1H), 5.00 (ddt, J =
o 17.0, 2.0, 1.5 Hz, 1H), 4.95 (ddt, J = 10.0, 2.0, 1.5 Hz, 1H), 4.15 (ddd, J = 5.0, 5.0,
/’”“{ 3.0 Hz, 1H), 2.74 (dd, J = 5.0, 0.5 Hz, 1H), 2.20-2.14 (m, 1H), 2.18 (s, 3H),
OH 2.05-1.82 (m, 4H), 1.72-1.52 (m, 5H); *C NMR (125 MHz, CDCl3) § 214.1, 137.7,
115.0, 78.7, 63.8, 35.1, 32.6, 30.8, 29.1, 27.8, 20.5; IR (neat) 3420, 2936, 1695, 1448, 1355, 1232,
1170, 1046 cm’. Anal. Calcd for Ci1Hi502: C, 72.49; H, 9.95%. Found: C, 72.31; H, 9.87%;

HRMS (m/z) Found: 183.1380. Calcd for C;;H;90, [MH]": 183.1385.

(IR*,2R%*)-2-acetyl-2-(3-methyl-3-butenyl)cyclopentanol (22eb)
'H NMR (500 MHz, CDCl3) & 4.71-4.70 (m, 1H), 4.66—4.65 (m, 1H), 4.16 (ddd, J =
5.0, 5.0, 2.5 Hz, 1H), 2.74 (d, J = 5.0 Hz, 1H), 2.21-2.15 (m, 1H), 2.18 (s, 3H),
/( 2.06-1.56 (m, 9H), 1.70 (s, 3H); °C NMR (125 MHz, CDCls) § 214.1, 145.1, 110.0,
oH 78.8,63.9, 34.1, 32.8, 32.6, 30.8, 27.7, 22.6, 20.5; IR (neat) 3461, 2936, 1694, 1447,
1357, 1167, 1052 cm™. HRMS (m/z) Found: 197.1542. Calcd for C,H,,0, [MH]": 197.1542.
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Chapter 6

Nucleophilic Cyclopropanation Reaction with Bis(iodozincio)methane

by 1,4-Addition to a,B-Unsaturated Carbonyl Compounds

Treatment of o,B-unsaturated ketones carrying electrophilic site at y-position in the presence
of trimethylsilyl cyanide with bis(iodozincio)methane afforded (Z)-silyl enol ether of
B-cyclopropyl substituted ketone in good yields. The reaction proceeds via 1,4-addition to form
enolate, and its sequential intramolecular nucleophilic attack to an adjacent electrophilic site.
The reaction of y-ethoxycarbonyl-o,-unsaturated ketone and bis(iodozincio)methane in the
presence of trimethylsilyl cyanide afforded 1-ethoxy-1-trimethylsiloxycyclopropane derivatives,
which can be regarded as the homoenolate equivalent. The author also demonstrated the
reactions of the obtained homoenolate equivalents with imines to  give

1-(E)-alkenyl-2-(1-aminoalkyl)alkanols diastereoselectively.
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Introduction

Many examples of 1,4-addition of organozinc reagent to a,f-unsaturated ketones have been
reported.” Matsubara et al. had also reported that the gem-dizinc reagent undergoes 1,4-addition
to  o,B-unsaturated ketones.” For example, treatment of chalcone (2) with
bis(iodozincio)methane (1) in the presence of chlorotrimethylsilane afforded (Z)-trimethylsilyl
enol ethers of B-iodozinciomethylketone 3 via 1,4-addition (Scheme 1).> The sequential
coupling reaction at the introduced zinciomethyl group with other electrophiles, such as phenyl

iodide, was also possible in the presence of Pd(0).

, . -Ph
O Me,SiCl  MesSiO  CHyZnl 1) Pd(0) (5 mol%) Me3SiO H,C

Ph)J\/\Ph * CHy(Znl), PPN PPN

Ph Ph  2)Phl(1.3equiv.) Ph Ph
2 1 3 4 (70%)

Scheme 1. 1,4-Addition of bis(iodozincio)methane (1) to chalcone (2) and sequential

coupling with phenyl iodide in the presence of Pd(0).

Instead of performing the intermolecular coupling shown in Scheme 1, an intramolecular
process would afford cyclic compounds. The author had already shown that a sequential
nucleophilic reaction is an efficient route for cyclopropane ring formation in Chapter 2, 3, and 54
When 1,2-diketone 5, o,B-epoxy ketone 6, or a-sulfonyloxy ketone 7 was treated with 1,
1,2-addition to carbonyl group proceeds to generate organozinc species, 8, 9, or 10 respectively.
In this case, a sequential intramolecular nucleophilic attack of the carbon—zinc bond to another
carbonyl group or the leaving group, epoxy group or sulfonyloxy group, had proceeded readily,

and the corresponding zinc alkoxide of cyclopropanol 11, 12, or 13 was obtained (Scheme 2).
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o) , IZnQ/’ CHoZnl 1ZnO oznl
R1J\WR +  CHyznl), —= R1A]¢O (@)
S I R2 ] R1 R2
5 1 8 1
o [ 1ZnO CHyznl | IZnO  Oznl
R1J\{6\R2 * o CHaZnh = R1A@R2 _> me? )
6 1 9 12
0 [ 1ZnO CH,znl 70
R2 R2
Fg& * CHxznl), —> RV ™ . R1/E¢R2 (©)
OSO,R® I OSO,R
7 1 10 13

Scheme 2. Nucleophilic cyclopropanation of bis(iodozincio)methane (1) with 1,2-diketone

(5), a,B-epoxy ketone (6) or a-sulfonyloxy ketone (7) via iodozinciomethylation.

In this context, the author planned a sequential process of 1,4-addition and cyclopropane
formation using gem-dizinc 1 to produce B-cyclopropyl substituted silyl enol ether. As shown
in Scheme 3, the author examined the treatment of o,fB-unsaturated ketone carrying an

electrophilic site at y-position with bis(iodozincio)methane (1) in the presence of silylation

reagent (R3S1X).
O RsSIO  CH,Znl R5SiO
2 R5SiX 3 2 )
% Gy Y

1

Scheme 3. Nucleophilic cyclopropanation of bis(iodozincio)methane (1) via 1,4-addition.

Results and Discussion

A mixture of y-acetoxy-a,B-unsaturated ketone 14a (1.0 mmol), triethylamine (2.5 mmol),

and trimethylsilyl cyanide (2.2 mmol) in THF was treated with 1 (1.2 mmol) at 25 °C for 5 min.
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After aqueous work up, (Z)-silyl enol ether of B-cyclopropyl ketone 15a was obtained in 83 %

yield stereoselectively (Scheme 4)2

CHy(Znl), (1)

o) , OSiMe;

o Mo cH, MesSiCN on I <]
70( THF, 25°C, 3 h

14a 15a (83%)

(Z) only

Scheme 4. Reaction of y-acetoxy-o,-unsaturated ketone 14a with the dizinc 1.

Other examples are shown in Table 1. In all cases, the products were obtained as (Z)-form
enolates selectively. When 7y-acetoxy-y-methyl-o,B-enone 14e was treated with 1 in the
presence of trimethylsilyl cyanide, (Z)-enolate 15e was obtained in 80% yield with low
diastereoselectivity concerning the stereochemistry of cyclopropane ring (entry 4). Starting the
reaction at —40 °C did not improve the diastereomeric ratio (entry 5). In these cases, the
diastereofacial selectivity of 1,4-addition to o,-enone will determine the diastereomeric ratio of
the product, because the subsequent intramolecular nucleophilic substitution of the remaining
carbanion site to the adjacent acyloxy substituted carbon should be stereospecific. ~Yamamoto
had reported the diastereofacial selectivity of 1,4-addition of carbon nucleophiles to
o,B-unsaturated carbonyl derivatives.® In general, the diastereoselectivity can be explained by
the modified Felkin—Anh model when 1,4-additions proceed through the Biirgi—Dunitz trajectory’
(Figure 1). The model could be applied to our reaction, so the size of the substituents on
Y-position was examined to determine the diastereoselectivity. The reaction of
v-(2,4,6-trimethylbenzoyloxy)-o,B-enone 14f improved the diastereomeric ratio only slightly
(entry 6). In the case of Yy-isopropyl-substituted enone 14h, the diastereomeric ratio was

improved to 85 / 15, but the reaction became sluggish (entry 8).
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Table 1. Cyclopropanation of 7y-acyloxy-o,B-unsaturated ketone 14  with

bis(iodozincio)methane (1) via 1,4-addition.”

o)
OSiMe
__ O. R2 CHya(1) 3
R1JK/\(3 hil Me;3SiCN R1MR3
RS O
14 THF 15
. yield ;
entry substrate conditions product (%) dr
0 OSiMe;
1 /@)V\/O\H/CH:; 25°C,3h /@M 86
0]
HsC 14b HyC 15b
O OSiMe;
) > OTCH3 25°C,3h /©)\/<] 83
/@)‘J\/\/ T
Br 14c Br 15¢
0
OSiMe3
3 npen)J\/\/OTCHa 25°C,3h “ 51¢
5 14d "Pen 15d
o} OSiMe
0to 25 °C 3
4 _~_0._CH X CH 80  59/41°
Ph)K/\( D 12h ph)\/<],w 3 {56
CH; O 14e
5 14 0P 15 80 60/40
o}
= O _Mes 0to 25 °C
6 Ph)J\/\( 3 h 15e 75 66/34
CH; O 14f
o OSiMe
_~_O._CH 0to 25 °C 3 ;
7 Ph)l\/\( o 2 S LePn 82 79N
Ph O 14g g

8 )?\/\(O CH4 0to25°C )OjM/e3<L¢ 778 85/15
Ph NN 'Pr

* Ketone 14 (1.0 mmol), the dizinc 1 (1.2 mmol, 0.5 M in THF), triethylamine (2.5 mmol), R’;SiX (2.2 mmol), and
THF (4 mL) were used. * Isolated yields. ¢ The diastereomeric ratios were determined by 'H NMR. ¢ 15d was
obtained as equimolar mixture of (E)- and (Z)-isomers after purification. © The stereochemistry of substituents on
cyclopropane ring in major isomer was trans. " The diastereomeric ratio was determined after converting to the

corresponding ketone with 1N aqueous HCI. ® The starting material was recovered in 65% yield.
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Nu
s\ w .COR
AN

L

Figure 1. Modified Felkin-Anh Model by Yamamoto.

