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• AUSTRACT

The preparation of allylsilanes by silylation of allylsulfones followeù by the reùuetivc

clcavage of the silylateù sulfones, is described. The use of this ne\V methodology in the

synthesis of polyenic compounds including cis und ffllllS retinoic :Icid \Vus repol1ed.

The preparations and reactions of a series of aminomethyl substituteÙ a·allylsilyl

anions with carbonyl electrophiles were studied. The stereosclectivity of these reactions was

subject 10 solvents and temperature clTects. For instance, the condensation of these anions

with carbonyl electrophiles proceedeù tel give the corresponding E· homoallylic a1eohols in

benzene, but the same reactions al a lower temperaturcs in the presence of dimethoxyethane

lcaùs to the fOllnation of the Z· isomers preferentially.

A new method for the preparlllion of aminomethyl substituteù allylsilane 1 via the

hyùrosilyllllion of a new allene was ùescribeù. This allenc was prepareù using an improveù
method of elimination of B-hyùroxyvinylsilanes.

A number of analogs of relinoic acid were synthesizeù for their use in the treatment of

leukemia. Their syntheses were carrieù out using the Willig reaetion. Two series of lhese

analogs showeù reasonable biological activity in HL-60 anù l'19 screenings. A third series of

compounds was inactive.
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• ii

RESUME

Uml nouvelle méthode de préparation d'allylsilanes par 1,1 silylation d'allylsulfones

suivie de la réduction de la sulfone est décrite, L'utilisation des nouveaux allylsilanes dans la

synthèse de composés polyinsaturés et des esters de l'acide rétinoique cis et crans est

demolllrée.

La préparation d'une série d'anions allyliques a-silyciés portant un groupe chelatant

aminomelhyl ct la réaction de ces anions avec des réactifs carbonylés ont été étudié. La

stéréochimie des produits de ces réaclions est dépendante des conditions réactionnelles. Par

exemple, la condensation de ces anions sur les cétones et aldéhydes dans un solvant comme le

toluène mène aux alcools homoallyliques ayant une stéréochimie E, cependant la même réaction

éffectuée 11 plus basse température et en présence de dimethoxyethane mène il la fommtion de

produits ayant une stéréochimie Z.

Une nouvelle méthode pour la préparation de l'allylsilane 1 ayant un groupement

chelatanl aminomethyle est décrite. Celle méthode est basée sur la reaction d'hydrosilylation

d'un nouvel allène qui a lui-même été préparé par une méthode améliorée d'élimination des ~­

hydroxyv inyIs ilanes.

La synthèse d'un certain nombre d'analogues de l'acide retinoique a été décrite. Ces

composés ont été sélectionnés pour leurs activités biologiques liées 11 la différentiation cellulaire

in-vitro des lignées celluluires HL-60 et P19. Deux séries de composés ont démontré des

uctivités comparables 11 l'acide rétinoique, tandis qu'une troisième série de composés s'est

révélée inactive.
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c1aims at the Ph.D. Oral Defense. Since the task of the examiners is made more difficult in

these cases, it is in the candidate's interest to make the responsibilitics of authors perfectly

c1elll'.



•

•

vi

CONTRIBUTION TO ORIGINAL KNOWLEDGE.

The lISC of (l.-allylsilyl anions has been extended to the sylllhesis of all-cralls and of 9­

cis retinoic acid estcrs. ln the proccss we have lIsed two differelll types of methodological

approachcs to thc preparation of allylsilanes and their anions.

A sllldy of thc elTeet of aminomethyl Sllbslitllents on the addilion of allylsi!yl ,mions bas

been made, ami thc rcsllit permited the preparation of homoallylic alcohol of Z or E

stercochcmistl'Y depemling on lhe solvelll lIsed. These reactions have been rationalized interm

of the filmllltion of a seven member ring transition suite.

A practical impl'Ovement has been developed in the synthesis of allenes via the Chan

ll1ethod which Ims permilled the preparation of a new allene ,md of an allylsilane.

Finally, new retinoic acid analogs were preparcd as part of a second projecl. Five of

these cOll1pollnds showed reasonable biologiea! aetivity (EDSO =10-7.10-8M) when submired

to HL·60 serecnings.
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• CHArTER 1
INTRODUCTION.

1.1. Introduction to Retinoids.

The retinoids arc a family of naturally oecurring compounds containing an

eXlended polyenic chain. They are part of the terpenes family and thus have the isoprene
unit repealed in lheir carbon skelelOn forming the general structures 1.1-1.4 shown in
Figure 1.1. They are represellled hy vitamin A (or retinol). retinal, retinoic acid, ~­

carotene lUlU nUll1erous other natural products routinely reported in the literature.1 For the
lUPAC nomenclature, the numbering of the carbon starts atthe carbon substituted by the

gem dil11ethyl group as shown in Figure 1.1.

16

2

3

4

17
19 20

9~R
10 12 14

18

1.1 retino1 (vitamin A) R=CH20H
1.2 retinal R=CHO
1.3 T"tinoic acid R=COOH

Figure l.l

1.4 ~-carotene

•

These natuml substances demonstrate a wide range of biological effects on cells and

organisl11s. Vital11in A is essential in vision. Its oxidised form, retinal, is bonded to opsin

and is responsible for the absorption of the photons of light which catalyzes an enzyme

cascade, generating the visual excitation signa\.2 Retinoic acid for its part has been

lIssociated with the mechanisms of cellular differentiation3 as we will see in more details in
chllpter 6. ~-Carotene is one of the numerous biological pigments found in plants where il

1



• is almost always found with chlorophyll.4 Il is used as a source of vitamin A in animais

and as an ultmviolet screen.4 lndeed the usefulness of the members of this family has bcen

recognised for a number of years now. lndustrially, massive amounts of these

compounds, have been produced for applications as diversed as food coloring4 10 cancer

prevention, chemOlhempeutic agentS and acne suppression.6

VilA....OR
OH

The use of acetylene chemistry, the Wiuig reaction and of allyl sulfones as

described in Figure 1.2 arc the principal reactions used in lhe synthesis of retinlll in

industry. These processes will be discussed in the next chaptcr.

A OR ..

H offmulIlI-Lu Roc he

HBr PPh3 .. .. VilA

BASF·AG

H02SPh .. S02Ph .. VilA

Rhône Poulenc

Figure 1.2

•

The diversity of approaches in the industrial processes is limiled tll the use of ~­

ionone as the staning malerial. This is explained by its ease of synthesis and its availability

on the markel. In fact the manufacturers are able ta symhesize ~-ionone l'rom very simple

staning materials sueh as aeetone and aeetylene. The processes used for the synthesis of~­

ionone and vitamin A were weil described in a recent review.7

2



• The search for high yield methodologies. in this field, has spurred the discovery of

n number of vinble alternative Illethods tha! were also used in other npplications where the

fommtion of the carbon-carbon double bond W'IS desired, ns demonstrated by the discovery

and uses of the Juli'l olefination Illethod.

1.2. Methods for olenn formation and their uses in retinoids synthesis.

The most prominent member of the retinoid family is vitamin A (retinol), it was

discovered by Stepp in 1909 and its structure was elucidated by Karrer in 1931. Vitamin A

nnd other retinoids have represented challenging targets for chemists.8

The following is intended as a review of the methods for the synthesis of retinoids

and more panicularily that of vitamin A. retinal. retinoic acid and ~-carotene. Emphasis on

the rcferences published al'ter 1987 was made since the literature prior to this date has been

particularly weil covered in other reviews.9

Sine<: Wittig discovered the use of phosphonium ylides 10 in the synthesis of

olefins. the number of applications for this reaction has grown considerably.lI But no

matter how practical the Wittig reaction is. the demand for better stereo- and regioselectivity

hns encouragel! the development of other types of reactions which complement or replace

the Winig reaction. The synthesis of the retinoids is an ide'll field for testing the limitations

of these new Illethol!ologies, as it will be seen in this chapter.

1.2.1 The B·elimination. 12

Accorl!ing 10 Carruthers l2a, "one of the most commoroly used method for forming

carbon-carbon double bonds is the ~-elimination reaction" which goes according to Figure

1.3 where X is a leaving group like OH, OCOR. halogen, sulfite, sulfone, N+R3, S+R2.

Figure 1.3

X li
'--/ • + I-IX

•
These reactions can proceed by the El or E2 mechanisms and are often used in

synthetic organic chemistry. Their major drawback is their usually poor regio and

stercoselectivity. This is why it seems surprising at first hand to see recent literature

l!ellling with the use of this renction in the synthesis of retinoids. However under

3



1.7

• equilibrating conditions, mixtures of rctinoic acid stcreoisomcrs invariably cqllilibnllc to

the ali-tram isol1lcr. This cxplains why thcsc mcthods can still bc lIscful.

OR

Li~OR
~ 1.6
~",,:. 0 •

1.5
HBr

•
60% ovcr all

o

1.2

Mixture of isomcrs 9-cis, 13 cis, all-trans.
Idcnlificd by I-IPLC. Ratio not spccilïcd.

HCI
1.5 ..

Li~OR
1.8a R=SiMc3
1.8b R=Mc

------ 1.2
90% over all

Mixture of isol1lcrs 9-cis, 13 cis, all-trans.
Idcntilicd by I-IPLC. Ratio 22%, 10%,66%.

•

Schel1le 1.1:

For cxamplc, rccently L. Duhanu:1 12b has shown, using mcta1 halogcn exchangc,

that the intel'll1cdiate 1.6 cou1d be reacted with p-iononc, giving the corresponding a1cohol

1.7 which under acidic conditions, eliminatcd and was deproteclcd in one stcp giving the

mixture of retina1s 1.2 (3 isomers). Other variations on the s;lme thcmc (using an enol

ether 1.8a and 1.8b) were a1so shown to be workable (second part of Scheme

1.1).12c,12d These methods produced many isomcrs. This evidentlack of stcrcoselection

shou1d normaUy hnve rendered it useless despite the high yields. However, as mcntioned

earlier in the case of retinoic acid, the all-trans retinal isomer can a1so be obtaincd directly

l'rom the mixture by equilibration in the presence of iodine. Il shou1d be nOled that this

equilibration is not useful if the desired product is any of the cis isomers of the retinoids,

such as the 13-cis retinoic add now undcr scveral clinicaltrials. l2c

4



OH

1. 10 4:6, E:Z

OH

o

o

HO

1.3
9 and 13 E:Z complex mixtures

..

32%
1.5 ..

~COOLi
Li 1.9

•

Scheme 1.2: Simple synthesis of retinoic acid.

Considel'ing that a complex mixlllres of isomers of retinoic acid can undergo

isomerization 10 the all-Irlllls retinoic acid isomer, the most concise route to retinoic acid

was designcd by Mestres el al. 121' which lOok two readily available cheap stlUting materials

1.5 and 1.9 and by condcnsHlion followed by climination, were able to get retinoic acid

dircctly, in a rcasonable yicld (Schcme 1.2). A similar approach had been reported earlier

using smallcr fragmcnts than 1.9, but the methodology was mostly used to get some of the

ciol' isomcrs of rctinoic acid stereoselcctively.9b

Another wuy to build up the rctinoid skelelon is by using the aldol condensation

rcaction. The firs! e,ulmplcs of the use of this type of reaction were reported by

Mukaiyama el. Cli. 12g who showed that the Lewis acid catalysed condensation of ~­

ionyldencacetaldehyde dimethylacetal \Vith I-trimethylsilyloxy(or ethoxy)-3-methyl-l,3­

butadiene provided all-trCllIs -retinal1.2 in 42% yields after elimination and isomerization

of the intem1ediales. A simpler approach based on the same idea \Vas described in a recent

report. Duhamel el. Cli. 12h useù Ihe lithium enolate 1.11 with the aldehyde 1.12 to give

the Ictrahydropyran 1.13. Acid calalyzed rcarrangement of 1.13 is believed to go through

the dihydropyran intermcdiate 1.14 to give the all-trCllIs -retinal in good yield (Scheme

1.3) .

•
5



•
1.12

o
H

L'+
O' 1

"1.11

•
-40°C

OH

1.13 60-69%

-DMF
Toluelle
1lOoC

Scheme 1.3.
1.14 1.2 60-69%

o
H

•

1.2.2 The use of allyl sIMone nucleophiles. !the Julia olefination reactjon).13

Synthesis of olefinic compounds, through the use of sllifone chemistry, is a

relatively Ilew field thm was studicd intcnsivcly by Julia et. al. 13<lb.c These researchers

have developed three efficient ways of obtaining the formmion of a carbon carbon double

bond starting from a sulfone (Figure 1.4). The first and most simple avenue is the

deprotonation of a sllifone 1.15 followed by its reactiop. .vith an alkyl halide giving

sulfone 1.16 thm can be eliminated to the trans olefin 1.17. 1:\. The other two alternatives

consist of the condensmion of the sulfone 1.15 nucleophile with an aldehyde followed by

acetylation, that can be carried out in situ, giving 1.18. Reductive climination of sulfonc

1.18 with sodium mercury anmlgam produces thc olefin 1.I7. 13b The p-acetoxy-sulfonc

1.18 can alternatively be eliminated to the E-vinyl sulfone 1.19 which is thcn reduccd

with sodium dithionite to the Z alkene 1.20. 13c

Julia and Arnould l3a investigated different strategies of addition of a sulfone to an

allyl halide for the synthesis of retinoic acid, and finally concluded thm sulfone 1.21 was

the best reagent for this purpose.

6



S02Ph base• R~R' ..
1.16

tCl'v R'

S02Ph

R)
•

O~R'
1.15 1)

2) acetylation

S02Ph

R~R'
OAc

1.18

base
..

R~
R'

1.20

tNa2S204

S02Ph

R~
R'

1.19

Na/Hg
----.... ~ R'

MeOH R~
1.17

Figure 1.4.

OAc

73%1.23

NaOEt,~
80°C retinol acetate 73%

all-trans - isomer.

1.24

1.22

1) NaH, DMF..
?) L ~

~OAc
Cl

1.21

68%

Retinoll.2
90% a11-trans.

NaNHy 75%

:=.. OH

S02C6HSP-CH3

1.27

..
~OH

S02C6HSP-CH3

1.26

Cl Base

1.25

Scheme 1.4.
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• Luter these Iwo strategies were taken-up 'lgain. by Marchand 1:\1 and Oison t 3e

which described more direct approaches 1O the synthesis of vit.unin A (Scheme lA).

Addition of a CIS (15 carbon fragment) sulfone 1.21 to the CS allyl halide 1.22 fragment

provided retinol acetate 1.24 in a respectable yield. This method is now in use in industry

(see chapter 1). The alternative approach where the sulfone is attached to the C5 fragment

1.25 which is added 1O an allyl CI5 fragment 1.26 (second part of Scheme 1.4) gives

retinol of lower isomeric purity.

83% 1.24

OAc retinol
1)DI-IP. PPTS lIcetllle

- ('5 VI?)M OK ~. ID,
- e all-trlll~~ _

isomer.91-93%

1.31

d
Ph

S 2

S02Ph

0: l)nBuLi or EtMgBr
1.28 S02Ph _

ê1 ,\_rOAc
2)o-~

.& 1.30
1.29
Scheme 1.5.

Cyclogeranylsulfone 1.28 and 1.29 were prepared as a mixture of isomers by

Torii and coworkers. 13f Under the specified reaction conditions. only one of these isomers

reacted with the aldehyde 1.30 previously prepared from neryl acetate. 13g The

~-hydroxy-sulfone1.31 formed in this way can undergo double elimination to the all-tralls

retinol isomer 1.24 (Scheme 1.5).

1.2

o NaOMe Retinal
H - 90% yield

MeOH ,all-tralls-

77%

d
Ph

S 2S02Ph

x) NaOMe, MeOH

~ --
1.28 L ?Me L 9Me

~OMe
Cl 1.32

Scheme 1.6.

More reccntly, Julia 13h also used the cyclogeranylphenyl sulfone 1.28 as a

synthon for the construction of the retinoid's polyenic structure. The addition of this

sulfone 1.28 to the aldehyde 1.32 led to the formation of the aldehyde 1.33 which was

eliminated to retinal 1.2 (Scheme 1.6). The synthesis of the starting sulfone was

optimized in their laboratories. We recently reported that 1.28 could be separated from

1.29 by recrystallization. 13i•
8



•
1) BuLi, -GO°c.

2 1.21 •
o

2)~

° 1.34
3) A~{JAc
4) NaOH

Schellle 1.7

1.35

83%

I)NaS204 AU-trans..
2) 1

2
~-carote:.e

1.4

90%

2

•

Bernhard and Mayer13j reported the high yield syntheses of ~-carotene and other

earotenoids by the use of a modilied Julia reaction. Condensation of 2 equivalents of the

allyl sll!fone 1.21 with the dialdehyde 1.34 followed by in silu acetylation and elimination

gave disulfol1l: 1.35. This series of reactions eventually gave all-lrans -~-carotene 1.4 in

90% yicld upon trea~l11ent of 1.35 with sodium dithionite followed by equilibration

(Schcme 1.7). il should bc nOlcd thatthc expected Z stereospecificity (see mechanism at

the beginning, Figurc 1.4) was not obtained in that instance. The authors presumably got a

mixture of isomers, so the synthcsis of the cis isomers of ~-carotenehad to be completed

lIsing the Willig reaction.

Other resetlrchers have reported various ways of using sulfones in the synthesis of

rctinoids.13k

1.2.3 The Willig and Homer-Emmons reactions. 14

Thc Willig reaction was applied in this field even before the elimination reactions

and led to thc first synthesis of p-carotene.14a The Wittig reaction was believed to proceed

throllgh a betnin intcmledinte A nnd thntthis explained the stereospecificity of this reaction.

Howevcr this tlssumption has recently bcen questioned and an asynchronous cycloaddition

mechanism. to the corresponding oxaphosphetane B • has been proposed instead.14b

Indeed a stable oxaphosphetane intcrmediate has been isolated 14c

9



• R~. IH
R" RC.· 2

Rf

t
R3P- O

RI~R4
R2 R3

fi

..

Figurc 1.5.

The marked advantage of this reaction is il~ regiospecificity since the double bond is

formed between the phosphonllle substituted carbon and the oxygen SUbslilllted carbon.

Another advantage is that some stereoselcctivity can bc obtained. However the reactivity

can sometimcs be a problem if the reilgcnts are hindered. Also the regioselectivity of the

first slep (the addition to the ketone) can also be a problem whcn enones or enals are uscd.

Nonetheless liS stated eartier, an industrial process was designcd for the synthcsis of

vitamin A using the Wittig reaction as shown in Figure 1.2. Similar processcs werc uscd

for the synthesis of other retinoids and of ~-carotcne.l4a Since these arc fairly old and

strnight forward reactions that have been extcnsively reviewed we will not review the

subjecl further. That being said, Nakamurll et. al. have recently pubtished a method of in

situ genernlion of a Wittig reagent, from the alcohol 1.36, similar to the one used in

industry and reacled it with 2,5-dimethylhepta·l ,2,4,6·trienp.-l,7·dial 1.34 giving ~.

carotene 1.4 directly (Scheme 1.8).14<1 Ford et. al. have developed sorne polymer

supported Wittig reagenls lhat were used in the synthesis of elhyl relinoate. 14c

2

1.36

all-tranv

~'carotene

65%

1.4

•

Scheme 1.8:

Another reaction based on the use of an phosphorus ylide intermediate is the Wittig­

Homer reaction. 14f Recently this reaction was exploited in the synthesis of retinoids. 14g

The major advancement of this work is the development of a methodology to obtain the

10



• Olherwise e1usive diethylphosphonate ester 1.40 from ~-ionone 1.5 which reacted regio

and stereoselectively with aldchydc 1.41 giving the all-Irans -retinoic acid, cthyl ester

1.42 (Schel11e 1.9).

'g­,/-

1. 5 -----i..~
~) MgBr2

UL....~.3 7 -----I.~
~O
UL.... ~-. 38 -(93% 1-3)

OEt

1.42 (>95% all-Iralls )61 %

~ p"O
LiOt-Bu

p.P• ~

O' '0 O· '0

1.39 Et Et 1.40 Et Et
93% 82%

0

•

..

NaH

R=PO(OEt}z
NaH

o
~OEI
o

1.4 1
Schel11e 1.9:

A l110dified version of this approacl: where the phosphonate is attached to the other

synthon also gave good yields. The phosphonate 1.43 was reac:ed with the aldehyde

1.12 giving the pure all-Irans -retinal1.2 (Scheme 1.l0).J4h

~ "'0

1.12

9 1 Cr) 1 43
1) EtO'?~O •

EIO
NaH ..

1.2

66%

o
H

Schel11e 1.10:

1.2.4 The isonilrile l11ethod. 15

•
This method invo!ves the condensation of the isonitrile 1.44 aild a carbonyl

Ch:Clrophilc. When 1.44 is condensed \Vith benzaldehyde the formation of the carbon­

carbon double bond occurs iilll11edi:llely after the addition step giving the aromatic polyene

1.45 .

1 1



• ~c...", ~ Base

1 •
benzlllùehyùe

1.44

Base
•

~OAc
o 1.46

Scheme 1.11:

1.45

1.47

When the same reaction was applieù to the synthesis uf retinul acetate, the uxazole

compounù 1.47 fomleù insleaù of the expected retinol acetate proùuct (Scheme 1.11).

1.2.5 The Mc Murry reaclion. 16

The McMurry reaclion consists uf the reùuctive coupling of symmelrical alùehyùes

and kctones by low valent titanilllll reagcnts. The l1lechanisl1l is believeù to take place

involving the reduclion of the carbonyl compounds tu their ketyl radical counterparts which

ùimerize tu a ùiol intenlleùiate. This ùiolthen undergoes reùuctive elil1lination (Figure 1.6)

in a stereospecific manner.
.RI .R2

O-=< O-=<
0 R2 RI

Ti(O)rR(Jl R2 ----to- Ti(l)
.RI

+ Ti(l)
.RI

O-=< O-=<
R2 R2

J
j

RI RI J' J~'
R2 RIR2 .. t=<;=< ..

R2 R2 RI RI RI R2
Ti(\) 0 Ti(\) 0

R2 R2 +TiO(lI)
+TiO(lI)

• Figure 1.6:
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• 2
1.2

.. All-lrallS -13-carotene

1.4

Scheme 1.12:

This very uscful reaction has been applied in many instances, as shown in a recent
revicw. 1611 One pnrticulnr application is in the synthesis of l3-carotene which can be

synthesized by this method using retinal 1.2 as the starting material (Scheme J.l2),t6b

This method is chnracterizcd by high yield and regioselectivity as weil as by its simplicity.

1.2.6 The reduclion Qf a prollargylic diQI tQ the corresllonding allylic diol followed by

conjugille rcl!uctjvc clirninatjQn wjth titanium. 17

Conjugillel! diol reductive elimination is based on the extension of the principles

involved in the second step of the McMurry reaction and is represented in Figure 1.7. The

titanium Ti(O) rcducing ngent clenves reductively the two hydroxy giving a diene.

Ti(O) .. Ti(O) <3~
=0 R

•

Figure 1.7.

ln an application of this reaction, retinol (vitamin A), retinal and retinoic acid were

synlhesized stereoselectively and only the all-Iralls isomers were forrned when a silyl

protecting group (l.50) was used on the primary alcohoi. However, an E:Z mixture was

obtained when the acctale group was used. The explanation for this observation is obscure

since the starting diol is a mixture of diastereomers and isomerisation of the final product

by the titanium reagent Cllllnot be invoked because the I3-cis -retinol aiso obtained via this

route was not isomerized to the all-Iralls isomer. Also starting with diols 1.51 and 1.52
in which the centnll carbon carbon double bond is of either E or Z configunltion leads to the

f01l11ation of the same product 1.53. The full paper published on this work did not

mention any explanations for these observlllions,17b

1 3



• ~H-1 E1Mg13r on
l '<:::, ~.. ~ OH

~COOEt

o 90%
1.48 1.41 ~

R
I)DII3AL C1.49 R=COOEI
2)TBDMSCI 1.50 R=CH20TI3DMS, 90%

1.52 90%

85%

Fe 1.53 R=CH20SiEI3
I.I R=CH20I-l, 80%

I)Mn02 C1.3 R=COOH, 80%
2)AgO. NaCN

R ..
LAH, TiCI4

THF/

~ R
OH

~

OH
1.51 65%

OH

LAI-!

..

..

Lindlar

Scheme 1.13:

Biologically aClive aromalic analogues of relinoic acid wero also synthesised using

thal methodology showing how general ilS application can be. Il sholild also be noted lhat

extended conjllgated syslems can also be redllced in a similar fashon. Theroforc conjllgaled

2,4-dienes-I,6-diols systems have also been reduced (TiCl3, Na/Hg) leuding to the

fomllltion of all-lran~ trienic systems in very high yields. 17d

1.2.7 The Slille cOllpling reaction and related approaches. 18

R
'=..

X

I{'
?

MX

•
Figure 1.8:

The Stille reaction is a palladium catalyzed coupling of vinyl halides with

organometa\lic compounds (organomagnesium, tin and zinc). The mechanism of this

14



• reuction, as shown in figure 1.8, explains the stereospecificity of this reaction. The

stereochemistry of the carbon carbon double bound on the product is dependant on that of

the staning material.

As shown recently, the Stille reaction is panicularily weil suited for the synthesis of

long conjuguled polyenic compounds. 18a Application of this approach to the synthesis of

retinoic ucid und Olher retinoids hus been done with mitigated ~"'ccess at firsl. 18b The

hydrobomlion of ucetylene 1.54 led to the vinyl borane 1.55 thut could be used in the

synthesis of delllethyluted retinoic ucid unulogue 1.58. The Stille coupling of 1.55 with

the iodide \.56 wenl smoothly in the presence of the tetrakis(triphenylphosphine)

palludiulll catulyst (Scheme 1.14).

~ 1)Ctllecholbomne

~ 2)BI-I (NEt2h
3) 1-120

1.54

OH,
::::,.. B'OH

1.55 81%

Scheme 1.\4:

.. ~R

1.57 R=CH20TBDMS, 48%
1.58 R=COOEt, 31 %

I.59

Scheme I.lS:

1.60

•

However the extension of this stmtegy to the synthesis of retinoic acid itself has not

been sllccessful. The hydroborlltion of compound 1.59 did not fonu the desired vinyl

bomne 1.60 even llnder catalytic conditions (Scheme 1.15). Despite this difficulty the

Stille cOllpling approach to the synthesis of retinoids l'las very interesting. The idea l'las

funher developed hlter leuding to a high yield synthesis of retinoic acid,18e using the iodide

15



• 1.61 as a precursor to vinylmetalic species that \Vere in turn used successflllly in Il Stille

coupling strategy for the synthesis of retinoic acid and vîtamin A (Scheme 1.16).

~()
1.5

OR

1.62 R=TBDMS, 87%

Scheme 1.16:

The indllstrial application of this methodology shollld theoretically be possible.

1.2.8. 1.3- Dinolar cycloaddition. 19

1.63

~NO-----'"

~1.64
OAc

\

N-O

1.65

OAc

MO(CO)6
...

o OH

1.66 60%

OAc -. -- -. VitlUlline A

•

Scheme 1.17:

The 1,3 dipolar cyclmlddition of nitrile oxides to dipolarophiles is not a mcthod for

carbon-carbon double bond formation. However it was used as a way to couple two

vitamin A precursors together in an efficientnew way to the synthesis of vitamin A. This

justifies the more detailed discussion in this section. Il was not inc1uded in the elimination

section 1.2.1. The use of the acetoxy-2,4-pentadienc 1.64 as dipolarophilc was an

efficient way of introducing the missing CS carbon unit to the nitrile oxide 1.63,19 The

regioselectivity obtained gave the oxazole adduct 1.65 which was reductively cleaved to

the corresponding ~-hydroxy ketone 1.66 which was in turn convened to vitamin A

through a succession of reduction and elimination reactions (Scheme 1.17).

1 6



• 1.2.9 The use of the Peterson olefinmion reaction in retinQids s)'nthesis.20

Silanes are knowll tQ undergQ nucleQphilic anack when subjected tQ metal

alkQxides. This is due tQ the strong Qxygen silicQn bQnd formation. When the alkoxide is

present in the same mQlecule, p tQ the silicon atQm, an intramolecular elimination not

different l'rom the Wittig betain intermediate takes place forming the corresponding olefin

stereospecilically.2:ù Acidic reaction conditions also lead to the fom1ation of olefin but with

the reversed slereospecificity. This silicon assisted elimination reaction is known as the

Peterson rcaction (Figure 1.9).20b

..
R4 R3
,~..S'M. 1 e3

HO : 1: R
R2

•

Figure 1.9:

The sil yI groups have been used ta stabilize carbanions on the <X position. The

fonnation of organolithium containing <X silyl group is easy and a great number of them are

known.20b Their additiQn to carbonyl compounds leads directly to carbon-carbon double

bond formation through the Peterson olefination reaction. This olefination reaction starting

from carbonyl compounds can even be stereoselective. However no attempts were made of

using this reaction in the synthesis of the retinoid natural products. We propose that a

stercoselectivc synthcsis of rctinoids using the Peterson olefination reaction is possible and

thm the most direct rctrosynthetic scheme involves the use of p-ionone as starting material

as rcprcsentcd in Figure l.lO.

17



vitamine A, R=CH20H
rctinoic ucid, R=COOI-\

~o
1.5

• 11
~
~

~
~ ".;;: ~

9 10 12

{} 1 .4 \3-carotene

~
SiMc3

Figure 1.10:

Thcoreticul1y this rctrosynthesis permits control of thc gcomctry of thc curbon

curbon double bond between curbon C-Il und C-12 by way of a two step uddition and

elimination reaction. The objective of this thesis is therefore to invcstigate thc reuctivity of

triene al1ylic union of 1.67 and analogues with carbonyl elcctrophiles and 10 cswblish the

approach underlined in Figure 1. 10 as a viable way of synthesis of retinoids.
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CHArTER 2.
A NEW SYNTHESIS OF ALLYLSILANES.

2.1 Introduction.

SiR,

2.1
The goals of the present thesis were stated and put in perspective in the c1mpter 1. As

mentioned in the previnus chapter the synthesis of the allylsilane 2.1 is necessury for the

present research. Many synthetic methodoIogies have been reponed for the synthesis of ullyl

silanes" We tried a few and some of them worked when applied to the synthesis of 2. I.
However in most cases we obtained low yields, associated with the fomllltion of unstable

intermediates, and mixtures of ci.\' and mm.\' products were always obtained. Even if the

optimizutÎon of the reaction conditions would Iead to better yields we were still faced with the

problem of having mixtures of isomers 2.1 which did not separate on column chromutogmphy

due primarily to the very low poIarity of these compounds (the two isomers move close to the

solvent front as a single spot on TLC in hexanes). So we have embarked on the development

of a novel stereoselective synthesis of 2.1 staning from an easily accessible und stable starting

material. We have published a preliminary communicmion of this work in Tetrahedron Lellers

1990,32, 1149, and it contains the other methodologies tried for the synthesis of 2.1 and the

results of these trials. This communication has been integrally included here (exccpt for the

format which was changed to titthe thesis. Also an error in table 1 WtL~ corrected).

At the end of this section, a table of other sllbstrates lIsed, was incillded, with a

discussion of the imponant parameters involved in these reactions.

* For a recent review on the sllbject see reference 7 in the reference section atthe end of this
chapter.
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• 2.2 Report on the regioselective synthesis of allyl silanes.

A Novel Regioselective Synthesis of Allylsilanes.

T.H. Cha1l* a1ld D. Labreeqlle

Departme1lt of Chemistry, Me Gill U1Iiversity, M01ltreal, QI/ebee, Ca1lada

fl3A-2K6.

Summary: The anions derived from ally1 sulfones were silylated in the a.-position.

Reduclive desulfonylalion gave the desired ailyisilanes regioselectively.

Allyisilanes have bccome useful reagents in organic synthesis l . A number of

methods have been developed for their prepam!ion 2-5. A major concern in the synthesis

of allylsilanes is the control of regiochemistry6 as weil as the stereochemistry of the

double bond. As pan of our general research in the use of silylallyl anion in organic

synthesis7, we became interesled in the synthesis of p01yenylsilane ~. Because of the

conjugaled polyenic structure and the possible regio- and stereoisomers, the synthesis of

~ is particu1arily challenging. We llltempted a number of the reported genera1

methodo1ogies and none proved 10 he satisfactory (Scheme 1).

~ silicll gcl

~- . .

~o
l

MUllr IiO

=.1 ..~ PCI) ..

l MC6Si2.

1 AgCN McLi

tAcCI

AcO

~
(MCJSinCuLi

1
..

10%

i

x

•
Scheme 1

23



• A common method for the synthesis of allylsilanes is to couple ullyl halides wilh

trimethylchlorosilane via the corresponding organometallics. The bromide or chloride J.
prepared8l'rom vinyl-p-ionoll. on reaction with Mg and trimethylchlorosilane according

to the procedure of Calas et al3 did not give li. Complex mi:,tlIre of uncharacterisable

compounds were obtained. An 'IIternative approach, using the "counterattacking

principles" for the silylation of allylic alcoholl was equally unsuccessful in our hands.

The vinyl alcoholl, on treatment with MeGii2/MeLi in THF at 60 ''C gave only rccovercd

1 and none of the desired li ; more stringent reaction conditions led to decomposition of

starting material. A variation on the same theme is the displacement of an allylic function

with silylmetallics. Thus. compound l. was acetylated9 with AcBr/AgCN l<l give lhe
allylic acelate~. Treatment of~ with the silyl cupnHe reagent 10 Li;oCu(SiMeY2 did give the

desired compound li, as a 1:2 E:Z mixture. however only in 10% yield. The low yield

may be attributed to the fact lhat compound ~ was not purified before use, since il was nnt

particularly slable and decomposed on standing or on co!umn chromatography to give the

elimination product ~.11

~O+
l

SOzl'hr-Li' ------1.._
SiMc3

1

Li' '0

~SiMCJ
~ AOzl'h

MsCI

Scheme 2

...
MsO

~SiMCJ
~ ~Ozl'h

2.

Nn/Hg

McOH
..

•

Alternative approaches to the synthesis of li were sough!. The orgunolithium
compound 1. generated l'rom lhe precursor p-trimethylsilylethylphenyl sulfonel2• reacted

with p-ionone to give the adduct 11 which was quenched with methanesulfonyl chloride to

give the mesylate 2 in good yield. Reductive elimination 13 of 2 using sodium amalgam

gave the desired.li, ugain as a mixture of isomcrs in 2: 1 E:Z rutio. The low yield (7 %)

was however unsatisfactory (Scheme 2). Nevertheless, the possibility of using sulfone

chemistry in the preparation of allylsilanes prompted us to examine the following

approach.
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Schcnu: 3

!:-;,lIlg
~1cOIl

t-BuLi
SOzl'h --:-:--::-:-=:-......_

Mc]SiC\

80%

SOzPh

li

!NalDMAN/EIZNH
84%

SiMe]

~E/Z>10

•

The vinyl-p-ionoll was converted ta the sulfone 1ll. folowing a procedure by

Julia l3• Tremment of JJl (1.0 g) witb (-BuU (1.2 eq.) in 50 ml of a 1:1 mixture of 'l'HF

and ether al -78 cC gencrated the anion which reacted with trimethylchlorosilane(3 eq) to

give the silylated sulfone 11 as brown cristals which couId be recrystallized in hexanes,

giving 0.96 g (80%) of p'lle yellow crystals (m.p.:113-114 OC). Sodium amalgam

reduction of 11 in methanol gave the desilylated and desulfonylated hydrocarbon U.
The fomlation of il. was attributcd to the cleavage of carbon-silicon bond by methoxide

ion which was formed under the reduction conditions. Indeed, treatment of 11 with

sodium methoxide in methanol gave the slHrting sulfone 1ll. in good yield. Sulfone 1ll.
was also reduced under sodium amalgam conditions te give the hydrocarbon U.
Selective cleavage of the sulfone function was eventually achieved under non-nucleophilic

conditions. Sodium/dimethylaminonaphthalene (OMAN) reduction of su1fur containing

compounds, developed by Bank 14aand Ley 14b succesfully reduced 11to the desired ~ in

70% yield. The silane !i was fonned as a mixture of E and Z isomers (7: 1) with the a11­

trans compound predomimlling. The two isomeric compounds were purified by flash

column chronmlOgraphy but could not be separaled l'rom each other.

The yield and the selectivity were increased (Scheme 3) by adding diethylamine

together with 11 to the N,v OMAN reducing agent. The radical anion NalDMAN was

not 'luenched by diisopropylamine or diethylamine under the condition in which the

n:action were carried out. Moreover the isomeric ratio in !i appeared to be dependent on

the proton source used to protomlle the intemlediate a11yl anion.
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Typical procedure for the reduction of allylsulfonylsilanes: A solution containing

0.100 g of slilfone il dissolved in 1.0 ml of anhydrous THF 1with 0.5 n:! diethyl amine

for the improved methodl was added under an argon atmosphere at ·85«; to a previously

prepared solution of Na /OMAN (4 eq.). This solution was prepared by stirring sodium

(8 eq.) in 20 ml ofTHF with OMAN at ·10 'C under argop for 3 hours. hmnediatelly

after addition of the ailyI slilfone to this solution al -85'C, 1 ml of distilled Waler was

added and then followed up by the addition 01'20 ml of hexanes (at this point the excess

sodium was removed from the reaction mixture). The resulting solution was extmcted

with 20 ml water and twice with 20 ml HCl 10% to remove the OMAN. The organic

solvents were evapomted and the residuc was purified by flash chromatogmphy using

hexanes as ellient affording 0.044 g (70%) 10.056 g . t %) improved method] of ~ as a

clear oil (b.p.= 110 'C al 004 mm/Hg.)

To our knowledge, the synthesis of ~ via an allylsulfone represents a completely

new way of access 10 allylsilanes. The regiochemical cOll\rol is ensured by the sulfonyl

group which directs the electrophile to the a·position of the allylic system. We

demonstrated the generality of the approach by the synthesis of other ailyIsilanes and one

allylstannane as represented in Table 1.
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1 --:::: S02Ph A
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~2Ph
Il
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2.3 Preparation and chemicaI properties of silylated allylic sulfones.

As stUled earlier we decided to use the stable sulfone 2.2 as starting material for the

preparution of the desil'ed al1ylsilane 2.1 (Scheme 2.1). Silyllllion of this sulfone fol1owed

by reductive c1eavage of the sulfone group, led to the desired allylsilanes and was the subject

of the publication given in section 2.2. During the time this work was being published

(section 2.2), we ulso studied the properties of these silylated sulfone intermediates. The

synthesis, and sorne of the properties of silylated sulfones were reported by other

workers. I,2 The results of our own investigations in this field will be discussed in more

detail in this section.

Allyl sulfones could be deprolOnated in TI-IF ut _78° with n -BuLi, s -BuLi and

r-BuLL We found the use of r-BuLi in TJ-IF:ether 50:50 111-78°C to he the optimum reaction

conditions for the deprotonution of the sulfone 2,2 for use in the silylalion reactions us we

have reported in section 2.2, The deprOlOnaled sulfone was silylated by the addition of

chlorotrimethylsilane al -78° followed by warming the reaction mixture to O°C for 15 min

• before adding water. The silylated sulfone 2,3 obtained in this way is very sensitive to
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• hydrolytic conditions. lt is desilylated on silica gel and must be preserved at-20°C for long

term storuge. Recrystallization in hexanes represents the best method of purification.

5°21'11
l-BuLi

MC3SiCI
80·90%

+
2.3

S02Ph

Scheme 2.1 :

The formation of some disilylated product was observed when more base was added

and when the reaction mix ture was allowed to wam1 up to higher temperatures. The tH

NMR indicllled that the second silylation was taking place on the phenyl group to give

structure 2.4. The second silylation did not occur on the allylic moiety as one would have

expected according lU the reported results on alkylation reactions.3 However similar

reactions have been observed in the condensation of aldehydes with allylsulfone dianions.4

Similar reactions were observed when we silylated the cyclogeranyl sulfone 2.6. In

this case both products 2.6 and 2.7 were stable to t1ash chromatography and couId be

purified und separuted from each other using 90% hexanes :10% diethyl ether as eluent,

pem1iuing the full charucterization of the disilylated ~-cyclogeranyl sulfone 2.7.

SiMe3

ê.:Si:'5°21'11
1) 2t-BuLi, -78°C O::s~..
2) 4 TMSCl, -20°C

2.5 15 min. 2.6

SiMe3

1) 2.2 t-BuLi, -?8°C

0::~9•
2) 4 TMSCl, 22°C

10 min. Me3Si

• 2.7

Scheme2.2:
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CsF
in acctonitrile
30%

o
~ 2.10

• The silylated sulfones and their allylsilane reduction products, synthesized in the

course of this thesis arc listed in table 2.2 ( in the next section). In most instances the yields

for the silylation reactions were good. The reduction of the mono lInd the bis­

trimethylsilylated sulfones was carried out with sodium I-(dimethylamino)naphthalene

(NaDMAN) in THF in comparable yields. Table 2.2 shuws that belter resu1ts were obtained

when diethyIamine (DEA) was added to the silylated sulfones. Also, we were able to use

different alkyl groups on the silicon atom without affecting the outco,ue of the reaction.

However when aryl or chloromethyl groups were used, the reduction step did not learJ to the

fommtion of the expected allylsilanes. COl1lplex reaction mixtures were obmined.

While investigating the use of these cOl1lpounds liS :'l1ylsilane nucleophiles, we found

them to be uncharacteristÎCally unreactive. When submitted to Lewis acid clllalyzed allylation

reaction conditions, they did not react with carbonyl electrophiles. For example silylated

sulfone 2.8 was recovered unreacted, even when the allylation reaction was carried out with

8 eg. of TiCI4 and 2-cyclohexene- 1-one 2.9 at room tempenllure for 1 hour. The use of

cesium fluoride with methylvinylketone (MVK) 2.10 did however lead to some

condensation reaction giving 2.11, in low yields. The product isolated was obtained via li

1,4 conjugllle addition fol1owed by double bond shift. A similar 1,4-conjugate addition

product had been made earlier using the lithiated allylsulfone in hexamethylphos"horic

triamide (HMPA).5 One possible explanation for the lack of reactivity of the silylllted

sulfones, in Lewis acid catalyzed condensation rellctions, might be that the Lewis acids

forms a complex with the sulfonyl group, th us rendering the carbon-carbon double bond

electron deficient, when cOl1lpared to a normal allylsilanes, and thus less reactive IOward

electrophiles.

SiR3

VS02Ph
2.8

-78°C- 0
roomtemp. 6
TiCI4 1 and other
up to 2 9 electrophiles.
8 eg. .

SiR3

VS02Ph

2.8

• Scheme 2.3:
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• Despile this observation, a-trimethylsilylated allyl sulfone 2.8 does share most of

the chemical proJlerties associated with allyl silanes.? As we have seen, when il is activated

with cesium Ouoride or when it is hydrolysed by weak acids, compound 2.8 does react as il

would be expected of allylsilanes in general. Furthermore 2.8 reacted with bromine to give

the corresJlonding IrallS -bromomethylvinylsulfone 2.12 in high yield (rralls product only).

•
room temp

30 sec.
CHzClz

2) Na2S03

80%
Scheme 2.4:

2.4 Mechanistic consideration of the NaDMAN reduction of the silylated
allylsulfones.

In a previous section (section 2.2) we have made the interesting observation that

addition of diethylamine to the silylated allylsulfones led to higher selectivities and

considcrably higher yields in the synthesis of allylsilanes, at least when the reaction was

carried out on silylmed sulfone 2.3.

These observmions are not easily explainable. However the beneficial effect on the

yield of the presence of the diethylamine seems to apply to the reduction of other silylated

sulfones as demonstrated in table 2.2. Furthermore the NaDMAN reducing solution in THF

docs not seem to be affected by the addition of secondary amines; the dark green NaDMAN

turncd to Il light yellow or brown solution when a proton source Iike water or ethallol, was

IIdded. The exchange of sodium from NaDMAN to NaDEA should have changed the color

of the solution if it tllld occured.

•
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SiMe3 NaDMAN• R--l...soz

6
A

Scheme 2.5:

not reduced •

NaDEA
+
SiMe,

It-l E'

•

If we assume that the reductive cleavage reaction goes through a process silllilar to the one

outlined in schellle 2.5, then reagent NaDMAN should tirst tmnsfer an electron to the sulfone

to forlll the radical anion n, which undergoes rearmngement to the free mdical C, which is

then further reduced to the anion D. The role of the amine could be either to stabilize the free

mdical C, Dl to be a proton source for quenching the anion D as it forms.

We propose that the major cause for the lower yields normally observed in absence of

diethylmnine, could be due to the free mdical C polymerizmion or to intemction between the

allylic anion D and the starting silylated sulfone A. This should take place when the allylic

anion product deprotonates the stllrting material A to give the anion F. which is less

susceptible to reductive clellvage by the NlIDMAN. The starting silylmed sulfone 2.6 that

was isolated after the tentative reduction with NlIDMAN of an anion F (obtained from the

deprotonlllion of sulfone 2.6 ) seems te support this laller theory.
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•
2.3

2.14

• N·

1) 00 Na,THF SiMeJ

-----. R-I
2) H+

2.13

2.15

Amine 2.13 Yield %

o

85

68

2.15 Yield%

48

95

52

None 70 66
Tablc 2.1: Effeet of an U1lline additive on the yields of allylsilanes.

To probe the role that diethylaminc is playing in this reaetion, we tried adding other
amines instead of diethylallline (triethylumine and propylamine, see Table 2.1). The use of

tricthylallline showcd no illlprovement of the observed yields, establishing the importance of

thc proton in diclhylmllinc and discarding uny free radical stabilization effects the amine could
Imve had. Howevcr when propylallline was used instead, we obtained even lower yields

which appeared 10 be contradictory to our theory. However we were able to establish that

this amine had partial1y desilylated the starting material prior to ils reduction, thus leading to

the observed lower yields of al1ylsilanes.

Having done these experiments, it is possible for us to presume that a smal1

secondury ullline present in a vcry large excess could quench the allyl anion formed, giving a

product with a siereochelllistry related to that of the starting material and slowing down the
deprOlonation side reaction. (of course the deprotonation side reaction can be carried out by

the NaDEA formed but il can be expected to be slower than the reduction reaction).

We Clin conclude that the lll1ylsilune 2.13 as wel1 as other allylsilanes and

al1ylstannanes can be prepared with good stereoselectivity and high to moderate yields using

the method described here. The investigation of the effects of the diethylamine additive has

• permiued li belter comprehension of the reactions involved in this reductive c\eavage. Maybe
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these observations will be applicable in other instances, where it could be usefullo employ

NaDMAN or any other rudical anion equivalents in the presence of a proton source. They

could ,ùso be useful in the development of new dissolving metal reagents to permilthe use of

amines which do not nonmùly dissolve metals like lithium, sodium or potassium.S
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• R S.M. sulfones Yields Reduction Yields

Ü(
SOzl') SOzl'h

a) RAa' a .......... R'

2.5 2.16 R'=SnMe3 2.17 R'=SnMe3 20%<
2.6 R'=SiMe3 68% 2.18 R'=SiMe3 61%<

MC3Si-o 90%b

SOz

aAsiMc3 qultnt. 2.18 80%b
2.7

~
SOzl'1 SOzl'h

a) aAa' a .......... a·

2.19 2.20 R'=SnMe3 2.21 R'=SnMe3 44%<
2.22 R'=SiMc3 96% 2.23 R'=SiMe3 68%<

~
SOz1'h SOzl'h

a) aAsiMc3 92% a .......... SiMc3 66%<
2.24 2.14 2.15 95%b

>x SOzl'1 SOzl'h

a) aAsiMc3 67%

2.25 2.26

SOzl'1 SO,l'h

a) A" 64%a SiMc3
2.27 2.8

VX
SOzl'h SOzl'h

a) aA s'Mc3 72% a-' SIMe3 69%"

2.28 2.29 2.30 89%b

Table 2.2(first part): Preparlllion of silylllled sulfones. allylsilanes and. a) from silylated

sIMone. b) from silyl111ed sulfone. addition with DEA. c) from the corresponding sulfone.

•
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R S.M. sulfones Yields Reduction Yields• sa,I'h

~
S021'1

I{...l ;{'I{) I{----I{'

2.2 2.3 R'=SiMe3 77% 2.1 R'=SiMe3 70%", 84%b
2.31 R'=SiEt3 2.32 R'=SiEt3 70%<
2.33 R'=Si(nPrh 2.34 R'=Si(nPr)3 50%<
2.35 R '= 2.36 R '=

SiMe2iPr SiMe2iPr 56%<
2.37R'= 2.38

SiMe2CH2Cl 70% R'=SiMe2CH2CI 0%

Table 2.2 (second part): Preparation of silyimed sulfones and allylsilanes. a) l'rom silylated

sulfone, b) l'rom silylmed sulfone, addition with DEA. c) l'rom the corrcsponding sulfone.

2.5 Experimental.

The starting sulfone 2.2 was prepared l'rom 13-ionone according to the method by

Julia9. The method used for making this sulfone is very weil described, however we found

the recrystullizmion of this sulfonl' 10 be difficult; by contrast flash chrollmtography, using a

90: 10 mixture of hexanes:ethyl acetate as eluent, gave a product of good isomeric purity.

The starting allyl sulfones 2.25, 2.27 and 2.28 were prepared l'rom the

con-esponding allyl bromides and the benzenesulfinic acid sodium salt, using the method by

Trost lO. Geranyl bromide was easily prepared l'rom reaction of geraniol with phosphorus

tribromide at O°C in allhydrous ether. (Genlllyi bromide is available l'rom Aldrich but the

purity of this product was not very good we therefore suggest ta prepare gemnyl bromide

prior ta use).

The ~-cyclogeranylsulfone 2.5 was prepared according to the procedure by Torii 12.

Geranyl sulfone was cyclized in a sulfuric acid and acetic acid mixture. This reaction

produced the desired cyclogeranyl sulfone contaminated with 20% of a-cyclogeranyl

sulfone. We found that the desired sulfone could be purified by recrystallizmion in ethyI

acetate or diethyl ether al low temperature (in a -20°C freezer).

•
The reagents used in this section were purchased l'rom Aldrich. The solvents

letrahydrofuran (THF), diethyl ether, hexanes and ethyl acetate were purchased l'rom BDH.
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TI-IF and dielhyl ether were distilled over sodium benzophenone ketyl radical before using

them. Hex,mes, ethyl acetate, diethylamine, propylamine, and triethylamine were distilled

over calcium hydride. Methanol was distilled over magnesium tumings.

The melting points wen.: determined on a Gallenkamp block, and the boiling points

arc uncorrected. Thin layer chromatogmphy was carried out using commercial, pre-coated

plastic-backed silica gel plates (T-6145, 60 Â silica gel with fluorescent indicator) supplied

by Sigma co. Flash chromatogmphy was performed on Merk silica gel 60 (230-400 mesh

ASTM)

Spectroscopy: Ali nuclear magnetic resonance spectroscopy were catried out on the

following appamlus. The 1H (200 MHz) and 13C (50 MHz) were carried out on the

VARIAN Gemini 200 and XL-200. The 1H (270 MHz) and l3C (68 MHz) were carried out

on the JEOL-270. The 1H (300 MHz) and l3C (75 MHz) were carried out on the VARIAN

XL-300. The chemical shifts are expressed in parts per million (ppm) and the referen;e is

lmce of chloroform in CDCl3 giving a signal ut 7.24 ppm for 1H and at 77.00 ppm for 13C.

The low and high rcsolution mass spectrometry were done by Dr. O. Mamer at the McGill

Biomedical Mass Spectrometry Unit on a HP 5980A or by M. Saadé and J. Finkenbine on a

Kratos MS 25RFA speclrometer in the McGiIl chemistry depanment. Unless specified the

mode of ionisation is the elec!f(lIlic ionisation at 70 eV or chemical ionisation with methane.

IR spectra were recorded on an Analet FT. A25-18 or on a BOMEM Michelson Series

between NaCI plates (neat lilJuids or solutions).

The trimethyltin derivative 2.16 and 2.20 wcre reduced immediately al'ter their

prcpanttion. These derivatives were not purified fmther.

1) Methylvinylketone adduct 2.11.

Under argon ut room temperuture, CsF (0.06 g, 0.39 mmol) was added ta a solution

of trimethylsilylated allylsulfone 2.8 (0.10 g, 0.39 mol) and methyl vinyl ketone (0.03 g,

4.28 mmol) dissolved in 1.0 mL of dry acetonitrile at room tempemture. Al'ter stirring this

solution for 1 hour, 20 mL of ether and 10 mL of distilled water were added. The organic

phase was separuted and evaporated to give 0.12g of a crude residue. This residue was

separuted by flash chromatography giving product 2.11, 0.04g (40%), as an ail.
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lH NMR(CDCI}. 200MHz) 1i 7.83-7.RO (m, 2H), 7.64-7.47 (Ill, 3H), 7.01 (q, J=7.2 Hz,

1H), 2.68 (dd, J=7.0, 9.5 Hz, 2H), 2.42 (dd, J=7.0, 9.5 Hz, 21-1). 2.09 (s, 31-1), 2.00 (d,

J=7.2 Hz, 31-1). 1:Je NMR (CDCI3, 75 Ml-Ii) 1i 207.1, 140.6, 139.4, 138.3, 133.2, 129.2,

128.0, 42.0, 29.8, 20.0, 14.0.

2)tre/lls -1-Bromo-3-phenylsulfonyl-2-propene 2.12.

At roomtemperature bromine (O.12g, 0.18 I11mol) was slowly added to a solution of

trimethylsilylmed allylsulfone 2.8 (0.20 g, 0.78 mmol) dissolved in 10 ml of dry methylene

ehloride. Al'ter strirring 1 min the exccss bromine was quenehed with 1mL of a smurmed

solution of slx.liul11 sulfite. Ether (50 mL) was added. The organic phase was separated then

washed with distilled water. Evaporation of the solvents gave 0.15g (75%) of compound

2.12 as II elear oil.

lH NMR(CDCI}. 200MHz) 1i 8.00-7.80 (m, 2H), 7.70-7.30 (m, 3H), 7.04 (dt, J=6.R, 14.8

Hz, IH), 6.58 (dt, J=I.3, 14.8 Hz, 11-1), 4.01 (dd, J=1.4, 6.8 Hz, 21-1). 1:Je NMR

(CDCI}, 68 Ml-Iz) 1i 1138.8, 138.7(resolved)I, 133.2, 133.1, 128.8, 127.2,27.9. lR(tïlm)

3053, 1634,1601, 1447, 1284, 1147, 1085 enr l . MS (El) m/z card for C91-19Ü"..5Br:

259.9507. Found: 259.9521. 262(6%),260 (5%), 141 (3%), 125(100%),77 (33%).

3) The geneml method used for the preparmion of silylated sulfones 2.3, 2.6, 2.8, 2.14,

2.22,2.26,2.29,2,31,2.33,2,35,2.37 is the same as deseribed in section 2.2 of this

chapter and is deseribed in more details in the example below.

3.1) 1-(2,6,6-Trimethyl-I-cyclohexen-1-yl)-3-methyl-5-trimethylsilyl-5-benzcnesulfonyl­

trans,trans-penta-I,3-diene 2.3.

Sulfone 2.2 (1.0 g, 3.0 010101) was dissolved in 50 mL of al: 1 mixture of THF and

ether. Addition of [t-BuLi 1.7 M in pentane (2.1 mL, 3.6 010101)1 to this solution at -78 oC

generated the anion of 2.2. Trimethylchlorosilane (0.8 mL, 9.0 010101 ) was slowly added at

-78 oC. The reaction flask was removed l'rom the cold bath and the reaction mixture was

stirred 15 min (no more). 10 mL of water was added, the organic phase was separated and

then washed with a saturated sodium carbonate solution and brine. Drying over anhydrous
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MgS04 followed by evaporalÏon of the solvents and reerysUlllization in hexanes gave 0.96 g

(77 %) of a pale yellow crystalline powder.

Silylaled sulfone 2.3.

m.p. 113-114 IÇ

III NMR(CDCI3, 200Ml-lz) '67.75 (m, 21-1), 7.57-7.35 (m, 31-1), 5.95 (d, J=16.2 I-Iz, 11-1),

5.85 (d, J= 16.2 IIz, 111),5.40 (d, 12.1 I-Iz, 11-1),3.69 (d, 12.1 I-Iz, 11-1), 1.95 (m, 21-1),

1.63 (s, 31-1), 1.63-1.40 (m, 41-1), 1.14 (s, 3H), 0.96 (s, 31-1), 0.93 (s, 31-1), 0.31 (s, 91-1).

t:Je NMR(CDCI3. 50 MHz) '6 140.6, 138.9, 137.3, 136.4, 132.6, 129.3, 128.4, 127.9,

126.7, 119.9,59.5,39.4,34.1,32.9,28.8,28.7,21.5, 19.2, 11.7, -\.3. IR(film) 3200­

2800, 1600, 1447, 1302, 1289, 1250, 1084. MS(CI, N1-I3) m/z card for C241-137S02Si:

417.2284 Flllll1d: 4\7.2283. 434 (M+18, 3%),417 (18%), 275 (100%).

I3is-silylaled sulfone 2.4:

Il'1 NMR(CDCI3, 200MHz) '67.72 (m, 21-1), 7.50-7.7.29 (m, 21-1) (1 proton less in the

aromatïc region when compared 10 2.3), 5.95 (d, J=16.2 I-Iz, 11-1),5.84 (d, J= 16.2 I-Iz,

HI), 5.41 (d, 11-1),3.73 (d, 11-1),2.00 (m, 21-1),1.65 (s, 3H), 1.65-1.40 (m, 4H), 1.10 (s,

31-1), 0.95 (s, 311), 0.90 (s, 3H), 0.45 (s, 91-1), 0.34 (s, 91-1).

3.2) Trimethylsilylaled ~-cyclogeranylsu1fone 2.6.

The procedure 3.1 used for the synthesis of sulfone 2,3 was carried out using ~­

cyclogeranyl phenyl sulfone 2.5 (0.5 .s, 1.8 mmol) ta give 0.64 g of the crude

lrimethylsilyhued sulfone 2.6 which conUlined small amount of bis silylated compound

2.7. The mixture was Ihen sepanlled by flash chromalOgraphy using 5 % diethyl ether 1
95% hexanes as eluenl, providing 0.46 g (68%) of compound 2.6 as a clear ail (lI1d 0.10 g

(14%) of compound 2.7 as a while powder .

Trimethylsilylated ~·cyelogeranylsllifone 2.6:

11'1 NMR(CDC\J, 200Ml-lz) '67.75 (d, J=6.7I-1z, 2I-I), 7.60-7.40 (m, 31-1), 3.62 (s, !H),

2.05 (m, 211), 1.94 (s, 31-1), 1.50-1.20 (m, 4H), 0.75 (s, 3H), 0.32 (s, 91-1), 0 (s, 31-1). 13C

NMR(CDCI3, 68MI-Iz) '6 141.8. 136.9, 132.9, 128.7, 128.4,60.9,39.9,35.9,34.1,29.4,

26.5,24.8, 18.8, 1.2; IR (mm) 2955-2828, 1600, 1468, 1289, 1249, 1084, 1143, 1102
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cnr 1; MS(EI) m/z cal'd for CI9H3<02SSi2: 350.1736. Found: 350.1726. 350(7%),

225(8'70), 215(38%), 135(54%), 73( 100%).

Bis-trimcthylsilylmed ~-cyclogeranyl sulfone 2.7:

m.p. 113-113.5 oC

11-1 NMR(COCl:J, 200MHz) 0 7.74 (d, J= 5.8 I-Iz, 11-1),7.62 (d, J= 5.8I-1z, 1H), 7.43 (m,

21-1), 3.65 (s, 1H), 2.05 (m, 2H), 2.04 (s, 3H), 1.55-1.45 (m, lH), UO- I.1 0 (m, 311),

0.75 (s,31-1), 0.44 (s, 91-1), 0.40 (s, 91-1), -0.27 (s, 31-1). 1:'(: NMR(COCl:J, 68 Mllz) 0 146.4,

140.1, 136.8, 136.2, 131.8, 131.7, 129.0, 128.6, 60.8, 40.1, 36.0, 34.3, 29.5, 25.4,

25.1, 18.9, 1.6, 1.5. IR(nujol) 1600, 12&9, 124&, 1146, 1102 cm- I ; MS(EI) m/z cal'd for

C221-13BÛ2SSi2: 422.2131. Found: 422.2134. 422(6%), 349(35%), 271(4&%), \35(54%),

73(100%).

3.3) Trimethylsilylmed allylsulfone 2.8.

Thc procedure 3.1 was uscd sltlrling with 1-benzenesu1fonylprop-2-cnc 2.27 (2.0 g, 11.0

mmol) and 1.1' -butyllithium 1.3 M in c-hcxane (9.7 mL, 12.7 mmol)lto give 2.6 g of a clear

oi!. This crude oil was purified by rccrystallization in ether (slow evaponltion) giving 1.8 g

of sily1ated compound 2.11 as large transparent cubic crysta\s .

m.p. 79-&0.5 oC

11-1 NMR(COCl:J, 200Ml-lz) 0 ?BO (dm, J=7.9I-1z, 2H), 7.60-7.42 (m, 3H). 5.&0 (ddd,

J=16.8, 10.9, 10.2 Hz, 11-1),5.00 (d, J=IO.2 Hz, 11-1),4.70 (d, 16.& Hz, IH), 3.39 (d,

10.91-1z, 11-1),0.32 (s, 91-1). 1:'(: NMR(COCI3, 50 MHz) 0 140.4, 132.&, 129.4, 128.5,

127.9, 119.8,64.4, -1.4. IR(nujol) 1623, 1289, 1248, 1084, 1143, 1102 cm-l, MS(EI)

mlz cal'd for CI41-h'lÜ2SSi: 254.0797 Found: 254.0792. 254 (3%), 237 (3%), 141

(59%), 118 (38%), 117 (43%), 77 (100%), 51 (27%).

3.4) Trimethylsilylated all-trulI.I' -farnesylsulfone 2.14.

The procedure 3.1 was carried out using farnesylsulfone 2.24 (1.0 g, 2.9 mmol) and 11­
butyllilhium 1.7 M in pentane (1.9 mL, 3.3 mmol)llo give 3.1 g (92%) of compound 2.14

as a cletlJ' oi!. This crude oil was about 90% pure but couId not be funher purified since il

desily1ated upon column chromatography. Il was used as such in the next reaclion. The

impurily couId be a silylated cis isomer present in Ihe starting rnateria!.
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III NMR(CDCI), 200 Ml-lz) li 7.74-7.81 (m, 21-1), 7.58-7.39 (m, 31-1), 5.21 (d, J=11.8 Hz,

11-1),5.02 (m, 21-1), 3.55 (d, J=11.8 I-Iz, 11-1),2.10-1.85 (m, 8H), 1.67 (s, 3H), 1.58 (s,

311), 1.55 (s, 31-1), 1.04 (s, 31-1), 0.28 (s, 91-1). 1:Je NMR(CDCI:>, 68 MHz) li 14104, 140.8,

135.4, 132.5, 131.2, 128.3, 127.8, 124.1, 12304, 115.0,58.5,39.6,26.6,26.3,25.6,

17.6,15.9,15.6, -lA. IR(lïlm) 3086-2856,1655,1586,1304,1251,1142,1085 cm-I .

MS(EI) m/z card lèlr C241'138S02Si: 418.2362 FOllnct: 418.2366, 418 (1%), 353 (2%),

281 (100%), 135 (20%), 73 (55%), 69 (41%).

3.5) Trimcthylsilylatcd geranylsulfone 2.22.

Thc procedure 3.1 was carried out using geranylsulfone 2.19 (1.2 g, 4.3 mmol) and [1­

bUlyllithium 1.7 M in pentanc (2.8 mL, 4.7 mmol)], and gave 1.44 g (96%) of compound

2.22 as a clcar oil. This crudc oi! COli Id be further purified by washing out the

hcxamcthyldisiloxanc impurity with hexancs.

11-1 NMR(CDCI:>, 200 MHz) li 7.74 (m, 2H), 7.55-7.36 (m, 3H), 5.16 (d, J=11.8 Hz, 1H),

4.92 (m, 1H), 3.52 (d, J= 11.8 I-Iz, 11-1), 1.85 (m, 4H), 1.61 (s, 3H), 1.52 (s, 3H), 1.00 (s,

31-1),0.25 (s, 9H). 1:'(: NMR(CDCI3, 68MHz) li 141.2, 140.8, 132.5, 131.7, 128.3, 127.8,

123.6, 115.1,58.5,39.5,26.2,25.6,17.6,15.6, -1.5; IR(film) 3086-2856,1655, 1602,

1447, 1380, 1304, 1251, 1145, 1085 cnrJ• MS(EI) M/z caJ'd for CI9H3(}'liS02: 350.1736

Found: 350.1734, 350 (0.7%), 281 (100%), 215 (12%), 199 (9%),136 (25%), 73 (63%),

69 (27%).

3.6) Trimethylsilyl-3,3-dimethylallyl sulfone 2.26.

The procedure 3.1 was carried out using 3,3-dimethylallyl sulfone 2.25 ( 0.50 g, 2.4 mmol)

and Il -butyllithium 1.7 M in pentane (1.5 mL, 2.5 010101)] ta give 0.52 g of an oily solid.

This residue was recrystallized in hexanes ta give 0.45 g (67%) of compound 2.26 as white

gum.

IH NMR(CDCI30 200MHz) li 7.75 (d, J=6.9 Hz, 2H), 7.60-7.40 (m, 3H), 5.19 (d, 11.8

Hz, 1H), 3.53 (d, J=11.8 Hz, 1H), 1.60 (s, 3H), 1.0 (s, 3H), 0.29 (s, 9H). 1:'(:

NMR(CDCI3, 68 MHz) li . 140.8, 138.1, 132.6, 12804, 127.9, 115.0, 58.8, 25.6, 17.2,

• -1.3. IR(film) 3086-2856, 1449, 1379, 1304, 1251, 1144, 1085 cm- I . MS(EI) m/z card

41



• forCI41h,02SSi: 282.1110 Found: 282.1107. 282 (63%),199 (17%), 166 (34%),147

(49%),135 (71%), 125 (28%), 77 (27%),73 (100%).

3.7) Trimethylsilylcinnamyl sulfone 2.29.

The procedure 3.1 was carried out using 3,3-dimethylullyl sulfone 2.28 ( 0.50 g, 1.9 mmol)

and 1t -blllyllithium 1.7 M in pClllane (1.8 mL, 2.3 mmol) 1 to give 0.63 g of a yellow solid.

This residue was recrysmllizcd in hexanes to give 0.5 g (72 %) of compound 2.29 as white

powder.

m.p.113-115°C

11-1 NMR(COCIJ, 200Ml-lz) 1> 7.8 (d, J=7.4l-1z, 21-1), 7.46 (m, 31-1), 7.24 (m,51-l), 6.IK

(dd, J=IO.4, 15.7 I-Iz, 11-1),5.99 (d, .1=15.7 I-Iz, 11-1),3.53 (d, J=1O.4 Hz, 1H), 0.3K (s,

9H). 13<: NMR(COCIJ, 68 MHz) 1> 140.5, 136.4, 134.7, 132.8, 128.6, 128.5, 127.K, 126.2,

120.6,63.8, -1.19. IR(nujo1) 2938-::853, 1463, 1288, 1283, 1141, 1081. MS(EI) m/z

cart! for CI8H22Ü2SSi: 330.1110 Found: 330.1126. 330(41%),223(19%), 135(41%),

125(37%), 117(100%), 73(85%)

3.8) 1-(2,6,6-Trimethyl-1-cyclohexen-I-yl)-3-methyl-5-tchloromethyl)dimethylsilyl-5­

benzenesulfonyl-tmns,tralls -penta-I,3-diene 2.37.

The procedure 3.1 was carried out using sll1fone 2.2 ( 2.0 g, 5.K mmol) and t-butyllithium

1.7 M in pentane (3.6 mL, 6.2 mm(1) to give a dark yellow solid. This residuc was

recrystallized in hexanes lo giv.~ 1.8 g (69 %) of compound 2.37 as white powdcr.

m.p. 79-80°C dec.

11-1 NMR(COCIJ, 200MI-lz) 1> 7.76 (d, J=7.2 Hz, 21-1), 7.58-7.38 (m, 3H), 5.98 (d, J=16.2,

!H), 5.89 (d, J=16.2, 1H), 5.39 (d, J=12.1 I-Iz, 1H), 3.91 (d, J=12.1 Hz, 21-1), 3.13 (d,

J= 13.7 I-Iz, 11-1),3.01 (d, J= 13.7 Hz, IH), 1.98 (m, 21-1), 1.63 (s, 31-1), 1.57 (m, 21-1),

1.45 (m, 21-1), 1.15 (s, 31-1),0.95 (s, 31-\), 0.93 (s, 31-\), 0.50 (s, 31-\), 0.36 (s, 31-\). 13(;

NMR(COCIJ, 75 Mi-Iz) 1> 140.1,140.0.137.2,136.0,132.9,129.5,128.5.128.0,127.5,

118.2,57.7,39.4,34.0,32.8,29.6,28.8,28.7,21.5, 19.1, 11.8. -4.5, -4.6. IR(nujo1)

1300, 1254, 1209, 1176, 1182. MS(El) rn/z cart! for C24l-I3s02SSiC1: 450.1816 round:

450.1814. 450 (3%),181 (%), 153 (38%),69 (24%), 57 (100%).

• 4) Preparmion of allyl silanes:
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Methoù A: the generalmethoù for the reùuctive cleavage of the nimethylsilylated sulfones by

their reactions with NaDMAN solution in 'l'HF at-78°C are described in section 3.3 of this

chapter. Some precisions shoulù be rnentioned here, as to how the NaDMAN solution

shoulù be preparcd. We l!Junl! Ley's method of dissolution of sodium metal in a DMAN

solution in 'l'HF at -78° by ultrasound very impractical and much too slow. The formation of

the NaDMAN radical anion in 'l'HF at higher temperatures is easier; unfortunatelly it also

becomes less stable. We obtained the best results by putting sodium metal in a relatively

concclllrated solution of DMAN in TI-IF (1 g/lOml), and pressing the soft metal againstthe

bollom of the tlask (with a glass rod) then stirring this reaction mixture under argon at-ID to

-20°C for 4-6 h.

Melhoù B: mClillld A was followed with the exception that the silylated sulfone was

dissolveù in a 'l'HF: diethylamine solvent mixture (1 mL ofTHF: 0.5 mL diethylamine for

every 0.1 g of prmluct being rcduceù) then addeù to the NaDMAN solution.

Method C: The sulfone reagent was silylated using the method exemplified in 3.1, followed

by the reduction of the proùuct of this reaction using method A without prior purification of

the silylated sulfonc.

4.1) Preparation of 1-(2,6,6-trimethyl-I-cyclohexen-I-yl)-3-methyl-5-trimethylsilyl­

IrtlIlS,lrtlIlS -pema-I,3-ùiene 2.1.

The synthesis of silane 2.1 was described in detnils in section 3.3.

Methoù A gave the desired product 2.1 in 70% yield as a 1:7 mixture of isomer the all-trans

being the mlljor one.

Method B gllve the dcsired product 2.1 in 87% yield of the all-trans isomer in a >95%

isomeric purity.

all-Ircms isoml'r: t2

uv: E=230,OOO (ethllnol), Àmax= 272

\H NMR(CDCI:J, 200MHz) /) 6.02 (d, J=16.2 Hz, IH), 5.9 (d, J=16.2 Hz, IH), 5.49 (t,

J=8.2 I-Iz, li-l), 1.98 (m, 21-1), 1.71 (s, 3l-\), 1.67 (s, 3H), 1.65-1.40 (m, 4H), 1.57 (d,

J=8.2 I-Iz, 2l-\), 1.02 (s, 61-1), 0.04 (s, 9l-\). 1:Je NMR (CDCI:J, 75 MHz) /) 138.3, 138.0,

131.9, 127.9, 127.8, 122.3,39.7,34.2,33.0,28.9,21.7, 19.9, 19.4, 12.2, -1.6. IR
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(film) 2919, 1628, 1456, 1145, 1011 cm- I . MS (El) m/z cal'd for C18H32Si: 276.2272

Found: 276.2273. 276 (35%), 261 (14%), 220 (3%), 219 (3%),119 (28%), 73 (100%).

9-cis isomer: 12 (These vulues ure from a sumple synthesized by u method with low selectivity

to obtuin the spectroscopic values for the 9-cis Îsomer. The NMRs were obtuined l'rom li

mixture and the m'ISS spectra \Vus obtuined fmm a GCMS).

IH NMR(CDCI:J, 200MHz) Il 6.31 (d, J=16.2 Hz, 11-1),6.00 (d, J=16.2 Hz, 11-1),5.34 (t,

J=8.2 Hz, 1H), 1.97 (d, J= 8.2 Hz, 2H), 1.67 (s, 3H), 1.59 (s, 3H), 1.57 (d, 2H), 1.57

(m, 2H), 1.43 (m, 2H), 0.99 (s, 6H), -0.04 (s, 9H). 13(: NMR (CDCI3, 75 MHz) Il 138.5,

130.0,128.1,127.9,125.8,125.6,39.5,34.1,32.9, 28.8, 21.8, 20.7,19.35, -1.72. MS

(El) mlz 276 (66%), 261 (30%), 119 (,0%), 73 (100%).

4.2) Farnesyltrimethylsilane 2.15.

Method B on the trimethylsilyluted sulfone 2.14 (0.10 g, 2.4 mmol) guve 0.07 g of product

2.15 (95%) the ull-trans isomer in a >90% isomeric purity.

Method C on the trimethylsilylmed sulfone 2.14 (0.100 g, 2.4 mmol) guve 0.053 g (66%)

of the desired silune product 2.15 with good isomeric purity (7: 1).