Instead of 14, y-ethoxycarbonyl-o,-enone 16 was also examined as a substrate. A mixture
of ethyl (E)-3-benzoylacrylate (16a, 1.0 mmol), triethylamine (2.5 mmol), and trimethylsilyl
cyanide (1.1 mmol) in THF was treated with 1 (1.2 mmol) at 25 °C for 5 min. Additional
trimethylsilyl cyanide (1.1 mmol) was added and the mixture was stirred for 10 min at room
temperature.  After aqueous work-up, 1-ethoxy-1-trimethylsiloxycyclopropane 17a was
obtained in 99% yield (Scheme 5). The configuration of enolate was (Z)-form without any

diastereoselectivity of cyclopropane formation reaction.

CHy(Znl), (1)

O . _ OSiMe;
M( OFt _MesSICN/EtN — Me;SiCN M/ OFt
Ph THF, 25 °C, 5 min Ph ,
O OSiMe;
16a 17a (99%)

Z selective, dr=1/1

Scheme 5. Cyclopropanation of ketoester 16a with bis(iodozincio)methane (1).

Other examples are shown in Table 2. In all cases, the products 17 were obtained as an
equimolar mixture of diastereomers, as the intramolecular cyclopropanation proceeded without
diastereoselectivity (from 18 to 17 in Scheme 6). When chlorodimethylphenylsilane was used
as silylation reagent instead of trimethylsilyl cyanide, the corresponding phenyldimethylsilyl

ether derivatives 17a’-d’ were obtained (entries 5-8).
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Table 2. Cyclopropanation of ketoesters 16 with bis(iodozincio)methane (1).*

0 -
__ _OEt CHaZnny(1) OSiR'
R R'3SiX R1)\/<’/05t
o) .
16 THF, 25 °C, 5 min 17 OSiR’
_ yield
entry substrate R’;SiX product b
(%)
0 OSiMes
1 /@)J\/\WOE'[ Me;SiCN /@)\/Q(oa 99
o) OSiMe
Br 16b Br M 17
0 OSiMe,
2 @)WOH Me;SiCN J@/WOH 73
MeO © 16¢ MeO OSiMes 17¢
0 OSiMe,
3 OEt Me3SiCN OO A ‘ OEt 99
0 OSiMe,
4 Moa Me;SiCN Moa 83
\ 0O O 16e \ (0] OSiMe; 17e
o) OSiPhMe,
5 o )K/\WOEt PhMe,SiCl Ph)\/Q(OEt 93
(@] 16a OSiPhMe, 17a’
OSiPhMe,
6 16b PhMe,SiCl X OEt 90
OSiPhMe,
Br 17’
OSiPhMe,
7 16¢ PhMe,SiCl WOB 65
MeO OSiPhMe, 17
OSiPhMe,

8 16d PhMe,SiCl ~ < | OEt 97
OO OSiPhMe; 1745

* (E)-Ethyl 4-oxoalk-2-enoate 16 (1.0 mmol), the dizinc 1 (1.2 mmol, 0.5 M in THF), triethylamine (2.5
mmol), R’;SiX (2.2 mmol), and THF (4 mL) were used. ® Isolated yields.

157



Chapter 6

The product 17 has 1-ethoxy-1-siloxycyclopropane moiety, which is known as an ester
homoenolate via cyclopropane ring opening. Nakamura and Kuwajima had reported that
treatment of 1-siloxy-1-alkoxycyclopropanes with Lewis acid generates homoenolates,® which
can be applied for the C—C bond forming reactions.” When 17 was activated by Lewis acid, the
homoenolate 19 would be generated via cyclopropane ring opening (Scheme 7); the homoenolate

This reagent might have an allylmetal

19 is considered to be as 3-siloxyallylmetal species.'
form 19, because of the coordination between metal and carbonyl group. The silyl enol ether
was formed as (Z)-form selectively. So, the nucleophilic reaction of 19 as 3-siloxyallylmetal

reagent was expected to proceed regio- and diastereoselectively.“

CHa(Znl); (1)

% ) MesSIO  CHyznl , Me;SiO
R)J\/\H/OEt Me;SiCN R)\/‘\{%OE'( Me3SiCN R)\/<‘/0Et
O (5 OSiMe;
16 18 17

Scheme 6. Formation of cyclopropane 17 via 1,4-addition.

. MX
i Me,;SiO
MesSIO - CHaZnl 3 (Lewis acid) MesSiO  M---O
A OEt ——= X OEt 2 ,
R R RN OEt
(o OSiMe,
18 17 19

Scheme 7. Strategy of migration of iodozincio group from homoallyl metal into allyl metal.
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Treatment of tosylimine of benzaldehyde with 17a in the presence of zinc(Il) iodide gave the
B-siloxylamine derivative 20a as a single diastereomer (Scheme 8). The stereochemistry of 20a
was determined by X-ray analysis (Figure 2).'"> Meanwhile, the same reaction from 17a without

zinc(Il) iodide resulted in a complete recovery.

OSiMe3 PhCH=NTs (1.4 equiv.) Ph. OSiMe; O
. OEt Znl, (1.2 equiv.) Ph S _
Ph o H < OEt
OSiMe, CHClp, 25°C, 30 min - +ouN' H
17a 20a (33%, single diastereomer)

Scheme 8. The reaction of 17a as homoenolate with imine.

Figure 2. The ORTEP of 20a.

When the ketoester 16a was treated with bis(iodozincio)methane (1) in the presence of
trimethylsilyl cyanide as in Scheme 5, zinc(Il) salts such as zinc(I) iodide and cyanide were also
generated in  situ. These zinc salts might mediate the conversion of the
1-trimethylsiloxy-1-ethoxycyclopropane moiety in 17a into the zinc homoenolate. So we tried
the cyclopropantion reaction and the addition reaction in one pot without the isolation of silyl
ether 17a. For this purpose, after the procedure for preparation of 17a from 16a without
addition of triethylamine, we added the tosylimines and then raised the reaction temperature to

80 °C for 4 h. As shown in Scheme 9, B-siloxylamine derivatives 20 were obtained with high
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diastereoselectivity. Instead of tosylimine, treatment of phenylimine of benzaldehyde with 17a

also gave the corresponding B-siloxylamine derivative 20f diastereoselectively.

CHa(Znl)2 (1) [ , w .
o} , OSiMe; _ , Ph OSiMe; O
PhM(OEt Me;SiCN PhM/OEt PhCH=NTs (1.4 equiv.) p, Moa
o THF, 25 °C,5m|n{ OSIMe3J 80°C,4h TsHN 'H
16a 17a 20a (78%, single diastereomer)
Ph. OSiMe; O Ph. OSiMe; O Ph. OSiMe; O
np N N tB N
rW\)J\OEt CyMGEt UMOE'(
TsHN H TsHN H TsHN H
20b (92%) 20c (66%) 20d (56%)
Ph_OSiMe; Q Ph_OSiMe; O
Ph_~ . 5z OFt Ph = OFt
TsHN H PhHN H
20e (64%) 20f (78%)

Scheme 9. Reaction of various imines with the homoenolate prepared from 16a.

Instead of imines, other electrophiles were also examined. Treatment of in situ formed 17a
with propanal under the reflux condition afforded the vic-diol 21 in moderate yield. The product
21, however, was given as a diastereo mixture (Scheme 10 (a)). The reaction of acid anhydrides
with 17a afforded o-(E)-alkenyl-a-siloxyketones 22 in good yields with high (E)-selectivity
(Scheme 10 (b)).
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CHx(Znl), (1) . _
i Me,SiCN { OSiMes -‘CszcHO (2.0 equiv.) Ph_OSiMe; Q
o )WOEt o M/OB CZH5W ogt @
THF, 25 °C, 5 min _ 80°C,4h
o} OSiMe, OH
16a 17a 21 (54%, dr = 80 / 20)
CH,(Znl), (1) ,
o) OSiM .
Me,SICN { Mies W(RCO)ZO (12equiv) Ph OSiMe; O
Ph)J\/\H/OE'[ Ph)\/q/OEt R P (b)
THF, 25 °C, 10 min , 80°C,8h OFEt
) OSiMe; o)
16a 17a 22 (E)-only

R=Me 22a 68%
R=Ph 22b 74%

Scheme 10. Reaction of propanal or acid anhydride with the homoenolate from 16a.

The author proposes the explanation for the high diastereoselectivities in the reaction of
imines with the homoenolate, as shown in Figure 3. The conformation of 3-siloxyallylzinc
intermediate might be fixed by the chelation between zinc atom and two oxygen atoms as (Z)-23a.
The nucleophilic reaction proceeds regioselectively, retaining the conformation, and as a result,
the product is afforded as (E)-form dominantly. Furthermore, considering the trajectory of
nucleophile to imine, we propose the reaction pathway shown as 24. In comparison with
another possible intermediate 24°, 24 is much more favourable, since the intermediate 24’
contains a steric interaction between alkyl group on imine and phenyl group in the reagent. In
addition, an intermolecular chelation between siloxy group and nitrogen atom of imine would
benefit the intermediate 24. So, the nucleophilic attack of (Z)-23a to imine proceeds via 24 to
generate a couple of stereogenic centers diastereoselectively, and as a result, the threo isomer 20a

will be a major product.
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(2)-23a 24 24"

Figure 3. Proposed conformation of (Z)-23 and the transition state 24.

Conclusion

The author have demonstrated the nucleophilic cyclopropanation reaction of
v-acyloxy-o,B-unsaturated  ketone or 7y-ethoxycarbonyl-o,B-unsaturated ketone  with
bis(iodozincio)methane in the presence of silylating reagent. The reaction proceeded via
1,4-addition and sequential intramolecular nucleophilic attack to adjacent electrophilic sites to
afford cyclopropane derivatives or 1-ethoxy-1-siloxycyclopropane derivatives in good yield.
Furthermore, he also demonstrated the reaction with imines of (Z)-3-siloxyallylzinc species,
which can be prepared easily from the obtained 1-ethoxy-1-siloxycyclopropane derivative with
the aid of zinc salts existing in the reaction mixture. The reaction proceeded with high

diastereoselectivity to give 1-(E)-alkenyl-2-(1-aminoalkyl)alkanol.
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Experimental Section

Unless otherwise noted, commercially available reagents were used without purification.