IH NMR(CDC1:J, 200MHz) Il 5.22 (t, J=8.6 Hz, 1H), 5.22-5.05 (m, 2H), 2.15-1.91 (m,

8H), 1.69 (s, 3H), 1.61 (s, 6H), 1.56 (s, 31-1), 1.40 (d, J=8.6 Hz, lH), -0.04 (s, 9H). 13(:

NMR (CDCI:J, 68 MHz) Il 134.7, 132.3, 131.2, 124.4, 124.4, 120.2,40.0, 39.8,26.8,

25.7,18.6,17.7,16.0, 15.8, -1.7. IR(lïIm) 2958-2858,1601,1448,1247,856 cnr l .
MS (El) m/z cul'd for CI4H22Û2SSi: 278.2430 Found: 278.2437. 278 (6%), 237 (3%),

141 (38%),73 (100%),69 (14%).

4.3) Cyclogeranyltrimethylsilane 2.18.

Method B on trimethylsilylated sulfone 2.6 (1.2 g, 4.9 mmol) gave 0.7g (95%) of the

desired silane product 2.18.

Method B on the bis trimethylsilyluted sulfone 2.7 (0.11 g, 2.6 mmol) gave 0.043g (80%)

of the desired silune product 2.18.

Method C on sulfone 2.5 (0.05g, 0.18 mmol) gave 0.023 g (61%) of the desired silane

2.18 .
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'1'( NMRCCDCIJ, 200MHz) 13 1.94 (m, 2H), 1.93 (m, 2H), 1.51 (s, 3H), 1.66-1.39 (m,

6H), 0.96 (s, 6H), CUl5 (s, 9H); '3CNMR(COCI3. SOMHz) li 134.8, 122.5,40.2,35.1,

33.1,29.3,22.0,20.3, 18.6, -1.2. IR 2937-2828,1601,1468,1248,1167 cm- I . MS
(El) m/z card for CI3H2(,si: 210.1804, round: 210.1792.

4.4) Geranyltrimethylsilane 2.23.

Method A on trimethylsilylaled sulfone 2.19 (0.10 g, 0.34 mmol) gave 0.05 g (68%) of the

desired silane product 2.23 with gool! isomeric purity (7: 1).

11'1 NMR(CDCIJ, 200 MHz) li 5.18 (t, J= 8.5Hz, 1H), 5.11 (m, IH), 2.05 (m, 4H), 1.68

(s, 3H), 1.62 (s, 3H), 1.56 (s, 3H), 1.40 (d, J= 8.5 Hz, 2H), -0.01 (s, 9H); 13C

NMR(COCI3, 68MH7~ 13 132.2, 131.1, 124.6, 120.3, 40.0, 26.9, 25.7, 18.6, 17.7, 15.7,

-1.8. MS (CI, NH3) m/z card for CI31'127Si: 211.1882, found: 211.1883. M+18

228(26%), M+ 1 211 (100%), 195 (97%), 137 (49%).14

4.5) Cinnamyltrimethylsilane 2.30.

Mcthod A on tJ'Ïmethylsilylatcd sulfone 2.29 (O.lg, 0.3 mmol) gave 0.036 g (69%) of the

desired silane product 2.30.

Method B on trimethylsilylated sulfone 2.29 (O.lg, 0.3 mmol) gave 0.047 g (89%) of the

desired silane product 2.30.

'H NMR(CDCI:J} li 7.36-7.I(m, 5H), 6.25 (m, ABX, 2H), 1.66 (m, 2H), 0.3 (s, 9H),15

4.6) Preparation of 1-(2,6,6-trimethyl-l-cycIohexen-l-yl)-3-methyl-5-triethylsilyl-trans,trans

-pentll-I,3-diene 2.32.

Method C on sulfone 2.2 (1.00 g, 2.9 mmol), using chlorotriethylsilane, gave 0.64 g

(70%) of the desired silane product 2.32. The pure E (>90%) isomer was isolated by 11ash

chromatogruphy using hexancs as eluent.

'H NMR(COCI:J, 200MHz) 13 6.00 (d, J=16.1 Hz, tH), 5.86 (d, J=16.1 Hz, tH), 5.48 (t,

J=8.5 Hz, IH), 1.99 (m, 2H), 1.74 (s, 3H), 1.68 (s, 3H), 1.65-1.40 (m, 4H), 1.61 (d, J=

8.5 Hz, 2H), l.OI (s, 6H), 0.94 (t, J=5.1 Hz, 9H), 0.54 (q, J=5.1 Hz, 6H). 13C NMR

(COCI:J, 75 MHz) li 138.5, 138.1, 131.6, 128.0, 127.9, 122.2, 39.6, 34.2, 33.0, 28.9,
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• 21.7.19.4.14.8.12.1.7.4.3.4. IR (film) 2919.1628.1456.1145.1011 cnr l . MS (El)
m/zcard forC2lH38Si: 318.2743 Found: 318.2761. 318 (34%). 303 (1%). 289 (1%).

Ils (100%).87 (64%).59 (15%).

4.7) Preparation of 1-(2.6,6-trimcthyl-l-cyclohexen-l-yl)-3-methyl-5-tri(1I -propyl)silyl­

IranS,lrans -pellla-l.3-diene 2.34.

Method C on sulfone 2.2 (1.00 g. 2.9 mmo!). using chlorotri(1I -propyl)silanc. gave n.51 g

(50%) of the desircd silane product 2.34. The E isomer was obtained.

11-1 NMR(CDC1:J, 200MHz) li 6.00 (d. J=15.9 Hz. IH). 5.85 (d. J=15.9 Hz. IH). 5.47 (1.

J=8.6 Hz. 11-1). 1.99 (m. 2H). 1.73 (s. 3H). 1.69 (s. 31-1). 1.65-1.20 (m. 101-1). 1.61 (d. J=

8.6 Hz. 21-1). 1.01 (s, 61-1). 0.94 (m. 91-1). 0.51 (m. 61-1).

4.8) Preparation of 1- (2.6.6-tri methyl-I-cyclohexen-I-yl)-3-melhyl-5-dimethyl Ci ­

propyl)silyl-rrcl1lS,lraIlS -pcnta-I.3-dicne 2.36.

Method C on silylatcd sll1fone 2.2 (1.00 g. 2.9 mmol). using chlorodimethylCi­

propyl)silane. gave n.49 g (56%) of the desircd silanc producl 2.36. A 2: 1 E:Z isnmcric

mixlure was isolUled.

(E+Z) IH NMR(CDC1). 200MHz) li 6.36 «Z) d. J=16.1 Hz, 1/3 H). 6.00 «Z+E)2d.

J=16.1 Hz, 11-1).5.85 «E)d. J=16.1 Hz. 2/3 H), 5.48 «(E)t. J=8.6 I-Iz. 2/31-1).5.36 ((Z)t,

J=9.1 I-Iz. 1/3 1-1), 2.02 «E+Z). m. 21-1). 2.00 «Z). s, 11-1), 1.74 «E) s. 2H). 1.70 «E+Z)

s, 3H), 1.65-1.40 «E+Z). m. 5H). 1.61 «E+Z). d, J= 8.6 Hz. 21-1). 1.02 «E+Z) s, 61-1),

0.98-0.93 «E+Z) m. 6H). -0.05 «E)s. 4H). -0.07 «Z). s, 2H). (E+Z) IJe NMR (CDCI).

75MI-Iz) li 138.5. 138.4. 138.0, 131.8. 130A. 129.9. 128.1. 127.9, 127.8. 125.8. 125.7.

122.2.39.7.39.6.34.2.34.1.33.0.32.9.28.9.21.8. 21.7. 20.7.19.4.17.5.16.8.15.7.

13.4.13.3,12.2. -5.4, -5.5. IR (film) 2936. 1628. 1457. 1146, 1063 cm- I. MS (El) m/z
card for C2()i-I3()Si: 304.2586 Found: 304.2580. 304 (55%). 289 (4%), 275 (3%). 261

(6%). lOI (100%).73 (80%). 59 (30%).

5) Allyltrimethylstannanes.

The allyltrimelhylstannanes were prepared using melhod C developed for making Ihe allyl

• silanes. The inlermediate stannylaled sulfones 2.16 and 2.20 werc nol isolalcd or
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characterized. The stannylated sulfones were prepared by the deprotonation of the

corresponding sulfones (in ether or THF al -?HoC) followed by the addition of 1 equivalem

of chlorotrimethyltin.

5.1) 1}-CyclogeraIlYItrimelhyIstannane 2.17.

The ~-cyclogeranyl sulfone 2.16 (1.30 g, 4.68 mmol), was dissolved in 50 mL of

TIIF:ether (50:50). At -?HoC under argon, 4.48 mL of t-BuLi (1.7 M in heptane) was added

and Ihe reaclion mixlure was stirred for an additional hour. Chlorotrimethyltin (2.80 g, 7.6

mmol) was added. The reaction mixture was w:lTIned up to room temperature and left

stirring for 50 min. This reaclion mixture was worked up by washing with brine followed

by separation orthe organic phase. Vacuum evaporation of the solvents gave a clear residue,

which was dissolved in JO mL of anhydrous TI-IF und transfered to u 100 mL TI-IF solution,

comaining 4 cl]. NuDMAN at -?HoC, previously prepared uccording to the method described

in experiment 4. The reuction mixture was then transfered (viu a syringe) buck to an

Erlenmeyer conlaining 50 mL of a cnld sat. ammonium chloride solution. (cure must be

laken not to take any excess sodium with the syringe. Use of a small diameter needle is

suggested). The reaction was worked out by extracting the product with hexanes and

washing with brine. The so\vcnts were evaporated and the product was isolated by flash

chromatography lIsing hexanes as eluent leaving 0.7 g of a clear oi!, compound 2.17,

contaminated with a volatile side product. Wurming this liquid under a high vacuum (or

Kugelrohr al 100°C) gave 0.26 g (20%) of the desired stannane 2.17.

\1-1 NMR(CDCIJ, 200 MHz) /) 1.95 (m, 21-1), 1.65 (s, 3H), 1.64-1.38 (m, 6H), 1.45 (s,

31-1),0.96 (s, 61-1), 0.06 (s, 9H); 13CNMR(CDCI3, SOMHz) /) 136.5, 121.5,39.7,34.6,

32.5, 28.5, 20.4, 19.7, 14.2, 14.2, -8.6. IR(film) 2966-2825, 1469, 1434, 1115 MS(El)

m!zcal'd!'orC131-12(,sn: 302.1056, round: 302.1054. 302 (9%),165 (100%), 137 (21%),

95 (14%).

5.2) Geranyltrimethylstannane 2.2 I.

The geranyl sulfone 2.20 (0.5 g, 1.8 mmol), was dissolved in ImL of THF. At­

?HOC under argon, 1.2 mL Ofl-BuLi (1.7 Min heptune) was added and the reaction mixture

wus stirred for an additional 30 min. Chlorotrimethyltin (0.43 g, 2.16 mol) dissolved in 1

mL nI' dry ether was added. The reaction mixture was warmed up to room temperature and

left stirring for 24 hours. This reaction mixture was transfered via a syringe to a 10 mL THF
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solution containing 2 eq. NaDMAN in solution at-78°C previously prcparcd according to the

method described in experiment 4. The reactionmixture was thentransfered (via a syringe)

back 10 an Erlenmeyer containing 10 mL of cold sut. U1l1l11onium chloride solution. (care

must be takennot10 take any excess sodiumwith the syringe. Use of a smal\ diameter needle

is suggested). The reaction was worked out by extracting the producl wilh hexanes and

washing with brine. The solvents were evaporated and the product was isollued by tlash

chromatography using hexanes as eluent leaving 0.2g (44%) of a clear oil.

tH NMR(CDC1}, 200 MHz) Il 5.33 (l, J=9.1Hz, IH), 5.10 (m, IH), 2.03 (m,4I-I), 1.68

(m, 5H), 1.61 (s, 3H), 1.56 (s, 3H), 0.08 (s, 9H); IJe NMR(CDCI}, 50 MHz) Il 130.5,

129.2, 124.0, 121.8,40.2,27.7,26.4, 18.4, 16.3, 13.3, -8.9. IR(film) 2966-2825, 1653,

1453, \378 MS(EI) m/z card for C13H2(,sn: 302.1056, found: 302.1049.
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• CHAPTER 3
SYNTHESIS OF POLYEN ES.

3.1. Introduction.

3.1

Figure 3.1.

Before we describe the results l'rom the condensation of anions of allylsilanes 3.1

with carbonyi electrophiles, we must give a perspective on what has been donc in the ticId of

cHrimethylsilylallyl carbanions and their condensations with ketones and aldehydes.

3.1.1 Allylsilyi carbanions additions 10 ketones and aldehydes,I,2

The reactivity and regioselectivity of the reactions of simple a-silyiallyl anions wilh

electrophiles are very weil represented by the reactivity of trimethylsilylallyllithium which

has been studied extensively and represent the best example for the discussion of lhis

family of reagents.

Trimethylsilylallyllithium 3.2 adds 10 most aldehydes and ketones to give the y-E

vinylsilanes 3,3 (Scheme 3.1) with no or very small amounts of (l-condensation products

or of it's Peterson elimination product.2 The y-E selectivity is probably best expluined by

NMR studies carried out in solution which showed that trimethylsilylallyllithium exists

exc1usively in the exo conformation.3

S'M RCHO
~ 1 C3 __....._

Li+

3.2

•
Scheme 3.1.

These y condensation products are useful in organic synthesis. For example the

vinylsilane portion of the addition product 3.5 can be used as an internai nuc1eophile in

cyclismion reactions, as demonstruted in the synthesis of substituted aromatic compounds
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• (Scheme 3.2).4 They can also be used as lac!one precursofS (Scheme 3.3) as demonstrated

in the synthesis of stcroidal 17-spiro-y-lactonc 3.11.2

~SiMe3

Li+

3.2

Me

Me°yYo Me

Me~MeO Ph
1\'le0 3.4Ph • OH

67-91% Me3Si'

3.5

TiC14
•

59%

Schemc 3.2.

OH
3.7

Ph

6 Me

'#
3.6

mCPBA

94%

3.8
OH

•

BF3• McOH
•

78%

MeO

Scheme 3.3.

3.9

Jooes 0)(.

•
76%
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3.1 1

Figure 3.2.

The rcactivity of the double bond in these hydroxyvinylsilane products (3.12) is

modulated by the trimethylsilyl group. Theil' reactions with N-bromosuccinimide led lU the

formation of a p-bromooxetane 3.13 ut OOC or of a diene producl when reacled at 40°C.

The formation of the expected tetrahydrofuran product has not been observed (scheme

3.4).2

OH

3.12

92%

~4ifC

..

~ HCl

SiMc3

III'

SiMc3

3.13

Scheme 3.4.

3.14

#
81'

•
3.1.2 Use of a-silylallylanions in the synthesis of dienes.

As mentioned above, the reactions of ketones or aldehydes with

trimethylsilylallyllithium led to the formation of the y-condensation producls almost
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• I:xdusivl:ly. This rl:giosdectivity can be Illodified by the use of different Illetal COUl1ler

je s. Thus Il-condensation products can be obtuined selectively if magnesium bromide or

othl:r Ll:wis acids are added lO the reaction media. The resulting alcohols are also

diastl:reoJllericallyenhanccd. These observations are explained by the formation of a six­

Illelllberl:d ring transition slHte 3.15 where the Illetal ion M+ coordinates with the carbonyl

oxygen.

3.16 lX

KH
~•

3.17 Ph

SOCI2
~Ph•

50%
2 steps

3.18

•

Scheme 3.5.

A Iist of other reugents thut cun be udded to modify the normul regio- und

sll:reoselectivily of the trilllethylsilyl:lllyllithilllll uddition reuction is given in Table 3.1. The

ukohols thus obtuined are lIscflll since they cun be used in generating dienes

stcreospccilically via lhe Petcrson olefination rcuction (Scheme 3.5).5u
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1 SiMc3

OH 3.3
y-E

•

MX

1)

E"=RCHO

Bcnzaldehyde

~R
3.19 OH

«-syn

Relative all10unt of
3.19 3.20 3.3

100'

SiMcJ

~R

3.20 OH

«-anti

COll1bined
Yicld Rer.

74% 5c

100

77% 5d

BR2Cl isoblltyraldehyde

CuCN Cinn.m1aldchyde

AlEt) Benzaldehydc 37
AlEt2C1 4

SnBu)
, ,

100'
+BF)

TiCP2Cl ' ,

Ti(Oi-Pr)4 ' ,

43
88

100'

>99

100

2
2

<1

60%

75%

51%
66%

95%

80-83%

5d

2c

5d,e

5f

5g

•

TABLE 3.1: Influence of metal salts on the rcgio- and stereochemistry of the additions to

carbonyl electrophiles. *The ratios were infcITcd l'rom the stcreochemistry of the dienes

obtained after Peterson eliminations of the a-condensation prodllcts.

Thal same logical approach was used to obtain E-4- or Z-4-(aryl or alkyl), E-I­

(trimethylsilyl)bula-I,3-blltadienes l'rom the deprotonation of bis-I,3-(trimcthylsilyl)propene
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• 3.21, an y-lril11ethylsilylated eqllivalenl of trimethylsilylallyllithium, and it's reaction with

aldehydes 3.24 (Schel11c 3.6).5b

MC3Si~SiMc3

Li+

3.21

.. KH

94%

MC3Si ~ #'-- ~ +
'-? ~ -Ph

3.22
9

Schel11c 3.6.

3.1.3 oolrene anions.6

87

This chapter is concerned with the reactivity of the polyenic anion 3.1 (Figure

3.1) towal'lls the condensation with aldehydes, ketones, enals and enones. The

discussion will be focllsed on evaluming lIsefulness of 3.1 in the synthesis of polyenic

nmural prodllcts like the retinoids. The chemistry of polyenic allylsilanes anions has

been the sllbject of only a fcw extcnsive sllldies and they dealt mainly with lithium salts

of the mono and polysilylatcd 2,4-pentndiene compounds 3.25 to 3.27.6a

~SiMe3

3.25

SiMe3

Me3Si~SiMe3
3.27

•

Me3Si~ SiMe3

3.26
Figure 3.2.

The anion of pcntadienylsilane 3.25 is prepared by deprotonation with n -BuLi

in THF. Silylation of the resulting anion with chlorotrimethylsilane occurs at the E­

position, giving compound 3.26 which can in turn be deprotonated and silylated to

give the trisilylated compound 3.27 (Figure 3.2). Studies of the lithium derivative of

3.25 were originally carried out by Oppolzer.6b He observed that this derivative
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underwent condensation reactions with ketones and aldehydes at the E position Illostly,

with the exception of cyclohexanone.

As outlined in section 3.1.2, the addition of Illetallic salts on
a-trimethylsilylallyl anions can have major effects on the regioselectivity of carbonyl

addition. The pentadienylic system showed the same effects but gave different pmducts

of reaction. For example addition of magnesillm bromide to a TI-IF solution of the
corresponding anion of silane 3.25 gave y instead of E condensation products, upon

reactions with ketones and aldehydes, but no a-condensations were observed. This is

also truc for the other metallic salts.4c The observation tha! the anion of 3.25 generully

adds 1,4- to enal and enones will be problema!ic if 3.1 hus a similar regioselectivity.

We \Vere originally very interested by the report(lC showing the reuctivity of the

anion of 3.27 toward carbonyi electrophiles because of the similarity of the substitution

between the allylic system of diene 3.27 and tha! of the allylsilane 3.1, and because the
observed regioselectivity agreed \Vith \Vha! wc \Vanted to do (complete a rcgioselectivity

\Vith formation of polyenic compollnds).

3.2 Methods for the formation of 3.1 and ils reaction with carbonyl
electrophiles.

We have seen in cll<lpter 2 tha! the carbon-sulfur bond, in silylated allylsulfones,

could be reductively cleaved giving the intennediute silyallyl anions. These anions gave

the corresponding allylsilanes with good regio- and stereoselectivity in the presence of

DEA. These studies were carried out with two purposes in mind. The first is to

synthesize the slUning ma!erial allylsilanes 3.29a-c of reasonable isomeric purity. The

second is the development of a method giving direct access to the desired ullylic anions

3.la-c. For example, instead of making the anion 3.1a from the silylsulfone 3.211

then qllenching it with water, wc were able to react it with carbonyl electrophiles.

Alternatively we can deprotonate the corresponding allylsilanes 3.29a-c with an

alkyllithium then rcact the anions 3.la-c with the desired carbonyi electrophiles. This

strutegy gave us two possible ways of forming and studying the allyl anions 3.la-c.
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SiR3 I)NaDMAN ~SiR3
~ . -:::, ~

SO:,.?h 2) H+ 1

3.29a R= Mc

:x:
3.29b R= Et

RLi 3.2ge R= 1/ • P r

THF

3.28

NaDM~
TI-IF '\1'1 ""

•

~}R3

lX~
M+

3.1a R= Mc
3.1b R= El
3.1e R= 1/ ·Pr

M=NaorLi

Schemc 3.7: Preparation of anion 3.1.

R S. M. Electrophiles Products Yields

~
SOzPh

f SiMe ~o R"'O
3.30

3.28
~O R~

10%

2%

1%1 <.lEt
R~O

3.33

~o
Et 3.32

~~ ~R]
3.34 2 3.35 2

Table 3.2: Rcsulls obtaincd fromlhe condensation of aldehydes wilh anion

3.1a, prepared in situ via the reductive c1eavage of silylaled

sulfone 3.28.

•
The addition of aldehydes (except for dialdehyde 3.34) 10 Ihe inlermediale allyl

anion 3.1a. which was formed via the reductive cleavage of silylated allysulfone 3.28•

gave Ihe desired condensation products but only in low yields (Table 3.2). For example
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following the uddition of benzuldehyde, we were uble to delllonstrate that the 1,2­

uddition did in fuct occur und led to thc forlllution of polyene 3.30 ufter ill silll Peterson

eliminution. Aiso we were uble 10 delllonstrate the use of anion 3.1a in thc synthesis of

ull-Iralls -retinoic ucid ethyl ester, however the yield wus quite low (1 %).

Thcse results demonstratcd that the regioselectivity observed in the case of anion

3.1a is very different fromlhut of the more simple ullylsilylanions described in the first

purt of this chupter und that of pcntadienyl silane 3.25. On the other hand, it is silllilar

to the regiosclectivity of addition of curbonyl electrophiles to pel1tudienyl silune 3.27.

ln addition to the desired producIs we isolated very large amounts of the

allylsilane 3.2911 (up 10 50% yield), indicating that most of the union 3.lll wus

protonated before il could react with the electrophiles. This problem wus expecled

based on the mechanistic discussion given in chapter 2 and the results obtained here are

inlinc with the explanations given in that chaptcr. Anolher problclll ussoCÎated with the

use of unions 3.1 a, prcpured ill Silll, is Ihe reduction and coupling of the curbonyl

reugcnts. These skie reactions ure ctlllsed by the excess of NaDMAN in solution. The

presence of thcse side products ulso lIlake the sepunllion of the products more difticult.

[n trying III ul1eviate thcse problellls und at the same lime speeding up the

exploration of different reuction conditions, we decided to look at the deprotonlllion of

the corresponding allylsilanes 3.29a-c with ulkyllithiums under different reaclion

conditions. We were uble to deprolllnate silunes 3.2911-C to the respective anions

3.lll·C using I-BuLi in THF:HMPA for 24 hours ut -78°C or s -BuLi in THF for 24

hours at -20°C. However the deprotonation did not occur when Il -BuLi was used in

THF or when the deproton~tions were carried OUI in less polar solvents (like ether or

toluene).

The anion 3.lll formed with s-BuLi in THF reacted with bcnzaldehyde to give a

complex mixture of products with only 20% of the desired compound 3.30. However

when benzaldehydc was added to the same anion, prepared using 1 -BuLi in

THF:HMPA, we isolated the polyenic compound 3.30 in 53% yield instead (Table

3.4). This interesting result seemed III have been influenced by the presence of HMPA

since the deprotonation of 3.290 with s -BuLi in THF:HMPA and reaetion of the

resulting anion 3.la with benzaldehyde gave similar results. After optimization, we

found the best conditions for the deprotonation of 3.29 to be the fol1owing.
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• Dissolution of 0.1 g of silanes 3.2911-c in 1.0 ml of dry THF with 0.1 ml of HMPA

and addition of 2 eq. of {-butyllithium followed by stirring at -?SoC for 24 hours.

~
SiMe3

..., ~ 1) {-EuLi 1.7M

1
~ •2) HMPA:THF

3)cinnamaldehyde
3.29a

~ ~

3.31

Scheme 3.IL

H

3.36

•

Thl: rl:action of cinnamaldehyde or aldehyde 3.32 with the anion 3.1a

obtained in this way gave surprisingly low yields of the desired produets 3.31 and

3.33 (in thl: order of 3 %. Table 3.3). The major reaction pathway seems to be the

1,4- conjugate addition. When reacted with cinnamaldehyde the anion 3.1a gave a

50:50 mixture of diastereomeric products 3.36 (Scheme 3.8) up to 60 % yield (when

the reaction was carried out in the presence of chlorotrimethylsilane). Although we

werc not able to isolllte the same product l'rom the reaction of 3.1 with aldehyde 3.32

wc suspect the sUlne type of reactions to be rcsponsible for the low yields of retinoic

acid ester 3.33.

Studies on the effect of temperature on the addition reactions gave puzzling

results. As demonstmted in table 3 the condensation on cinnamaldehyde carried out in

the -78 to -20°C tempemture range gave the same low yields of polyene 3.31, but

warming the anion to noc followed by the addition of the cinnamaldehyde gave a 10%

yield of the desircd polyene 3.31 and additions at higher temperatures (20 and SO°e)

gave 3.31 in 7% yield. The yield of the 1,4- conjugate addition 3.36 peaked at -40°C

(table 3.3). We also noticed that beller results were obtained when the anion 3.1a was

added to the clectrophile maimained at OoC.
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Addition prodllcts.

3.31, % 3.36, %

·60
·40
·20

o
20
50

3
3
3
10
7
6

34
57
53
40
30
42

Table 3.3: Efrcct of temperatllre on the rcgioselecüvity of the addilion of anion 3.1 on

cinnamaldehyde (sec Scheme 3.8).

It is difficliit to draw firIll conclusions on these observations since they rcprcsent

a small difference in yields and since the purificUlion of thesc compollnds was not

always easy. However the trend l1lainlained itself even wilh diffcrent e1ectrophiles and

nucleophiles and in most of these cases the prodllcts isolated from a reaction giving 3%

were almost always of lower purily then the ones fromthe rcactions wherc we isolaled a

10% yield of matcrial.
A Il

Allyl silanes Electrophiles % % prodllct

3.291\ R=SiMc3
3.29bR=SiEI3
3.29 c R=Si(nl'rh

CîO
53
66
48

50
3.30

3.291\ R=SiMc3
3.29b R=SiEI3
3.29c R=Si(nPrh

o~
<> 1 0
Et

4
5
3

8
9
1 1

3.33

3.32

3.29I\R=SiMc3 ~O 3 ID 3.31

3.35

l3-cis
retinoic
ester.
3.38

2

oo

23.29lR=SiMc3 MeOtO_

3.3710

1-ro]
3.34 2

Additions of 3.lto various electrophiles A) at -78 oC, B) at O°C.Table 3.4:

•
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We tried changing the steric bulk amund the silicon atom (Table 3.4) by using

the trimethyl, triethyl and tri(n-propyl)silyl groups. Interestingly, the yields were not

grcally affected by the increase in size of the alkyl groups on the silicon atom. We had

expected the yiclds to go down based on the results from the regioselectivity of the

alkylation reaction which show"d an increased in y-alkylation at the expense of 0.­

alkylation whenthe steric bulk around the silicon is enlarged.7 We actually observed a

slight increase in the yield when using the triethyi and tripropylsilyl derivatives 3.29b

and 3.29c when the reactions were carried out at O°C (condition B, Table 3.4).

The addition of benzaldehyde to anion 3, la at low temperature, gave a dark

bluc colored sollllion at first. This solution rapidly discolored as the benzaldehyde

reacted with anion 3.la. The color observed did not fade when less than one

equivalcnt of the benzaldehyde was added. Presumably this phenomenon indicates a

charge transfer complex between the anion 3.la and the polyene 3.31 being formed.

When we subjected ~-camtene to the anion 3.1a to see if it was stable to the rcaction

conditions, we noticed that it deteriorated with time and that we isolated a very smal1

fraction «5%) of the original material after leaving ~-carotene with 3.1a for 5 min. at

mom temperature. This means th:1l the polyenes products are probably unstable to

anions 3.lu-c.

Sincc it appearcd 10 us that a major problem associated with the use of 3.la was

its tendency to give 1,4-conjugUled additions (presumably this was due to the

stabilization of the negative charge by the conjugated system, which makes anions

3.la-c soft nucleophiles) with enones and enals we decided to try adding cerium

chloride to the anion. This did not improve the yields when we tried it on benzaldehyde

and on the aldehyde 3.32. However when the cerium chloride was stirred in THF with

the aldehyde 3.32 and that the anion 3.1a was subsequently added to the suspension at

O°C we obtained' a 13% yield of the desired ethyl retinoate ester (based on recovery of

starting material).8

Use of metallic sahs Ti(OiPr)4, ZnEt2, MgBr2 yielded complex mixtures of

prooucts. None of which gave any elimination prooucts upon treatment with KR in

'l'HF.

61



•

•

Thc othcr major problcm associatcù with the use of lmions 3.llloC are thcir
basicity. For examplc reaction of 3.lll with ùeuterated acelOnc yielùcù only thc
deuteroallylsilane corresponùing to 3.291\. No acetone addition prodncts were isohueù

l'rom this re'lction. Aiso the deprotonation of the allylsilanes is very slow anù can only

be carried out in polar so\vellls like THF anù HMPA. There is no ùeprotonation in
diethyl ether or toluene. This restricted the range of solvellls we coulù use anù thcrefore
reduced the number of possible experimelllal factors wc werc able to change for the
optimization of this reaction.

AnOlher problem was the ease with which the Peterson reaction went once the
1,2-product formed. We tried unsuccessfully to quench the 1.2- aùùuct at low
temperature with chlorotrimethylsilane. This represent a major problem bccause it

prevents us l'rom using the silicon methoùological possibilities to their rullest

(mentioned in the first chapter). That is, in our case, we cannot predict or control the

geometry of the double bond fom1ed.

3.3 Experimental.

The equipment and reagents used in this section were Ihe same as thc ones

described in chapter 2. The allylsilanes 3.29a-c were prepared following the

procedure described in chapter 2. Benzaldehyde and cinnamaldehyde were ùislilleù

prior to their use. HMPA was dried and distilled over CaH2. The ùialdehyde 3.34

was provided by Hoffmann-LaRoche.

1) The standard procedure for the formation of the anion 3.la-c by reduclÎve

desulfonylation of 3.28 and its reactions with electrophiles is described here.

Prepamtion of 3.la was achieved through reductive desulfonylation wilh NaDMAN:

The silylated sulfone 3.28 was slowly added 10 a NaDMAN solution in THF
maintained at -78°C prepared as described in chapter 2. Al'ter stirring the reaction

mixture 15 min. 2 equivalents of the electrophile was added and the the reaction mixture

was warmed up 10 room temperature and then worked up by transfering the organic

solution (via a syringe or pipette to exclude sodium metal) 10 an Erlenmeyer containing a

sat. solution of ammonium chloride. The procedure described in 1.1 represents a typical

procedure for Ihese reactions.
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1.1) AII-lrlms -1-(2,6,6-trimethyl-I-cyclohexen-I-yl)-3-methyl-6-phenyl-hexa-I ,3,5­

triene 3.30.

The anion 3.11I was prep'lred by adding the silylated sulfone 3.28 (0.100 g,

0.24 mmo\), dissolved in 1 mL of dry TI-IF, to a NAOMAN (1.2010101,0.210 g of

OMAN, with 0.100 g of sodium metal ) solution in 10 ml l'HF al -?SoC, and stirring at

this temperature for 5 min. The electrophile , benzaldehyde (0.200 g, 2 010101), was

then added 10 the reaction mixture which was then broughtto room tempemture. The

reaction mixture was lrnnsfered (via a syringe or a pipette, to avoid taking any sodium

metal with it) 10 an Erlenmeyer flask containing 10 mL of a sal. NH4C1 solution in

watllr. This reaction mixture was worked up by adding 50 mL of hexanes. The organic

phase was washed with distilled wlller and brine. Evaporation of the solvents followed

by flash chromalOgrnphy (c-hexane as eluent) led to the isolation of 0.010 g (10%) of

the polyene 3.30 contaminated with some of the ll-cis isomer.

Further separntion gave clean samples for spectroscopy. all-trans 0.007g, 11-CÎs

0.001 g.

The all-rralls isomer 3.30a.

'1-( NMR(CDCI:J, 200 MHz) /) 7.50-7.20 (m , 51-1),7.17 (dd, J= 12.0 I-Iz, 15.5 I-Iz

IH), 6.56 (d, J= 15.5 Hz, lH), 6.17 (AB, J=16.3 I-Iz, 21-1), 6.17 (d, J= 12.0 I-Iz,

1H), 2.04 (m, 2H), 2.03 (s, 31-1), 1.74 (s, 31-1), 1.70-1.45 (m, 41-1), 1.05 (s, 61-1); 1:Je

NMR(COC\:J, SOMHz) /) 137.2, 137.1, 136.9, 135.8, 131.2, 129.4, 128.7, 128.0,

126.6, 126.4, 125.7, 125.0,40.0,34.8,33.6,29.5,22.4,20.0, 13.6. IR(film) 3027­
2l!23, 1652, 1447, 1360,965,746,690. MS(El) m/z cnrd for C221-128: 292.2191,

found: 292.2206. 292 (100%), 277 (28%),221 (14%),207 (20%).

The 5-cis isomer 3.30b.

'1-( NMR(CDCI:J, 200 MHz) /) 7.38-7.18 (01 , 5H), 6.57 (ABX, J=9.0, 10.0 Hz, 2H),

6.45 (ABX, J= 9.0,10.1 Hz, lH), 6.21 (d, J= 16.2 Hz, !H), 2.01 (m+s, 5H), 1.70

(s, 31-1), 1.70-1.45 (m, 4H), 1.02 (s, 6H); 13(; NMR(COCI3' SOMHz) /) 138.3, 137.8,

129.4, 129.2, 129.1, 129.0, 128.2, 127.3,126.8,124.7,126.4, 125.8,39.6,34.3,

33.0,29.0,21.8, 19.3, 12.5.
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1.2) All-trlllls -1-(2,6,6-lrimcthyl-I-cyclohcxen-I-yl)-3-mcthyl-6-phenyl-octa-l ,3,5,7­

tetraene 3.31.

Thc anion 3,Ia (1.20 mmol in 20 mL TI-IF) was prcpared from sulfonc 3.28

(0.500 g, 1.20 mmol) reduced with 4 el). of NaDMAN us described in the procedure

l.l and reacted wilh cinnamaldehyde (0.640 g, 4.80 mmol) al -?HoC. Work up and

flash chromatography using hexanes as eluent gave 0.007 g (2%) of polyene 3.31

(0.006 g all-trans + 0.001 g of the 5-cis isomcr).

11-1 NMR(CDCI3, 200 Ml-lz) li 7.48-7.12 (m, 51-1), 6.92 (dd, J= 10.8, 15.5 I-Iz, 11-1),

6.73 (dd, J= 11.5, 14.6 I-Iz, 11-1),6.55 (d, J= 10.8, 15.4 I-Iz, 11-1),6.20 (d, J= 15.8

I-Iz, 11-1),6.35 (d, J=15.8 Hz, 11-1),6.30 (d, J= 11.5 Hz, 11-1),2.01 (m, 21-1), 2.01 (s,

31-1), 1.74 (s, 31-1), 1.70-1.42 (m, 41-1), 1.05 (s, <'H); IJe NMR(CDCI), 50 MH7J li

137.9, 137.6, 136.6, 132.7, 131.7, 130.1, 130.0, 129.7, 129.5, 128.6, 127.3,

127.3, 126.3, 39.63, 34.26, 33.1, 29.0, 21.8, 19.3, 12.7. IR(film) 3027-2&23,

1652, 1447, 1360,965,746,690. MS(EI) m/z card for C221-128: 318.2347, found:

318.2342. 318 (6%), 289 (7%), 275 (27%),123 (100%),77 (68%).

1.3) All-rrellls -retinoic acid, ethyl ester 3.33.

The anion 3.ln (0.12 mmol in 20 mL of dry TI-IF) was prepured as describcd

in procedure 1.1 und reacted with aldehyde 3.339 (0.700 g, 4.80 mmol) at -?HOC.

Work up and llash chromatography using hexanes as eluent gave 0.004 g (1 %) of the

retinoic ucid, ethyl ester 3.33.

11-1 NMR(CDCI), 200 Ml-lz) li 6.98 (dd, J=15.1, 11.3 I-Iz, 11-1),6.31-6.05 (m, 41-1),

5.75 (s, 11-1), 4.15 (l), J= 7.0 I-Iz, 21-1), 2.33 (s, 3H), 1.98 (s, 31-1), 1.98 (m, 21-1),

1.69 (s, 3I-1), 1.60 (m, 2I-1), 1.45 (m, 21-1), 1.26 (t, J= 7.0 I-Iz, 3I-1), 1.0; (s, 61-1). (

sUllle as lit. 10 with shift -0.03 ppm for every proton). The signais other than the ethyl

protons were compared and matched with those of a commercial sample of ull-Irans ­

retinoic acid and so did the relative intensities of the signais. 13C NMR(CDCI), 50 Ml-lz)

li 167.4, 152.9, 139.7, 137.8, 137.4, 135.3, 131.1, \30.1, 129.6, 128.8, 118.7,

59.6,39.5,34.1,32.9,28.8,21.6, 19.0, 14.2, 13.6, 12.7. 10
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2) The standard procedures (A and Il) for the formation of 3.1a·c by deprotonation of

the corrcsponding allylsilanes and their reaction wilh electrophiles is described here.

Methode A:

Prcparation of the lithium salts 3.1 a-c was achieved by the deprolOnmion of the

corresponding allylsilanes 3.29a-c wilh 2 elJuivalents of 1 -butyllithium (1.7 M in

p\:llIan\:), in dry THF:HMPA (10:1) solvent mixtures at -?SoC for 24 hours.

D\:protonation carri\:d out for longer periods of time couId not be kept under argon

using the argon lines. Inslead the reaction flask was flushed with argon using a needle

and s\:plum lhen sealed by pulting an inverted septum over the first one. By using this

selup il was possible to keep lhe organolithium 3.1a-c at-78°C for up to a week. The

electrophile was added to this reaction mixture at -7SoC and stirred 5 min. at this

tempera turc before workup.

Melhod Il:

The anions 3.1u-c were prepared according to procedure A. The solutions

lhus obtained were added to the clectrophiles dissolved in dry THF maintained at DoC.

The rcaction was followed by workup of the reaction mixture.

The procedure described in 2.1 was the typical procedure B used in the

following experimellls.

2.1) AlI-trl/ll,v -1-(2,6,6-trimelhyl-l-cyclohexen-I-yl)-3-methyl-6-phenyl-hexa-I,3,5­

triene 3.30.

1 -Ilutyllithiutll 11.7 M in pentane (0.42 mL, 0.72 mmol)] was added to

allylsilane 3.2911 (0.100 g, 0.36 mmol) dissolved in 1.0 mL THF with 0.1 mL of

HMPA. The solution was stirred for 24 hours at-78°C. The resulting anion 3.1a was

transfered 10 a Solulion containing cinnamaldehyde (O.OSO g, 0.76 mmol) dissolved in

10 mL of 'l'HF and mailllained m OoC. Hexanes (10 mL) and conc. NH4C1 (l0 mL)

were added to lhe reaction mixture and the organic layer was separated, washed with

dislilled water, brine aml dried over MgS04. The solvents were evaporated and flash

ehromatography using hexanes as eluent gave 0.056 g (53%) of the all-trans polyene

3.30 .
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Starting l'rom allylsilane 3.29b:

Using 3.29b (0.05 g, 0.16 11111101) following method n, 0.03 g (66%) of the

polyene 3.30 was isolmcll.

Starting from allylsilanc 3.29c:

Using 3.29c «(J.()5 g, 0.14 mmol) following method Il, 0.02 g (49%) of thc polycne

3.30 was isolmcd.

Spectroscopie data for 3.30 was given in 1.1. (p. 63)

2.2) All-rrlllls -1-(2,6,6-trimethyl-I-cyclohexen-I-yl)-3-methyl-6-phcnyl-octa-1,3,S,7­

tetrnene 3.31. + 1A-adduct 1-(2,6,6-trimethy1-I-cyclohexen-I-yl)-3-methy1-3-(vinyi­

2-trimclhylsilyl)-4-phenyl-hex-I-ene-6-al 3.36. (Mixture of 2 diastereomers 50:50).

The anion 3.1a (0.18 I11mol) was prepared as described in procedure 2.1 and re.leted

with cinnamaldehyde (0.050 g, 0.36 mmol) al O°C. Work up and Oash chromatogr,.phy

using hexanes as the eluent gave 0.006 g (10%) of the polyene 3.31. Further ellltion

with a 5:95 mixture EtOAc: hexanes gave 0.033 g (45%) of 1A-addition products as a

1: 1 mixture of diastereomers.

The spectroscopic data for compound 3.31 was given in 1.2. (p.64)

1A-adduct: 1-(2,6,Ii-trimethyl-I-cyclohexen-I-yl)-3-methyl-3-(vinyl-2-trimethylsilyl)­

4-phenyl-hex-I-ene-6-al 3.36. (Mixture of 2 diastereomers 50:50).

IH NMR(CDCI}. 200 MHz) 8 9.55 (s, 11-1), 7.30-7.20 (m ,5H), 6,()9 (d, J= 19.1

Hz, 1/21-1),6.01 (d, J= 19.1 Hz, 1/21-1),6.74 (d, J= 15.8 I-Iz, 11-1),5.57 (d, J= 19.1

I-Iz, 11-1),5.41 (d, J=15.8 I-Iz, 11-1),3.29 (111, 11-1),2.85 (m, 21-1), 2.00 (m, 2H), 1.64

(m, 51-1), 1.50-1.42 (m, 21-1), 1.1-1.08 (s, 91-1), 0.12 (s, 41/21-1),0.02 (s, 41/21-1);

I?(: NMR (CDCI}. SOMl-lz) of thc mixture 8200.6, 200.5,151.2, 149.5, 139.3, 139.2,

138.1, 137.7, 136.9, 1~~~, 128.6, 128.2, 127.4, 127.1, 126.9, 126.5, 126.4,

126.2,49.5,49.1,48.1, 4R.O, 46.0, 45.6, 39.8, 39.7, 34.7, 34.6, 33.2, 33.1, 29.4,

29.3, 22.6, 22.2, 22.1, 21.7, 20.0, -0.2, -0.26. IR(fiIm) 3027-2826, 1727, 1603,
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1454, l24X, X6X, X39. MS(EI) m/z cal'd for CI8H31(M-cinnamyl unit); 275.2195,

foulod: 275.2203. MS(Cl) 409 (3%), 291 (3%),275 (100'70), 201 (7'70).

2.3) t,II-lrall.l· -rctilhlic acid, ethyl ester 3.33.

Starting "rom allylsilane 3.29a:

The anion 3.111 (0.36 mmol) was prcpared as described in procedure 2.1 and

reacted wilh aldehydc 3.329 (0.100 g, 0.72 mmol) at O°C. Work up and flash

chromalOgraphy using hexanes as the cluent gavc 0.010 g (8 %) of all-Iralls -retinoic

acid, cthyl es:~r 3.33.

Starting from allylsilane 3.29b:

Using 3.29h (0.050 g, 0.16 mmol) following method B, 0.005 g (10 %) of

producl 3.33 was iso!ated.

Slarting from allylsilane 3.29c:

Using 3.29c «J.()50 g, 0.14 mmol) following method B, 0.005 g (11 %) of

product 3.33 was isolated.

Speclroscopic data for 3.33 was giwn in 1.3. (p. 64)

2.4) l3-cis -Retinoic acid methyl ester 3.38.

The anion 3.111 «U8 mmol) was prepared as described in procedure 2.1 and

reacled with aldehydc 3.379 (0.100 g, 0.78 mmol) ut O°C. Work up and flash

chromalOgraphy using hexanes as the eluelll gave 0.001 g (2%) of 13-cis -retinoic acid

Illethyl ester 3.3ll, X5% pure by NMR.

IH NMR(CDCl;\. 200 MHz) /) 7.76* (d, J= 11.2, 15.4 Hz, !H), 6.22 (m, 2H), 5.63

(s, 1H), 3.69 (s, 3H), 2.06 (s, 3H), 1.98 (s, 3H), 1.98 (m, 2H), 1.70 (s, 3H), 1.52­

1.40 (m, 4H), 1.02 (s, 6H).lO

* This signal is ch:lractcristic of thc L'-ci.l· isomer of retinoic acid methyl ester.
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• CHAPTER 4.

REACTIVITY OF THE MODIFIED SILYLALLYI. ANIONS.

4.1 Introduction.

The introùuction of ucheluting group on the silicon atom of n-silylullylanions has

been shown to moùify the reuctivity of these unions to u great extent. Previous stuùies by

Horvath und Chun* huve shown the l'egioscleclivity of the ulkylation reuction III be

strongly influenceù by the presence of chclating groups. Inùeeù, even gooù
diustereoselection coulù be obtuined ut the n- prochiral centre on thc allyl group, when

the cheluting group was the chiral methoxymethylpyrroliùine del'iveù from proline.

Very little was known uboutthe reuction of these anions with ketone and ulùehyùe

electrophiles. Since much could be gained, with respect ta the subject ùiscussed in

chapter 3, by the study of such conùensations, we decided to investig,lte this fielù. In
particular we were looking for ways to modify the "(- regioselection normally observeù

fol' allylsilanes.

In the following chupter we will give the results of a model study thut wus carrieù

out on aminomethylùimethylallylsilunes in arder ta detennine the effects of such amino

groUps on the reactivity of allylsilancs unions towarùs kctones unù aldehydes.

After trcating a number of aminomethylullylsilunes under differcnt reuction
conditions with ketones and aldehydes, we were unable ta find conditions leaùing ta Il­

regioselection. However we did observe an interesting Z-stereoselection for the "(­

aùdition reuctions. The results of these stuùies have been deult with, in section 4.2 which

is a refommlled version of a communication published in Tetrahedron Letters in 1992 (p.

7997). Section 4.3 dculs with the influence which the chelating grol'P has on a

pentadienyl system.

• * See references 2,4,5 in section 4.2.
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~.2 Slercosciectivity and rcgioselectivity of the addition of silylallylanions
to carbonyl clcctrop-hiles.

STEREOSELECTIVE REACTIONS OF a·SILYLALLYL
ANIONS WITH CARBONYL COMPOUNDS.

T. H. C/zan* and D. Labrecque

Departmellt ofC/zemistry

McGiIl University

Molltrea/, QlIebec

Canada H3A 2K6.

Abstracls: ll-silylullyl unions of the type 6 reuct with curbonyl compounds at the y-position,

und stcrcosclectively to give the E- or Z-isomer depending on the reuction conditions. Solvent

lInd rcaclion temperutul'e play a criticall'Oie in the controle of stereoselectivity.

ll-Silylullyl unions (1), first generuted by Corriu et. al in the eurly 70's from the

precul'sOl' ullyl silunes 2,1 .huve been used extensively us synthetic intermediutes.2 ln the

rcuctions of 1 with vurious electrophiles E+, either the 1l-(3) or the y-E-(4) regioisomeric

pl'OdUCIS couId Ile obtuined (Scheme 1). Efforts to controllhe regioselection of these reactions

huve been rcasonubly successfuJ.3

1-
~Si...... +

1 B '- E+ E~S< ....,~~ ~_ Si ...... __
~ ., .3.

'­E~Si ......

E-.1

•
.,
=.

Scheme 1

l

7 1

+
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In the cnse of y-product, the double bond can assume either the E- or the Z­

stereochemistry (E-4 or Z-4). In nearly ail the renctions exnmined so fnr, nnd independent of

the nnture of the ,,!('clrophilcs, the y-products have inevitnbly the E- stereochemistry. The high

stereoselectivity is nscribed ta the structure of the silylallyl anion 1 which seems to ndopt

exclusively the exo-conformation ns evident from recellt NMR studies.4 Since the E­

vinylsilane 4 can be convened to the corresponding Z-vinyl iodide with complete inversion of

stereochemistry 2c,5, the overall sequence of reactions has been used advantageously as a

highly stereoselective syllthesis of Z-alkenes.2c It would be desirable to be able to prepare

selectively the Z-vinylsilane 4 as weil and ta explore its synthetic pOlenlÎals 6. Reccntly in our

study of the reaction of silylallyl anions of the type 6 where the silyl moiety contained a group
L capable of internai chelation, 2d,e we observed a small but significant :llnount of y-Z producl.

Thus, when 611 (L=bis-melhoxyethylmnino), generated from 511 with s-BuLi in 'l'HF at

_60° for 12 h, was allowed to react with a number of carbonyi compounds, the renctions took

place nt the y-position giving the two geometrical isomers 711 and Sa in nearly cqual

proportions and the selectiveties did not seemed to be affected by the nature of the carbonyl

electrophiles (Scheme 2, Table 1). Using acetone as the common electrophile, il wns possible

to probe the elTect of temperature on the stereoselectivily and, by keeping the reaction

lemperature constant at -60°, the effect of the solvent was also studied ('fable 2).

RI 1

z~Si)
1 1 E+

R OH L
~Si)

Il S'- l~ ~II ~ +
L L

R~I
5- II Si-

Rz OH Î
Ji L

S.c:beme 2
OMc

~
N"'o; C: L= N~;d:L= 1\ /:)a:L= N ; b: L= N N-Mc;e:L=

'"' '---./ '---./ '---./

OMc
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• Table Reactions of 6lI. with Various Carbonyl Compounds

Reaction Conditjona

Entry Solyent Temo. b ~c Electrophile EjZ,Zo;8a d YW.d.e

1 THF .600 0.5h Acetone 1.2:1 75%

2 THF -600 a.5h Benzaldehyde 1.2:1 60%

3 THF .600 0.5h Cinnamaldehyde 1.2:1 66%
4 THF _600 0.5h ~-ionone 1.2:1 56%

5 THF -60 0.5h Cyc1ohex-2-enone 1.2:1 64%

(n) The cnrbnnion was generated by treating the nllylsilane 50 with s-BuLi in THF at -600 for

12h. (b) The temperatllre of the reaction of the carbnnion with the electrophile. (c) Reaction

time of the cnrbanion with the electrophile. (d) Determined by proton NMR on the crude

mnterinl. (e) Combined yield of7a and So after pllrificntion by flash chromntogrnphy.

Tobie 2 Reaction of 6lI. with Acetone os Electrophile

Rellc! jon conditjonll

E.n1J:l Solyen! Temo. b EjZ. 70iSOc YW!J.d
1 'l'HF _6()0 1,2: 1 75%e

2 THF·TMEDA _6()0 1:1 91%

3 THF-HMPA ·flJo 2:1 89%

4 DME _({Jo 5:1 82%

5 ETHER _6()0 7:1 74%
(, TOLUENE .fJ.)0 >1(): i 82%

7 'l'HF _300 1.5:1 92%

8 THF .800 1:1.3 90%
9 THF _1000 1:2 90%

(n)The deprotonntioll wns cnrried out with 50, s-BuLi and the specified solvent at _250 for 12h.

(b)The tempemtlll'e of reaction of the cnl'bnnion with acetone. Reaction rime was 15 min in all

cuses. (c)The ratio wns determined by integration of respective signaIs on proton NMR of the

crude pl'oducts. (d)Crude yield.

•
These reslilts sllggest thut silylnllyl nnions of this c1ass can exist as the following exo·

(1), endo·(Il) und the open fOl'm (111) species. In solvents of high coordinating ability, the
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• open fonn (III) is probably responsible for the formation of the E-vinylsilanes on reaction with

the electrophiles. This is in agreement with the observation in

table 2, as the solvent is changed l'rom TI-lF to THF·HMPA the ratio of Efl increased (entries

1 and 3). In solvents of lower coordinating ability (e.g. ether and IOluene, table 2), the mm-(I)

stnlcture can lead to a high Efl ratio as weIl. The endo-(l1) responsible for the fOnlllltion of the

Z products seems to be predominant only in specitic complexation systems and solvents (table

2 and 4). The temperature effect observed in table 2 (en tries 1,7-9) could be due to the change

in relmive rea~livity between the species (l), (II) and (111) or ta a change in rel:uive

concentration of these species when the temperature is changed. Further studies by such

physical methods as 101V temperature IH and 13c NMR spectroscopy are needed to determine

the structures and the relative conccntrations of the reacting species in solution.

11

.

III

•

Scheme 3

After considerable experimenlUtion with a number of different amino derivatives, we

found thatthe morpholino compound 6b reacted with carbonyl compounds to give selectively

either the E· or the Z-isomers depending on the specitic reaction conditions (A or B) with even

better specificity then with allylsilane 6a, making the reaction synthetically useful. ln method

A, the silane Sb (O. lOg, 0.5 mmol) was dissolved in toluene (3.0 mL) and s-BuLi (1.3M in c­

hexane, 1.5 eq) was added at -20cC under an argon atmosphere. Al'ter stirring for 24 h atthis

temperature, the carbonyl compound (1.5 eq) was added to the mixture at -?SoC. Al'ter 15

mins., ether (20 mL) and conc. ammonium chloride solution (1.0 mL) were added. The

organic layer was washed with brine, dried (MgS04l and evaporated to give predomimffitly the

products with the E stereochemistry. ln method B, the silane Sb was deprotonated in toluene

as before. After stirring for 24 h, dimethoxyethane (0.5 mL) was added and the mixture was

stirred an additioJl(ll 30 mins at -25°C. The carbonyl compound (1.5 eq.) was added slowly ta

the solution at-90 °C.7 Al'ter 15 mins stirring atthis temperature, hexane (20 mL) and conc.

ammonium chloride solution (2 mL) were added. The organic layer was washed with brine,

dried (MgS04) and evaporated ta give the products with predominantly the Z-isomers.
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Sepuration und purification of the stereoisomers were achieved with flash chromatography

using 20 % ethylucctute in hexunes us eluent.

The criticul element in the umino structure required for reversai of stereoselectivity

under the two reuction conditions A und B uppcurs to be the presence of the piperidine ring and

not the heteroatolll in the 4' position. Thus, in the reactions of the silylullyl anions 6b-e with

acetone under the SllIl1e reuction conditions, the stereoselectivity was more or less the same

(Table 3).

The profound differences between the selectivities of the reactions of the allylsilanes

unions 6b·c und the anion 6a in the presence of DME cun be explained by the complexation of

the lithium with DME in the cuse 6b·c us shown in structure (II) but not in the case of 6a

where the lithium cation is ti~"!!J complexed by the bis-methoxyethylamino moiety and where

structure (1) should predominate (Scheme 3).

Since Z-vinylsilane~ huve recently found upplications in total synthesis, where they

were used in preference to the E-isomers6, the present method offers a short viable route to this

type of synthetic intemlediate.
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• Tahle 3 Reaction of anion~ with Variolls Electrophiles Under Rellction
Conditions A and B.

E.n.l..!:l lill.Î.ll.Il Rlect rnl!hjles Cnnditjnna EjZ,7jHb .Yîillc
\ 6b Acetaldehyde A > Hl: \ 66% (33%)

il \:6 92% (63%)

2 6b Acetone A >10:\ 95% (60%)

il \:6 90% (75%)

3 6b ilenzaldchyde A >10:\ 95% (82%)

B \:7 83% (72%)

4 6b Cinnamaldehyde A >10:1 90% (72%)

B \ :5 97% (65%)

5 6b 2-Cyclohexen-\-one A >10:\ 93% (85%)

B \:6 89% (61%)

6 6b ~-ionone A >10:\ 83% (52%)

B \:8 74% (56%)

7 6c Acetone A >10:\ 80% (47%)

B \ :6 94% (63%)

8 6d Acetone A >4:\ 55%

il \:7 68%

9 6e Acetone A >10:\ 85%

B \ :7 76%

a)For reaction condition A and B, see text. b)The ratio is determined by Integration of the

vinylic and methylic proton signais on the NMR of the crudes. c)Yields of crude material after

work up and evaporation under vaccuum. The crudes listed in entries \-t) and 8 contuined 10

to 15% of starting materiul, the ones listed in entrics 7-9 containcd up 10 30% slarting matcria1.

The combined yields of the pure products after llash chromatography are givcn in parenlhesis.

•
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• 4.3 Experimental. (this section was not included in the original communication):

The spectroscopic data were acquired using the equipment and services described in the

experimelllai section of chapter 2.

The starting material allyl(chlol"Omethyl)dimethylsilane. amines, ketones and aldehydes

used in this project were ail purchased from Aldrich. The amines were distil1el1 over calcium

hydride prior to thdr use. Toluene was distilled over calcium hydride and stored ovcr sodium

meta!. Tetrahydrofman (THF) and diethyl ether were dried and distilled over

sodium/benzophcnone ketyl radical, dimethoxyethane (DME) was dried and distilled over

calcium hydride then lithium aluminum hydride. Tetramcthylcthylenediamine (TMEDA) was

dricd and distilled over calium hydride. The deprotonation of aminosilanes Sb·Se required

long periods of time at low tempemture. 1nert atmosphcre provided by the argon line was not

appropriatc since wc were not able to obtain significant depl"Otonation. St'ltic argon atmosphere

provided by prior flushing of the reaction nask with argon and use of two septum as shown in

scheme 4 gave much belter results.

8
U

cS

second septum added inverted
over the first after the addition
of the reagents.

fi rst septum
used for addition
of reagents.

reaction flask.

•

Figure 4: Expcrimcnt setup.

1) NN'-[Bis-(methoxyethylene)aminomethylldimethylsilyl-I-prop-2-ene 50 was prepared in

good yield following the procedure described by Horvath (ref. 2d from the communication

section 4.2 p.??)

2) General procedure used for the deprotonation and condensation of amine Su to aldehydes

and ketones listed in table l, entries 1 to 5:
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• 2.1) Re:.r;lion with UCClOne.

In 'l'HF Ul -60 oC under urgon 1.5 eq. of sec-butyllithium (1.3M in c-hexane) was

added lO the amine Sa (0.100 g, 00408 Olmo!) dissolved in 2.0 mL of :mhydrous 'l'HF. After 2

hours of stirring, the union wus quenchcd with 1.5 eq. of ucetone. After 5 min. at this

temperature, 1 mL of suturated ummonium ehloride solution wus udded. The organic layer

wus separuted und wushcd with 2x 10.0 mL of distilled water and the organic layer dried over

unhydrous magnesium sulfutc. The solvent wus evaporated leaving LlO g of a clear oil

conlaining a mixlure of 1.3 : l, trans : cis isomcric products. The two isomers could he

separatcd on column using 40 % cthyl acctate : 60 % hexanes as the eluant, to give a total of

0.090 g (75%) of isolated material.

I)IH NMR (200 MHz, CDCI3) Il 7a (E isomcr): 0 6.2 (dt, J=18,6, 7.0 Hz, !H), 5.8 (d,

J=18.6 Hz, IH), 3.5 (l, J=6.2 Hz, 4H), 3.3 (s, 6H), 2.75 (t, J=6.2 Hz, 4H), 2.3 (d, J=7.0

Hz, 2H), 2.2 (s, 2H), 1.2 (s, 6H), 0.1 (s, 6H), 8a (Z isomcr): 0 6.5 (dt, J=14.0, 7.7 Hz,

IH), 5.6 (d, J=14.0 Hz, 11-1), 3.5 (t, J=6.1 Hz, 4H), 3.3 (s, 6H), 2.7 (l, J=6.1 Hz, 4H), 2.3

(d, J=7.7 Hz, 2H), 2.22 (s, 2H), 1.2 (s, 6H), 0.2 (s, 6H); l3C NMR (75 MHz, CDC(3) 7a:

o 144.08, 132.61,70.36,70.31,58.80,56.78,51.24,46.38, 29.25, -2.84, 8a: 0 145.75,

129.56,70.10,69.70,58.76,56.53,47.67,47.4.1,29.59, -0.7; IR (film) 7a=8n: 3414,

290\, 1610, 1457, 1369, 1249, 1197, 1118 cm-!; MS (El) mlz 7n, 8a: MI=303

(E=3'Yt,(Z=0.5 PIt,», 288 (E=4%(Z=3.3%), 272 (E=I %(Z=O%), 258 (E=72%(Z=3%», 146

(E=Z= 100%), 139 (E= II %(Z=750/0)), 114 (E=2G%(Z=9%)), 59 (E=42%(Z=32%)).

2.2) Reaction with bcnzaldchyde:

The amine Sa (0.100 g, 00408 010101) was reacted with benzaldehyde in the manner

described previously, to give 0.204 g of a 1.3: 1 E:Z mixture of isomers. This mixture was

sepanlled hy flash chromatograIJhy using 10 % ethyl acetate in hexanes as eluant. After elution

of the Z isomer the E was washed out of the column using ethyl acetate, giving a total of

(l.085g of purilied material (60 % yield).

11-( NMR (200 MHz, CDC(3) E isomcr: 07.4-'1.2 (m, 5H), 6.15 (m, IH), 5.83 (d, J=18.4

Hz, IH), 4.74 (dd, J=4.0, 8.8 Hz, IH), 3044 (m, 4H), 3.33 (s, 6H), 2.65 (m, 4H), 2.58 (m,

2H), 2.10 (m, 2H), 0.11 (s, 3H), 0.09 (s, 3H), Z isomcr: 0 704-7.2 (m, 5H), 6.40 (ddd,

J=6.7, 8.3, 14.0 Hz, IH), 5.64 (d, J=14.0 Hz, IH), 4.80 (dd, J=7.6, 4.4 Hz, lH), 3.50 (m,

4H), 3.30 (s, 6H), 2.72 (m, 4H), 2.58 (m, 2H), 2.24 (s, 2H), 0.17 (s, 6H); I3C NMR (75

• MHz, CDC(3) E isolllcr: 0 144.4, 144.1, 133.3, 128.5, 127.5, 125.8,72.8,70.9,58.8,
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57.0,47.1,46.4, -3.2, -33, Z isnmer: a 146.2, 144.9, 129.5, 128.3, 127.1, 125.8,72.3,

70.2, 58.7, 56.5, 47.2, 44.0, -0.9, -1.0; IR (film) E isomer: 3385, 3090, 2891, 1663,

1613,1451,1197, 1081,836,701, Z isomel': 3400,3090,2893,1606,1451,1196,1112,

838,757 cnr1; MS (El) m/z MI=351 (E=2% (Z=O%)), 336 (E=I% (Z=O.5%)), 320 (E=I%

(Z= 0.5%», 306 (E=81% (Z=4%)), 290 (E=13% (Z=6%)), 146 (E=Z=IOO%), 130 (E=16%

(Z=45%)), 107 (E= 38% (Z=O%)).

2.3) Reaction with cinnamaldehyde:

The amine Sa (0.100 g, 0.408 mmol) was reacled with CÎnnamaldehyde in the manner

described above, and 0.139 g of a 1.2: 1 E:Z mixture of isomers was separmed by l1ash

chromatography using 10 % elhyl acetate in hexanes as cluant. After elution of the Z isomer,

the E \Vas washed out l'rom the column with ethyl acetate giving a total of O. 100 g of puri lied

mmerial (66% yield).

1H NMR (200 MHz, CDCI3) 73 (E isomer): li 7.43-7.18 (m, 51-1), 6.60 (d, J=15.9 Hz,

2H), 6.23 (dd, J=6.1, 15.9 Hz, IH), 6.14 (ddd, J=6.0, 7.0, 18.6 Hz, 1H), 5.65 (d, J=18.6

Hz, Il-l), 4.36 (m, Il-l), 3.43 (t, J= 6.2 Hz, 4H), 3.32 (s, 6H), 2.65 (t, J=6.2 Hz, 41-1), 2.60­

2.30 (m, 2H), 2.11 (s, 2H), 0.12 (s, 3H), 0.10 (s, 3H), 8a (Z isomcr): a 7.43-7.18 (m,

5H), 6.64 (d, J=15.9 Hz, Il-I), 6.46 (ddd, J=6.9, 8.3, 13.9 Hz, :1-1),6.27 (dd, J=5.6, 15.9

Hz, IH), 5.65 (d, J= 13.9Hz, 1H), 4.38 (m, Il-l), 3.50 (t, J=6.1 Hz, 4H), 3.30 (s, IiH), 2.68

(t, J=6.1 Hz, 4H), 2.60-2.30 (m, 2H), 2.22 (s, 21-1), 0.17 (s, 6H); I3C NMR (50 MHz,

CDCI3) 7a : a 143.6, 137.0, 133.4, 132.0, 130.0, 128.7, 127.6, 126.5,71.3,70.8,58.8,

57.0,46.4,45.1, -3.1, -3.2, 8a: a 146.2, 137.1, 132.8, 129.4, 128.6, 127.4, 126.5,70.7,

70.2,58.7,56.6,47.2,42.3, -0.8, -0.9; IR (film) 7a=8a, 3389, 2893, 1654(E), 1605(E),

1450, 1250, 1196, 1113,967, 839, 744, 694 cm- 1; MS (El) m/z isomer 7a and 8a,

MI=377 (E=O. 1% (Z=2%)), 362 (E=O% (Z=0.7%», 346 (E=O% (Z=0.9%)), 332 (E=O%

(Z=65%», 256 (E=29% (Z=0.5%», 230 (E=58% (Z=2%)), 156 (E=52% (Z=3%», 146

(E=100% (Z=IOO%», 133 (E=18% (Z=49%)).

2.4) Reaction with 2-cyclohexene-I-one.

The amine Sa (0.100 g, 0.408 mmol) was reacted with 2-cyclohexen- 1-one in the manner

described previously. AI'ter work up and evaporation of the solvent, 0.148 g of a crude 1.2: 1

E:Z isomeric mixture was separateè by flash column chromatography using 10% elhyl acetnle
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in hexanes as cluant. AI'ter the ell1tion of most of the Z isolller, the E' was washed out with

ethyl acetate giving a total of O.092g of purilicd mlllcriai (64% yield).

\H NMR (200 MHz, CDCI3) 7a (E isolllcr): li 6.14 (dt, J=6.8, 18.6 Hz, HI), 5.18 (m,

2H), 5.76 (d, J=18.6 Hz, IH), 5.58 (dm, J=IO.I Hz, IH), 3.41 (t, J=6.1 Hz, 41-1),3.30 (s,

6H), 2.63 (t, J=6.1 I-Iz, 41-1), 2.33 (d, J= 6.8Hz, 2H), 2.09 (s, 2H), 1.95 (m, 2H), 1.64 (m,

4H), 0.09 (s, 61-1), 8a (Z isomcr): li 6.51 (dt, J=7.8, 14.0I-lz, 11-1),5.78 (ddd, J=2.9, 3.8,

10.0 Hz, IH), 5.64 (dt, J=1.3, 14.0 Hz, 11-1),5.62 (dm, J=IO Hz, IH), 3.469 (t, J=6.2 I-Iz,

4H), 3.30 (s, 6\-1), 2.67 (t, J=6.2 Hz, 4\-1), 2.38 (m, 21-1), 2.20 (s, 2\-1), 2.00 (m, 211), UO

(m, 4H), 0.159 (s, 31-1),0.156 (s, 31-1); 13C NMR (50 Ml-lz, CDCI3) 7a : li 142.9, 133.7,

132.3, 129.8,71.0,69.2, 58.8, 57.1, 49.8, 46.6, 37.7, 25.2, 19.0, -1.9, 8u: li 145.0,

132.9, \30.0, 129.6,70.4,68.8,58.7,58.6,47.3,46.3,36.0,25.0,19.0, -1.1; IR (film) 711

: 3403,2913, 1613,1458,1250,1112,841, 8a: 3423,2937,1610,1448,1248,1110,840

cm-!; MS (E.!.) mlz isomcr 7a and 8a 1.11=341 (E=2.2% (Z=O.I%)), 323 (E=l%

(Z=O.I %)),296 (E=56% (Z=3%)), 278 (E=16% (Z=3%)), 200 (E=15% (Z= 5.2%)), 146 (E=

100% (Z=78%)), 97 (E= 86% (Z=40%)).

2.5)Reaction with p-ionone:

The amine 5a (0.100 g, 0.408 mmo1) was reacted with II-ionone in the manner

described previollsly. Al'ter work up and evaporation of the solvent, 0.180 g of crudc

containing a 1.2: 1 E:Z isomcric mixture was separated by flash column chromatography using

10% ethyl acetate 90% hexancs as eluant. A total of 0.050 g of isolatcd products was obtaincd

(56% yield).

1H NMR (200 Ml-lz, CDCI3) 7a (E isomcl'): li 6.10 (ddd, J=6.1, 7.6, 18.5 I-Iz, 11-1), 6.02

(dm, J=16.1 Hz, IH), 5.78 (dt, J=1.4, 18.5 I-Iz, 11-1),5.46 (d, J= 16.1 Hz), 3.42 (t, J=6.2

Hz, 41-1), 3.31 (s, 6H), 2.63 (t, J=6.2 Hz, 41-1), 2.41 (m, 2H), 2.09 (s, 2H), 1.95 (m, 21-1),

1.64 (s, 31-1), 1.6 (m, 21-1), 1.45 (m, 2H), \.30 (s, 31-1), 0.96 (s, 61-1), 0.09 (s, 31-1), (J.(l8 (s,

3H),8a (Z isomcr): li 6.43 (dt, J=7.7 I-Iz, 14.0 I-Iz, 11-1),6.03 (d, J= 16.0 I-Iz, 11-1),5.62

(d, J=14.0 I-Iz, 11-1), 5.46 (d, J=16.0 I-Iz, lH), 3.46 (t, J=6.2 I-Iz, 41-1), 3.28 (s, 61-1), 2.65

(m, 4H), 2.40 (d, J= 7.7 I-Iz, 2H), 2.20 (s, 11-1),2.18 (s, 11-1), 1.93 (m, 2H), 1.63 (s, 31-1),

1.56 (m, 2H), 1.42 (m, 21-1), 1.30 (s, 31-1), 0,95 (s, 61-1), 0.15 (s, 31-1), 0.14 (s, 31-1); I3C

NMR (75 Ml-lz, CDCI3) 7a: li 145.4, 140.5, 137.1, 129.8, 127.7, 124.8,71.9,70.3,58.6,

56.5, 47.3, 46.8, 39.3, 33.9, 32.6, 28.8, 28.7, 21.4, 19.2, -0.7, -0.8, 8a: li 143.4, 140.3,
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137.1, 133.H, 127.9, 125.1, 72.5, 70.7, 5n.H, 57.0, 50.5, 46.5, 39.3, 34.0, 32.6, 28.7,

2HA, 2104, 19.2, -2.9, ·3.0; IR (film) 7a=811, 3426, 2900, 1606 (Z) 1613 (E), 1453, 1365,

1251, 1197, 1114, 974, H37 cm· l ; MS (El) m/z isorncr 7a and 8a: cale'd for

ClslI4SN02Si; 419.3220, found419.32.9; MI=437 (E=I% (Z=O%)), 419 (E=2% (Z<I%)),

392 (E=26% (Z=O%», 374 Œ=35% (Z= 10%», 290 (E=5% (Z= 17%», 275 (E=2.1 %

(Z=13%», 193 (E=75% (Z=14%», 177 (E= 21% (Z=22%», 146 (E= 100% (Z=lOO%», 59

(E=47% (Z= 36%)).

3) AIl yl(morpholino· N-mcthyl)dimcthylsilanc Sb.

Allylsilanc Sb was prl'parcd by slight modification of the genera1 method described by

)-iorvalh6; Um!l:r argon, nllyl(chloromcthyl)ùimethylsilane (3.0 g, 12 mmol) was heated neat

with frcshly distillcd morpholinc (4 cq.) at 129°C for 6 hours. Ouring the reaction a white

precipilale (hydroehloride of thc amine) wns formed. The reaction mixture in 20 mL of ether

was washed lwice with 20 mL of distillcd waler and once with 10 mL of concentrated sodium

carbonate solution. Thc organic Inyer was dricd over anhydrous magesium sulfate and then the

solvent was evaponllcd. Kugclrohr vacuum distillation led to the isolation of 3.0 g (76 %

yicld) of a clcar Iiquid.

B.p. 60% .05 mm I-Ig; 11-1 NMR (200 Ml-lz, COCI3) 1\ 5.8 (m, IH), 4.85 (m, 2H), 3.64 (m,

41-1), 2.35 (m, 41-1), 1.93 (s, 21-1), 1.54 (d, J=8.1 Hz, 2H), 0.03 (s, 6H); l3C NMR (50 MHz,

COCI3) 1\ 134.5, 113.0,66.9,57.2,49.3,23.0, ·3.4; IR (film) 3075, 2860, 1629, 1249,

1069,1035 cn]"l.

4) Allyl(thiomorpholino·N·mcthyl)dimethylsilane Sc.

Ally1chloromethyldimcthylsilane (3.0 g, 20 mmol) was reacted with thiomorpholine (4.2 g, 40

mmol) at 100°C for 48 hours in thc manncr described in 3. Work up and evaporation of the

solvcnts, followed by Kugclrohr distillation (80·90 oC, 0.05 mm/Hg) led to the isolation of 3.5

g (81 % yield) of a clear liquid.

11-1 NMR (200 MHz, COCI3) 1\ 5.88·5.64 (m, 11-1),4.90·4.76 (m, 2H), 2.61 (s, 8H), 1.91 (s,

21-1), 1.53 (d, J=8.1 Hz, 21-1), 0.03 (s, 6H); l3C NMR (50 MHz, COCI3) 1\ 134.0, 112.6,

58.6,50.1,28.7, 23.8, ·2.3; IR (film) 3075, 2860,1629,1249,1069,1035 cm·l .
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5) AIlyl-N,N-(mcthylpipcral i11l1mclhyI)dimcthylsilanc 5d.

AI!ylchloromcthyldimclhylsilane (2.0 g, 14 mmol) was rcactcd with N-mcthylpipcmzinc (2.7

g, 28 mmol) at 110°C for 6 hours in Ihc manncr dcscribcd in 3. Work up and cvaporation of

the solvcnts, followcd by Kugclrohr distillaI ion (100 oC, 0.05 I11m/Hg) Icd 10 thc isolation of

2.4 g (82 % yicld) of a clcar liquid.