The compounds 16a is commercially available.

General procedure for preparation of 7y-acyloxy-o,B-unsaturated ketone (14):
v-Hydroxy-o,B-unsaturated ketone was prepared according to the literature.”>  To a solution of
v-hydroxy-o,B-unsaturated ketone (1.0 mmol), pyridine (1 mL) and dichloromethane (I mL),
acid chloride (1.2 mmol) or acid anhydride (1.2 mmol) was added at 0 °C. The mixture was
stirred for 3 h, and saturated aqueous solution of Na,CO3; was added. The organic layer was
extracted with dichloromethane. The solvent was removed under reduced pressure, and the
residue was purified by silica gel column chromatography to give the corresponding

v-acyloxy-a,B-unsaturated ketone 14.

General procedure for the nucleophilic cyclopropanation of y-acyloxy-o,B-unsaturated
ketone (14): A mixture of y-acyloxy-a,B-unsaturated ketone (14, 1.0 mmol), triethylamine (2.5
mmol) and trimethylsilyl cyanide (2.2 mmol) in THF (4 mL) was treated with
bis(iodozincio)methane (1, 0.5 M solution in THF, 1.2 mmol) at 25 °C for 3 h. Then water was
added to quench the reaction and extracted with hexane. The combined organic layers were
washed with brine, and dried over Na,SO4. The solvent was removed under reduced pressure,
and the residue was purified by silica gel column chromatography to give the corresponding

cyclopropane 15.

General procedure for preparation of (E)-ethyl 4-oxoalk-2-enoate (16): A phosphonium
bromide was prepared from 1-alkyl-2-bromoethanone and triphenylphosphine by the
conventional method. To a mixture of sodium hydride (5.5 mmol) and THF (5 mL), the

prepared phosphonium bromide was added and stirred for 1.5 h. To the resulted mixture, ethyl
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glyoxylate (6.0 mmol, 47% in toluene) was added. The whole was stirred for 12 h, and
saturated aqueous solution of NH4Cl was added. The organic layer was extracted with ethyl
acetate, and the solvent was removed under reduced pressure. The residue was purified by silica

gel column chromatography to give the corresponding (E)-ethyl 4-oxoalk-2-enoate 16.

General procedure for the nucleophilic cyclopropanation of (E)-ethyl 4-oxoalk-2-enoate
(16): A mixture of (E)-ethyl 4-oxoalk-2-enoate (16, 1.0 mmol), triethylamine (2.5 mmol) and
trimethylsilyl cyanide (1.1 mmol) in THF (4 mL) was treated with bis(iodozincio)methane (1, 0.5
M solution in THF, 1.2 mmol) at 25 °C for 5 min. Additional trimethylsilyl cyanide (1.1 mmol)
was added and the mixture was stirred for 10 min at room temperature. Triethylamine was
added and the whole mixture was poured into water, and the organic layer was extracted with
hexane—EtOAc. The combined organic layers were washed with brine, and dried over Na,SOj.
The solvent was removed under reduced pressure, and the residue was purified by silica gel

column chromatography to give the corresponding cyclopropane 17.

General procedure for the tandem reaction of bis(iodozincio)methane (1), 16a, and imines:
A mixture of (E)-ethyl 4-oxoalk-2-enoate (16, 1.0 mmol) and trimethylsilyl cyanide (1.1 mmol)
in THF (4 mL) was treated with bis(iodozincio)methane (1, 0.5 M solution in THF, 1.2 mmol) at
25 °C for 5 min. Additional trimethylsilyl cyanide (1.1 mmol) was added and the mixture was
stirred for 10 min at room temperature. A solution of imine (1.2 mmol) in THF (1.5 mL) was
added, and the resulting mixture was heated to reflux for 4h. The mixture was cooled to 0 °C
and poured into water to quench the reaction. The organic layer was extracted with EtOAc.
The combined organic layers were washed with brine and dried over Na,SO4. The solvent was
removed under reduced pressure, and the residue was purified by silica gel column

chromatography to give the corresponding (E)-1-alkenyl-2-(1-aminoalkyl)alkanol 20.

Preparation of ethyl (E)-6-hydroxy-5-phenyl-5-trimethylsiloxy-3-octenoate (21): A mixture
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of (E)-ethyl 4-oxoalk-2-enoate (16, 1.0 mmol) and trimethylsilyl cyanide (1.1 mmol) in THF (4
mL) was treated with bis(iodozincio)methane (1, 0.5 M solution in THF, 1.2 mmol) at 25 °C for 5
min. Additional trimethylsilyl cyanide (1.1 mmol) was added and the mixture was stirred for 10
min at room temperature. A solution of propanal (1.2 mmol) in THF (1.5 mL) was added, and
the resulting mixture was heated to reflux for 4 h. The mixture was cooled to 0 °C and poured
into water to quench the reaction. The organic layer was extracted with EtOAc. The combined
organic layers were washed with brine and dried over Na,SO4. The solvent was removed under
reduced pressure, and the residue was purified by silica gel column chromatography to give the

corresponding vic-diol 21.

General procedure for the tandem reaction of bis(iodozincio)methane (1), 16a, and acid
anhydride: A mixture of (E)-ethyl 4-oxoalk-2-enoate (16, 1.0 mmol) and trimethylsilyl
cyanide (1.1 mmol) in THF (4 mL) was treated with bis(iodozincio)methane (1, 0.5 M solution in
THE, 1.2 mmol) at 25 °C for 5 min. Additional trimethylsilyl cyanide (1.1 mmol) was added
and the mixture was stirred for 10 min at room temperature. A solution of acid anhydride (1.2
mmol) in THF (1.5 mL) was added, and the resulting mixture was heated to reflux for 8 h. The
mixture was cooled to 0 °C and poured into water to quench the reaction. The organic layer was
extracted with EtOAc. The combined organic layers were washed with brine and dried over
Na,SO4. The solvent was removed under reduced pressure, and the residue was purified by

silica gel column chromatography to give the corresponding a-siloxyketone 22.

Characterization Data

The spectral data of the substrates 16b and 16¢ can be found in the literature.'

(E)-4-Acetoxy-1-phenyl-2-buten-1-one (14a)
o 'H NMR (500 MHz, CDCl3) 8 7.96-7.92 (m, 2H), 7.60-7.54 (m, 1H),
Ph)J\/\/O\n/CH:S 7.50=7.44 (m, 2H), 7.08 (dt, J = 15.6, 1.2 Hz, 1H), 6.99 (dt, J = 15.6,
0]
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4.2 Hz, 1H), 4.84 (dd, J = 4.2, 1.2 Hz, 2H), 2.15 (s, 3H); >C NMR (125 MHz, CDCl): & 190.0,
170.3, 141.0, 137.3, 133.0, 128.61, 128.56, 126.0, 63.1, 20.7; IR (neat) 1746, 1674, 1632, 1449,
1364, 1284, 1231, 1082, 1036, 756, 692 cm™. HRMS (m/z) Found: 204.0796. Calcd for Cj,H 205
[M]*: 204.0786.

(E)-4-Acetoxy-1-(4-methylphenyl)-2-buten-1-one (14b)
o) "H NMR (300 MHz, CDCl5) §7.84 (d, J = 7.8 Hz, 2H), 7.26 (d, J =
_~_O-_CHj
W jor 7.8 Hz, 2H), 7.08 (dt, J = 15.6, 0.9 Hz, 1H), 6.97 (dt, J = 15.6, 4.5
HsC
’ Hz, 1H), 4.83 (dd, J = 4.5, 0.9 Hz, 2H), 2.40 (s, 3H), 2.14 (s, 3H);
BC NMR (75 MHz, CDCls): 8 189.1, 170.1, 143.8, 140.3, 134.6, 129.2, 128.6, 125.9, 63.2, 21.7,
20.8; IR (neat) 1746, 1672, 1630, 1605, 1445, 1364, 1285, 1231, 1084, 1036, 797 cm™'. HRMS
(m/z) Found: 218.0940. Calcd for C3H405 [M]": 218.0943.

(E)-4-Acetoxy-1-(4-bromophenyl)-2-buten-1-one (14c¢)
0O 'H NMR (500 MHz, CDCl3) & 7.80 (d, J = 9.0 Hz, 2H), 7.62 (d,
/@MO\[]/CHS J =9.0 Hz, 2H), 7.02-7.01 (m, 2H), 4.84 (d, J = 3.0 Hz, 2H),
Br ° 2.15 (s, 3H); °C NMR (125 MHz, CDCls): & 188.8, 170.3,
141.7, 136.1, 131.9, 130.1, 128.2, 125.4, 63.1, 20.7; IR (nujor) 1742, 1674, 1630, 1586, 1285,
1233, 1072, 1034, 1011, 910, 733 cm'l, mp 52.5-53.5 °C. Anal. Calcd for C,H;,03Br: C, 50.91;
H, 3.92%. Found: C, 51.03; H, 3.88%; HRMS (m/z) Found: 281.9891. Calcd for C;,H;;OsBr
[M]": 281.9892.

(E)-1-Acetoxy-2-nonen-4-one (14d)
0 "H NMR (300 MHz, CDCl3) & 6.76 (dt, J = 16.2, 4.8 Hz, 1H),

/\/\)J\/\/O\H/CHs 6.26 (dt, J = 16.2, 1.8 Hz, 1H), 4.74 (dd, J = 4.8, 1.8 Hz, 2H),
o 2.54 (t, J = 7.5 Hz, 2H), 2.11 (s, 3H), 1.65-1.55 (m, 2H),

1.34-1.25 (m, 4H), 0.88 (t, J = 6.9 Hz, 3H); °C NMR (75 MHz, CDCl3): § 199.6, 170.1, 138.4,
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130.0, 62.8, 40.6, 31.5, 23.7, 22.5, 20.8, 14.0; IR (neat) 2932, 1746, 1701, 1678, 1640, 1381,
1364, 1227, 1088, 1034, 976, 731 cm’’. Anal. Calcd for C11H505: C, 66.64; H, 9.15%. Found: C,
66.84; H, 9.36%; HRMS (m/z) Found: 198.1249. Calcd for C;;H;30; [M]": 198.1256.