1H NMR (200 MHz, CDCI3) ô 5.85 (m, 1H), 4.82 (m, 2H), 2.40 (m, lOi-l), 2.23 (s, 3H),

1.93 (s, 2H), 1.90 (s, 2H) 1.53 (dl, J=I.I, 8.0 Hz, 2H), 0.03 (s, 6H); DC NMR (50 MHz,

CDCI3) ô 134.5, 112.8,56.5,48.4,45.6,22.7, -3.8.

6) Allyl-N-(pipcridinomcthy1)dimc\hyIsilane Sc.

Allylchloromcthyldil11ethylsilane (2.0 g, 14 I11mol) was reacted with pipcridinc (2.3 g, 28

ml11ol) al 130°C for JO hours in thc manncr dcscribed in 3. Work up and cvaporation of thc

SO!VCIllS, followcd by Kugclrohr distillation (80-90°C, (J.(l5 mm/Hg) Icd to thc isolation of 2.6

g (97 % yicld) of a clcar liquid.

11-1 NMR (200 MHz, CDCI3) ô 5.90-5.65 (m, IH), 4.90-4.76 (m, 2H), 2.4-2.2 (s, 4H), 1.88

(s,2H), 1.6-1.45 (m, 6H), 1.45-1.3 (m, 2H), (l.O5 (s, 6H); 13C NMR (50 MHz, CDCI3) ô

135.0, 112.8,58.5,49.9,26.3,23.8,23.4, -3.2; IR (film) 3075-2736, 1630, 1251, 1292,

1053 cm,l.

7) General method for the synthesis of homoallylic alcohols (table 2) with E

double bond geornetry,

7.1) 5-1 (Morpholino-N-mcthy1) dimcthylsilyll-2-methyl-pent-4E-enc-2-01.

Entl'y 2, table 3:

The allyl(morpholino-N-methyl)dimelhylsilanc Sb (0.100 g, 0.5 mmol) dissolved in 3.0 mL of

toluene was deprotonated by adding 1.5 eq. of sec-butyllithium (1.3 M) in c-hexanr. at -20 oC

under an argon atmosphere. Afler stirring 12 hours at this tempcrature, acetone «>.05 g, 1.5

eq.) was added to thc solution at-80 oC. 20 mL of clhyl ether and a fcw mLs of concentrated

ammonium chloride solution were lhen added. The organic layer was washed with 10 mL of

brine, dried over anhydrous magnesium sulfate, and the solvents were then evaporated giving

0.120 g of a clear oil which contained trace amounts of the Z isomer. The E isomer was
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purilicd by llush chromutogruphy with 20% cthyl ucetutc in hexunes to elute the Z isomer, then

ncat cthyl ucctalc wus uscd tu clutc 0.080 g of thc E isomer us u cleur oil.

Rf= 0.1 (tailling) (30% cthyl acetatc in hexanes); 'H NMR (200 MHz, CDCI3) li 6.12 (dt,

J= 18.7, 70 Hz, 1H), 5.73 (d, J= 18.4 1Il., 1H), 3.64 (m, 4H). 2.36 (m, 4H), 2.75 (d, J=7.0

Hz, 211), 1.93 (s, 2H), 1.19 (s, 6H), 0.11 (s, 6H); l3C NMR (50 MHz, CDCI3) li 143.7,

133.2,70.3,66.9,57.2,56.9,50.5,29.1, -2.7; IR (film) 3358, 2899, 1610, 1446, 1371,

1249, 1118,866,834 cnrl; MS (E.L) mIl. 257 M.I, 242, 198, 184, 158, 100,59,56, (C.I.)

(M.L+I=258 (100%»,240 (48%).

7.2) 5-1 (Morpholino-N-mcthyl) ùimcthylsilyll-pem-4E·ene-2-oL Entry 1, table 3:

Thc H111inc Sb (0.\ 00 g, 0.5 ml11ol) was reacled with acctaldchyde using the procedure

dcscrihcd in scction 7.1. Aftcr work up and evaporation of the solvent, 0.081 g of crude

containing >10: 1 E:Z isomcric mixturc was sepal'llted by flash column chromlllography using

20% clhYI acelatc 80% hexancs as cluant. Al'tcr elution of the Z isomer, the E was washed out

l'rom thc column with cthyl ucctute giving u tOlal of 0.044 g of purifieù material (33% yield).

11-( NMR (200 Ml-lz, CDCI3) li 6.85 (ùdrl, J=6.2, 7.3, 18.6 Hz, IH), 5.77 (dt, J=18.6, 1.2

Hz, IH), 3.84 (m, IH), 3.66 (m, 4H), 2.37 (m, 4H), 2.25 (m, 2H), 1.94 (s, 2H), 1.19 (d,

J=6.2 Hz, 31-1), 0.13 (s, 3H), 0.12 (s, 31-1); t3C NMR (50 Ml-lz, CDCI3) li 144.4, 132.5,

66.9,66.5,57.2,50.5,46.6,22.6, -3.0; IR (film) 3404,2947,1618,1458,1248,1116,845

cm· t ; MS (E.L) mIl. MI=243 (1%), 228 (0.7%), 198 (0.8%),158 (1.1%), 100 (100 %), 56

(11%),45 (9%).

7.3) 4-1 (Morpholino-N-methyl) dimclhylsilyl]-I-phenyl-but-3E-ene-l-ol.

Entl'y 3, Inble 3:

Thc uminc Sb (0.100 g, 0.5 mmol) was reactcù with benza1dehyde using the procedure

dcscribcd in scction 7,1. Aflcr work up and evuporalÎon of the solvent, 0.212 g of crude

containing >10: 1 E:Z isomeric mixture was separatcd by flash column chromatography using

20% cthyl urctatc 80% hcxlmes as eluant. After elution of Ihe Z isomer, Ihe E was washed oui

l'rom thc column wilh cthyl acctate giving a lotal of 0.125 g of purified malerial (82% yield).

11-1 NMR (200 MHz, CDCI3) li 7.4-7.2 (m, 5H), 6.10 (ddd, J=6.0, 7.1, 18.7 Hz, lH), 5.80

(d, J=18.7 Hz, 11-1),4.74 (dd, J=5.2, 7.8 Hz, IH), 3.65 (m, 4H), 2.58 (m, 2H), 2.35 (m,
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41-1), 1.93 (s, 21-1), 0.096 (s, 3H), O.08S (s, 31-1); I3C NMR (50 MHz, CDCI3) Il \44.2,

144.0,132.8, 128.4, 127.5, 125.9,72.9,66.9,57.1,50.4,46.7, -3.0; MS (El) lll/z Ml=305

(0.6%),290 (0.3%), 248 (0.5%), 230 «(l.3%) , 205 (0.4%), 158 (2.3%), 144 (2.3%), 107

(6.8%), 100 (100%).

7.4) 4-[ (Morpholino-N-lllethyl) dimelhylsilyll-I-phenyl-hexa-I E. 5E-diene-3-ol.

Enll'Y 4, lable 3:

The amine 5b (0.100 g, 0.5 mmol) was reaeted wilh cinnamaldehyde using the procedure

described in section 7.1. After work up and evaporation of the solvent, 0.311 g of crude

containing >10: 1 E:Z isomeric mixture was separated by flash column chromatography using

20% ethyl acetate 80% hexanes as eluent. After elulion of the Z isomer, the E isolller was

washed out l'rom the column with ethyl acetate giving a total of 0.120 g of purified material

(72% yield).

tl-l NMR (200 MHz, CDCI3) Il 7.34-7.\5 (m, 51-1), 6.57 (dd, J=I.I, 16.0 I-Iz, 111),6.25 (d,

J=6.2 Hz, 11-1),6.17 (d, J=6.2 I-Iz, 11-1),6.11 (dt, J=6.8, 18.7 I-Iz, 11-1),5.80 (dt, J=I.I,

18.7 I-Iz, 11-1),4.33 (m, 11-1),3.63 (Ill, 41-1), 2.45 (m, 21-1), 2.36 (m, 41\), 1.93 (s, 21-1), 0.1

(s, 61-1); 13C NMR (50 Ml-lz, CDCl3) Il 143.7, 136.8, 132.8, 132.0, 130.1, 128.6, 127.7,

126.5,71.3,66.8,57.1,50.5,44.9, -2.9; IR (film) 3384, 3025, 2897, 1613, 1449, 1290,

1248,1115,982,845 cm-I; MS (El) m/z MI=331 (1%),274 (0.5%), 256 «(l.l%), 198 (1.6

%), 133 (9.7%), 100 (100%).

7.5) 1- ( 1-1 (Morpholino-N-methyl) dilllethylsilyli-prop-I E-ene-3-yl) -cyclohex-2-ene-l-ol.

Entry 5, table 3:

The amine 5b (0.\00 g, 0.5 010101) was reacted wilh 2-cyclohexene-I-one using the procedure

described in section 7.1. Afler work up and evaporation of the solvenl, 0.203 g of crude

containing >10: 1 E:Z isomeric mixture was separated by flash column chromatography using

20% ethyl acetale 80% hexanes as cluant. After elution of the Z isomer, the E isomer was

washed out from the column with ethyl acetate giving a total of 0.128 g of purified material

(85% yield).

lH NMR (200 MHz, CDCL3) ll6.13 (dt, J=6.9, 18.6 Hz, IH), 5.78 (ddd, J=2.7, 4.1,11.5

Hz, IH), 5.74 (dt, J=I.2, 18.6 Hz, 11-1),5.57 (dm, J=11.5 Hz, 1H), 3.64 (m, 41-1), 2.36 (m,

4H), 2.33 (d, J=6.9 Hz, lI-I), 2.34 (d, J=-6.9 Hz, IH), 2.00 (m, 2H), 1.93 (s, 21-\), 1.63 (m,
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411),0.10 (m, (11); I3C NMR (50 MHz, CDCI3) li 143.2, 133.4, 132.4,130.1,69.2,67.0,

57.2,50.5, 49.0, 35.0, 25.0, 18.7, -2.9; IR (film) 3417, 2903, 1605, 1439, 1249, 1116,

1071,1008 cm-I; MS (E.!.) mlz MI=295 (2.5%),280 (0.6 %),198 (4.8%),158 (3.4%),100

(100 %), 97 (20%).

7.6) 6-1 (Morpholino-N-methyl) ùimelhylsilyll-l-(2,6,6-1rimelhyl-I-cyclohexen-I-yl)-3-

melhyl-hexa-I E, 5E-ùiene-3-o!. Enlry 6, lable 3:

The amine Sb (0.100 g, 0.5 mmol) WolS reacleù with p-ionone using the procedure described in

section 7.1. After work up and evaporation of the solvent, 0.238 g of crude containing >10:1

E:Z isol11eric l11ix turc \Vas separated by flash colmnn chromatography using 20% ethyl acetate

80% hexanes as cIuant. l. fter elution of the Z isomer, the E isomer was washed out l'rom the

columl1 with ethyl acetate giving a total of 0.102 g of purified materild (52% yield).

1(1 NMR (200 MHz, CDCI3) li 6.08 (dùd, J=6.1, 6.9, 18.6 Hz, IH), 5.99 (d, J=16.1 Hz,

11-1),5.75 (dq, J=I.1, 18.6 I-Iz, 11-1), 16.1 (d, J=16.1 Hz, IH), 3.63 (m, 41-1),2.45 (ddd,

J=1.2, 6.1, 13.3 I-Iz, 11-1),2.25-2.38 (m, 51-1), 1.95 (m, 2H), 1.90 (s, 2H), 1.62 (s, 3H),

1.55 (m, 21-1), 1.41 (m, 21-1), 1.28 (s, 3H), 0.94 (s, 61-1), 0.73 (s, 6H); I3C NMR (50 MHz,

CDCI3)li 143.6, 140.4, 137.2, 133.7, 129.1, 125.3,72.4,67.0,57.2,50.5,50.3,39.1,

33.8,32.4, 28.62, 28.57, 28.2, 21.2, 19.0, -2.9, -3.0; IR (film) 3420,2896, 1615, 1451,

1367, 1289, 1249, 1118, 838 cm-l; MS (E.!.) mlz calc'd for C23H4102NSi: M­

18=391.2907, found 391.2908; 391 (0.1%),373 (0.1%), 198 (4%), 193 (12 %), 177

(4.5%), 158 (5%), 100 (100%).

7.7) 5-[(Thiomorpholino-N-methyl) dimethylsilylJ-2-melhyl-pent-4E-ene-2-ol.

Enlry 7 lnble 3:

The amine Sc (0.100 g, 0.47 mmol) was deprotonmed with s-blllyllithium at O°C for 12 hours

then reacted with acetone using the procedure described in section 7.1, After work up and

evaporlltion of the soivelll, 0.103 g of crude containing >10:1 E:Z isomeric mixture was

separmed by flash column chrommogrllphy using 20% ethyi acetate 80% hexanes as eluant.

After elution of the Z isomer, the E isomer was washed out From the column with ethyl acetate

giving a total of 0.06 g of pure E allyl alcohol (47% yield).

11-1 NMR (200 Ml-lz, CDCI3) li 6.11 (dt, J=18.6, 7.0 Hz, lH), 5.72 (d, J=18.6 Hz, lH), 2.6

(s, 81-1), 2.26 (d, J=7.0 Hz, 21-1), 1.93 (s, 2H), 1.18 (s, 6H), 0.08 (s, 6H); 13C NMR (68
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MHz, CDCI3) li 143.6, 133.4, 70.3, 58.3, 51.2, 50.9, 29.2, 28.0, -2.7; IR (film) 3389,

2941-2794, 1615, 1417, 1248, 112~ cm'l; MS (C.!.) mlz 274 (100%) M+I, 256 (23%),174

(48%), 117 (43%).

7.8) 5-1 (N-methylpiperazino-N-methyl) dimethylsilyll-2-methyl-pellt-4E-ene-2-o!. EnI ry Il

lable 3:

The amine Sd (0.100 g, 0.51 mmol) was reacted with acetone using the procedure descriLcd in

section 7.1. AI'ter work up and evaporation of the solvent, 0.07 g of 11 crude 4: 1 E:Z mixture

of alcohols was isolated (55% yield). This product was not purified funher.

Major isomer:

1H NMR (200 MHz, CDCI3) li 6.15 (dt, J= 18.5, 7.1 Hz, \1-1), 5.75 (d, J=18.5 Hz, 1H), 2.45

(m, 8H), 2.26 (s, 3H), 2.26 (tl , J=7.1 Hz, 2H), 1.95 (s, 2H), 1.18 (s, 61-1), 1.1 (s, 6H).

7.9) 5-1 (Piperidino-N-methyl) dimethylsilyll-2-methyl-pellt-4E-ene-2-o!.

Enlry 9 table 3:

The amine Se (0.100 g, 0.51 mmol) was reacted with acetone using th.: procedure describ.:d in

section 7.1. Artel' work up and evaporation of the solvent, 0.11 g of pure E alcohol was

isoluted (85% yielcl).

IH NMR (200 MHz, CDCI3) li 6.12 (dt, J=18.7, 7.0 Hz, IH), 5.73 (d, J=18.7 Hz, IH), 2.30

(m, 4H), 2.30 (d, J=7.0 Hz, 2H), 1.89 (s, 2H), I.5 (m, 4H), I.3 (m, 2H), 1.18 (s, 6H),

0.09 (s, 6H); l3C NMR (50 MHz, CDC13) li 143.2,133.7,70.2,58.4, 5U, 51, 29.1, 26.1,

23.7, -2.6; IR (film) 3355, 2927-2763, 1615, 1414, 1252, 1118 cm- I; MS (E.!.) mlz 255

(1 %), 196 (3%), 98 (100%).

8) General method for the synthesis of homoallylalcohol with Z double bond

gcometry.

8.1) 5-[(Morpholino-N-methyl) dimethylsilyl]-2-methyl-pent-4Z-ene-2-0!.

Entry 2, table 3:
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Th~ allyl(morpholino-N-m~lhyl)dimelhylsilan~ 5" (0.100 g, 0.5 mmol) dissolved in 3.0 mL of

lllluen~ was deprolllnaled by adding 1.5 eq. of sec-butyllilhium (1.3 M in c-hexane) at -25 oC

under an argon almosphere. After stirring 12h at this temperature, 0.5 mL of dry

dimelhoxyelhane was added. The solution was stirred an additional 30 minutes at this

lemperalUTe and 0.100 g (2.5 eq.) of acetone was lhen added al -90oC (liquid nitrogen ether

bath). Arler 15 minules slirring at lhis lemperature, hexanes (20 mL) and concentrated

ammonium chloride Solulion (2.0 mL) were added. The water layer was discarded and the

organic layer was washed wilh 10 mL of brine, dried wilh anhydrous magnesium sulfate and

lhe solvel1l evaportlled giving 0.130 g of a clear oil which contained E and Z isomers in a 1:6

proportion. The Z isomer was purified by flash chromatography with 20% ethyl acetate in

hexanes as eluenl giving 0.800 g of a clear oil.

'1-1 NMR (200 MHz, CDCI3) /) 6.52 (dl, J=I3.9, 7.9 Hz, IH), 5.58 (d, J=13.9 Hz, lH), 3.66

(m, 41-1), 2.4 (m, 41-1), 2.3 (d, J=7.9 Hz, 21-1), 2.0 (s, 21-1), 1.23 (s, 61-1), 0.13 (s, 61-1); 13C

NMR (67.80 MHz, CDCI3) li 146.4, 128.5, 68.9, 66.4, 57.1, 51.9, 48.2, 30.0, -0.5; IR

(film) 3405,2961, 1606, 1450, 1370, 1290, 1249, 1119,840 cm-1; MS (C.I. methane) m/z

MI+I=258 (100%), 240 (22%),158 (33%),139 (19%).

8.2) 5-1 (Morpholino-N-methyl) dimethylsilyl]-pent-4Z-ene-2-01. Entry 1, table 3:

The amine Sb (0.100 g, 0.5 mmol) was reacled with acetaldehyde using the procedure

described in section 8.1. After work up and evaporation of the solvent, 0.1163 g of crude

containing a 1:6 E:Z isomeric mixlure was separaled by flash column chromatography using

20% ethyl acetale 80% hexanes as e\uel1l. After ellllion of the Z isomer, the E isomer was

washed out from the column with ethyl acetate giving a total of 0.075 g of isolated products

(63% yield).

11-1 NMR (200 Ml-lz, CDCI3) /)6.44 (ddd, J=6.2, 9.6, 14.0 Hz, 11-1),5.59 (d, J=14.0 Hz,

lH), 3.86 (m, 11-1), 3.68 (m, 41-1), 2.42 (m, 5I-l), 2.20 (m, lH), 1.94 (d, J= 14.5 Hz, lH),

1.22 (d, J=14.5 Hz, 31-1),0.17 (s, 31-1),0.15 (s, 3I-l); 13C NMR (50 MHz, CDCI3) 8 147.5,

128.2,66.3,65.8,56.9,51.4,44.1,23.9, -0.5, -1.0; IR (film) 3393, 2950, 1607, 1458,

1249,1117,840 cm-1; MS (El) m/z MI=243 (0.1%),228 (0.9%), 198 (0.8%), 158 (0.2%),

llXl (100 %),56 (21%), 45 (15%).
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8.3) 4-[(Morpholino-N-methyl) dimclhylsilyl [-I-phenyl-but-3Z-enc-I-ol.

Entry 3, table 3:

Thc aminc 5b (0.100 g, 0.5 mmo1) \Vas rea~lcd \Vith benzalctehyde using the proccdure

describecl in seclion 8,1. Aftcr \Vork up and evaporation of the solvcnt, 0.2154 g of crudc

containing a 1:6 E:Z isomeric mixture \Vas separaled by t1ash column chromatography using

40% clhyl acctate 60% hcxancs as elu'lIll. After elu.jon of the Z isomcr, thc E isomcr \Vas

washcd out from lhc column \Vith cthyl acctate giving a total of 0.110 g of isol:ucd products

(72% yicld).

11-1 NMR (200 MHz, CDCI3) li 7.4-7.2 (m, 5H), 6.47 (ddd, J=5.7, 9.7,13.7 Hz, IH), 5.61

(d, J=13.7 Hz, IH), 4.81 (dd, J=3.5, 9.2 Hz, 11-1),3.72 (m, 41-1), 2.70 (dddd, J=I.I), 3.5,

4.6,14.1 Hz, 11-1),2.47 (m, 5H), 2.22 (d, J=14.3 Hz, 11-1), 1.94 (d, J=14.3 I-Iz, 111),0.18

(s, 31-1), 0.07 (s, 31-1); 13C NMR (50 MHz, CDCI3) li 147.5, 145.S, 128.4, 128.3, 127.0,

125.4,71.8,66.3,57.0,51.3,45.2, -0.3, -1.1; IR (film) 3401, 2918,1607,1450, 1249,

1116,843,760,700 cm-1; MS (E.!.) m/z MI=305 «0.1%), 290 (0.2%), 248 (0.1%),205

(4.1%),158 (2.9%), 107 (17.6%), 100 (100%); C.!. M+I=306 (100%), 288 (60%),158

(19%).

8,4) 4-[ (Morpholino-N-mcthyl) dimelhylsilyll-I-phcnyl-hexa-I E,5Z-dicnc-3-01.

Entry 4, tabic 3:

Thc amine 5b (0.100 g, 0.5 1110101) \Vas reacted with CÎnnamaldehyde using the procedure

described in section 8.1. After work up and evaporation of the solvent, 0.3127 g of crude

containing a 1:5 ::Z isomeric mixture \Vas separllled by flash column chromatography using

20% cthyl acetate SO% hexanes as eluant. After clulion of the Z isomcr, the E isomcr was

washed out from the column with cthyl acetate giving a total of 0.1 OS g of isolatcd products

(65% yield).

lH NMR (200 Ml-lz, CDC13) li 7.4-7.15 (01,51-1),6.64 (dd, J=1.6, 15.9 Hz, 11-1),6.51 (ddd,

J=6.1, 9.5, lU Hz, 1H), 6.27 (dd, J=5.1, 15.8 I-Iz, 11-1),4.41 (m, IH), 3.72 (m, 4H), 2.61

(dddd, J=I.3, 3.7,6.0, 13.9 Hz, IH), 2.44 (m, 4H), 2.30 (m, IH), 2.16 (d, J=14.3 Hz,

1H), 1.94 (d, J=14.3 Hz, IH), O.IS (s, 31-1),0.13 (s, 31-1); l3C NMR (50 MHz, CDC13) li

147.0, 137.1, 133.4, 128.S, 128.6, 128.4, 127.4, 126.5,70.0,66.2,56.9,51.4,43.0, -0.4,
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-1.0; IR (film) 33~5, 3025, 2919, 1605, 1449, 1292, 1250, 1115,967,845 cm-I; MS (C.L)

m/z M+I=332 (X3%), 314 (15%),158 (100%).

X.5) 1-{1-\ (Mol"pholino-N-mcthyl) dimethylsilyll-prop-IZ-cnc-3-yl }-cyclohcx-2-cne-I-ol.

Enlry 5, lnble 3:

The amine Sb (0.100 g, 0.5 mmol) was rcacted with cyclohexene-2-one using the procedure

described in scction 8.1. Aftcr work up and evaporution of the solvent, 0.228 g of crude

conHlining a 1:5.5 E:Z isomcric mixture was separutcd by flash column ehromatography using

20% elhyl accHltc 80% hcxancs as cluant. After clution of the Z isomer, the E isomer was

washcd out l'rom thc column with cthyl acetate giving a total of 0.096 g of isolated products

(61 % yicld).

!J-I NMR (200 MHz, CDCI3) li 6.54 (dt, J'-,7.8, 13.8 Hz, IH), 6.76 (dt, J=3.4, 18.25 Hz,

11-1),5.64 (m, 11-1),5.61 (d, J=13.8 Hz, IH), 3.67 (m, 4H), 2.41 (m, 4H), 2.37 (ddd,

J=1.2, 2.8, X.O I-Iz, 2H), 2.03 (s, 21-1), 2.2-1.6 (m, 61-1),0.18 (s, 6H); l3C NMR (50 MHz,

CDCI3) li 145.9, 133.3,129.0, 128.8,68.4,66.2,57.0,51.6,46.8,36.6,25.1,19.2, -0.7;

IR (film) 3649,3420,2923, 1604, 1449, 1248, 1116, 840 cm-I; MS (E.L) m/z MI=295,

277, 195, 167, 158, 100,97.

8,6) 6-[(Morphnlino-N -methyl) dimethylsilyl)-I-(2,6,6-trimethyl-I-cyclohexen-I-yl)-3­

I11cthyl-hcxa-1 E,5Z-dicnc-3-ol. Entry 6 table 3.

The 1II11inc Sb (0.100 g, 0.5 mmol) was reacted with ~-ionone using the procedure deseribed in

scction 8.1. After work up and evapormion of the solvent, 0.281 g of crude containing a 1:4

E:Z isomcric mixturc was separated by flash column chromatography using 10% ethyl acetate

90% hcxancs as cluant. Aftcr clution of the Z isomer, the E isomer was washed out l'rom the

eolumn with cthyl accHltc giving a total of 0.120 g of isolated products (56% yield).

1(-1 NMR (200 MHz, CDCI3) li 6.53 (dt, J=7.9, 13.8 Hz, IH), 6.05 (d, J=13.7 Hz, lH),6.01

(d, J=13.7 Hz, lB), 5.50 (d, J=16.0 Hz, IH), 3.69 (m, 4H), 2.41 (m, 6H), 2.03 (d, J=2.7

I-Iz, 2I-l), 1.95 (m, 2I-l), 1.66 (s, 3H), 1.58 (m, 2I-l), 1.44 (m, 2I-l), 1.32 (s, 3H), 0.98 (s,

31-1),0.97 (s, 31-1), 0.16 (s, 3I-l), 0.12 (s, 3H); l3C NMR (50 MHz, CDCI3) li 146.6, 141.8,

137.3, 128.4, 127.8, 124.2,71.4, 66.3, 56.9, 51.6, 47.3, 39.2, 33.8, 32.5, 28.6, 28.5,

21.2,19.1, -0.6, -0.8; IR (tilm) 3342, 2752, 2752,1606,1451,1251,1206,1118,838,793

cm-I; MS (E.I.) m/z cale'd for C23H4102NSi: M-18=391.2907, found 391.2908; 391
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(0.1%),373 (0.1%), 291 (2.9%), 177 (4.7%), 175(6.3%), 158 (4.7%), HKl (lOO%), 75

(39%).

8.7) 5-1 (Thi"morpho!ino-N-methyl) dilllethylsily11-2-melhyl-pel1l-4Z-ene-2-01.

Entry 7 table 3:

The allyl(thiomorpho!ino-N-mcthyl)dimelhylsilane Sc (0.100 g, OA7 mmol) was reacted with

acetone using the procedure described in section 8.1, with the exceptiol' thatthe deprolOnation

\Vas calTied out at O°C during 12 hour,. Artel' work up and evapomtion of the solvent, 0.12 g

of crude containing a 1:6 E:Z isollleric mixture was separated by Ilash colmlln chromatography

using 20% ethyl acelaW 80% hexanes as eluant. Artel' elution of the Z isolller, the E was

washed O'lt l'rom lhe column with ethyl acelate giving a total of O.OSO g of isolated prmlucts

(63% yield).

!H NMR (200 MHz, CDC13) Il 6.55 (dt, J=13.7, S.O IIz, IH), 5.6 (d, J=13.7 Hz, IH), 4.70

(s, 1H), 2.65 (s, SI-I), 2.3 (d, J= S.O Hz, 2H), 2.1 (s, 21-1), 1.24 (s, 61-1), 0.14 (s, (,l-l); 13C

NMR (50 MHz, CDCI3) Il 146.5, 12S.3, 68.9, 5S.2, 52.3,48.1,30.0,27.2, -0,4; IR (lïIm)

3450,3125, 2944-2800, 1606, 1452, 1375, 1250, 1126 cm- I; MS (C.L) m/z 274 (Hl%)

M+l, 256 (47%),174 (24%),116 (95%).

8.8) 5-[(N-Methylpipemzino-N-methyl) dimethyIsilyll-2-methyl-pent-4Z-ene-2-ol.

Entry 8 table 3:

The allyl(N,N-methylpiperazinomethyl)dimethylsilane 5d (0.100 g, 0,47 nunol) was reacted

with acetone using the procedure described in section 8.7. After work up und evuporution of

the solvent we obulined 0.080 g of crode containing li 1:7 E:Z isomeric mixture. The producls

were not sepamted and only the proton spectm of the major product is given.

11-1 NMR (200 Ml-lz, CDCI3) Il 6.55 (dt, J=13.7, 8.0 Hz, 11-1),5.6 (d, J=13.7 Hz, \1-1),2,48

(s, 81-1), 2.32 (d, J= 8.0 Hz, 21-1), 2.29 (s, 31-1), 2.05 (s, 2H), 1.23 (s, 61-1), 0.14 (s, 61-1); IR

(film) 340, 3100, 2944-2700,1606,1456,1371,1251,1150 cm-!; MS (C.L) m/z 271 (96%)

M+l, 253 (43%), 171 (45%), 114 (lOO%).

8.9) 5-[(Piperidinomethyl-N-methyl) dimethylsilyll-2-methyl-pent-4Z-enc-2-0l.

Entry 9 ta bic 3:
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• Thc allyJrpipcridino-N-mcthyl)dimcthylsilanc Sc (0.100 g, 0.51 mmol) was reacted with

aet.:tonc using Ihc proccdurc dcscribed in section 8.7. After work up and evaporation of the

solvcllt, 0.100 g of cnldc containing a 1:7 E:Z isomeric mixture wus separated by flash column

chromatography using 20% ethyl acetate 80% hcxancs us eluant. Elution of the Z isomer gave

u lotal of (l.O30 g of a yellow oil (23% yield). No E isomer was isolated.

Ifl NMR (200 MHz, CDCI3) li 6.56 (dt, J=13.7, 8.0 I-Iz, 1H), 5.59 (d, J=13.7 I-Iz, !H), 2.35

(d, J=8.0 Hz, 211), 2.35 (Ill, 41-1), 2.01 (s, 21-1), 1.56 (m, 4H), 1.35 (m, 21-1), 1.24 (s, 61-1),

0.11 (s, 611); 13C NMR (50 MHz, CDCI3) Il 146.6, 128.2,68.5,58.2,52.5,48.2,30.1,

25.2,23.4, -0.3; IR (lilm) 3450, 3125, 2942-2742, 1607, 1453, 1372, 1252, 1122 cm-!; MS

(C.!.) m/z 256 (100%) M+I, 238 (63%),156 (69%),139 (61%).

4.4 Synthcsis and rcactivity of pcntadienylsilanes.

O~~i~~~
~t?S

\

A

Figure 4.1.

B

Wc huve reporled in section 4.2, the dramatic effects caused by the presence of a

complexing group, on the stereoselcctivity of a-lithioallylsilanes additions to carbonyl

CICCll'llphilcs. 1 Howevcr such complexing groups remained ineffective in cClIItrolling

regioselectivity, because the characteristic y- selectivity of the addition of a-lithioallylsilanes to

ketoncs and aldehydes was still being observed. Presumably the regioselectivity of the reaction

is due to Ihe stcric hindrance observed by the eleclrophile approaching the nucleophilic ally1

lInion a 10 the silÎl:onlls drawn in A (Figure 4.1) We can see in B that uttack in the opposite

orientution is Ilot subject 10 the sume stcric crowding. The question thut remuins to be

llnswered is: clin u cOl11plcxing group hllve any effect on the regiose1ectivity of cllrbonyl

addition'! For cxal11ple could wc direct the atlack yon a conjugated system where an E allack is

nonnlllly favllred due to rclatively weak steric interactions '12

We decidcd to answcr thesc questions using the pentadienyl system as a mode\. Similar

moocls has tllreudy been studied by Oppolzer3 llnd Nakamura.4 These made the interpretation

• of our results eusicr.
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Scheme 4.1: Synthesis of aminomethyldimethylpentadienylsilane 4.3.4•5

Pentudienylsilane 4.2 was prepared by deprotonation of 1,4-pentadiene 4.1 and

reaetion with chloro(chloromelhyl)dimelhylsilane. When the reaction was carricd out at O°C the

petadienyllithium. subsliluted both chlorine atoms of the electrophile 10 form the tetntene 4.4 in

40% yield after distillation. The desired 2,4-pentadienyl(chloromethyl)dimethylsilane 4.2 was

synthesized in 80%* yield by the addition of the anion to the electrophile at -78°C. This

product was reacted with 3 cl!. of the bis(methoxymethylene)amine at 90°C for 24 hours to

give the amine 4.3 in 30 % yield al'ter purification by flash ehromatography. Atlempts at

forming the amine 4.3 directly by substitution of the dihydrofuranyl group on compound 4.5

(see next chapter ) gave a complex mixture of products (Scheme 4.1).

The resu1ts of our studies on the reactivity of a pentudienylsilyllithium rellgent bearing a

complexing group, seems to suppon the idea that at least some y control can be obtained with

these reagents. We have reacted the anion 4.6 derived from pentadienylsilane 4.3 with

acetone, benzaldehyde, cinnamaldehyde and benzophenone (Table 4.1).

• *The side reaction product 4.4 couId never be completely eliminaled.
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~ 4.7 A

HO RI
'f-R2

~SiMe2

4.9 ~

ent!)' electronh ile 4.7 4.8 4.9 cmde yield

a acetone 100 93%

b benzaldehyde 75 25 93%

d benzophenone 100 \00%

Table 4.1: Addition to aldehyde und ketones.

The aminomethylpentudienylsilune 4.3 wus deprolOnuted ut -78 oC in 'l'HF und then

rcucted with curbonyl electrophiles in order to detennine the influence of the chelming group on

the regioselectivity of the addition. The reslilts given in lUbie \, seem to indicate a

predominance of y uddition prodllcl being formed, with the exception of benzophenone which

reuctt:d in the E position. These reslilts, when compured ta Oppolzer's indicate a net change in

seleetivity; Oppolzer reported u net preference for the E tlddition product when the chelating

group is absent (for benzuldehyde u ratio of 4/1 in preference of the E addition productlike 4.9

wus observed).3 This supports the hypothesis outlined atthe beginning of the chapter that the

umine complexes the lithium cution und can influence the regioselcctivity of the reaction atleast

to some extent.

Concerning the use of the mninomethylpentadienylsilanes and other

aminomethylallylsilunes in the synthesis of polyenic compounds the major difficulty we are

fUCÎng using this type of upprouch is thm no 0. uddition product was ever isolated from these

rcuctions us wus the cuse in the exumples reported b~1 Oppolzer.

The fommtion of the ullyl unions is, on the other hand, much easier when the chelating

• group is present. Aiso the deprOlonution in solvents such us to\uene or ether is possible.
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Concerning the a-selectivity, Perhaps the presence of an amino group on sylllhons Iike

the ones described in chapter 3 would give some more a selectivity. Considering the rcsults

outlined here al1llthe casier deprolOnation of such systems, we decided 10 go forward with the

synthesis of a rctinoie acid synthon having an aminomethylsilyl chelating group attached to it

(see chapter 5).

4.5 Experimental.

See section 4.2 for general comments on experimental. 1,4-Pentadiene was purchased from

Aldrich.

1) Pentadienylch10romethyldimethylsilane 4.2.

1,4-Pentadiene (1.77 g, 26 mmo1) was deprotonated by the addition of n-BuLi (2.5M

(1.2 eq.) in hexanes) in ISO mL of freshly distilled THF at -78°C. The reaction mixture wns

wanned up to O°C ;md left stirring for 2 hours then the tempenlture wns brought down to -80°C

and this solution was slowly transferred to a flask containing

chloro(chloromethyl)dimethylsilane (3.7 g, 26 mmo1) at -78°C. The reaction mixture was

wanned up to room temperature, filtered and the solvents were evaporated leaving 4.0 g of

crude pentadienyl(chloromethyl)dimethylsilane (80% yield). The proton NMR showed the

product to be around 70% pure. This compound was used in the next step without further

purification as a mixture of 9: l, E:Z isomers.

lH NMR (200 MHz, CDC13) li 6.29 (dt, J=IO.2, 16.9 Hz, IH), 5.97 (dd, J=10.2, 14.9 Hz,

IH), 5.69 (dt, J= 8.3, 14.9 Hz, IH), 5.0-4.86 (m, 2H), 2.78 (s, 2H), 1.67 (d, J=8.3 Hz,

2H), 0.14 (s, 6H); IR (film) 3083-2925, 1642, 1601,1253,1002 cm- I. MS (El) m/z 176

(4%), 174 (12%),107 (58%),93 (37%), 81 (38%),79 (100%).

2) 2,4-Pentadienyl-N-1 bis(methoxyethyl)aminomethyl] dimethylsilane 4.3.

Under argoll, 2,4-pentadienyl(chlorol11ethy1)dimethylsilane (1.0 g , 5.6 mmol) prcparcd

above was heated neat with freshly distilled N,N-I bis(methoxyethy1)amine1(1.53 g, 11.2

mmol) ;\1 110°C for 2 hours. During the reaction a brown oil deposited at the bottom

(hydrochloride of the amine). The rcaction mixture in 20 mL of ether was washed twice with
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20 mL of dislillcd water and oncc with 10 mL concentruted sodium carbonate solution. The

organic layer was dried over anhydrous Illagesium sulfUle and the solvent evaporuted. Flash

chromatography using a 20:80 % ethyl acetate 1hexanes mixture gave 0.45 g (30% yield) of a

dark oil. Longer reaction limes and lower reaction temperutures did not give bettcr results.

Purification by Kugclrohr V.ICUUIll distillation only led to decomposition of the produc!. This

product consisted of a 6: 1 E: Z mixture of isomers.

The predominant E isomer:

11-1 NMR (200 Mllz, CDC13) li 6.22 (dt, J=IO.I, 16.9 Hz, IH), 5.92 (dd, J=IO.I, 14.9 Hz,

11-1),5.69 (dt, J= g, 14.9 Hz, 11-1),4.90 (d, J= 16.9 Hz, 11-1),4.87 (d, J=IO.1 Hz, 11-1),3.43

(t, J=16.2 I-Iz, 41-1), 3.31 (s, 61-1), 2.63 (t, J=16.2 I-Iz, 4H), 2.07 (s, 2H), 1.58 (d, J=8 Hz,

21-1),0.05 (s, 61-1); 13C NMR (50 MHz, CDCI3) li 137.4, 131.7, 130.0, 112.7,70.9,58.7,

57.1,45.5,21.8, -2.3; IR (film) 3002-2811,1642,1601,1251,1122 cnr l . MS (El) mlz 271

(6%),226 (100%), 216 (42%), 204 (48%),146 (89%).

3) 2,4-Pcntadienyl-3,5-hexadienyldimcthylsilane 4.4. The compound was isolUled as a side

product in most of the reactions carried out using the procedure 1 but became thc major product

at higher rcaction temperaturcs .

1,4-Plllll'ldiene (1.0 g, 15 I11mol) was deprotonated by the addition of n-BuLi [2.5M

(1.2 eq.) in hexancsl in 10 I11L of frcshly distiled THF at -78°C. The reaction mixture was

warl11ed up 10 O°C and left stirring for 3 hours then chloro(ch10romethyl)dimethylsilane (2.1 g,

15 ml11(1) was added to this solution. The reaction mixture was warmed up to room

tCl11perature, filtered and the solvents wcre evaporated leaving 1.2 g (40%) of crude

pentadienyllldduci 4.4.

11-1 NMR (200 Ml-lz, CDCI3) li 6.41-6.19 (m, 21-1), 6.12-5.60 (m, 41-1), 5.14-4.80 (m, 4H),

2.10 (m, 21-1), 1.54 (d, J=8Hz, 21-1), 0.64 (m, 2H), -0.8 (5, 6H); l3c NMR (50 MHz, CDCI3)

li 137.7,137.5, 137.2, 131.8, 129.9, 129.7, 114.7, 112.8,26.6,22.1,14.3, -3.6; MS (El)

m/z 206 (5%), 139 (100%), III (84%),73(41 %),59 (88%).

4) Gllneral rcaclions of the anion of 4.3 with carbonyl compounds. The pentadienyl silane

4.3 was dllprotonated Wilh s-BuLi (1.3 M in c-hllxanll) or with n-BuLi (2.5 Min hexanes)

al a tel11pcruture of -60°C during 4 hours and the resulting anion was reacted with acetone,

bcnzaldehyde, cinnamaldchyde and benzophenone. The results are given in table 1.
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4.1) Table 1 el1lry a: Reaction of silane 4.3 with acelone represents an exumple of the

general procedure used for thesc reuctions.

s-Butyllithiumll.3 M (0.31 mL, 1.2 eq.)1 in c-hexune wus udded to Ihe silune 4.3

(0.05 g, 0.2 mmol), dissolved in 5.0 mL of anhydrous nIF al -60°C. This reuction mixture

was left stirring for 4 hours. Acetone (0.01 g, 1.2 eq.) was then slowly added to this

sollllion al -78°C and left to react for 20 min. The l'euction mixture was then wUl111ed up 10

room temperuture and 10 mL of hexanes were added with 1 mL of saturaled ammonium

chloride solution. The organic phase was separated, washed with 10 mL of waler, dried

over unhydrous mugnesium sulfute and the solvents were evuporaled leuving 0.057 g (83%)

of a crude yellow oil which contained only the y-addition producl as evuluuted by proton

NMR.

1H NMR (200 MHz, CDCI3) li 6.18 (dd, J=18.6, 7.8 Hz, IH), 5.82 (m, IH), 5.77 (d, J=

18.6 I-Iz, IH), 5.2-5.03 (m, 2H), 3.42 (l, J= 602l-1z, 41-1), 3.31 (s, 61-1), 2.70 (m+!, J=6.2

Hz, 5H), 1.17 (s, 61-1), 0.12 (s, 31-1), 0.10 (s,31-1). IR 3438, 2903, 1609, 1248, 1118.

MS (El) m/z 329 (2%), 285 (53%), 226 (18%),204 (6%),146 (100%).

4.2) Tuble 1 entry b: Reuction of silune 4,3 wilh benzaldehyde:

The silane 3 (0.11 g, 0.4 mmol) dissolved in 5.0 mL of anhydrous TI-IF was reacted

wilh benzaldehyde using the procedure described in seclion 4.1. Work up and eVllportllion

of Ihe solvents gave 0.14 g (93%) of a yellow oil conlaining a 4/1 mixture of 4,8b (mixture

of diastereomers) wilh some E-addition product 4,9b. The products were identified by

prolon NMR speclroscopy using the chemical shifts of Ihe olefinic region reported by

Oppolzer.3

IH NMR (200 MHz, CDCI3) li 7.4-7.2 (m, 5H), 6.52 (dd, J=18.4, 10.0 Hz, e products 1/4

H), 6.12 (dd, J= 18.7,7.6 Hz, y products 3/4 H), 5.50-5.90 (m, 2H), 5.18 (m, 1/2 H),

4.98 (m, 11/2 H), 4.63 (d, J= 7.4 Hz), 4.55 (d, J=7.4Hz), 3.43 (t, J= 6.2Hz, 4H), 3.31

(s, 6H), 2.70 (m, IH), 2.70 (l, J=6.2Hz, 4H), 2.14 (s, 1 1/2 H), 2.02 (s, 1/2 H), 0.15 (m,

4 1/2 H), 0.50 (s, 1 1/4 H), 0.02 (s, 1 1/4 H).

4.3) Table 1 entry d: Reaction of silane 4,3 with benzophenone:
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The silane 3 (0.1 g, 0.4 ml11ol) dissolved in 5.0 mL of anhydrous l'HF was reacted

with benzophenone using the procedure described in section 4.1. Work up and evaporation

or the solvents gave 0.18 g (100%) of a yellow oil comaining the addition product 4.8d plus

sOl11e unreacted benzophenone.

III NMR (200 Ml-lz, CDCI3) 0 7.9-7.1 (111. 100-I), 6.45 (dd. J=18.1, 9.9 Hz, IH), 6.25 (dd,

J=IO.I, 14.9I-1z, 11-1),5.80 (d, J= 18.1 Hz, 11-1),5.57 (dt, J=7.4, 14.9Hz, IH), 3.43 (t, J=

6.1 I-Iz. 41-1).3.30 (d, J= 7.4 Hz. 21-1), 2.65 (t, J= 6.IHz, 4H), 2.12 (s, 2H), 0.11 (s,6H).

IR 3415. 3058-2896.1640,1448.1248,1114. MS (El) rn/z 453 (1%), 408 (33%), 226

(29%),204 (10%),183 (68%), 146 (100%), 105 (100%),77 (55%).

4.6 References.

1. Other groups have also used the complexing l110iety with an organosilicon tether.

1-1. Imanieh, P. Quayle, M. VOllden Tetrahedroll Leu. 1992, 33, 543. K. Marumo, S.

Inoue, Y. Sato. H. Kato J. Chem. Soc. Perkill Tralls. 1.1991,2276. K. l'amllo, E.

Naklljo. Y. !to Te/ra/wt/roll 191111, 44, 3997. and references cited there in.

2. Sel: the short rcview in chapter 3.

3. W. Oppolzer, s.e. Burford, F. Marnzza Helv. Chim. Act. 1980, 63, 555.

4. H. Yasuda, T. Nishi, S. Miyanaga, A. Nakamura Orgallometa/lics, 1985,4,359.

5. For the synthesis and 11-1 NMR of pentlldienyltrimethysilane see:

D. Seyferlh, J. Pornet J. Org. Chem. 1980, 45, 1722.

6. For the prcpllrntion of pentadienyllithium see:

R. B. Bales, D.W. Gosselink, J.A. Kaczynski Tetrahedroll Leu. 1967,199.
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• CHArTER s .

A NEW SYNTHESIS OF (AMINOMETHYLlALLYLSILANES.

5.1 Introduction.

A

•

ln chapter 1-4 we described the synthesis und reactivity of the anions of allylsilanes.

We have shown that although possible, the synthesis of retinoic ucid through the use of A

was not very efficient. Use of additives like cerium and magnesium salts did not help

greatly.

ln the previous chapter, we concludcd thlll the synthesis of ,li! aminomethylsilane of

type n may not disfavor the 1,4- conjugale uddition product and that the complexing amino
functionality may not improve the a-regioselectivity. However we decided to go ahead with

the synthesis of n because of the challenge, and also because we bclieved that these reagents

should deprotonllle more easily, giving us access to a wider range of possible reaction

conditions (non-polar solvents). Also, the development of new intemlediates necessary for

the synthesis of B might mm oUl to be more useful in the synthesis of retinoids than n itsclf.

We now report the sYlllhesis of n and sorne interesting methodo\ogies that were devcloped

to this aim.

R'
1
N

( 'R'
SiR2

B

The first purt of this chapter is an article co-authored by Chan, Nwe

and myself, and deals with the use und the synthesis of aryl(aminomethyl)dimethylsilanes.

This article has been uccepted for publication in Organometullics li993). PIeuse note thut for

the pllrpose of the demonstration of the lIsefulness of the method, the entire paper has been

reproduced here. Dr. Nwe used the methodology described in the first part of the paper to

prepare an (aminomethyl)dimethylpropargylsilane. The second purt of this chapter is in the

formofa
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communication to Tctrahcdron Lcttcrs and dcals with the synthesis of allenes, prepared by
the l'eterson eliminalion, of ~-hydroxyvinyltrimethylsilanes, under basic conditions. The

format of these two articles has been changed to fit the thesis, however the numbering of the

compounds has nol been changed and is not rclated to numbering for the rcst of the thesis.

The lhird part of lhis chapter deals with the tentative slUdies for the development of

new aminomelhyl substituted silyl nucleophiles. The fourth deals with the successful use of

allene for the synthesis of allyl(aminomelhyl)silane B via hydrosilylation.

5.2 New aryICaminomethyl)c1imethylsilanes.

Synthcsis of (Aminomcthyl)silanes with the Use of an
Easily Clcavablc Carbon-Silicon Bond.

D. Labrecfj/le, K. T. NIVe aud T. H. Chau>

Depal'tmellt of Cllemistry, McGill Uuiversity, Moutreal, Q/lebec,

Callalla 113A-2K6

A number of (chloromethyl)dimethylsilanes 8a-c bearing a

heterocyclic substituent (C1CH2)(CH3)zSi(C4HnX) (a, n = 3, X = 0; b, n =

3, X = S; c, n = 5, X = 0) were synthesized and aminated with morpholine to

give (aminomethyl)silanes 9a-c (Csl-lIONO)(CH3)zSi(C4HnX) (a, n = 3, X

= 0; b, n = 3, X = S; c, n = 5, X = 0). They were screened for their

capacity to undergo nucleophilic substitution reactions using lithium

aluminum hydride. The heterocyclic substituent on silane 9c was easily

rcplaccd with hydride, alkyls, and the trimethylsilyl group. This series of

rcactions was successfully applied to the synthesis of the pentamethyldisilane

14 (CsH IONO)(CH3)SSi2 and the acetylene (aminomethyl)silane 21

(CI3I-\19NSi) not rcadily available in pure form by other means.
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While much of the current interest in the use of organosilicon chemistry for organic

sYlllhesis1 has been focused on silicon compounds bearing simple alkyl or aryl groups, there

has been increasing recognition thal organosilicon compounds with proximate functional

groups may modulate the reactivity patterns.2 Comparison between a methyl substiluted and

an a-aminomethyl substituted organosilicon compound is particularly illustntlive. Itlms been

well established3 that the (trimethylsilyl)allyl anion (la, A = 1-1) reacts with an electrophile
regioselectively at the y-position to give the product 2.y with E stereochemistry al Ihe

double bond (Scheme 1).

1JL(A=H)
l!l (A=NR 2)

+

A

1)
~s~

E

•

Scheme I.

On the other hand, various I(a-aminomethyl)dimethylsilyllallyl anions (lb, A =
NR2) can react with electrophiles giving different regioselectivity4 and stereochemistry atthe

double bond.5 In cases where the amino moiety is chiral, asymmetric sylllhesis using chiral

(a-aminomethyl)organosilicon compounds can be achieved, very orten with high

stereoselectivity.6 Another difference is that the carbon-silicon bond of compounds in which

the silicon belU's an a-aminomethyl group can be cleaved readily by oxidation,7 first to the

corresponding silanol and eventually to the carbinol.8 A similarly methyl substituted

organosilicon compound is likely inert under the same oxidation conditions. This ready

oxidation of (a-aminomethyl)silanes may well account for their bioactivity as monoamine

oxidase inhibitorsY

(a-Aminomethyl)silanes 4 are usually synthesized by nucleophilic displacement of

the corresponding (a-chloromethyl)silanes 3 with amines (Scheme 2).4,10 This approach is

quite adequllle except in the cases where the precursor is not readily available or when the

group R is reactive toward amines and/or amine hydrochloride salts.
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• I3ecause of our interest in this area, we have examined an alternate approach to the

synthesis of (a-aminomethyl)silanes which involved the preparation of (chloromethyl)silane

5, from chloro(chloromethyl)dimcthylsilane, containing a leaving group Y. This group was

choscn for its inel1ncss toward amines so that the displacement of the chlorine can take place

to give 6. Finally, the group Y itself is displaced by a nucleophile R to give 4 (Scheme 2).

Even though the synthesis is sor.lewhat round about, it does provide the desired (Il­

aminomethyl)silancs in goad overall yield, and permit the sylllhesis of compounds with a

reactive R group.

Rcsulls IInd Discussion

The group Y examined included 2-furyl, 2-thienyl, and 4,S-dihydro-2-furyI.11 Thus,

compounds SII-C wcrc prepared by the reactions of 7 with the appropriate organolithium

reagcnts. 12 ln ail cases, they wcrc found to re.lct with amines to give the corresponding 9a·e

in good yiclds. Morpholine was chosen as the representative amine, but other amines can be

used "'S weil. Nuclcophilic displacement of the Y group depends on the nature of Y as well

as that of the nuclcophile.

Scheme II

•

/
R-Si~ +

\ Cl

/
Y-Si~ +

\ CI
..

1
R-SI~

\ N-Rz
1

.4. RI

l"RU"

/
Y-Si~

\ N-Rz
1

.6. RI
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Table 1: Yields (%), for the formation of silane 10 and
intermediates, based on silanes starting material.

()
vu N

LAI-!
V sI' Il v-s(_ ......Si'.....NîCI(CICH21SiMc2 • -~ 1- .. ..

l.el lNI"\ /ù ~o
7 Il 9 '--./0 \0

llav=O- 9l1V=0-
0 0

IlbV=O- 9bV=0-
s s

IlCV=O- 9cV=0-
0 0

R Il 9 \0

2-furyl (a) 87" 85" 23"

2-thienyl (b) 83" 84" 68h, 42"

4,S-dihydro-2-fllryl (c) 89" 94" 73e

aThe producls were purified by Kugelrohr distillation lInder VlICUlim.

bCrude pl'Oduct, CThe protlllct was pure liS shown by Il NMR.
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No Re'lc.1" (0
-Si NJ

15 '" MeU '" McMgBr1
82% ~

No Reac.

l "
"-Si 1"\

"-N 0
\...J

10 78%

11

•

l "D-Si 1"\
"-N 0

\...J
71%

LAH

n-BuLi )77%

1"

~
Si 1"\
"-N 0

\...J
12

80%

rrY Li

V/
97%

0-, k 1"\
- "-N 0

13 \...J

Using lithium '1\uminum hydride as the common nucleophile, it was

possible III cvaluatc the effectiveness of different Y groups for the synthesis of

(aminomcthyl)silanes 10. The results arc compared in Table 1. Conversion of 9a to 10

requircd heating of the re'lgcnts in THF in a sealed tube at 150 oC, and the yield was

rclatively low (23%). Reductions of 9b and 9c to 10 could be carried out under milder

rcaction temperutures, and with beller yields. The 4,5-dihydro-2-furyl group seemed to be

the best lcaving group of the thrce, requÎling the mildest reaction conditions, and giving the

best ovcrall yield from 7 to 10. Use of lithium aluminum deuteride gave the corresponding

dcuteriosilane 11. Other nucleophiles can he used as weil (Scheme 3). For example,

organolithiul1ls wcre found to be very effective in displacing the heterocyclic substituent on

compound 9c giving u variety of ('1minomethyl)silanes 12-15. On the other hand, Grignard

reagents wcrc found not to displace the 4,5-dihydro-2-furyl group (Scheme 3).

•

Equally effective is the displacement of the 4,5-dihydro-2-furyl group of 9c using

(trimcthylsilyl)lithium as the nucleophile. Compound 14 was obtained in good yield. This

illustrutcs onc of the udvuntages of the present synthetic upproach. The alternative approach

(Scheme 2) Wus Icss versatile and less convenient since (chloromethyl)pentamethyldisilane

was not reudily available. 13
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16

CI

(S'~
• 1

~ 'Ile
\..oô

17

Ph -;;;=--"
NB
èH3

67%

Ph-;;;=--',
Br

•

'/ 80% LAI-IlISi,
CI

19

C
Ph, ~ ,

,
NCH3 NCII3

~Si 0 <'s·~• 1

1 2 Il.... ,
20 21

The usefulness of the present synthetie approach was also demonstrated by the

synthesis of compound 21, needed for another project. Direct reaction of

(chloromelhyl)dimethylsilane 19 with the amine 17 gave a mixture of products including the

desired compound 21 and the disiloxane 20. Becausc of the sensitivily of 21 to air

oxidation, it was difficult to perform chromatography 10 obtain pure 21. Similarly,

displacement of (chlorllmethyl)dimethylethoxysilanL' with amine 17 gave the disiloxane 20

as weil. On the other hand, rcaction of the amine 17 with 8c gave the compound 18 in 62%

yield. Reduction of 18 with lithium aluminum hydride in 'l'HF gave the silane 21 in 80%

yield (Scheme 4). Since 21 was the only compound obtained, purification by

chromatography was not necessary.

Conclusion

A number of a-aminosilanes have been synthesized by the use of amphiphilic group

y via Schcme 2. This approach can be used for the syntheses of reactive hydrllsilanes.

•
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Experimental Section

Diethyl elher and tetrahydrofuran (l'HF) wcre distilled from sodium benzophenone ketyl.

l-Iexanes and ethyl aCelll!e werc dislillcù from calcium hydride. NMR spectra were recorded

on a Varian Gemini 200 or Varian XL-200 eH al 200 MHz, 13C at 50 MHz) or Varian XL­

300 (IH al 300 MHz, 13C al 75 MHz) or a JEOL-270 (IH at 270 MHz, l3C at 68 MHz). IH

and I3C NMR spectra wcre referenccd intcrnally using the residual solvent resonances

relative to letnnllethylsilane (80 ppm). Low and high resolution electron impact mass spectra

were recordcd on a Kralos MS 25RFA spectrometer operating at 70 eV. IR spectra were

recorùed on a Anale! FT, A25-18 or on a BOMEM Michelson Series between NaCI plates

(neal liquids or solutions).

(1) (Chiorolllei hyl)dilllcthyI(2-furyl)silanc (8a).

Under argon, 2-furyllithium (0.0136 mol, solution in 20 mL of ether:TMEDA)l1 was

transferred al -78 oC to a solution containing (chloromethyl)dimethylchlorosilan (1.5 g, 0.01 1

mol) in anhydrous ether. The solution was slowly warmed to room temperature, and 20 mL

of water was udded. The reaetion mixture was extracted using 20 mL of hexanes. The

orgunic layer was dried over anhydrous MgS04 and the solvents were evaporated under

reduced pressure. Kugelrohr vucuum distillution (60-70 oC, 0.05mmHg) gave 1.6 g (87%)

of a clear liquid.

IH NMR (300 MHz, CDCI3) 87.89 (dd, J=1.7, 0.5 Hz, IH), 6.75 (dd, J=3.3, 0.5 Hz,

\1-1), 6.42 (dd, J=3.3,1.7 Hz, IH), 2.96 (s, 2H), 0.42 (s, 6H). I3C NMR (75 MHz,
CDCI3) 8 156.1. 147.2, 121.3, 108.5,29.4, -5.0. IR (film) 3115, 2963, 1550, 1395,

1254, 1110,749-600 cm- I. Exuct mass culcd for C7HllOSiCI: 174.0268. ruund:

174.0270. MS (El) mlz 176 (4%),174 (12%),125 (100%).

(2) (Chloromcthyl)dimcthyl(2-thienyl)silanc (Sb).

Under urgon, 2-thienyllithium (31 mL, 1.0 M in l'HF) was added to 40 mL of

unhydrous l'HF contuining chloro(chloromethyl)dimethylsilane (4.0 g, 0.028 mol)

nminluined al -78 oC. The reuction mixture was then slowly warmed to room temperature.

The reuclion mixture was extracted using 20 mL of hexanes. The organic layer was dried
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over anhydrous MgS04. and the solvents evaporated under reduced pressure. Kugelrohr

vacuum distillation (80-85 oC, 0.05 nunHg) gave 4.4 g (83%) of a clear liquid.

1H NMR (200 MHz, CDCI3) li 7.66 (d, J=4.6 Hz, IH), 7.36 (d, J=3.4 Hz, IH), 7.23 (dd,

J=3,4, 4.6 Hz, 11-1), 2.96 (s, 21-1), 0,48 (s, 6H). 13C NMR (50 MHz, CDCIJ) li 135.3,

131,4, 128.3,30.6, -3,4. IR (film) 3103, 2960-25, 1684, 1497, 1402, 1254, 1215,995,

823 cm-l. Exact mass caled for C71-lllSSiCI: 190.0039. Found: 19(J.0036. MS (E.!.) m/z

192 (5'70), 190 (11%),141 (100%),83 (2%), 97(10%).

(3) (Chlnrol11cl hyl)(4,5-d ihyd ro-2-furyl)dimcthylsil;tnc (Ile).

(4,5-Dihydro-2-furyl)lithium (0.035 mol in 20 mL of ether:TMEDA) was obtuined by

adding, Hl -78 oC, tert-butyllithium (1.7 M in pentane, 22 mL, 0.038 mol) to a solution
containing 20 mL of anhydrous ether, 4 mL of TMEDA {distilled over Cal-Iv, and 4,5-

dihydroflll'an (5 mL, 0.07 mol). This solution was warmed to room temperature and stirrcd

for 20 min.

The tempenllure of the (llihydrofuryl)lithium solution was lowered to ·78 oC and

chloro(chloromethyl)dimethylsilane (5.0 g, 0.035 mol) was then slowly added to il. The

reaction mixture was wnllned [() room lemperature, and 20 mL of wmer was added. The

reaction mi.~ture was extructed using 20 mL of hexanes, and the organic layer was dried over

anhydrous MgS04 The soivellls were evapormed under reduced pressure and Kugelrohr

vacuum distillation of the rcsidue (62-65 oC, 0.05 mmHg) gave 5.5 g (89%) of a clear liquid.

IH NMR (200 MHz, CDC13) 8 5.30 (t, J=2.7 Hz, 1H), 4.26 (t, J=9.5 Hz, 2H), 2.87 (s,

2H), 2.59 (dt, J=2.5, 9.5 Hz, 2H), 0.26 (s, 6H). 13c NMR (50 MHz, CDCI3) li 158.6,

113.2,70.3,30.6,28.91, -5.5. IR (film) 2964-2866, 1596, 1394, 1252, 1096,927,815

cm,l. Exact mass calcd l'nI' C7H130SiCI: 176.0424. Found: 176.0419. MS (El) m/z 178

(10%), 176 (28%), 127 (48%), 107 (14%), 97 (100%).

(4) N- [( Dimcthy1(2. l'ury I)si Iy I)met hyi] mol'p h01 ine (9a).

(Chloromethyl)dimethyl(2-furyl)silane (lia) (1.0 g, 5.7 mmol) was heated with

morpholine (1.25 g, 14.36 mmol) neat at 80 oC for 24 h. During this time a precipitate

formed, indicating thm the reaction wentto eompletion. The reaction mixture was extracted

with ether and wmer. The ether layer was dried with MgS04 then evaporatcd. The rcsiduc
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was uislilleu on Kugelrohr unuer reuueeu pressure (80-90 oC, 0.05 mmHg), giving 1.1 g

CH5%) or a clcar lilluiu.

11-( NMR (200 MHz, CDCl3) li 7.65 (dd, J=0.6, 1.7 Hz, IH), 6.68 (dd, J=0.6, 3.2 Hz,

1H), 6.3H (utl, J= 1.7, 3.2 Hz, 1H), 3.62 (m, 4H), 2.36 (m, 4H), 2.13 (s, 2H), 0.32 (s,

611). lJe NMR (68 MHz, CDCI3) li 15H.5, 146.8, 120.4, 109.5,67.1,57.2,49.5, -3.3.

IR (film) 3112, 2958-2H53, 1545, 1362, 1250, 1117 cm- I. Exact mass caled for

CIIHI902NSi caletl 225.IIH5. Found: 225.1186. MS (El) m/z, 225 (12%),210 (1%),

139 (1%).125 (11%), 100 (100%).

(5) N· [( Di mct h)'1(2. th iCII)'ls i1y!) methyl) lmor pholi Ile (9b).

(Chloromcthyl)dimethyl(2-thienyl)sil'lIle (8b) (2.0 g, Il mmol) was heated with

morpholinc (2.3 g, 26 II1mol ) in the samc manner as described for 9a and distilled on

Kugelrohr under rcducetl pressure (90 oC, 0.05 mmHg), giving 2.1 g (84%) of a clear

li'luitl.

11-1 NMR (300 MHz, CDCI3) li 7.62 (dd, J=0.8, 4.7 Hz, IH), 7.33 (dd, J=0.8, 2.3 Hz,

1H), 7.20 (dtl, J=3.3, 4.7 Hz, 1H), 3.67 (m, 4H), 2.40 (m, 4H), 2.17 (s, 2H), 0.40 (s,
6H). 13C NMR (75 MHz, CDCI3) li 137.9, 134.5, 130.8, 128.1,67.1,57.3,50.6, -1.5.

IR (film) 3103, 2956-2793, 1407, 1250, 1118, 1008 cm-1. Exact mass caled for

CtIHI9NOSSi: 241.0957. Found:241.0961. MS (El) m/z 241 (11%),226 (1%), 198

(1%),184 (3%),144 (2%),141 (12%), 100 (100%).

(6) N- [(Dilllethyl (4,S-dihyd rO-2.furyl)sily1)lllcthyl)lllorpholillc (9c).

The (chloromethyl)dimethyl(4,5-dihydro-2-furyl)silane (Sc) (1.0 g, 5.7 mmol) was

reacted with Illorpholine (1.4 g, 16.1 IIllllol) nem at room Temperature for 48 h, during which

lime a white precipitate rormed. The reaction mixture was extracted with ether and water.

The ether layer was tlried with MgS04, und then evuporated, and the residue was distilled

(Kugcll'Ohr) under reduced pressure (88-90 oC, al 0.05 mmHg), giving 1.2 g (94%) of a

clear lilJuid.

III NMR (200 MHz, CDCI3) li 5.25 (t, J=2.5 Hz, 1H), 4.25 (t, J=9.5 Hz, 2H), 3.65 (m,

411), 2.57 (td, J=9.5, 2.5 Hz, 2H), 2.39 (m, 4H), 2.03 (s, 2H), 0.18 (s, 6H). l3C NMR
(50 MHz, CDCI3) li 160.8, 111.8, 70.1, 66.8, 56.9,48.7, 30.5, -4.0. IR (film) 2956-

\08



•

•

2690, 1594. 1450. 1250, 1118, 1093, 928 cm-I. Exact mass calcd for CIII-I2102NSi:

227.1342. pound: 227.1341. MS (El) 1l1/z 227 (11%),141 (6%), 100 (100%).

(7) N.[(Di mel hylsil~'l)mclh~'1]morpholinc (\(1),

(a) From l'roducl 911.

N-I (Dimcthyl(2-furyl)silyl)mcthyllmorpholine (9a) (1.9 g, 8.4 Ilunol) was dissolved

in 2.0 mL of 'l'HF. lithium aluminum hydride (0.32 g, 8.4 mmol) was added, and 'l'HF WIIS

evaporatcd; next, the rcaction mixture was healed al 150 oC in a sealed tube with stirring for

48 h. The reaction mixture was then added to 1 mL salunlted NI-I4CI with ice and worked

up. Evaporation and KlIgclrohr distillation ( 40 oC. 0.05 mmHg) gave 0.3g (23%) of a clear

liljllid.

(b) From l'roducl 9b,

N-I (Dimethyl(2-thienylsilyl)mcthyllmorpholine (9b) (0.48 g, 2.0 mmol) was

dissolved in 10.0 mL of TI-IF, a solution of lithium aluminum hydride (1 M in TI-IF, 1.0 mL.

1.0 mmol) was added, and the reactioll mixture was heated at 60 oC with stirring in a sealed

tube for 10 h. The reaetion mixlUre was then added to satunlted NI-I4CI with ice; workup

and evaporation gave 0.21 g (68%) of a crude yellow Iiljuid which upon Kugelrohr

distillation (40 oC, 0.05 mmI-lg) gave 0.13 g (42%) of pure 10.

(e) From l'roduel ge,

N-I(Dimethyl(4,5-dihydro-2-foryl)silyl)melhyllmorpholinc (ge) (O.lg, 0.44 mmol)

was disso!ved in 2.0 mL of 'l'HF and lithium aluminium hydride (1 M in TI-IF, 0.22 mL, 0.2

mmol) was addcd and the reaction mixture was left stirring at room tempenlture for 6 h. The

reaction mixture was then added to 1 mL of saturated NI-I4CI with ice, workup IInd

eVllponltion of the soivellls gllve the silllne 10,0.051 g (73%), liS Il pure clellr liljuid.

II-I NMR (200 MHz, CDCI3l li 3.99 (n, J=3.6 Hz, 11-1), 3.69 (m, 41-1), 2.43 (m, 41-1), 2.CY.l

(d, J=3.6 Hz, 2H), 0.12 (d, J=3.6 Hz, 6H). 13c NMR (68 MHz, CDCI3) li 67.1, 57.1,

49.1, -4.7. IR (film) 2957-2793, 2119, 1449, 1288, 1250, 1119,890 cm- I. EXllct mass

clllcd for C7H170NSi: 159.1079 Found: 159.1099. MS (El) rn/z, 159 (10%), 144 (3%),

100 (100%),86 (4%).
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(Il) N.[ (Dcutcriodimct hyl)silyl)methyl)morpholine 11.

N-I (Dimcthyl(4,5-ùihyùro-2-furyl)silyl)mcthyljmorpholine (9c) (O.lg, 0.44 mmol),

\Vas reactcd \Vith lithium aluminum dcuwiùe. Workup and evaporation of the solvents gave

0.05 g (71 %) of the silane 11.

III NMR (200 MHz, CDCI3) a 3.67 (m, 4H), 2.40 (m, 4H), 1.9 (s, J=3.6 Hz, 2H), 0.10

(s, J=3.6 Hz, 6H). 13C NMR (50 MHz, CDCI3) a 67.0, 57.0, 49.0, -4.8.

(9) Gcncrnl Procedurc for the Reaction of Orgnnolithium with N·

[( dîmct hyl (4,S·di hyd ro·2·fu ryl)silyl )met hyl]morp holine (9c).

Under argon, N-I (ùimethyl(4,5-dihydro-2-furyl)silyl)methyl]morpholine (9c) was

dissolved in 1 mL of anhydrous Tl-IF or ether. The organolithium in solution \Vas

transferred 10 the Ilask containing 9c ut 0 oC and the reaction mixture \Vas then warmed to

roOlll temperature and lert stirring for 6 h, before wllter was added and the organic layer

\Vorked up.

(n) N·[ (,,·Ilutyldi Illet hylsilyl)llIethyl]llIorpholine (12).

A solution of" -butyllithium (2.5 M in hexanes, 0.36 mL, 0.88 mmol) was reacted

with 9c (0.1 g, 0.44 mmol) in THF in the manner described above to give 0.08 g (84%) of

pure proùuct, upon workup and evaporation of the solvents.

Iii NMR (200 MHz, CDCl3l li 3.64 (m, 4H), 2.85 (s, 2H), 2.35 (m, 4H), 1.25 (m, 4H),

0.85 (m, 3H), 0.5 (m, 2H), 0 (s,6H). BC NMR (50 MHz, CDCI3) a 67.0, 57.3, 50.0,

26.5,25.9,15.1,13.7, -3.0. IR (film) 2962-2735,1451,1282,1248,1120 cm-I. Exact

mass caled for CIIH2S0NSi 215.1705. Found: 215.1707. MS (E.!.) mlz 215 (7%), 158

(20%), 100 (100%).

(b) N.[(DimethylphenyIsilyl)methyI]morpholine (13).

A solution of phenyllithium (1.8 M in cyclohexane ether solution, 0.88 mL,

0.8811111101) was reacteù with 9c (0.1 g, 0.44 mmol) in THF in the manner described

previously 10 give 0.18 g of a crude mixture, upon workup and evaporation of the solvents.
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This yellow oi! was purifiell by l1ash chromatography by tirst eluting the biphenyl sille

product Wilh hexancs anll thcn eluting out of thc column the lIesired product using ether liS

eluelll. A llualllity of 0.\0 g of 13 (97%) was obtained liS a clear oil.

IH NMR (200 MHz, COCI:y li 7.55 (m, 2H), 7.35 (m, 3H), 3.65 (m, 4H), 2.35 (m, 4H),

2.15 (s, 2H), 0.45 (s,6H). l3C NMR (50 MHz, COC13) li 67.0, 57.3, 50.0, 26.5, 25.9,

15.1,13.7, -3.0. IR (tihn) 2968-2736,1591,1450, 1282, 1249, 1117 cm-I. Exact mass

calcd for CI31-h20NSi: 235.1392. Found: 235.1396. MS (El) m/z 235 (6%),135 (11%),

\00 (100%).

(c) N-[(Penta melhyldisilyl)mel hyi]murphuline (14),

A solution of (trimethylsilyl)lithium (1.78 mmol in HMPA) prepared by an

established method,14 was reacted with 9c (0.2 g, 0.88 mmol) in the manner described

previously. The reaction mixture was worked up with a satuTated ammonium ehloride

solution and then water and brine. The organic phase was sepaTated. The solwnts were

evaporated, giving 2.9 g of impure clear oi! which wus distilled under vucuum (Kugclrohr,

110-120 oC, 0.05 mmHg) und lhen (lurilïcd by l1ash chromatography using an hexancs:ether

(85:15) cluent mixture 10 give 0.16 g (80%) of disi!ane 14.

IH NMR (200 Ml-lz, COCI3) li 3.65 (m, 41-1), 2.35 (m, 41-1), 1.95 (s, 2H), 0.05 (s,6l-I),

0.01 (s,91-1). l3C NMR (50 Ml-lz, COCI3) li 67.2, 57.3, 50.0, -2.1, -3.7. IR (film) 2954­

2734,1451,1295,1246,1120 cm- I. Exuct mass caled for CIOH250NSi2: 231.1475.

Found: 231.1487. MS (El) m/z 231 (3%),216 (6%),158 (57%),100 (100%), 73 (16%).

(d) N-[(Trimethylsilyl)methyl]morpholine (15),

A solution of mcthyllithium (1.4 M in hexanes, 0.37 mL, 0.53 mmol) was reacted

with 9c (0.1 g, 0.44 mmol) in ether in the manner described previously 10 give 0.062 g

(82%) of pure 15 upon workup und evaporation of the solvents.

11_1 NMR (200 Ml-lz, COCI:y li 3.65 (m, 41-1), 2.35 (m, 4H), 1.87 (s, 21-1), 0.03 (s, 91-1).

BC NMR (68 MHz, COCI3) li 67.1, 57.3, 51.2, -1.3. IR (film) 2957-2736,1451, 1296,

1248, 1120 cm- l. Exuct muss culcd for Cg1-l190NSi: 173.1236. Found: 173.1237. MS

(E.!.) mlz 173 (14%), 158 (9%), 116(8%), 100 (100%), 73 (21 %).
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(JO) Phcnylpropargyl hromidc (16).

'1'0 a solulÏon of phenylpropargyl alcohol (1.30 g, 0.01 mol) in 20 mL of anhydrous

ether and (l.O8 n~L of pyridine at 0 oC was addcd dropwise a solution of PBr3 (0.78 mL,
0.08 mol) in 10 mL of ether. Aner thc addition, the reaction mixturt: ',:as refluxed at45 oC

for 3 h. Il was then cooled and pourcd into 30 mL of wmer and the organic layer was

separated. The aqueous layer WOlS extmcted with cther, and the combincd ether layer was

washed wirh 10% Nal-lC03 solution andwmcr and dricd (MgS04). Removal of the solvent

gave a quaillitmivc yield of 16. Reportcd yield =70 %.15

11-1 NMR (CDCI3) Il 7.20-7.50 (m,51-1), 4,16 (s,IH); I3C NMR (CDCI3) Il 131.83, 128.83,

128.29, 122.09,86.68,84.19, 15.28. IR (film) 3050, 2220, 1598, 1489, 1203,754,669,

591 cm· l .