(E)-4-Acetoxy-1-phenyl-2-penten-1-one (14e)
0 'H NMR (300 MHz, CDCls) & 7.95-7.91 (m, 2H), 7.60-7.54 (m, 1H),

_~_O__CHj

Ph 7.50-7.45 (m, 2H), 7.02 (dd, J = 15.6, 1.2 Hz, 1H), 6.91 (dd, J = 15.6,

CH; O
° 4.8 Hz, 1H), 5.59 (ddq, J = 6.6, 4.8, 1.2 Hz, 1H), 2.12 (s, 3H), 1.42 (d, J
= 6.6 Hz, 3H); °C NMR (125 MHz, CDCl3): § 190.1, 169.8, 145.9, 137.3, 132.9, 128.5, 128.4,
124.7, 69.4, 21.3, 19.9; IR (neat) 2984, 1738, 1674, 1626, 1449, 1371, 1238, 1049, 1015, 974,

773, 698 cm’'. HRMS (m/z) Found: 218.0947. Calcd for C3H405 [M]": 218.0943.

(E)-4-Acetoxy-1,4-diphenyl-2-buten-1-one (14g)
o 'H NMR (300 MHz, CDCls) & 7.95-7.91 (m, 2H), 7.60-7.55 (m, 1H),
Ph)WO\H/CH?’ 7.51-7.45 (m, 2H), 7.41-7.34 (m, 5H), 7.08 (d, J = 2.1 Hz, 1H), 7.08 (d,
Ph O J=1.5Hz, 1H), 6.51 (dd, J = 2.1, 1.5 Hz, 1H), 2.17 (s, 3H); °C NMR
(75 MHz, CDCl3): § 189.9, 169.5, 144.2, 137.3, 137.2, 132.9, 128.72, 128.65, 128.50, 128.47,
127.3, 125.4, 74.8, 21.2; IR (neat) 3063, 1738, 1672, 1626, 1495, 1449, 1371, 1287, 1229, 1069,
1020, 978, 760, 698 cm™. Anal. Calcd for CisHi1605: C, 77.12; H, 5.75%. Found: C, 77.09; H,

5.93%.; HRMS (m/z) Found: 280.1103. Calcd for C;sH60;3 [M]": 280.1099.

(E)-4-Acetoxy-5-methyl-1-phenyl-2-hexen-1-one (14h)
o '"H NMR (300 MHz, CDCl3) § 7.95-7.91 (m, 2H), 7.60-7.54 (m, 1H),
Ph)WO\H/CH?’ 7.50-7.44 (m, 2H), 7.00 (dd, J = 15.9, 0.9 Hz, 1H), 6.90 (dd, J = 15.9,
Pr O 5.4 Hz, 1H), 5.33 (ddd, J = 5.4, 5.4, 0.9 Hz, 1H), 2.14 (s, 3H), 2.01
(dsept, J = 6.9, 5.4 Hz, 1H), 0.98 (d, J = 6.9 Hz, 3H), 0.96 (d, J = 6.9 Hz, 3H); '*C NMR (125

MHz, CDCls): 6 190.1, 170.2, 143.9, 137.5, 132.9, 128.58, 128.56, 126.5, 77.5, 32.1, 21.0, 18.1,
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17.9; IR (neat) 2966, 1743, 1674, 1626, 1449, 1371, 1292, 1236, 1022, 986 cm’!. Anal. Calced for
Ci5H1305: C, 73.15; H, 7.37%. Found: C, 73.20; H, 7.46%; HRMS (m/z) Found: 246.1264. Calcd
for C15H1803 [M]+I 246.1256.

[(Z)-2-trimethysiloxy-2-phenylethenyl]cyclopropane (15a)

OSiMe; '"H NMR (500 MHz, CDCl3) § 7.44-7.42 (m, 2H), 7.30-7.26 (m, 2H), 7.22-7.19
PN (m, 1H), 4.76 (d, J = 9.5 Hz, 1H), 1.76 (dtt, J = 9.5, 8.0, 4.5 Hz, 1H), 0.81 (ddd, J
= 8.0, 6.0, 4.5 Hz, 2H), 0.42 (ddd, J = 6.0, 4.5, 4.5 Hz, 2H), 0.18 (s, 9H); °C NMR (125 MHz,
CDCl;): 6 148.6, 138.8, 128.0, 127.1, 124.7, 115.9, 9.3, 7.2, 0.52; IR (neat) 2959, 1647, 1599,
1493, 1447, 1368, 1306, 1283, 1252, 1065, 1028 cm™'. Anal. Calcd for C,4H,0Si: C, 72.36; H,
8.67%. Found: C, 72.22; H, 8.94%; HRMS (m/z) Found: 232.1284. Calcd for C4H»0Si [M]":

232.1283.
The structure of 15a was assigned based on NOE experiments of '"H NMR.
MesSi< o
o0
H
H
\) NOE

[(Z)-2-trimethysiloxy-2-(4-tolyl)ethenyl]cyclopropane (15b)
OSiMe;  'H NMR (500 MHz, CDCl3) & 7.32 (d, J = 8.0 Hz, 2H), 7.08 (d, J = 8.0
Hz, 2H), 4.71 (d, J = 9.5 Hz, 1H), 2.32 (s, 3H), 1.74 (dtt, J = 9.5, 8.0, 4.5
HsC Hz, 1H), 0.79 (ddd, J = 8.0, 6.0, 4.5 Hz, 2H), 0.40 (ddd, J = 6.0, 4.5, 4.5
Hz, 2H), 0.17 (s, 9H); >*C NMR (125 MHz, CDCls): § 148.7, 136.8, 136.0, 128.7, 124.7, 115.0,
21.1, 9.3, 7.2, 0.55; IR (neat) 2960, 1648, 1511, 1366, 1311, 1252, 1065 cm™. Anal. Calcd for
Ci5H,,08i1: C, 73.11; H, 9.00%. Found: C, 72.87; H, 8.89%; HRMS (m/z) Found: 246.1445.

Calcd for CsH»OSi [M]": 246.1440.
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[(Z)-2-trimethysiloxy-2-(4-bromophenyl)ethenyl]cyclopropane (15¢)
OSiMe;  'H NMR (500 MHz, CDCl3) 8 7.39 (d, J = 8.5 Hz, 2H), 7.30 (d, J = 8.5 Hz,
N 2H),4.76 (d, J=9.5 Hz, 1H), 1.74 (dtt, J = 9.5, 8.0, 4.5 Hz, 1H), 0.82 (ddd,
Br J=28.0,6.0,4.5 Hz, 2H), 0.42 (ddd, J = 6.0, 4.5, 4.5 Hz, 2H), 0.17 (s, 9H);
C NMR (125 MHz, CDCl3): § 147.7, 137.8, 131.1, 126.3, 120.8, 116.6, 9.4, 7.3, 0.52; IR (neat)
2959, 1645, 1486, 1398, 1366, 1310, 1252, 1065, 1008 cm™'. Anal. Calcd for Cj4H;9BrOSi: C,
54.02; H, 6.15%. Found: C, 54.08; H, 6.11%; HRMS (m/z) Found: 310.0385. Calcd for

C]4H19BI‘OSi [M]+I 310.0389.

(2-Trimethylsiloxyhept-1-enyl)cyclopropane (15d)
OSiMe; 'H NMR (500 MHz, CDCl3) & 4.16 (d, J = 8.5 Hz, 0.5H), 3.95 (d, J = 9.5
N Hz, 0.5 H), 2.16 (t, J = 7.5 Hz, 1H), 1.97 (t, J = 7.5 Hz, 1H), 1.56-1.41 (m,
3H), 1.35-1.23 (m, 4H), 0.90 (t, / = 7.0 Hz, 1.5H), 0.88 (t, / = 7.0 Hz, 1.5H), 0.66-0.62 (m, 2H),
0.24-0.18 (m, 2H), 0.21 (s, 4.5H), 0.15 (s, 4.5H); °C NMR (125 MHz, CDCl;): § 151.8, 150.5,
112.4, 111.6, 36.4, 31.7, 31.49, 31.46, 26.71, 26.65, 22.6, 22.5, 14.1, 14.0, 8.5, 8.1, 6.6, 6.5, 0.62,
0.35; IR (neat) 2957, 1670, 1458, 1379, 1296, 1252, 1215, 1152, 1101 cm™. HRMS (m/z) Found:

226.1759. Calcd for C13H,60Si [M]*: 226.1753.

1-[(Z)-2-trimethysiloxy-2-phenylethenyl]-2-methylcyclopropane (15e)

OSiMe3 'H NMR (500 MHz, CDCly) § 7.47-7.42 (m, 2H), 7.30-7.25 (m, 2H),
pr Chs 7.22-7.18 (m, 1H), 5.02 (d, J = 9.5 Hz, 0.35H), 4.79 (d, J = 10.0 Hz, 0.65H),
1.83-1.77 (m, 0.35H), 1.50-1.45 (m, 0.65H), 1.14 (s, 1.05H), 1.13 (s, 1.95H), 1.14-1.07 (m,
0.65H), 1.03-0.98 (m, 0.35H), 0.86-0.79 (m, 0.65H), 0.60-0.55 (m, 1.35H), 0.18 (s, 5.85H), 0.17
(s, 3.15H); °C NMR (125 MHz, CDCls): & 149.8, 148.0, 139.0, 138.8, 128.00, 127.99, 127.1,
127.0, 124.8, 124.7, 115.7, 111.3, 18.7, 18.3, 15.7, 15.5, 15.3, 14.4, 12.8, 0.51; IR (neat) 2955,
1645, 1599, 1493, 1447, 1375, 1335, 1296, 1252, 1065, 1026 cm. HRMS (m/z) Found:

246.1434. Calcd for C;sH0Si [M]": 246.1440.

169



Chapter 6

To determine the stereochemistry of 15e, the following experiment was performed.
The product 15e was treated with trifluoroacetic acid to give the corresponding a-cyclopropyl

ketone A (Scheme 11).

OSiMe, TFA o)
phMﬂ Me " ch,cl,, 0°C, 5min th Me
15e A

Scheme 11. Preparation of a-cyclopropyl ketone A.

2-(2-methylcyclopropyl)-1-phenylethanone (A): 'H NMR (500 MHz, CDCl3) § 7.99-7.96 (m,
0.7H), 7.96-7.93 (m, 0.13H), 7.58-7.53 (m, 1H), 7.48-7.44 (m, 2H), 3.01 (dd, J = 17.0, 7.0 Hz,
0.35H), 2.93 (dd, J = 17.0, 7.0 Hz, 0.35H), 2.91 (dd, J = 17.0, 7.0 Hz, 0.65H), 2.86 (dd, J = 17.0,
7.0 Hz, 0.65H), 1.22-1.14 (m, 0.35H), 1.06 (d, J = 5.5 Hz, 1.95H), 1.05 (d, J/ = 6.5 Hz, 1.05H),
0.99-0.90 (m, 0.35H), 0.89-0.82 (m, 0.65H), 0.78 (ddd, J = 8.5, 8.5, 4.5 Hz, 0.35H), 0.62-0.55
(m, 0.65H), 0.37-0.31 (m, 1.3H), -0.14 (dd, J = 10.0, 5.0 Hz, 0.35H); °C NMR (125 MHz,
CDCls): 6200.4, 200.1, 137.0, 136.9, 132.9, 128.5, 128.11, 128.06, 43.4, 38.0, 18.7, 15.1, 13.6,
13.0,12.9,12.2, 11.2,9.3.

The authentic sample of B-cyclopropylketone A was synthesized from the corresponding
B,y-unsaturated ketone B (E/Z =2/1). Treatment of B with diethylzinc and diiodomethane

gave A (trans / cis =2/ 1) (Scheme 12).

0] EtZZn, CH2|2 0]
Ph)J\/\” Me oluene, 0 °C, 30 min Ph)J\/<]“ Me
E/Z=2/1 trans/cis=2/1
B A

Scheme 12. Synthesis of an authentic sample of A.
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Compared with '"H NMR spectrum of the authentic sample A, it was found that the

stereochemistry of cyclopropane ring in major isomer was trans.

MesSi o H Me3Si\O H
X Me X H
H H H Me
major isomer minor isomer

1-[2-trimethysiloxy-2-phenylethenyl]-2-phenylcyclopropane (15g)

OSiMes 'H NMR (500 MHz, CDCl3) & 7.50-7.08 (m, 10H), 5.50 (s, 0.29H), 4.95 (d, J
L . 9.5 Hz, 0.59H), 4.65 (d, J = 10.0 Hz, 0.12H), 2.46-2.41 (m, 0.12H),
2.26-2.20 (m, 0.12H), 2.19-2.15 (m, 0.29H), 2.09-2.03 (m, 0.59H), 2.00-1.96 (m, 0.59H),
1.81-1.77 (m, 0.29H), 1.42-1.38 (m, 0.29H), 1.38-1.34 (m, 0.12H), 1.32-1.28 (m, 0.59H),
1.21-1.17 (m, 0.29H), 1.14-1.10 (m, 0.59H), 1.06-1.02 (m, 0.12H); °C NMR (125 MHz,
CDCls): 8 152.6, 149.2, 142.5, 142.0, 138.6, 136.6, 129.0, 128.8, 128.5, 128.4, 128.3, 128.12,
128.06, 128.0, 127.9, 127.3, 127.1, 126.6, 125.9, 125.8, 125.6, 125.5, 125.45, 125.43, 124.8,
124.8, 29.0, 25.5, 25.0, 23.6, 22.6, 17.7, 17.6, 16.0, 12.8, 0.84, 0.58, 0.42; IR (neat) 2959, 1593,
1491, 1445, 1344, 1253, 1057 cm™'. HRMS (m/z) Found: 308.1595. Calcd for CaoHpOSi [M]*:

308.1596.

1-[2-trimethysiloxy-2-phenylethenyl]-2-isopropylcyclopropane (15h)

OSiMe; (major isomer): 'H NMR (500 MHz, CDCl;) & 7.45-7.41 (m, 2H),
Ph™ P 7.29-7.25 (m, 2H), 7.21-7.18 (m, 1H), 4.78 (d, J = 9.5 Hz, 1H), 1.58-1.53 (m,
1H), 1.11-1.05 (m, 1H), 1.01 (d, J = 6.0 Hz, 3H), 0.96 (d, J = 7.0 Hz, 3H), 0.69-0.61 (m, 2H),
0.52-0.49 (m, 1H), 0.18 (s, 9H); °C NMR (125 MHz, CDCls): & 147.8, 138.9, 128.0, 126.9,
124.7, 116.0, 32.7, 29.6, 22.2, 21.7, 16.2, 13.3, 0.59; IR (neat) 2957, 1448, 1252, 1070 cm™.

HRMS (m/z) Found: 274.1753. Calcd for C;7H,60Si [M]": 274.1753.
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(E)-Ethyl 4-(2-naphthyl)-4-oxobut-2-enoate (16d)
0 'H NMR (300 MHz, CDCls) & 8.52 (s, 1H), 8.08 (d, J = 15.6 Hz,
OO AN O 1H), 8.08-7.88 (m, 4H), 7.67-7.56 (m, 2H), 6.96 (d, J = 15.6 Hz,
1H), 4.33 (q, J = 7.2 Hz, 2H), 1.38 (t, J = 7.2 Hz, 3H); °C NMR
(125 MHz, CDCls): §189.2, 165.7, 136.3, 135.8, 134.0, 132.44, 132.40, 131.0, 129.7, 129.0,
128.9, 127.8, 127.0, 124.0, 61.4, 14.2; IR (nujor) 2982, 1717, 1667, 1622, 1470, 1368, 1300,
1171, 1125, 1034, 974, 862, 775 cm™, mp 62.0-62.7 °C. Anal. Calcd for C1¢H403: C, 75.57; H,
5.55%. Found: C, 75.54; H, 5.66%; HRMS (m/z) Found: 254.0948. Calcd for C;¢H 403 [M]™:
254.0943.

(E)-Ethyl 4-(2-furyl)-4-oxobut-2-enoate (16e)

0 'H NMR (500 MHz, CDCl3) 8 7.76 (d, J = 15.5 Hz, 1H), 7.70 (d, J = 1.5
O] Z OEt

T Hz, 1H), 7.38 (d, J = 3.5 Hz, 1H), 6.98 (d, J = 15.5 Hz, 1H), 6.63 (dd, J =
@)

3.5, 1.5 Hz, 1H), 4.30 (q, J = 7.0 Hz, 2H), 1.35 (t, J = 7.0 Hz, 3H); "°C
NMR (125 MHz, CDCl3): 8 176.2, 165.2, 152.6, 147.6, 135.3, 132.0, 119.4, 112.8, 61.4, 14.2; IR
(nujor) 2984, 2255, 1721, 1667, 1630, 1568, 1464, 1397, 1302, 1182, 1028, 910, 733 cm™’, mp
49.8-50.5 °C. HRMS (m/z) Found: 194.0575. Calcd for C1oH;0O4 [M]*: 194.0579.

2-[(Z)-2-trimethylsiloxy-2-phenylethenyl]-1-ethoxy-1-trimethylsiloxycyclopropane (17a)
OSiMe; '"H NMR (500 MHz, CDCls) & 7.48-7.42 (m, 2H), 7.31-7.26 (m, 2H),

P OFt 724-7.19 (m, 1H), 5.08 (d, J = 9.5 Hz, 0.55H), 5.07 (d, J = 9.5 Hz, 0.45H),

OSMe, 3.76-3.60 (m, 2H), 2.18 (ddd, J = 10.0, 10.0, 6.5 Hz, 0.55H), 2.16 (ddd, J =
10.5, 9.5, 6.0 Hz, 0.45H), 1.39 (dd, J = 10.5, 5.5 Hz, 0.55H), 1.28 (dd, J = 10.5, 5.5 Hz, 0.45H),
1.21 (t, J=9.0 Hz, 1.35H), 1.20 (t, J = 9.0 Hz, 1.65H), 0.88 (dd, J = 6.0, 5.5 Hz, 0.45H), 0.76 (dd,
J = 6.0, 5.5 Hz, 0.55H), 0.22 (s, 5H), 0.20 (s, 4H), 0.16 (s, 9H); °*C NMR (125 MHz, CDCl5):

0 149.6, 149.5, 139.10, 139.08, 128.24, 128.23, 127.44, 127.42, 125.21, 125.17, 110.0, 109.7,
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89.9, 89.5, 62.1, 61.9, 25.4, 23.7, 22.6, 22.2, 15.5, 0.94, 0.83; IR (neat) 2960, 1645, 1440, 1273,
1251, 1193, 1065 cm’’. Anal. Calcd for C19H3,05S15: C, 62.59; H, 8.85%. Found: C, 62.52; H,
8.63%; HRMS (m/z) Found: 364.1883. Calcd for C9H3,03Si, [M]": 364.1890.

The structure of 17a was assigned based on NOE experiments of '"H NMR.