(II) N.Mcthyl-N.(pheny1Ilropargyl)amine (17).

'1'0 a methylamine (33% solution in EtOI-l, 12 mL, 0.08 mol) at 0 Oc was added

dropwise a solution (2.0 g, 0.01 mol) of 16 in 5 mL of absolu te EtOH, and the reaction

mixturc was stirred al room tcmpcrature for 1 h, after the addition. The solvent was

evaporated from the reaction mixture, c)(tracted with ether, and washed with water. Ether

was removed to givc a crudc mixturc of di and monopropargylated amine in a 1:4 ratio.

Kugelrohr distillation of thc mixture afforded 1.0 g (67% yield) of 17, 80-90°C, 0.05

mml-lg. Some of the product secmed to polymcrize on distillation.

1H NMR (CDCI3) Il 7.20-7.50 (m,51-1), 3.61 (s,2H), 2.54 (s,3H), 1.48 (s,IH). I3C NMR

(CDCI3) Il 131.40, 128.03, 127.78, 123.01,87.22,83.40,40.52,35.09. IR (film) 3300,

2793-2970, 1598, 1489, 1328, 1107, 756, 691 cm- l . Exact mass calcd for CIOHIIN:

145.0891. Found: 145.0888. MS (El) m/z 145 (27%), 144 (100%),115 (46%),68 (11%).

(12) RCllction of 17 with Different Silanes.

(a) With Ethoxy(chloromethyl)dimethylsilane.

A mixture of 17 (0.29 g, 2 mmol) and ethoxy(chloromethyl)dimethylsilane (0.15 g,

1 Olmo\) was kept in a sealed tube al room temperature for 6 h. Ether was added, the
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insoluble solid was tillered out, and the solveI1l was removed. IH NMR of the reaclion

mixture showed the formation of disiloxane 20.

(h) With (Chloromct hyl)dilllct hylsilullc.

A mixture of 17 (0.29 g, 2 mmol) and (chloromethyl)dimethylsilane (lU g, 1 mmol)

was kept in a sealed tube at roOI11 temperature for 6 h. Ether was addeù, the insoluble solid

was tiltered out, and the solvent was rcmoved. 1H NMR of the crude mixture showed that

21 and disiloxane 20 were formed in al: 1 ratio.

(c) With (chiorolllct hyl)(4,S·dihydro.2.fllryl)dimcthylsi!llllc.

A l11ixllIre of 17 (0.29 g, 2 mmol) and (dihydrofuryl)(chloromethyl)dimethylsilane

(8c) (0.26 g, 1.5 mmol) was hcated at 40 Oc in a sealed tube for 2 days. Ether was added,

the insolublc solid was Iïllered out and the solvCI1l was removed. Separation of the crude

mixture by column chromatography (\0% EtOAc + 3% NEt3 in hexanes) gave 0.176 g

(62%) of 18. Some of the product seemed 10 decompose on the column.

IH NMR (CDCI3) 0 7.20-7.50 (111,51-1), 5.30 (t,J=2.5 Hz, tH), 4.26 (t,J=9.5 Hz, 21-1), 3.53

(s,2H), 2.58 (dt, J=2.5,9.5 HZ,2H), 2.37 (s,3H), 2.20 (s,2H), 0.23 (s,6H). I3C NMR

(CDCI3) 0 160.73, 131.70, 128.20, 127.91, 123.35, 112.42,85.66,84.65,70.44,50.25,

46.06,45.54,30.73, -3.94. IR (CHCI3) 3000-2782, 1596, 1445, 1325, 1253, 1092,925

cm-l . Exact mass calcd forC171-l23SiNO: 285.1549. Found: 285.1553. MS (El) m/z2H5

(4%, M+), 170 (\8%),158 (51%),115 (100%).

(13) N·(Dirncthylsilyllllcthyl)·N·lIlcthyl.N.phenylpropargylurnine 21.

To a solution of 18 (0.028 g, 0.1 mmol) in 1 mL of dried TI-IF was added a solution

of LAH (0.008 g, 0.2 mmol) in 1 mL of TI-IF, under argon, and the reaclion mixlure was

stirred III room temperature overnighl. Then it was poured onto 1 mL of salurated NI-I4Cl

solution eontaining same ice and extracted with ether. The organic layer was dried (MgS04)

and the solvent removed ta give 0.017 g (80%) of the silane 21. The product is very

sensitive to air and moisture and is easily convened to the disiloxane.

11-1 NMR (CDCI3) 0 7.20-7.50 (m, 5H), 3.99 (n, J=3.6 HZ,II-I), 3.53 (s,2I-1), 2.39 (~,31-1),

2.14 (d, J=3.6 Hz,2/-1), 0.14 (d, J=3.6 I-Iz,6I-1). I3C NMR (CDCI3) 0 131.64, 128.25,

113



•

•

128.16, 127.88, 123.27, 85.55, 84.55, 50.09, 45.99, 45.18, -4.85. IR(CHCI3) 2963,

2779,2122, 1489, 1254, 1222, 90S cm-I. Exact mass calcd for C13H19SiN: 217.1286.

round: 217.1284. MS (Cl) Ill/z 218 (33%, MW), 202 (5%),158 (70%),115000%).
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• 5.3 Synthcsis of allcnes via climination of ~-hydroxyvinylsilanes.
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Callada /-f3A 2K6.

A number of years ago, we reponed that anenes 1 could not be oblained by the direct
eliminatioll of p-hydroxyvinylsilanes 2. 1 When 2 was treated with f1uoride ion, a

prolodesilylalioll (scheme 1) occured to give the desilylated alcohols 3.2 This f1uoride ion

promoted protodesilylalion reaction has been confirmed and applied in numerous occasions

by others.3 The reactioll is particularly usefull in the addition of ll-silylvinyl anion to chiral

aldehydes 10 give good stercoselectivity in the resuitant ~-hydroxyvinylsilanes. The

silylvinylmoiely thus served tlS a bulky vinyl equivalent since the silyl group can be removed

readily.4 Similarly, when 2 was treated with potassium hydride in HMPA the

protodesilylation reaction also occured.5 These reaction conditions are usually used for

Peterson eliminalioll.6

..
1

•

Scheme 1:

Since the oxyallioll 4 was Iikely 10 be fonned first, the desilylation was believed to take place

via ail homo Brook rearrtlllgemeilt 7 to give the vinylanion 5 (scheme 3). In order for the

ailene synlhesis to take place, the hydroxy moiety must tirst be converted to a good leaving

group (e.g. chloride), followed by f1uoride ion promoted ~ elimination.1
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• Reccntly, because of our rescarch in a related project,8 we werc interested in the

synthesis of the allene 6. The p-hydroxyvinylsilanes 7n·b were prepared in good yiclds

l'rom the rcaction of p-ionone with the appropriate trimethy!silyl- or triphenylsilyl­

vinyllithium. Anempts 10 convert 7n and 7b to the corresponding chlorides with SOCI2 or

similar reagents gave inevitably decomposition. In an llltcmptto make the methyl ether of

7b, compound 7b was treated with KH in 'l'HF and methyliodide. The protodesililylated

compound Il was oblUined as the major product, a result which was not surprising.

However, a very small quantity of the desired allcne 6 was also oblained (scheme 3). Aftcr

numerous cxperimentations, the following optimal conditions were found for the synthesis of

allene 6 directly l'rom the p-hydroxyvinylsilane 7b. A solution of 7b (\.O g) in freshly

distilled TI-IF was added slowly (dropwise, over 1/2 ta 1h) to a stirred relluxing '1'1-[1'

suspension of freshly hexanes-washed KH (2-6 eq., 30 % in oil). Al'ter the addition, the

reaction was relluxed fol' no more than 10 min., since the resulting ailene 6 was susceptible

ta isomerisation by KH (this skie reaction was noticed when the 'l'HF solution tumed dark

blue). The cxcess KH was destroyed by adding ethanollO the coId reaction mixture. The

mixture was extracted with hexanes or pentanes and washed with water. The dried organic

solvents were evaporated9 and the residue purificd by llash chromatography using hexanes

or pentane as eluent to give 6 in 70 10 75% yield.

7a (R=CH3)

Th (R=Ph)
OH

•

Scheme 2:

Several features of the reaction were of particular interesl. The reaction seemed to be

very sensitive ta potassium alkoxide and hydroxide. This accounted for the necd of freshly

distilled anhydrous so!venls and fresh KH. Excess of KH also facilitated the reaction. This

accounted for the need of slow addition of 7b 10 a refluxing suspension of excess KH in

'l'HF. However large excesses also facilitated the isomerisalion of the allene when working

in large scales (often a compromise was used after trial and error). In addition exposure of

7n la identical reaction condilions lead 10 the formation of allene 6 but in lower yields•
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• The synthesis of allenes by the c1iminalion of p-hydroxyvinyltriphenylsilanes

appearcd to be general. A number of examples are presented in table 1. The yields varled

from modest to excellent. However, in the case of the simple aromatic ailene 14 sorne

isomerisalÎon occured and for the isolmed product phenylallene (Table 1, entry 2) we

observed complete isomcrization (only the acetylene 12 was isolated).

R2~

R'--I r
HO SiR3

2

Nu'
.. ...

4

... 5

R1

---1"'- )==C=CH2 + R3SiO'
R2

(Nu-=R'O' or F)

R=Ph

•

scheme 3:

The divergences of allene formation and protodesilylation under different reaction

conditions suggest [hat the two reactions follow different mechanistic pathways. In view of

the sensivity of the protodesilylution to the presence of alkoxides (or fluoride, as we had

previously demonstrated), il seems reasonable to suggest that the protodesilylation reaction is

more likely to be initiUled by the allack of an external Ilucleophile to the silicon of the

vinylsilulle moiety, either by a direct displacement, or more likely via an hypervalent silicon

intermedime 9, followed by protonation (scheme 3). The silaoxethane intermediate 10 or 5,

on the other hand, leads to the Peterson elimination product. The lack of allene formation can

be due to the ease of fOllmltioll of 9 or the reluctance of 10 or 5 to eliminate.
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• Entry R= ~-hydl'llxysilanes Yields Produci YieId:

1 ~ R~Sil)h3 7a 88% '>=c= 6 75%
R

OH

2 R~S'M 7b 60% '>=c= 6 50%OH ,1 e3
R

3 V R~SiPh3 Il 83%1 93%2R 12

1~
R4 R~S'PI 89%1 42%113 )=c= 14OH ,1 \3 R

5 ~ R~S'PI 15 75%1 ",>=c= 16 39%1OH ,1 \3 R

lQ
R

R~Sl)1 17 65%
R 186 )=c= 91%OH 1 \3 R

7

~ ~ 19 78%
R

20 69%R OH SiPh3 )=c=
R

R R

C(k R~. 21 78% )=c= 22 75%
8 OH SIPh3 I~

C(}
R R

R~Sl)1 23 54% )=c= 24 85%
9 OH ,1 \3 R

~ 25
R

Q 86% )=c= 26 33%
10 R OH SiPh3

R

Table 1: Preparation of allenes under basic conditions. 1) See ref. 1 for speclra. 2) The
1H NMR matched exactly with that of a sample purchased from Aldrich.
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Silane 17:m.p. 173.5-174°C; IH NMR (200 Ml-lz, CDCI3) 1) 7.7-7.5 (m, 6H), 7.45-7.25 (m,

91-1),6.32 (s, 11-1),5.76 (s, IH), 2.2-1.3 (m, 14 H); 13c NMR (68 Ml-lz, CDCI:,\) 15 151.7,

136.6, 135.6, 130.9, 127.7, 78.7, 37.9, 36.1, 34.9, 32.9, 27.4, 26.6. IR (Kl3r) 3534,

3070, 2934-2849, 1589, 1424, 1103 cm- I. MS (El) mlz mass calc'ù for

C301-1320Si:436.2222. Fouilll:'~36.2212 436(1 %), 418(2%), 359(64%), 259(26%),

199(100%),181(14%),160 (16%).

Silane 19:m.p.,140.0-141.0°C; IH NMR (200 MI-Iz, CDC(3) 1) 7.8-7.6 (m, 6H), 7.6-7.3

(m, 91-1),6.42 (d, J=IHz, 11-1),5.80 (d, J=I Hz, IH), 2.1-1.2 (m, 14 H), 1.32 (s, Ill); 13c

NMR (50 MHz, CDC(3) 1) 152.3, 136.6, 135.7, 130.9, 129.3, 127.6, 35.8, 29.8, 27.4,

21.0,20.3. IR (KBr) 3536-3518, 3064-2863, 1589, 1424, 1100 cm- I; MS (C.I., Nil)

m/z calc'd for C29H320Si: 424.2222. Found: 424.2221. 424(5%),407(77%),347(58%),

286(24%),269(45%),259(46%), 199(100%).

Silane 21:m.p. 123-124°C; IH l'JMR (200 MHz, CDC(3) 1) 7.8-7.6 (m, 6H), 7.5-7.3 (m,

9H), 7.3-7.1 (m, 4H), 5.68 (d, J=1.2 Hz, 11-1), 5.25 (d, J=1.2Hz, 1H), 2.75 (d,

J=15.7I-1z, 11-1). 2.60 (d, J=15.7I-1z, IH), 2.06 (s, 11-1),0.88 (s, 31-1),0.81 (s, 3H) ; 13c

NMR (50 MHz,CDCI3) 1) 152.0, 149.4, 141.9, 136.9, 135.6, 133.1, 129.1, 127.8, 127.5,

127.0, 124.6, 123.9, 91.7, 48.7, 45.3, 24.7, 24.2. MS (El) m/z mllss calc'd for

C31I-1300Si:446.20658. Found:446.20630. 446(2%),368(100%),353(78%),259(94%),

199(82%),181(26%).

Silane 23:m.p. 115.5-1 17°C; 11-1 NMR (200 MI-Iz, CDCI3) 1) 7.53-7.45 (m, 71-1), 7.4-7.2 (m,

91-1), 7.03 (s, 11-1), 7.02 (s, J=1 Hz, lI-l), 6.86 (m, 1H), 6.49 (s, 11-1), 6.05 (s, 11-1), 3.2 (m,

11-1),2.8 (m, 11-1),2.25 (s, 11-1),2.2-1.9 (m, IH), \.8-\.6 (m, 31-1), 1.04 (s, 3H), 0.98 (s,

31-1); l3C NMR (50 Ml-lz, CDCI3) 15 153.2, 142.0, 141.9, 136.6, 135.8, 132.9, 130.6,

129.1, 128.9, 127.4, 127.1, 125.0, 87.2, 43.4, 40.3, 36.1, 27.9, 25.7, 25.0. IR (KBr)

3563,3068-2851, 1589, 1428, 1107, 1067,914-975,702 cm-I. MS (El) mlz mass calc'd

for C33H340Si:474.23788. Found:474.23540 474(1 %), 445(3%), 396(13%), 313(15%),

259(52%), 199(100%).

Silane 2S:m.p. 98.5-99°C; 11-1 NMR (200 MHz, CDCI3) 1) 7.7-7.45 (m, 6H), 7.4-7.2 (m,

9H), 5.94 (d, \.2I-1z, 11-1),5.46 (d, 1.2Hz, II-I), 2.25 (m, 11-1),2.10 (m, 11-1), \.9-1.4 (m,

8I-1), 1.12 (s, 11-1), 1.15 (s, 31-1), \.0 (s, 31-1); 13c NMR (50 Ml-lz, COCI3) 1) 155, 136.6,

135.5, 129.22, 127.6, 126.9, 82.0, 5\.4, 39.4, 38.2, '31.5, 28.3. 27.8, 25.0, 23.7. IR
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(KBr) 3582. 3150-2865. 15H8. 1426. 1105 cm-I. MS (El) m/z mass ca1c'ct for
C291-1320Si:424.22223. Found:424.22250 406(6.1 %), 347(60%), 259(69%), 199(100%).

181(26%).

13. Speclroscopie data for the allenes 6. ]8. 20, 22, 24, 26.
Allenc 6: III NMR (200 MHz. CDCI3) 0 5.93 (s, 2H), 4.78 (q, J=2.9Hz, 2H), 1.98 (m,

211), 1.84 (l, J=2.9 I-Iz, 31-1), 1.68 (s, 31-1), 1.63-1.45 (s, 2H), 1.44-1.40 (m, 2H), 1.00 (s,

61-!); 13c NMR (68 Ml-lz, CDCI3) 0211.7, 137.5, 130.7, 12H.9, 126.1,99.8,74.2, 39.5,

34.2, 32.9, 28.9, 21.6, 19.3, 15.1 ; IR (film) 2962-2864, 1938 cm-I; MS (El) m/z caIc'ct
for CI5!-(22: 202.1721. pound: 202.1723. 204(21%),202(38%),187(23%),159(27%),

145(37%), 133(100%), 119(74%).

Allenc 18: 13c NMR (68 MHz. CDCI3) 0 199.6, 108.6,73.2,38.5, 37.1, 34.6, 28.0. I3C

NMR (68 Mllz. CDCI3) 0 199.6, 108.6,73.2, 38.5, 37.1, 34.6, 28.0. IR (film) 2914,

2849,1964,1446. Exact mass calc'd for CI2Hl1:160.1252. Found:160.1255. MS (El) mie

160( 100%), 150(41 %), 117(55%), 105(27%), 91(52%),79(45%).

Allenc 211: 11-1 NMR (200 MHz. CDCI3) 0 4.54 (m, 2H), 2.44 (m, 2H), 2.1-1.7 (m, 10H),

1.55 (m, 21-1) ; 13c NMR (68 MHz, CDCI3) 0 199.6, 106.8, 72.8, 34.6, 32.5, 21.5; IR

(film) 1963 cm- I; IR (film) 2981-2847, 1963,1446,839 cm-I; MS (El) m/z calc'd for

CI1HI6: 148.1252. Fonnd: 188.1254. 148(31%), 133(20%), 119(19%), 105(50%),

91(100%).79(74%).

Aliene 22: 11-1 NMR (200 MHz, CDCI3) 0 7.3-7.15 (m, 4H), 5.22 (s, 2H), 2.90 (s, 2H), 1.29

(s, 3H), 1.28 (s. 31-1); 13c NMR (50 MHz, CDC13) 0211.7, 137.5,130.7,128.9, 126.1,

99.8, 74.2. 39.5, 34.2, 32.9, 28.9, 21.6, 19.3, 15.1 ; IR (film) 3068-3019, 2960-2844,

1946, 1582, 1461,853,763,721 cm-I. MS (El) m/z calc'd for C13HI4: 170.1095. Found:

170.1088. 170(51%).155(5%),141(11%),128(33%),115(15%).

Allenc 24: 11-1 NMR (200 MHz, CDCI3) 07.2-7.1 (m, 4H), 4.86 (s, 2H), 2.79 (m, 2H),

1.84-1.72 (m. 21-1), 1.70-1.62 (m, 2H), 1.08 (s, 6H); 13c NMR (68 MHz, CDCI3) 0 206.1,

140.3. 138.2. 129.4, 128.5, 127.1, 126.0, 114.9,75.2,43.7, 35.1, 34.2, 28.7, 23.9 ; IR

(mm) 3062. 2962-2842, 1947. 1589, 1485,841,756 cm-1; MS (El) m/z calc'd for C15H18:

198.1408. FOllnd: 198.1406. 198(63%), 183(60%), 169(17%), 155(100%), 141(99%),

128(82%), 115(60%).
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Aliene 26: 11-1 NMR (260 MHz, CDCI3) /) 4.56 (dd, 2.6, 5.3 Hz, 2H), 2.49-2.65 (m, 1H),

2.44 (t,503Hz, 1H), 2.39-2.29 (m, 11-1), 2.29-2.14 (m, 1H), 2.05· 1.85 (m, 3H), 1.48 (d,

9.9Hz, II-l), 1.22 (s, 3H), 0.82 (s, 3H); 13c NMR (68 MHz, CDCI3) /) 203.5, 103.5, 73.8,

47.6,40.9,40.1,26.8,26.0,23.5,21.9, 19.4. IR (KBr) 3261-2867, 1958, 1458 cn)"l;

MS (El) m/z cale'd for CI 1H 16: 14S.1252. l'llund: 148.1260. 148(4%), 133(64%),

105(100%),91(55%),79(35%),77(18%).

5.4 Development of new silyl nucleophiles.

The developmellt of silicon nucleophiles by Fleming1 and other rese:lrchers2 has 1ed

to the discovery of man)' new applications of organm.lcon compounds in organic chemistry.

Recently Tamao3 has reporled the use of the tirst silyllithium reagents substituted with

heteroatoms (amines) staning l'rom the corresponding chlorosilanes. We have been able III

prepare aminomethyldiphenylsilyllithium via an alternative route. Reductive cleavage of the

corresponding aminomelhyltriphenylsilane 5.1 with lithium mellli in THI'4 at roOln

lemperalure for 6 hours led ta the formation of the silyllithium 5,3 as a dark browl1 solution.

Ph Li [o-::-,J Ph<}-$i, ,
• • LH~li,

Ph R l'HF - Ph R Ph R

5.1
Li+

5.3, 5.2
R= [N)

0
Scheme 5.1.

The presence of the remaining phenyl groups on the silicon atom is essential for the

reductive cleavage reaction to occur. This was demonstrated by reacting the

phenyldimethylsilane 5.4 with lithium, sodium or potassium. No silyllithium 5.5 was

formed under the reaction conditions used for the formation of 5.3. We obtained only a

comp1ex mixlure of products when the resulting reagents were hydrolyzcd or reacled with

ail yi bromide.
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R= (N)
o

5.4

~i I~Li-Si,
TF1 R E

5.5

MeU -J/
HMPA.1"

1 1
-Si-Si,

1 1 R

5.6

1
H-Si,

1 R

5.7

•
60%

Schellle 5.2.

Use of the disilnne 5.6 under Slill's conditions lb or the silane 5.7 under Corriu's

reaclion condilions5 did nol yield lhe desired anion 5.5. The synlhesis of 5.6 and 5.7 is

givcn in section 5.2. We were able 10 use silyllithium 5.3 and react il with allyl bromide to

give lhe alllinomelhylsilane 5.8 in good yield.
~h

Li-9i,
Ph R ~Br

o

R= (N)
o

5.3 5.8

Schellle 5.3.

Howevcr when wc lried to react lhe silyllithium 5.3 with the acetate 5.9 we were

unable 10 isolale the expecled allylsilane 5.10. The use of copper cyanide did not give belter

resuhs.

~
5.9

1) MeLi, IAM
2) Acel, THF.

•
3) Ph

o

Li-Si,
Ph R

5.10

•

1

R= (N)
o

Scheme4:

Il should be menlioned lhm we had first tried the silylsulfone approach developed in

chapter 3 (Schcme 5.5); unfortunately the amination of silylsulfone 5.12 only led to the

fonuntioll of the dcsilylnted stmting mnterinl 5.11.
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amine .. 5.11

Scheme 5.5.

5.5 Synthesis of allylCaminomethyl}dimethylsilane via the hydrosilylil\ion
reaction.

SiR,~. , '"
.,_"N,L,

5.13
Figure 5.1.

As staleù in seclion 5.1 the syl1lhesis of allylsilanes having a chelating group ullacheù

10 the silicon atom \Vas of interestlo this research. More precisely \Ve \Val1leù lU prepure the

lilhium species 5.13 10 see if il coulù be useù as nucleophile in Ihe synthesis of polyene
compounùs like retinoic aciù and ~·carotene. Following a series of unsuccessful allempts ut

Ihe synthesis of the allylsilane 5.18 precul'sol' of 5.13 (section 5.2), a new approach based

on the hyùrosilylUlion reaction (Scheme 5.6) \Vas trieù out.

~
BuLi 5.13

/A
)

SiR2

5.18

5.17

A~ 5.16

IISiR2..

..
Il

5.14

A 5.16

~
IISill2

•
A=B is(melhoxymethy lene)a 01 ine.

Scheme 5.6.
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Tht: first allt:rnativt: involVt:d the catalyzed hydrosilylation of terminal acetylene 5.14

10 tht: vinylsilane 5.17. This type of reat:tion has been shown to give IrallS vinylsilanes

with good regiost:lt:ctivilies.5 Only a few catalysts are known to give cis vinysilanes.6

Silant:s likt: 5.16 or chlormTIethyldimethylsilane have been shown to be stable in the

presence of hexachloroplatinic acid. Unlike palladium catalysts which rearrange a­

sllbstitllted silanes very rapidly.R

LlIkevics et al. 9 have lIsed silanes sllbstitllted with an amino group in screenings of

catalysts for tht: regioselt:ctive hydrosilyhttion of tem1inal acetylenes. Hexachloroplatinic acid

like otlwr platinllm based catalysts. have been shown to give good yields and

rt:gioselt:ctivities in these trials.

Altt:rnatively allenes like 5.15 could be used to sec if the hydrosilylation reaction

(clllalyzed by hexachloroplatinic acid) would lead to the formation of allyl silane 5.18. Both

vinylsilullt: 5.17 and allylsilane 5.Ill could be used for the generation of 5.13.

Tht: problem atthis point was the synthesis of the starting material acetylene 5.14 or

allent: 5.15. Staning from ~-ionone. wt: had access to the alcohol5.20 through reduction

with sodium borohydride cerium chloride under the Luche reaction conditions. lO

I-Ialogenation of the alcohol 5.20 with anhydrous hydrochloric acid in ether gave the allyl

chloride 5.21. Reacting this IHllide with lithium acetylideffMEDA complex under a variety

of reaction conditions (neat. in DMSO. CuCN. PdC12) or with the corresponding Grignard

never produced any acetylene 5.14. Reaction of ~-ionone with magnesium bromide

acetylide gave the acetylene 5.22. Under reductive reaction conditions (LAH and A1C13)ll

5.22 did nOl give the acetylene 5.14 or the allene 5.15. Finally reaction of ~-ionone with

lithio-a-trimethylvinylsilane gave alcohol 5.23 in good yield (88%) under the general

reaction conditions by Chan and Michajlowskij.l2 The alcoho15.23 did not eliminate to the

allene 5.15 under the the general reactions conditions specified by Chan and Michajlowskij.

Compound 5.23 was unstable under halogenlltion reaction conditions Ilnd gave complex

mixtures of products. something the authors had already observed when this methodology

was applied to alcohols having labile ~-hydrogen atoms. 12 When 5.23 was reacted with

KI-! under the reaction conditions described in st:clion 5.4 of this chapter we obtained the

desired allene product5.J5 in good yield (75-78 %).
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PdCl2
CuCN

5.14

== MgI3r
1.0 M in THF
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~
--P'<----~ y Il

~C1
5.2 L Ihiulll
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~ HCI unhyd. in ether.

~~< ". OH •
5.211

1
NuBI-l4' CeCI3• MeOI-l.
99 %.

~
90% ~H

""" a .. """1 = MgBr 1 ~
5.191.0MinTHF 5.22

1
S'R

88% =< 1 3

Li

OH SiR
3

~ THF.l..A \ \\ KH
5.23 75%

•

Scheme 5.7.

The hydrosilylmion of ullenes hus only one litermure precedent. Thl' paper in

question contuins linle cxpcrimcntul dctuils, but indicmed that the rcuction wus possible.!3

Neverthelcss our first triuls m thc hydrosilylmion of the uBenc 5.15 with nem uminosilunc

5.16 prepured in section 5.2 werc unsuccessful when used with hexuchloroplutinic ucid

cmalyst. Furtherlllore, hydrosilylation of I-heptyne under the same reaction conditions did

not yield any of the corresponding vinylsilunc either. Trials of differcnt catulysts and rcaclion

conditions using I-heptyne as model showed that solvents like dichloromethane or

dichloroethane, which are able to dissolve amine hydrochlorides, were essential III Ihis

reuction. Also the reaclion gave the bcst resuhs when hexachloroplatinic acid was dried

under VUCUUIll ut 100°C. Unfortunately these new reuction conditions have yet lU be tried on

aBene 5.15.

•
The mninomethyhlllyisilane 5.18 was eventually prepared via hydrosilylation of

aBene 5.15 with dry hexuchloroplminic acid as catalyst in neat (chloromethyl)dimelhylsilane

5.24 to give 1:1 cis:trans mixture of allylsilane 5.25 (Scheme 5.8). The

allyl(chioromethyl)dimethylsilllne 5.25 WllS then hellted (110°C) in the presence of 3
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• cquivalcnts of the dcsired anhydrous amine for 48 hours and flash chromatography gave

compound 5.1 li.

AH

5.18
A=bis(methoxyethylene)amine

CI

Si)
1 \ ---l"~

5.25

Schcmc 5.11.

Rcsuhs l'rom prdiminary trials (Schcme 5.9) have revealed thm ailyIsilanes S.lll was

indccd ~asicr 10 dcprolonale than previous allylsilanes not bearing the amino A complexing
group. Howevcr, condensation of the corresponding anion with cinnamaldehyde did not
lcad to any formation of polyene 5.26. Further studies on the reaction conditions will be

rcquircd 10 eSlablish if allylsilane S.111 can be used in the synthesis of retinoids.

A

:::".. S.J.1
1 \

5.18 A=bis(methoxyethyl)umino 5.26

Schcme 5.9.

5.6 Experimental.

•

The synthesis or speclral characteristics of compounds 5.9,5.11,5.12 have been

reporled or referenccd 10 in chapter 2. Compounds 5.4, 5.6, 5.7, have been prepared in

section 5.2 of this chapler. Preparation of compound 5.22 has been reported in the

lillerature. 14 Wc rcported the preparation of allene 5.15 in section 5.3 of this chapter.

(Chloromethyl)dimethylsilane was purchased l'rom Petrarch. The drying procedures,

spectroscopic instruments and services used are the same ones that were described in chapter
2.
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1) N-(Morpholinoll1ethy!)triphenylsilane 5.1.

N-(Morpholinoll1cthyl)triphenylsilane was preparcd in two steps. A solution of

phenyllithiull1 Il.8 M in cyclohexane-clhcr (47.1 ml. 0.084 mol)1 was slowly <ldded III

(chloromclhyl)trichlorosil<lne (5.0 g, 2.7 Il1ll1o!) dissolved in 100 mL of THF m<lint<lincd at

-?SoC. The reaction mixture W<lS w<lnl1cd 10 room temper<lture and stirred 24 hours. 50 mL

of hexnnes <lml 10 mL of w<lter were <ldded to the reaclion mixture. The org<lnic layer was

separated, washed with distilled water and brine. After drying over MgS04 • the solvent was

eV<lporaled leaving <1 yel10w oil. Kugclrohrdistil1ation (170-180°C/O.5 mmHg) gave 4.1 g

(50%) of a white solid (chloromelhyl)lriphenylsilane. An analitical sample was obtained by

recrystallization in a 3:1 hexanes:ether solvant mixture giving transparent cubic crystals.

m.p. 109-110 oC.

IH NMR (200 MHz, CDCI3) B7.70-7.60 (m, 6H), 7.62-7.39 (m, 9H), 3.58 (s, III); 13C

NMR (50 MHz, CDCI3) B135.8, 132.3, \30.2, 128.0,27.7. IR (CHCI3) 3137-27IXI,
1590,1429.1191,912. MS (El) mlz calc'd for CI9HI7SiCI: 308.0788. Found: 308.0779.

MS (Cl, NH3) mlz 326 (5%), 276 (55%), 259 (100%), 181(17%).

(Chloromethyl)lriphenylsilane (1.0 g, 3.2 mmol) was dissolved neat in 3.0 ell. of

morpholine (0.9 g. 10 mll1ol). The reaclion mixture was heated al 140°C for 36 hours in a

sealed tube. The brown re<lction mixture was extracted with 50 mL of ether and 30 mL of

distilled water. The organic layer was washed 3x with distilled water then brine.

Evaporation of the solvent gave 0.9 g (78%) of a yel10w solid compound silane 5.1. A pure

sample was provided by recrystallization in ether (evaporation) as a white powder.

m.p. 97- IlJOoC

IH NMR (200 MHz, CDCI3) B7.65-7.57 (m, 6H), 7.50-7.30 (m, 9H), 3.66 (m, 4H), 2.74

(m, 2H), 2.42-2.32 (m, 4H); I3C NMR (68 MHz, CDC!J) B135.8, 134.8, 129.6, 127.8,

67.2,57.5,48.3. IR (CI-ICI3) 3137-2700,1600,1426,1290, 1112. MS (El) mlz calc'd
for C11H16: 359.1705. Found: 359.1721. 359 (16%), 259 (21%),100 (IlXI%).

2) Allyl-N-(morpholinomethyl)diphenylsilane S.Il.

N-(Morpholinomethyl)triphenylsilane (0.050 g, lU 5 mmol) was dissolved in 2 mL

of dry TI·IF. Lithium metal (0.050 g, 7 mmol) was added and pressed against the walls of
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the tlask lU expose a fresh surface. After flushing with argon, the reaction flask was sealed

using a septum and the mixture was lt:ft to react during 24 hours, during that lime the reaction

mixture lUrned brown. Allyl bromide (0.1 mL, 0.55 mmol) was added neat ta this solution

al O°C. The liquid reaction mixture was then transfered into a Erlenmeyer containing ether

and a solution of conc. NH4CI in water. The organic phase was washed with distilled water,

dried over MgS04 and the solvent was evaporated leaving a yellow oil. Flash

chromalOgraphy of this residue using a 70:30, hexanes: ethyl acetate as eluent mixture

provided 0.027 g (60%) of a yellow oil, allyl silane 5.8. (85% pure)

rf=O.54 (70:30 hexllnes:EtOAc)

111 NMR (200 MHz, CDCI3) Ô 7.65-7.25 (m, 15 H), 5.95 (m, 1H), 4.95 (m, 2H), 3.62 (m,

411),2.52 (s, 2H), 2.34 (m, 4H), 2.19 (d, J= 16.1 Hz, 2H).

3) ~-lonol 5.211.

Reduction of ~-ionone with NaBH4 in methanol gave ~-Ionol contaminated with 1,4­

reduced prolluct (20%). This sille reaction was completely suppressed by the addition of

ceriulll chlorille hyllmte lOthe NaBH4 inlllethanol. NaBH4 (0.2 g, 5.5 mmol ) with cerium

chloride hydrate (2.1 g, 5.5 mmol) were dîssllived in 50 mL of dry methanol, ~-ionone (1.0

g, 5.5 Illmol) in 5.0 mL of dry methanol was then added to this solution. After stirring for

10 min., the mclhllnol was evapomted and the residue was extracted with ether and distilled

water. Aftcr sepllration, the organic phase was dried over MgS04 and the solvent was

evapomtcd Icaving 1.0 g (99%) of pure ~-ionol which did not need further purification.

tH NMR (200 MHz, CDCI3) Ô 6.04 (d, J=16.0 Hz, 1H), 5.48 (dd, J=6.7, 16.0 Hz,

11-1), 4.35 (quint, J= 6.4 Hz, 1H), 1.96 (m, 2H), 1.65 (m, 5H), 1.63-1.38 (m, 4H), 1.30

(d, J= 6.4 Hz, 3H), 0.97 (s, 61-1); I3C NMR (75 MHz, CDCI3) Ô 137.6, 136.6, 128.8,

127.5,69.5,39.4,33.9,32.7,28.7,23.6,21.3, 19.2.

4) ~-Ionyl chloridc 5.21.

~-Ionol (0.10 g, 0.5 mmol) was dissolved in 1 mL of dry ether and anhydrous HCl

1M in ethcr (10 mL, 10 111mol) was then added to this solution at O°C. This reaction mixture

was stirred lit this temperalUre for 3 hours. The solvent was then evaporated under vacuum

bctween 1O-20°C, giving 0.11 g (100%) of the crude chloride 5.21 which was used without

purification.
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11-1 NMR (200 MHz, CDC!j) li 6.10 (d, J=14.5 I-Iz, IH), 5.48 (dd, J=6.5, 14.5 I-Iz,

11-1),4.61 (quint, J= 6.5 Hz, IH), 1.98 (m, 21-1), 1.67 (s, 31-1), 1.65 (d, J= 6.5 Hz, 3H),

1.60 (m, 2H), 1.45 (m, 2H), 0.97 (s, 3H), 0.95 (s, 3H).

5) 1-(2,6,6-Trimcthyl-l-cyclohcxcn-I-yl)-3-mcthyl-5-(chloromcthyl)dimclhylsilyl-pcllla-i ,3­

dicnc 5.25.

Thc allene 5,15 (0.17 g, 0.8 mmol) was dissolved in chloromethyldimcthylsilane

(0.5 mL, 4 mmol) and dry hexachloroplatinic acid (dried over vacuum 100°C, 0.0002g, 4 x

10-6 mol) \Vas added. The reaction \Vas renuxed for 1 min. at which point the reaction

mixture turned bro\Vn. 0.1 mL of morpholine \Vas added und the excess

(chlol'Omelhyl)dimcthylsilane \Vas immediately eVllporated over the vacuum pump. The

resi:lue \Vas scpllnlled on silica gel column using hexanes as the elucnt. Wc isolated 0.22 g

(77%) of al: 1 mixture of isomcrs of 1I1lyisilanes 5.25 with 0.03 g of an unkno\Vn nonpolar

cOlllpound.(may be a reduction product).