Me38i\

2-[(Z)-2-trimethylsiloxy-2-(4-bromophenyl)ethenyl]-1-ethoxy-1-trimethylsiloxycyclopropane

(17b)
OSiMe; 'H NMR (500 MHz, CDCl3) 8 7.41 (d, J = 8.5 Hz, 1.1H), 7.40 (d, J
N ?Et = 8.5 Hz, 0.9H), 7.31 (d, J = 8.5 Hz, 2H), 5.06 (d, J = 9.5 Hz,
Br osiMes 0.55H), 5.05 (d, J = 9.5 Hz, 0.45H), 3.75-3.64 (m, 2H), 2.14 (ddd, J

=11.0, 9.5, 6.0 Hz, 0.55H), 2.12 (ddd, J = 11.0, 9.5, 6.5 Hz, 0.45H), 1.39 (dd, J = 10.5, 5.5 Hz,
0.55H), 1.27 (dd, J = 10.5, 6.0 Hz, 0.45H), 1.20 (t, /= 7.0 Hz, 1.35H), 1.19 (t, / = 7.0 Hz, 1.65H),
0.87 (dd, J = 6.5, 5.5 Hz, 0.45H), 0.76 (dd, J = 6.0, 5.5 Hz, 0.55H), 0.20 (s, 5H), 0.19 (s, 4H),
0.15 (s, 9H); °C NMR (125 MHz, CDCls): § 148.4, 148.3, 137.9, 137.8, 131.15, 131.12, 126.52,
126.48, 121.0, 110.5, 110.2, 89.6, 89.2, 61.9, 61.7, 25.2, 23.5, 22.5, 22.0, 15.2, 0.68, 0.58; IR
(neat) 2960, 2360, 2683, 1587, 1253, 1194, 1071 cm™'. HRMS (m/z) Found: 442.0993. Calcd for
C9H3BrO;Si; [M]": 442.0995.

2-[(Z)-2-trimethylsiloxy-2-(4-methoxyphenyl)ethenyl]-1-ethoxy-1-trimethylsiloxycyclopropa
ne (17¢)

OSiMe3 'H NMR (500 MHz, C¢Dg) 8 7.51 (d, J = 9.5 Hz, 1.1H), 7.47 (d, J

AN OEt
= 9.0 Hz, 0.9H), 6.71 (d, J = 9.0 Hz, 1.1H), 6.70 (d, J = 9.0 Hz,

OSiMe3
MeO
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0.9H), 5.27 (d, J = 10.0 Hz, 0.55H), 5.24 (d, J = 9.5 Hz, 0.45H), 3.89 (q, J = 7.0 Hz, 0.9H), 3.69
(q, J =7.0 Hz, 1.1H), 3.29 (s, 1.65H), 3.28 (s, 1.35H), 2.51 (ddd, J = 9.5, 9.5, 6.0 Hz, 0.45H),
2.48 (ddd, J = 10.0, 9.5, 6.0 Hz, 0.55H), 1.45-1.35 (m, 1H), 1.13 (t, /= 7.0 Hz, 1.35H), 1.11 (t, J
=7.0 Hz, 1.65H), 0.85 (dd, J = 6.0, 5.5 Hz, 1H), 0.27 (s, 5H), 0.25 (s, 4H), 0.20 (s, 4H), 0.18 (s,
5H); °C NMR (125 MHz, CDCls): §158.9, 149.1, 149.0, 131.7, 126.3, 126.2, 113.4, 108.0,
107.7, 89.7, 89.2, 61.8, 61.6, 55.2, 25.1, 23.4, 22.3, 21.9, 15.3, 0.72, 0.62; IR (neat) 2959, 1651,
1609, 1511, 1440, 1371, 1252, 1192, 1067 cm'. HRMS (m/z) Found: 394.1997. Calcd for
CaoH3404S1> [M]": 394.1996.

2-[(Z)-2-trimethylsiloxy-2-(2-naphthyl)ethenyl]-1-ethoxy-1-trimethylsiloxycyclopropane
(17d)
OSiMes 'H NMR (500 MHz, CDCl3) & 7.89 (s, 1H), 7.81-7.73 (m, 3H),
OO T (d, J = 8.5 Hz, 1H), 7.45-7.39 (m, 2H), 5.24 (d, J = 10.0 Hz,
OsiMes 0.59H), 5.23 (d, J = 10.0 Hz, 0.41H), 3.76-3.64 (m, 2H), 2.24
(ddd, J =10.0, 10.0, 6.5 Hz, 0.59H), 2.22 (ddd, J = 10.5, 10.0, 6.5 Hz, 0.41H), 1.42 (dd, J = 10.5,
5.5 Hz, 0.59H), 1.31 (dd, J = 10.0, 5.5 Hz, 0.41H), 1.22 (t, / = 7.5 Hz, 1.23H), 1.21 (t, J = 7.0
Hz, 1.77H), 0.93 (dd, J = 6.0, 5.5 Hz, 0.41H), 0.81 (dd, J = 6.0, 5.5 Hz, 0.59H), 0.23 (s, 5.3H),
0.21 (s, 3.7H), 0.20 (s, 9H); °C NMR (125 MHz, CDCly): § 149.34, 149.26, 136.14, 136.12,
133.3, 132.78, 132.76, 128.20, 128.18, 127.59, 127.57, 127.52, 126.08, 126.07, 125.7, 123.51,
123.49, 123.44, 110.6, 110.3, 89.8, 89.4, 61.9, 61.7, 25.4, 23.7, 22.5, 22.2, 15.3, 0.74, 0.65; IR
(neat) 2959, 1645, 1440, 1363, 1252, 1191, 1062 cm. HRMS (m/z) Found: 414.2044. Calcd for

C23H3403Siz [M]+I 414.2046.

2-[(Z)-2-trimethylsiloxy-2-(2-furyl)ethenyl]-1-ethoxy-1-trimethylsiloxycyclopropane (17¢)

OSiMe; 'H NMR (500 MHz, CDCl3) 8 7.32 (d, J = 2.0 Hz, 1H), 6.34 (dd, J = 3.5,

X OFl 1 0Hz 1H), 6.23 (d, J = 3.5 Hz, 1H), 5.16 (d, J = 10.0 Hz, 0.55H), 5.15

\_0 OSiMe;
(d, J=10.0 Hz, 0.45H), 3.75-3.66 (m, 2H), 2.10 (ddd, J = 10.0, 10.0, 6.5
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Hz, 0.55H), 2.08 (ddd, J = 10.0, 10.0, 6.5 Hz, 0.45H), 1.38 (dd, J = 10.5, 5.5 Hz, 0.55H), 1.30 (dd,
J=10.0, 5.5 Hz, 0.45H), 1.21 (t, J = 7.5 Hz, 1.35H), 1.18 (t, / = 7.5 Hz, 1.65H), 0.89 (dd, J = 6.5,
5.5 Hz, 0.45H), 0.77 (dd, J = 6.0, 5.5 Hz, 0.55H), 0.23 (s, 5H), 0.22 (s, 4H), 0.19 (s, 9H); °C
NMR (125 MHz, CDCl3): 8 152.6, 141.41, 141.36, 141.2, 141.1, 110.94, 110.93, 108.5, 108.2,
105.19, 105.17, 89.7, 89.3, 62.0, 61.6, 24.7, 22.9, 22.5, 22.1, 15.22, 15.19, 0.69, 0.50; IR (neat)
2960, 1657, 1435, 1326, 1252, 1193, 1070 cm™". Anal. Calcd for C,7H3004Siz: C, 57.58; H, 8.53%.
Found: C, 57.46; H, 8.31%; HRMS (m/z) Found: 354.1685. Calcd for C;7H3,04Si> [M]":
354.1683.

2-[(Z)-2-dimethylphenylsiloxy-2-phenylethenyl]-1-ethoxy-1-dimethylphenylsiloxycyclopropa

ne (17a’)
OSiPhMe, 'H NMR (300 MHz, CDCLy) & 7.61-7.50 (m, 4H), 7.42-7.32 (m, 9H),
PR N Ol 726-7.19 (m, 2H), 5.06 (d. J = 9.3 Hz, 0.55H), 5.02 (d, J = 9.9 Hz,

OSiPhMe,
0.45H), 3.69-3.51 (m, 2H), 2.10 (ddd, J = 9.9, 9.9, 6.0 Hz, 0.55H), 2.05

(ddd, J=9.9,9.6, 6.0 Hz, 0.45H), 1.20 (dd, J = 10.5 Hz, 0.55H), 1.09 (t, / = 7.5 Hz, 1.35H), 1.08
(dd, J =9.9, 6.0 Hz, 0.45H), 1.03 (t, J = 7.2 Hz, 1.65H), 0.77 (dd, J = 6.3, 6.0 Hz, 0.45H), 0.66
(dd, J = 6.3, 6.0 Hz, 0.55H), 0.48 (s, 1.65H), 0.47 (s, 1.65H), 0.44 (s, 1.35H), 0.42 (s, 1.35H),
0.38 (s, 6H); °C NMR (125 MHz, CDCl3): § 149.29, 149.27, 138.70, 138.65, 138.3, 137.5, 137.4,
133.5, 133.4, 133.3, 129.7, 129.5, 127.98, 127.94, 127.7, 127.21, 127.19, 125.11, 125.08, 110.0,
109.7, 89.9, 89.5, 62.0, 61.8, 25.3, 23.5, 22.5, 22.1, 15.1, 15.0, -0.71, —0.80, —0.85, —0.89, —0.90,
—0.96, —1.1; IR (neat) 2959, 1645, 1428, 1321, 1252, 1193, 1119, 1064 cm™. HRMS (m/z) Found:
488.2200. Calcd for CooHz603Si [M]: 488.2203.

2-[(Z)-2-dimethylphenylsiloxy-2-(4-bromophenyl)ethenyl]-1-ethoxy-1-dimethylphenylsiloxy

cyclopropane (17b’)
OSiPhMe, "H NMR (300 MHz, CDCl3) & 7.62-7.50 (m, 4H), 7.43-7.27 (m,
N OEt
8H), 7.25 (d, J = 6.9 Hz, 1H), 7.17 (d, J = 6.9 Hz, 1H), 5.03 (d, J
ar OSiPhMe,
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=9.3 Hz, 0.55H), 5.01 (d, J = 9.5 Hz, 0.45H), 3.65-3.40 (m, 2H), 2.15-2.05 (m, 1H), 1.24 (dd, J
=9.9, 5.1 Hz, 0.55H), 1.09 (dd, J = 9.9, 5.7 Hz, 0.45H), 1.08 (t, / = 7.2 Hz, 1.35H), 1.04 (t, J =
6.9 Hz, 1.65H), 0.77 (dd, J = 6.0, 5.7 Hz, 0.45H), 0.67 (dd, J = 6.0, 5.7 Hz, 0.55H), 0.47 (s,
1.65H), 0.46 (s, 1.65H), 0.44 (s, 1.35H), 0.42 (s, 1.35H), 0.38 (s, 6H); °C NMR (125 MHz,
CDCls): 6 148.33, 148.28, 138.2, 137.7, 137.6, 137.2, 137.0, 133.43, 133.37, 133.31, 131.08,
131.03, 129.84, 129.82, 129.6, 129.5, 127.80, 127.78, 127.76, 127.75, 126.63, 126.60, 121.01,
120.97, 110.7, 110.4, 89.9, 89.5, 62.0, 61.9, 25.3, 23.5, 22.6, 22.1, 15.1, 15.0, -0.75, —0.84, —0.85,
-0.90, -0.95, -0.98, —1.0, —1.1; IR (neat) 2961, 2363, 1645, 1486, 1428, 1319, 1253, 1194, 1120,
1061, 1008 cm™ . HRMS (m/z) Found: 566.1305. Calcd for C,0H3sBrO3Si, [M]*: 566.1308.

2-[(Z)-2-dimethylphenylsiloxy-2-(4-methoxyphenyl)ethenyl]-1-ethoxy-1-dimethylphenylsilox

ycyclopropane (17¢’)
OSiPhMe, "H NMR (300 MHz, CDCl3) § 7.69-7.61 (m, 4H), 7.44-7.39 (m,
NS OEt
6H), 7.40 (d, J = 9.0 Hz, 1H), 7.34 (d, J = 8.7 Hz, 1H), 6.84 (d,
MeO OSiPhMe,

J =8.7Hz, 1H), 6.82 (d, J = 9.0 Hz, 1H), 5.02 (d, J = 9.6 Hz,
0.55H), 4.97 (d, J = 9.9 Hz, 0.45H), 3.84 (s, 1.65H), 3.83 (s, 1.35H), 3.72-3.42 (m, 2H), 2.17
(ddd, J=9.9,9.9, 6.3 Hz, 0.55H), 2.12 (ddd, J = 10.2, 9.3, 6.3 Hz, 0.45H), 1.27 (dd, /= 10.5, 5.4
Hz, 0.55H), 1.16 (t, J = 7.2 Hz, 1.35H), 1.15 (dd, J = 9.9, 5.4 Hz, 0.45H), 1.09 (t, J = 7.2 Hz,
1.65H), 0.83 (dd, J = 6.3, 5.7 Hz, 0.45H), 0.71 (dd, J = 6.3, 5.4 Hz, 0.55H), 0.55 (s, 1.65H), 0.54
(s, 1.65H), 0.51 (s, 1.35H), 0.49 (s, 1.35H), 0.45 (s, 6H); °C NMR (125 MHz, CDCls): & 158.93,
158.91, 149.1, 149.0, 138.3, 137.6, 137.4, 133.5, 133.4, 133.3, 131.5, 131.4, 129.7, 129.5, 127.7,
126.40, 126.38, 113.32, 113.28, 108.2, 107.9, 89.9, 89.5, 61.9, 61.8, 55.2, 25.2, 23.4, 22.5, 22.0,
15.1, 15.0, -0.70, -0.79, —-0.84, —0.88, —0.93, —1.1; IR (neat) 2960, 2363, 1608, 1511, 1428, 1253,
1193, 1119, 1065 cm™. HRMS (m/z) Found: 518.2312. Calcd for C3yH3304Si; [M]": 518.2309.
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2-[(Z)-2-dimethylphenylsiloxy-2-(2-naphthyl)ethenyl]-1-ethoxy-1-dimethylphenylsiloxycyclo

propane (17d”)
OSiPhMe, "H NMR (300 MHz, CDCl5) & 7.81-7.73 (m, 2H), 7.73-7.56 (m,
N OE 6H), 7.53-7.31 (m, 9H), 5.25 (d, J/ =9.6 Hz, 0.55H), 5.20 (d, J =
OSiPhMe,

9.9 Hz, 0.45H), 3.69-3.53 (m, 2H), 2.18 (ddd, J = 10.2, 9.6, 6.6
Hz, 0.55H), 2.13 (ddd, J = 10.2, 9.6, 6.3 Hz, 0.45H), 1.26 (dd, J = 10.5, 5.4 Hz, 0.55H), 1.15 (dd,
J=10.5,5.4Hz, 0.45H), 1.12 (t, /= 7.2 Hz, 1.35H), 1.06 (t, /= 7.2 Hz, 1.65H), 0.84 (dd, J = 6.3,
5.4 Hz, 0.45H), 0.73 (dd, J = 6.0, 6.0 Hz, 0.55H), 0.51 (s, 1.65H), 0.49 (s, 1.65H), 0.47 (s, 1.35H),
0.44 (s, 1.35H), 0.42 (s, 6H); °C NMR (125 MHz, CDCl3): § 149.23, 149.19, 138.2, 137.5, 137 .4,
135.75, 135.72, 133.51, 133.45, 133.41, 133.3, 133.2, 132.7, 129.8, 129.5, 128.21, 128.19,
127.78, 127.77, 127.75, 127.53, 127.48, 127.46, 126.04, 125.99, 125.67, 125.65, 123.7, 123.4,
110.8, 110.4, 90.0, 89.6, 62.0, 61.9, 25.5, 23.7, 22.7, 22.2, 15.12, 15.05, -0.72, -0.78, —0.85,
—0.88, —1.0, —1.1; IR (neat) 2959, 2333, 1428, 1252, 1188, 1119, 1060 cm™'. HRMS (m/z) Found:
538.2357. Calcd for C33H3305S1, [M]*: 538.2359.

Ethyl (55%,65%)-(E)-5,6-diphenyl-6-tosylamino-5-trimethylsiloxy-3-hexenoate (20a)

o \:Oﬂ"es it '"H NMR (500 MHz, CDCls) & 7.28-7.14 (m, 10H), 7.06 (d, J = 8.0 Hz,

4

TsHN H OFt 2H), 7.01 (d, J = 8.0 Hz, 2H), 5.59-5.58 (m, 2H), 5.20 (d, J = 7.0 Hz,
1H), 4.48 (d, J = 7.0 Hz, 1H), 4.09 (q, J = 7.0 Hz, 2H), 3.05-3.01 (m, 1H), 3.00-2.96 (m, 1H),
2.35 (s, 3H), 1.22 (t, J = 7.0 Hz, 3H), —0.08 (s, 9H); >*C NMR (125 MHz, CDCl3): § 171.0, 142.7,
141.3, 137.8, 137.5, 135.1, 129.5, 129.4, 128.1, 128.0, 127.8, 127.7, 127.6, 127.1, 127.0, 82.1,
67.1, 61.0, 38.3, 21.6, 14.4, 2.4; IR (nujor) 3279, 2855, 1733, 1599, 1447, 1377, 1328, 1250,
1162, 1073, 1022 cm™; mp 143.5-144.5 °C. Anal. Calcd for C3pH3;NO3SSi: C, 65.30; H, 6.76%.
Found: C, 65.21; H, 6.50%; HRMS (m/z) Found: 552.2245. Calcd for C30H33sNOsSSi [MH]™:
552.2240.

177



Chapter 6

Ethyl (55%,65%)-(E)-5-phenyl-6-tosylamino-5-trimethylsiloxy-3-nonenoate (20b)

o | :\Oﬂ"ef* 0 '"H NMR (500 MHz, CDCLy) § 7.69 (d, J = 6.5 Hz, 2H), 7.33 (d, J =
TN OF! 6.5 Hz, 2H), 7.30-7.20 (m, 5H), 5.99 (d, J = 15.5 Hz, 1H), 5.76 (dt, J
= 15.5,7.0 Hz, 1H), 4.55 (d, J = 9.0 Hz, 1H), 4.14 (q, J = 7.5 Hz, 2H), 3.76 (ddd, J = 9.0, 9.0, 2.5
Hz, 1H), 3.08 (d, J = 7.0 Hz, 2H), 2.39 (s, 3H), 1.42-1.20 (m, 2H), 1.27 (t, J = 7.5 Hz, 3H),
1.19-1.06 (m, 1H), 0.95-0.85 (m, 1H), 0.71 (t, J = 7.0 Hz, 3H), 0.16 (s, 9H); °C NMR (125
MHz, CDCLy): § 171.5, 142.7, 142.3, 139.8, 135.8, 129.6, 128.2, 127.9, 127.8, 127.1, 126.8, 81.5,
63.7, 61.1, 38.1, 34.6, 21.7, 19.9, 14.4, 14.1, 2.2; IR (nujor) 3298, 2928, 1733, 1599, 1448, 1325,

1251, 1160 cm’’. Anal. Calcd for Cy7H39NO5SSi: C, 62.63; H, 7.59%. Found: C, 62.48; H, 7.72%.

ol J

<

(.
C

Figure 4. The ORTEP of 20b.
Crystal structure data: Triclinic, a = 10.842(10), b = 12.134(11), ¢ = 13.608(13) A, B =
110.316(15)°, V = 1489(2) A, Z = 2, peea = 1.154 Mgm™, MMoyq) = 0.71073 A, T = 293(2)
K, Gnax =54.0°, R =0.0514 for 6267 reflections (I > 20(1)).

Ethyl (55%,65%)-(E)-6-cyclohexyl-5-phenyl-6-tosylamino-5-trimethylsiloxy-3-hexenoate (20c)

o Ph soﬂ"ef* 0 '"H NMR (500 MHz, CDCl3) 8 7.65 (d, J = 8.5 Hz, 2H), 7.31=7.21 (m,

3 OEt
SO 7H), 5.95 (d, J = 16.0 Hz, 1H), 5.71 (dt, J = 16.0, 7.0 Hz, 1H), 4.59 (d,
J=9.5Hz, 1H), 4.14 (q, J = 7.0 Hz, 2H), 3.49 (d, J = 9.5 Hz, 1H), 3.07 (d, J = 7.0 Hz, 2H), 2.39

178



Chapter 6

(s, 3H), 1.25 (t, J = 7.0 Hz, 3H), 1.66-0.91 (m, 11H), —-0.15 (s, 9H); *C NMR (125 MHz,
CDCly): § 171.4, 1429, 142.2, 139.3, 136.1, 129.6, 128.1, 127.9, 127.7, 127.4, 126.6, 82.0, 67.7,
61.1, 38.2, 33.8, 29.0, 27.1, 26.5, 26.2, 21.7, 14.4, 14.3, 2.3; IR (nujor) 3334, 2921, 2360, 1733,
1447, 1325, 1253, 1154, 1061, 1024 cm™. Anal. Calcd for C30Hy3NO3SSi: C, 64.59; H, 7.77%.

Found: C, 64.32; H, 7.78%.

Figure S. The ORTEP of 20c.
Crystal structure data: a = 10.7006(7), b = 12.0632(8), ¢ = 14.3473(10) A, B = 69.7620(10)°, V
=1578.31(18) A%, Z=2, peaica = 1.174 Mgm™, MMoxq) = 0.71073 A, T'=293(2) K, Ghax = 54.0°,
R =0.0573 for 6726 reflections (I > 26(])).

Ethyl (55%,65%)-(E)-17,7-dimethyl-5-phenyl-6-tosylamino-5-trimethylsiloxy-3-octanoate
(20d)

- Ph :‘Oﬂﬂ% 0 'H NMR (500 MHz, CDCl3) & 7.76 (d, J = 8.5 Hz, 2H), 7.48 (d, J =
TsHN j'H OFt 7.0 Hz, 2H), 7.33-7.25 (m, 5H), 6.15 (d, J = 15.5 Hz, 1H), 5.74 (dt, J

=15.5,7.0 Hz, 1H), 4.66 (d, J = 10.0 Hz, 1H), 4.15 (q, J = 7.0 Hz, 2H), 3.96 (d, /= 10.0 Hz, 1H),
3.09 (dd, J =17.5, 8.5 Hz, 1H), 3.01 (dd, J = 17.5, 8.0 Hz, 1H), 2.40 (s, 3H), 1.26 (t, J = 7.0 Hz,
3H), 0.57 (s, 9H), —0.09 (s, 9H); C NMR (125 MHz, CDCly): § 171.5, 143.3, 142.5, 141.0,
137.2, 129.6, 128.4, 128.1, 128.0, 126.7, 125.4, 81.7, 71.9, 61.1, 37.9, 36.1, 29.4, 21.7, 14.5, 2.4;
IR (nujor) 3317, 2924, 2360, 1734, 1314, 1250, 1153, 1067, 1026 cm™'; mp 147.0-148.5 °C. Anal.
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Calcd for C,gH41NO5SSi: C, 63.24; H, 7.77%. Found: C, 63.10; H, 7.73%; HRMS (m/z) Found:
530.2397. Calcd for CogH4oNO3Ssi [M—H]": 530.2396.

Figure 6. The ORTEP of 20d.
Crystal structure data: a = 10.7467(6), b = 11.8295(7), ¢ = 13.8357(8) A, P = 97.4430(10)°, V =
1498.38(15) A°, Z =2, peatea = 1.176 Mgm™, MMoyy) = 0.71073 A, T =293(2) K, Gax = 54.0°, R
= 0.0506 for 5493 reflections (I > 26(1)).

Ethyl (55%65%)-(3E,7E)-5,8-diphenyl-6-tosylamino-5-trimethylsiloxy-3,7-octadienoate (20e)

Ph, OSiMe; Q

Ph s = OEt

TN i (m, 12H), 6.29 (d, J = 16.0 Hz, 1H), 6.00 (d, J = 16.0 Hz, 1H),

'H NMR (500 MHz, CDCl3) § 7.54 (d, J = 8.5 Hz, 2H), 7.35-7.09

5.83(dd, J =16.0, 7.5 Hz, 1H), 5.75 (dt, J = 15.5, 7.0 Hz, 1H), 4.90 (d, J = 7.5 Hz, 1H), 4.26 (dd,
J=175,7.5Hz, 1H), 4.12 (q, J = 7.0 Hz, 2H), 3.11 (d, J = 7.0 Hz, 2H), 2.30 (s, 3H), 1.26 (t, J =
7.0 Hz, 3H), 0.02 (s, 9H); °C NMR (125 MHz, CDCl3): § 170.9, 142.8, 141.3, 136.4, 135.0,
133.9, 129.3, 129.0, 128.4, 128.2, 127.9, 127.7, 127.6, 127.4, 127.2, 126.4, 125.6, 81.6, 64.9,
60.8, 38.0, 21.3, 14.1, 2.2; IR (nujor) 3286, 2957, 1733, 1605, 1496, 1448, 1330, 1252, 1163,
1071 cm'l; mp 103.0-104.0 °C. Anal. Calcd for C3;H39NO3SSi: C, 66.52; H, 6.80%. Found: C,
66.53; H, 6.81%; HRMS (m/z) Found: 577.2313. Calcd for C3,H3NO3SSi [M]": 577.2318.
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Ethyl (55%65%)-(E)-5,6-diphenyl-6-phenylamino-5-trimethylsiloxy-3-hexenoate (20f)
Ph OSiMe; O

Ph X~ OFt

PhHN H 7.5, 7.0 Hz, 2H), 7.30-7.24 (m, 6H), 7.00 (dd, J = 9.0, 7.0 Hz, 2H),

'H NMR (500 MHz, CDCl3) & 7.43 (d, J = 7.0 Hz, 2H), 7.34 (dd, J =

6.56 (dd, J = 7.5, 7.0 Hz, 1H), 6.37 (d, J = 7.5 Hz, 2H), 5.85 (d, J = 15.5 Hz, 1H), 5.72 (dt, J =
15.5,7.0 Hz, 1H), 4.62 (s, 1H), 4.15 (q, J = 7.0 Hz, 2H), 3.12 (dd, J = 16.0, 7.0 Hz, 1H), 3.10 (dd,
J =16.0, 7.0 Hz, 1H), 1.27 (t, J = 7.0 Hz, 3H), 0.03 (s, 9H); *C NMR (125 MHz, CDCls):
8 171.3, 147.6, 142.8, 139.8, 136.2, 129.8, 129.1, 128.0, 127.9, 127.7, 127.5, 127.4, 126.9, 117.0,
113.6, 82.5, 67.7, 61.0, 38.4, 14.5, 2.5; IR (nujor) 3372, 2957, 1733, 1602, 1499, 1447, 1373,
1253, 1176, 1028 cm™. HRMS (m/z) Found: 472.2318. Caled for CxoH3NOsSi [M-H]*:
472.2308.

Ethyl (E)-6-hydroxy-5-phenyl-5-trimethylsiloxy-3-octenoate (21)

Ph OSiMe; O 'H NMR (300 MHz, CDCl5) § 7.45-7.42 (m, 2H), 7.35-7.26 (m, 3H),
C2H5Woa 6.02 (d, J =15.9 Hz, 1H), 5.93 (dt, J = 15.6, 6.6 Hz, 1H), 4.15 (q, J =

OH 7.2 Hz, 2H), 3.72 (dd, J = 10.2, 2.1 Hz, 1H), 3.19 (d, J = 6.3 Hz, 2H),
1.48-1.36 (m, 1H), 1.26 (t, J = 7.2 Hz, 3H), 1.13-1.01 (m, 1H), 0.91 (t, J = 7.5 Hz, 3H), -0.01 (s,
9H); C NMR (125 MHz, CDCl3): § 171.5, 142.4, 134.8, 128.1, 128.0, 127.8, 126.0, 82.4, 80.7,
61.1, 38.8, 24.5, 14.7, 11.7, 2.7. HRMS (m/z) Found: 349.1835. Calcd for C;oH2004Si [M-H]":
349.1835.

Ethyl (E)-6-0x0-5-phenyl-5-trimethylsiloxy-3-heptenoate (22a)
Ph OSiMe; O 'H NMR (500 MHz, CDCl3) & 7.37-7.27 (m, 5H), 6.16 (d, J = 15.5 Hz,
HBCWOE 1H), 5.76 (dt, J = 15.5, 7.0 Hz, 1H), 4.12 (q, J = 7.0 Hz, 2H), 3.15 (d, J
° =7.0 Hz, 2H), 2.11 (s, 3H), 1.24 (t, J = 7.0 Hz, 3H), 0.09 (s, 9H); "*C
NMR (125 MHz, CDCLy): §209.2, 171.2, 141.1, 135.0, 128.4, 128.2, 127.4, 127.3, 86.0, 61.0,
38.3, 25.4, 14.4, 2.29; IR (nujor) 2958, 1733, 1717, 1447, 1252, 1159, 1070, 1030 cm™". HRMS
(m/z) Found: 334.1594. Calcd for C sH,604Si [M]*: 334.1600.
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Ethyl (E)-5,6-diphenyl-6-ox0-5-trimethylsiloxy-3-hexenoate (22b)

PR OSiMe; O 'H NMR (500 MHz, CDCls) & 7.86 (d, J = 7.0 Hz, 2H), 7.46 (d, J = 7.5
PhWOEt Hz, 2H), 7.40 (dd, J = 7.5, 7.0 Hz, 1H), 7.34 (dd, J = 7.5, 7.5 Hz, 2H),

° 7.28-7.25 (m, 3H), 6.43 (d, J = 15.5 Hz, 1H), 5.51 (dt, J = 15.5, 7.0 Hz,
1H), 4.10 (q, J = 7.0 Hz, 2H), 3.11 (d, J = 7.5 Hz, 2H), 1.22 (t, J = 7.0 Hz, 3H), 0.00 (s, 9H); "°C
NMR (125 MHz, CDCls): §200.4, 171.3, 141.9, 137.2, 132.6, 131.0, 130.8, 128.6, 128.0, 127.9,
126.5, 126.2, 85.5, 60.9, 38.3, 14.4, 2.1; IR (nujor) 2959, 1733, 1683, 1599, 1448, 1253, 1159,
1071, 1028 cm™. Anal. Caled for Cx3H,304S1: C, 69.66; H, 7.12%. Found: C, 69.54; H, 7.11%;
HRMS (m/z) Found: 396.1758. Calcd for C»3H2304S1 [M]*: 396.1757.
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