11-1 NMR(COC1:J, 200 MHz) Ô Cis Îsomcr: 6.34 (d, J=16.1 Hz, 1 H), 6.41 (d, J=16.1

Hz, 1 H), 5.34 (l, J=9.0 Hz, 1 H), 2.79 (s, 2H), 1.88 (s, 3H), 1.71 (s, 3H), 1.49 (m,

2H), 1.03 (s, 61-1), 0.13 (s, 3l-l). Trans isomcr: 6.60 (d, J= 15.5 l-lz, 1 H), 5.72 (d,

J= 15.5 l-lz, 1 l-l), 5.45 (t, J=9.2 l-lz, 1 l-l), 2.80 (s, 2l-l), 2.01 (m, 2l-l), 1.76 (s, 3l-l),

1.73 (s, 31-1), 1.65 (m, 2l-l), 1.95 (m, 21-1), 1.03 (s, 6H), 0.15 (s, 31-1). '3(; NMR(CDC1:J,

50MHz) Ô 137.2, 137.1,132.4,130.5,129.4,127.7,127.6,126.1,126.0, 125.1, 123.0,

122.5, 40.0, 39.9, 34.7, 34.6, 33.5, 33.4, 30.5, 29.5, 29.4, 22.4, 22.3, 21.3, 20.0,
17.3, 16.4, 13.0, -3.6, -3.8. MS(EI) mlz cal'd for CI8H3ISiCI: 310.1883, found:

310.1886. 310 (50%), 295 (9%), 133 (53%),119 (100%),107 (58%),79 (66%).

6) 1-(2,6,6-Trimethyl-I-cyclohexen-I-yl)-3-methyl-5-[N­

bis(methoxymethylene)lIminomethyl)dimethylsilyl-pentll-I,3-dienc 5.18.

The lI11ylsilane 5.25 (0.17 g, 0.6 mmol) was added neat to dry

bis(methoxymelhylene)lImine ( 1 mL, 7.5 mmol). This mixture was heated to 110°C and

stirred at this temperaturc for 48 hours. 20 mL of ether with 10 mL of distilled water were

added to the reaction mixture. After separation, the organic phase was washed twice with

distilled water and once with brine, then dried over MgS04. The solvent was evaporated
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1caving 0.1 Hg of residue. Separation by flash chromatography using a 8:2 hexanes:elhyl

acetate as cluent, gave (1.O7 g (32 %) of compound 5.18, a yellow oil.

11-1 NMR(CDCI:J, 200 MHz) 15 Cis iSllmcr 6.32 (d, J= 16.1 Hz, IH), 6.02 (d, J=16.1 Hz,

1H), 5.36 (t, J= 8.9 I-Iz, 11-1), 3.44 (t, J= 6.2 I-Iz, 41-1), 3.33 (s, 61-1), 2.65 (l, J=6.2, 4H),

2.08 (s, 211), 1.95 (m, 21-1), 1.73 (s, 31-1), 1.60 (s, 3H), 1.55 (m, 2H), 1.42 (m, 2H), 1.01

(s, 611), 0.05 (s, 31-1). Trans iSllmcr 6.02 (d, J= 16.1 Hz, IH), 5.87 (d, J=16.1 Hz, IH),

5.48 (l, )=H.8 I-Iz, 11-1), 3.44 (t, J= 6.2 I-Iz, 41-1), 3.33 (s. 6H), 2.65 (l, J=6.2, 4H), 2.10

(s, 21-1), 1.95 (m, 21-1), 1.69 (s, 3H), 1.67 (s, 3H), 1.60 (s, 3H), 1.55 (m, 2H), 1.42 (m,

211), 1.01 (s, 6H), 0.07 (s, 31-1). MS(EI) m/z card for C24H45SiN02: 407.3219, found:

407.3224. 407 (2%), 392 (1%), 362 (11%), 204 (100%),146 (22%), 59 (17%).
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CHAPTER 6.

NEW RETINOIC ACIO ANALOGS

6.1. Introduction.

'l1ll': present chapter deals with the sylllht.:sis and biologica! activities of new aromatic

retinoic acid analot;s. The present resear~h was carried out as part of a cooperative project

between the department of oncology and the department of chemistry at McGill University.

The biological activity determinalion of t!le analogs was carried out by Dr. A. Haggarty on

the P19 ccli line and by Ml'. S. Damian on the HL-60 cell line. Tables 3 and 4 of the next

section resulted l'rom their biological evaluations. X-ray crystallography and resolution of

the crystalline structures, given in this section, were done by Dr. R. Hynes.

6.2. Some aromatic analogs of relinoic acid.

Retinoic acid has been shown to be involved in morphogenesis during the

development of the embryo (chick and other mammals) 1. It was also shown useful in the

treatment of leukemia, skin, head and neck clll1cers2,3. Retinoic acid influences cancer cell

(promyelocytes in the case of HL-60) into slUpping their prolifemtion and to mature to a more

advanced developmemal stage in their differentiation process 3. Thus a retinoic acid therapy

offers the possibility of cancer treatment at the cellular level.

Relinoic acid and it's analogs haVt: a wide- range of effects on cellular processes,

which they modulate through the activation of two different classes of nuclear receptors

proteins, the retinoic acid receptors (RARs) and the retinoid X receptors (RXRs). These

IWO types of receptors are then divided in three subtypes named n, ~. y. Ail these receptors

belongs to the steroid/thyroid hormone receptor superfamily. The RXR and RAR receptors

bint! ditTerently lU retinoic acid isomers and they activate different sets of genes. Thus

development of new retinoids wilh higher selectivity for one of these receptor's might result

in fewer sille eflccts in therapeutic applicmions.411
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effectlimited to five mcmber ring analogs
and fcw studies on steric rcquircment of
lower ponion of molecule in Ihe reccplor.

R=(X)nCOOH

•
Figure 6.1: Some exampics of new active retinoic acid analogs compared to the relrorelinoid

stnlcture F.

Keeping in mind the nurnerous discoveries mentioned earlier it is important to

underline that this field is in development and that there are serious drawbacks to the use of
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• n:linoic acid in c1inic. Reecnt advanecs al the chemistry levellO make the retinoic acid

derivatives more aClive. Jess toxic and more easily eliminaled by the patient are impressive

5,6. Some eX:llnples of new active relinoic acid analogs are given in Figure 6.1.

The present study was initialed to Cind new structures with the hope of gaining

informations at the reecptor lcvcl and possibly discriminating between cellular rcceptars. 5

Reecntly, researchers have starled to look at the conformatianal effects on the retinaid

receptor sc!ectivity.4a,b,c Fol1owing the sume general idea, we decided ta build retinaic acid

analogs having differelll Cllnfol1nutional possibilities when compared 10 retinaic acid. For

example, rotation abOlit any of lhe carbon-carbon single bond along the unsaturated side

chain of rctinoic acid wililead to confonners with the carboxylic group pointing upward; the

only way to gel this group pointing downward is ta isomerize one of the carbon-carbon

double bonds. (Figure 6.2).

Retinoic acili

~ stereoisomer

:::,.. ~ "<::

COOH

conform:llional..
posibililies

COOH

•
Figure 6.2: SOIl1C of the confonners of retinoic ucid.
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• Choosing a fCtro-retinoid type of struCtufC on which to base our lmalog series gave us

access 10 the complel1lelllary confol1national possibilities at C9. This type of :malog couId be

superimposed on the all-lralls -retinoic acid structure and on the 'l·cis -retilloic m;id structure

(if the substitution is correct), ami by changing the substituents it can also be superil1lpnsed

on the ll-cis -retiu,lic acid structure.(l'igure 6.3).

..
G

posibilities

confOl1na tional

Rotation abnllt this bond is stcrically blockcd
by the phenyl group.

~ b R2

~ ~ 1

~ RI
RetlO-retinoid analog

ifR1=I-1 and
~ R2=CHCHCOOI-l

9-cis -fCtiuoic acid COOH

~

Il ' .. ',' COOH
-CIS -reunolc aClu

if Rt=CI-ICHCOOH
and R2=I-1

H

Figure 6.3: two conformational possibilities of the retro analogs and comparison with

the retinoic acid isol1lers.

First the synthesis of the shorter analogs (among the retro structures given in Fig.

6.3) was tried ta sc': if any of them would be an active differellliating agent of the HL-60 ccli

line. We also slllllied the effecl of modifying the ring size of the alicyclic portion on these

molecules.

•
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6.lu) 11=1
6.111) 11=2
6.lc) 11=3

6.3a)I1=1
6.311)n=2
6.3c)n=3

6.2

~Hi , .... iv.. 0

CHÛIl

6.4a)n= 1
6.4b)n=2
6.4e)n=3

6.8a)n=l, R=Me
6.8b)n=2, R=Me
6.8e)n=3, R=Me

RooeeOOR

6.5a)l1= 1
6.5h)I1=2
6.5cln=3

1"" ~"Ph,"r__v--10_

~
12• CHCI) 6

Mix. .. .6a)n=l, R=Me 1 CHCLo
of isomcrs 6.611)n=2, R=Me Q2' . 7j, 6.8b

uanlllauve.

6.7a)n=l, R=H
6.711)n=2, R=H

6.9a)n=1, R=H
6.9b)n=2, R=H
6.ge)n=3, R=H

Scheme 6.1 : Synthesis of retinoids with a 5-7 membered ring.

•

i) a) >2 cq. KI-I, b) only 2 eq. KI-I:DME then Mel, H) Ce(N03)2(NH3)2 , KBr03,

acctonitrilc:wlltcr, reflux. Hi) Vinylmagnesium bromidc I.OM THF room tempo iv)

P(Ph)3HBr, Mcthanol, TOom tcmp. 24H. v) Mixture 6.5 dissolved in THF, -78°C s -BuLi

1.3M in c-hcxllnc, methyI4-formylbenzo:ne. vi) The ester was dissolved in methanol, conc.

NaOI-l, TOom tempo 241-1; cone. HCI.
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• The acids 6.711,b and 6.911-c were synthesized using the route described in Scheme

6.1. The slarling aromatic kelOnes 6.11I-c wcre dilllethyhtled using potassium hydride in

dry dimetlmxyethane. Quenching the enolates with Illethyl iodide gave the gem dimelhylmed

ketones 6.3b-c and the ether 6.2, in the case of the alky!mion of illlianone. This

intenllediate 6.2 gave the desired ketone 6.3a upon oxidation with ceric ammonium nitnlte

in the presence of potassium perbromate. The ketones 6.3a-c gave the cOITesponding viny!

alcohols 6.411-C upon reaction with 2 el]. of vinyltllagnesium bromide (1.0 M in Tl-IF) at

room temperuture. Reaction of these viny! alcohols with triphenylphosphonilllll hydrogen

brolllide in Illelhanol m room tempenlture for 48 hours gave the correspolllling phosphonium

salts 6.5a-b.7 These mixtures were reacted without prior purilicmion with s -butyllithium

1.3M in c-hexane and then with methyl4-formylbenzoate m -780 for 30 min. The isolmed

esters 6.6:I-c and 6.8a-c were hydrolysed in Illethanol with sodium hydroxide (some

isomerizalion may OCClU') or preferably in dioxane:water with lilhium hydroxide 10 give the

corresponding acids 6.7a-c and 6.9a-c.

The synthesis and condensation of the Willig reagents 6.511-c with aldehydes can

yield four isollleric dienes having the Z,E; Z,Z; E,Z and E,E conligunltions (Figure 6.4).
R

R

(C

z,z

(C

R
(C

•

I~,E E,Z R

Figure 6.4: Possible isomers formed aCIer reaction of methy! 4-forrnylbcnzoatc with

Willig reagents 6.5a-c.
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• Determination of double bond configuration,

(CII 2)1I -

MeMe Hc

COOR

NOE
(Hz)

Series J.,h Jh,e
Spin

OlherSystem Me-He

6a 11.4 Il.4 ABX - X-Ray

611 10,6 10,6 ABX 10%* -
second
order,

Table 6,1: Structural characlerization of the new retinoids.

*inconc1usive,

ROOC

Table 6,2: Structural charncterization of the new retinoids,

OE
(Hz)

Spin N
Series JlI •b Jb,e System Me-He Other

Sn 15,2 11.2 ABX 13.7% -

9b 15,3 10,8 ABX 5% X-Ray

9c 15.3 10,8 ABC 9% -

•
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The idellliticmion of the products obtained was made possible by 13e. 11-\ NMR

spectroscopy and X-ray crystullography. The detennination of the configunttion of the

disubstituted double bond was made by mcasul'Ïng the coupling constunts between the

protons a and b (see Tables 6.1 and 6.2). The detenninmion of the contigunttion of the !lther

double bond was delemlined using the nuclear Overhauser effect between the gem dimethyl

protons and the nearest vinyl proton c. The results were cont'irmed by X-ray

crystallography when possible. The values l'rom these experiments are tabulmed in Tables

6.1 and 6.2.

Ali the contigunttions of structures 6.6n to 6.9c were confinned in this way except

for compounds 6.6b and 6.7b where the protons band c are overlapped in their 11-\ NMR,

th us m<lking their struclure determinmion impossible by NOE. The proposed Z,Z diene

structure was based on the coupling constants of protons a and b and the comparison of their

13e NMR spectra (the gem-dimethyl substituted quaternary carbons have almost identical

chemical shifts at 36.7 and 36.3 ppm).

Keeping the same bicyclic syslem (series b), wc synlhesized the retinoic acid analogs

6.12,6.14 and 6.1!! having an extended skie chain approximming the 9- or 11- cis and

all-lralls rctinoic acid isomers(Scheme 6.2.2).

The Willig reagenl 6.5b underwent condensation reaclion with the carboxyaldehydes

6.10.6.15 and 6.19. which eventually yielded compollnds 6.12,6.14,6.111.6.20,

6.21 throllgh the reactions described in Scheme 6.2. The structure of these compounds

were confirmed by 1H and 13e spectroscopy and by comparison with the spectntl data

obtained for the compounds of the 6.!! and 6.9b series. These compounds were tested

along with the compounds synthesized earlier. The results l'rom the exposure of HL-60 and

P19 culture cells to these retinoids arc given in Tables 6.3 and 6.4.
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R,
l'I'h3

IIr' +

6.511

J:)

COOMe

~ ~ Ü J:)COOH
.. ~ =- .. ~ ~

(~),-1. ICOOJe R ~ =-
6.11) Z E

6.10 6.13) É;E 6.12) Z,EW.i 6.14) E,E

2)q(>- A ,,0 iii ~ (1 .P
2) 6.15R~ .. R~
~ 6.16 E:Z 6.16 E tiV

(;()()I~I A /"-
6.19 R~ 'COOEt

R~COOEt ii 6.17

6.2(1)
.. Mix. 1 Ü

E,E of isoI11ers. t
6.21) Z,E A /"-

.Xt 1 R~ -COOH

R= ro 6.18

•

SeheI11e 6.2: Synlhesis of analogs with modified side ehains. i) Compound 6.5 was

dissolved in THF and s -BuLi (1.3M in e-hexane) was added al -78°C, slirred 6 hours,

aldehyde. ii) The esler was disso\ved in melhanol, 5 drops of eone. NaOI-l so\ulion were

added, rOOI11 tempo 24 hours; Cone. HC\. iii) \2, CHC\3. iv)

KCHIPO(OC2HS12ICOOC2HS, THF rOOI11ICmp. 30 min.

•
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• Retinoids % Diff. at IUM EDsol.ill·9.Ml.
All-cralls -Relinoic acid 91 3
na 84 50

7a 85 40

8a 96 Il

901 91 13

6b

7b

8b

9b 45 >1000

Sc 22 >1000

9c 95 10

12 28 > 1000

14 27 >1000

18

20

21

Table 6.3: results l'rom the differentiation of HL-60.
i) The differentimion observed at 1!lM was not significant or was absent.

Retinoids % aggregates with neurites il! 1uM.

•

All-cranç -Retinoic acid 82

7a 72

8a 70

9a 75

9b 50

9c 84

14 75

18 45

Table 6.4 : results l'rom the differemiation of the PI9 cells.
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In thc casc of HL-60 ( human promyclocytic white cells) the response to the retinoic

acid analogs was mcasured by counting the cell that are colored blue by the nitroblue

tetrazolium (NI3T) dyc and calclliating the ratio of colored to non coIored cells. ll The P19

(mollse cmbryonal carcinoma cells) arc differentiated ta neurons in the presence of retinoic

acid, th us a ratio of cell Imving neurites to cell without neurites can be used ta estimate the

potency of an analog. 12 The cells were exposed to the retinoids analogs for 4 days (HL-60)

and for 6-8 days (P 19) before estinmting the extent of differentiation. The retinoids analogs

were tested along with retinoic acid which was used as a positive control. The results

reponed in table 3 and 4 show the respective activities of the most active retinoic acid analogs
at 1~M concentration und lower concentrutions were used to calculate the EDSO.

The results l'rom Tubles 6.3 and 6.4 show that modifying the ring size at the

lipophilic end of the retinoic ucid analogs Ims an important effect on the potency of these

compollnds. We can see thal the seven membered ring compound 6.9c and the five

membered ring compounds 6.7-6.9a, all showed activities approaching that of retinoic

ucid. However the six membered ring unulog 6.6-6.8 series b ull showed Jow to no activity

in the HL-60 scrcenings. Some nttionalization couId be found for a higher activity of the five

membered ring unulogs, when compured 10 the six membered series. The five membered

ring system is more plunar and more rigid thun the six membered analogs (Figure 6.5).

I3etter biological uctivity COli Id be related to an increased in planarity or conformational

rigidity of the five membered ring retinoic acid analogs (see Figure 6.1). However this

nttionalizution fulls short with the seven member ring analogs which cannot be planar due to

ring struin und should exhibit more confonnational flexibility than the five and six member

ring unalogs.

These con!licting results might be better expluined by the presence of other different retinoic

lIcid receptors \Vith different steric requirements in their binding sites. Perhaps compounds

6.90 und 6.9c bind to different receptors huving similar macroscopic effects on the cell

lines.

Some moIeculllr modeling has been done on the compounds 6.9a-e to better

visualize the difference between these compounds in three dimensions (Figure 6.5). The

MM2 calculated conformations are probably not too far l'rom reality since the calculated

structure of 6.9b is close to its X-ntYstructure shown in Figure 6.6. Some dihedral angles

have been ollllined to give an indication to what extent these structures compare to each other.

lt can easily be seen that structure 6.9b is conformationally a middle ground between

144



•

•

structure 6.9" and 6.9c. lt is difficult 10 see why a receptor capable of binding well to Ihe

two extremes, 6.9:1 (Illd 6.9c, eoulù not bind equally well to 6.9b.

Changes in sille chain donot seem to modify greally the aetivity of the six membered

ring analogs at least when their biologieal aetivity are compared on the HL-60 cell line. us

shown io Table 6.3. I-Iowever whenlhe biologieal activity of the six membered analogs ure

compared on the l'19 cells, a trend is observed. Compound 6.14 seems to be signifieantly

more active than compound 6.18 for example. The derivatives 6.20 and 6.21 were

shown to be completely inactive. Interestingly, results have reeently been reported whieh

showed that the use of this particular type of sille chain oflen gave analogs whieh are less

active, when eompared to the benzoic Iype of side chain. 13 The different results obt:lined

from HL-GO and l'19 screenings could indicate the presence of an lIdditional relinoic acid

receptors (compound 6.14 has a structure more relaled to that of ll-cis rctinoic acid thun 10

all-/ralls retinoic acid). As mentioned al the begining of the chapter the receptors for the ull­

/ralls and for 9-cis retinoic acids have been found. However receptors for the ll-cis and

other retinoic acid isomers are still waiting to be discovercd. We must keep in mimi however

that these discrepencies between the results from differcnt cclllines couId be due in lurge part

to Ihe differences in the evaluation process for HL-GO and 1'19.
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MM2
1.2-3,4= -176°
3.4-5.6=72°

n=3

n=2

Figure 6.5: MM2 Conformational analysis of the analogs 6.9 a·e•
HO

o

X-Ray

1.2-3,4=172.9°
3.4-5.6=43.6°

MM2
1.2-3,4= -117.9°
3,4·5.6=41.4°

MM2
1.2-3,4= ·174.9°
3,4-5.6= 17°

n=1
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Figure 6.6: X-ray structures obtained for compounds 6.68 and 6.9b.

In conclusion. we have synthesized a number of analogs of retinoic acid in which
sma\l mOOifications on the backbone of the molecule lead ta large differences in activity. The
explanation for such differences should become clearer as biological studies on the receptar
selectivityare undertaken. Funher studies should be done in five and seven membered ring
series. The synthesis of new E,E- analogs would be of interest. since the orientation of the
carboxylic group in such derivatives would be different when compared to the ZoE analogs
discussed in this work. The carboxylic group in the EE isomer should be closer in space to
that of the more active retinoic acid analog C (Figure 6.7) reponed in the literature and also
shown in another conformation in Figure 6.1.

•

COOH

C
EE

lE COOH

Figure 6.7: Possible direction for future investigation in this field.
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6.3. EXDcrimcntal.

Th~ slaning mat~rial r~ag~llls w~r~ purchased l'rom Aldrich. The dimethoxyethane

(DME) us~d in the alkylation slep was purchased l'rom Aldrich or BDH and was freshly

distilled fromlilhium aluminium hydride (LAH) prior to its use (Warning!!! Very wet DME

will sOlllelillle ignilc if 100 much lithium aluminium hydride is added at once. These

accidenls can be avoided by adding CaH2 first and leaving it te react for an hour before

adding the LAH). The tetrahydrofuran (THF) solvent was dried over the

sndimn/benzophenone ketyl radical and distilled berore use. The 60% potassium hydride

suspension was obtained by allowing lhe 33% potassium hydride suspension sold by Aldrich

to separate and discarding the IOp oily fraction. The triphenylphosphine hydrogen bromide

provided by Aldrich was fOllOd 10 contain cxcess of hydrogen bromide (yellow color); this

was found in tm'll 10 affect adversely the reactions in which it was used. '1'0 improve our

yields we added 0.1 g of triphcnylphosphine ta every 5 g of triphenylphosphine hydrogen

bromide used in solution.
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1) I-Methoxy-2,2-dimethylindane 6.2.

22.7 g (excess) of a potassium hydride (KH) 30% suspension in oi! was washed 3

times with hexanes, and 250 mL of dry dimethoxyethane were added. The l-inùunone (1 ()

g, 75.8 mm(1) dissolveù in 20 mL of ùimethoxyethane was slowly aùùeù under argon to the

KH suspension with evolution of hyùrogen. At this point, the solution was ùark. Artel' 5
minutes of stirring, methyl ioùide (32 g, 227.4 nll1101) was slowly addeù until the reaction

mixture turneù white. The excess potassium hyùriùe was quenched with ethanol anù the

reaction mixture poureù into a beaker containing 100 mL of ice, 100 mL of saturateù

ammonium chloJ'iùe solution anù 60 mL of hexanes. AI'ter separation, the organic phase was

dried over anhydrous MgS04 anù the solvent evaporated. This resulted in the isolation of

Il.5 g of a cruùe yellow oil which distilleù (Kugelrohr) between 85-90° C (at 0.3 mm/Hg)

yielding 9.5 g (71 %) of a clear oil which was used without further purification in the next

reaction.

1H NMR (200 MHz, CDCI3) Il 7.2-7.4 (m, 4H), 4.21 (s, 1H), 3.53 (s, 1H), 2.88 (d,

J=15.3 Hz, IH), 2.62 (ù, J=15.3 Hz, IH), 1.18 (s, 3H), 1.16 (s, 3H); 13C NMR (75

MHz, CDCI3) Il 142.3, 128.0, 127.5, 127.2, 127.1,92.0, 58.0, 46.0,44.5,28.0,22.0;

MS (E.I.) m/z calc'ù for C12H160: MI=176.1201, founù 176.1228; MI=176 (55%),161

(13%),145 (49%),129 (100%)

2) 2,2-Dimethyl-I-indanone 6.3a,

A) l-methoxy-2-dimethylindane 6.2 (27 g, 15 mm(1) was dissolved at room

temperature in a solution containing 210 mL of distilled water, 90 mL acetonitrile, ceric

ammonium nitrate (8.22 g, 15 mmol) and potassium chlorate (8.55 g, 50 mmol). The

reaction was ret1uxeù with stirring dUl'ing 6 hours. AI'ter cooling the reaction mixture 10

room temperature, 60 mL of hexanes were aùùeù, the organic phase separated and washeù

with 50 mL of watel'. The organic phase was dried over lInhydrous MgS04l1nd the solvents

evaporated. The yellow oi! resiùue was distilled under water pump vllcuum (108-110 oC)

giving 22 g (90%) of a clear oi! that crystallized on stanùing.

B) 2-dimethyl-I-inùanone was obtained dircctly l'rom I-indanone when the procedure

described for the synthesis of 6.2 was followeù using only 2 equivalents of KH and 2

equivalents of iodomethane. This procedure gave the desired 2-dimethyl-I-indanone directly

in 98% yielù which distilled at 80-90°C (Kugelrohr 0.05 mm!Hg).
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III NMR (200 MHz, CDCI3) li 7.72 (d, 1=7.6 Hz, IH), 7.55 (m, IH), 7.43-7.28 (m, 2H),

2.96 (s, 211), 1.20 (s, 6H); 13C NMR (75 MHz, CDCI3) /) 210.8, 151.8, 135.0,

134.5,127.1, 126.3, 124.0, 45.0,42.5,24.9; IR (film) 3036-2846, 1702, 1470, 1435,

1292,993, HOI, 745 cm- I; MS (E.!.) m/z calc'd for CIIHI20: MI=160.0888, found

IW.OH91; 160 (5H%), 145 (100%), 131 (8%), 117 (20%).

3) 1-Vinyl-2,2-dimethyl-I-indanul 6.4a.

The 2-dimelhyl-I-indanune 6.3a (3 g, 18.7 mmol) was slowly added to a solution

containing 30 mL ur dry 'l'HF und 40 mL ur u lM vinyl mugnesium bromide in THF (40.0

mmul) ut 1'00111 temperulUre. This mixture was stirrcd for an additionul 30 min., then poured

inlO a 500 mL beak, l' cuntuining 50 mL uf ice with 50 mL saturllted ummonium chloride

Sululiun. The resulting mixture was extracted with 50 mL of hexanes, the orgunic layer

washed with distilled water, dried over unhydrous MgS04 and the soivent evapornted under

redueed pressure, leaving 3.2 g ('.II %) uf a cleur yellow oil which was used in the next step

without further purification. However compound 6.4a cun be purified by Kugelrohr

distillution at 95-105°C (0.1 mm/Hg)

IH NMR (200 MHz, CDCI3) 8 7.1-7.3 (m, 4H), 6.20 (dd, 1=17.2, 10.6Hz, IH), 5.28 (dd,

1=17.2, 1.7 Hz, Illl, 5.24 (dd, 1=10.6, 1.7Hz, IH), 2.90 (d, 1=15.3Hz, IH), 2.63 (d,

1=15.31Iz, 11-1), 1.61 (s, IH), 1.09 (s,31-1), 0.99 (s, 3H). BC NMR (68 MHz,CDCI3) /)

146.5, 142.4, 139.2, 128.1, 126.5, 125.0, 123.8, 114.3,86.1,48.0,45.1,24.6,22.0.

!.R. (neut) 3589-3300,2963-2844, 1637, 1606, 1473, 1409, 1001,979,962,918,764,

727 cn1"\; MS (E.!.) m/z cale'd for CI31-1160: MI=188.1201, found 188.1201; 188 (9%),

173 (100%),170 (7%),155 (23%),145 (81%), 129 (24%), '.II (17%).

4) (l-EZ)12-(2' ,2'-Dilllcthylindan-1 '-ylidene)elhylJ triphenylphosphonium bromide 6.5a.

The l-vinyl-2-dilllethyl- 1-indulloi 6.4a (1.8 g, 9.6 mmol) was added to

triphenylphusphine hydrobrumide (3.3 g, 9.6 mmo1) and dissolved in 20 mL of dry

Illelhanul (distilled over Illugnesium). This solution was left stirring for 24 hours at room

lemperature. The methanol was \wuporuled under reduced pressure and the resuiting solid

pulverized under 20 mL of ucetone or THF. The solvent was decanted and the resulting

p'lwùer dried overnigl.t under VUCUUIll, yielding 4.5 g (88%) of a crode mixture that was

uscd without t\,nher purificution in the next stcp.
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IH NMR (200 MHz, CDCI3) Ù 7.9-7.5 (m), 7.3-6.9 (m), 5.70 (dd, J=16.7, 8.2 Hz), 5.5­

5.n (m), 4.90 (dd, 15.2, 8.IHz), 2.71 (s), 2.59 (s), 1.06 (s), 1.00 (s).

5) 4-( l 'Z,2E) and 8a) 4-( l 'Z,2Z)[ 3-(2',2'-Dimethylindan-1 '-ylidene)-2-propenyllhenzoic

acid, methyl eslers 6,6a and 6.8a.

The phosphonilllll salt 6.5a (1 g. 1.9 mmol) MIS added ta 60 mL of dry TI-IF and

the reslilting sllspension slirred lInder argon al _78° C. s-BlIlyllithilim (604 mL, 7.6 mmol)

was slowly added and the sol lit ion wal111ed 10 _60° C and stirred for 6 hOllrs at this

temperallire. The l'l'action mixtllre lUrned 10 a dark homogeneolls l'cd. Methyl 4­

fOlmylbenzoale (1.24 g, 7.6mmol) dissolved intetrahydrofllran, was added and the l'l'action

mixtllre \Vas wal111ed 10 roOIll lemperatllre and stirrcd an addilional 30 min. 20 mL of

hcxancs and 20 mL of conct~ntratedammoninm chloride wcre then added. Artel' separlllion,

the org'lIlic phase \Vas washed with distilled water, dried over anhydrolls MgS04 and the

solvents evaporalcd. The reslilling oi! was heated with 25 mL of hexanes and 1eft to coolto

room lemperalllre, dllring which time lhe triphenylphosphlllc precipitated Ollt of the sollition.

The liqllid was dccanted l'rom the solid and the hexanes evaporated, giving 0.2 g of acis­

lrans mixtllre of prmilicllVilh a third lInidentitied prodllct which were scparated on a collimn

lIsing hexanes as clllCnt. The separlllion gave 0.032 g of FI, 0.025 g of F2 and 0.120 g of

F3 for a IOta! of 28% yield of convcrsion.

FI, 6.6a) Recrystallized l'rom hot hexal1l:s m.p.= 104-104.5°C,(yellow needles)

IH NMR (200 MHz, CDCI3) Ù 8.04 (d, J=8A I-Iz, 21-1), 7.76 (m, 11-1),7049 (d, J=8A Hz,

2H), 7.3-7.22 (m, 31-1), 7.09 (dd, J= liA, i lA Hz, 1H), 6.53 (d, J= lIA Hz, II-l), 6049

(dd, J=11A, 1.3 Hz, IH), 3.93 (s,3H), 2.85 (s, 2H), 1.23 (s, 61-1) ; 13C NMR (68 MHz,

CDCI3) Ù 167.0, 155.5, 145.1, 14204, 139.5, 129.5, 129.1, 128.9, 12804, 128.37, 128.2,

126.5, 125.7, 125.5, 116.9, 57.!, 46.9, 11.3, 28.9; IR (film)3200-2846, 1722, 1628,

1603, 1434, 1278, 1179, 1108,965,774 cm- 1 ; MS (E.L) m/z c•.Ic'd for C22H2202:

MI=318.1620, fOllnd 318.1614 ; 318(100%), 303 (33%), 287 (5%), 275 (12%), 143

(10%), 169 (12%).

F2, 6.8a) Recrystallizcd l'rom hot hexanes m.p.=120.5-121 oC, (yelow plates)

1H NMR (200 MHz, CDCI3) Il tl.OO (d, J=8.3 Hz, 2H), 7.78 (m, IH), 7.79 (dd, J=15.2,

11.4 Hz, IH), 7.5 (d, J=8.3 Hz, 2H), 7.34-7.22(m, 3H), 6.66 (d, J=15.3 Hz, IH), 6.49

(d, J=i 1.4 I-Iz, 11-1), 3.91 (s,3H), 2.85 (s, 2H), 1.25 (s, 61-1) ; 13C NMR (68 MHz, CDCI3)

Il 166.9, 154.5, 145.2, 14204, 139.7, 131.2, 130.0, 128.4, 128.3, 128.2, 126.7, 126.1,
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125.6, 125.4, 120.6,52.0,46.9,44.6,28.9; IR (film) 3200-2846, 1718, 1601, 1603,

1435, 127X, 117X, 1108, 965, 768 cm- l ; MS (E.!.) m/z calc'd for C22H2202:

MI=318.1620, round 318.1617 ; 318(100%), 303 (32%),287 (5%),275 (12%), 143

(10%), 169 (11%).

6) 4-( l 'Z,2Z)13-(2',2'-Dimethylindan-1 '-ylidene)-2-propenyl]benzoic acid 6.7a.

The ester 6.6a (22.6 mg, 0.07 mmol) in 20 mL of methanol was hydrolysed

following the addition of 0.5 mL of a saturuted sodium hydroxide solution in water and

heating to reflux for 5 min. The reaction mixture was then left overnight to react at room

temperature. The methanol was evaporated under vacuum, 20 mL of distilled water were

added to dissolve the residue and 2 mL of HCI were added. The aeid 7a precipitated out of

the solution and was extracted twice with 20 mL of ether. The combined organie phases

were dried over MgS04 and evaporated under vacuum leaving 20.0 mg of a yellow powder

which was reerystallized in methanol, yielding 15 mg of pale yellow plates (70%).

Recrystallized from methanolm.p.=190-192°C,

11-1 NMR (200 MHz, CDCI3) /) 8.15 (d, J=8.4 I-Iz, 2H), 7.79 (m, IH), 7.55 (d, J=8.4 Hz,

2H), 7.31-7.2 (m, 3H), 7.14 (dd, J= 11.4, lU, !H), 6.56 (d, J=II.4, IH), 6.52 (d,

J=II.3, 11-1),2.88 (s, 21-1), 1.26 (s, 61-1); IR (KBr) 3400-2450, 1686, 1601, 1420, 1288

cm- I; MS (E.!.) m/z eale'd for C211-12002: MI=304.1463, found 304.1462 ; 304(100%),

289 (39%), 261 (14%), 169 (14%), 167 (21%), 129 (16%).

7) 4-( l 'Z,2E)l3-(2',2'-Dimethylindan-1 '-ylidene)-2-propenyl]benzoic aeid 6.9a.

The ester 6.8a (36 mg, 0.11 mmol) dissolved in 30 mL of methanol was hydrolysed

by the addition of ImL of u saturuted sodium hydroxide solution in water. The reaction

mixture was refluxed for 5 min. and left overnight to reaet ut l'Dom temperature. The

methanol was evap0l'l\ted under vacuum and 20 mL of distilIed water was added to dissolve

the residue und 2 mL of eoncentrated hydrochlorie aeid were added. The aeid 6.9a

precipitated out of the solution and was extructed twice with 20 ml of ether. The eombined

organic phuses were dried und evuporated under vueuum leaving 32 mg of a yellow powder

which wus rccrystallized in methanol yielding 26 mg of yellow needles (76%).

(wurning: When the sodium hydroxide was introdueed as a solid, instead of dissolved in

water, we observed some isomerization of the produet. Use of lithium hydroxide might be

prcfenlble).
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Recrystallized frommelhanol, m.p.=200 oc,
1H NMR (200 MHz, CDCI3) li 8.<l7 (d, J=8.3Hz, 2H), 7.78 (m, lH), 7.78 (dd, 15.5, 11.2

Hz, IH), 7.52 (d, J=8.3 Hz, 2\-1), 7.34-7.22 (m, 3H), 6.67 (d, J= 15.5, lH), 6.24 (d.

J=11.2, IH), 2.85 (s, 21-1), 1.25 (s, 6H); IR (KEr) 3400-2800, 1688, 1651, 1601, 1540,

1419,1235 cm- I; MS (E.l.) m/z calc'd for C2!H2002: MI=304.1463, found 304.1461 ;

304(100%),289 (37%), 261 (14%), 169 (13%),167 (21%),129 (40%).

8) 2,2-Dimethyl-l-tetmlone 6,3b. 14

A 60% KH suspension in oi! (11.7g, 138 mmol) MIS washed 3 times with 20 mL of

hexanes, then 150 mL of dry dimethoxyethane was added. 1-Tetmlone (lOg, 69 mmol) ,

was slowly added over argon to the KH suspension in DME giving rise to hydrogen. At this

point, the solution turned darker. After stirring 5 minutes, lodomethane (19 g, 138 mmol)

was slowly added. The excess potassium hydride was quenched with ethunol und the

reaction mixture poured inlO a beaker containing 250 mL of distil1ed wuter and !OO mL of

hexanes. After sepamtion and a wash with brine, the organic phase was dried with

anhydrous MgS04 and the so!vent evapomted, yielding Il g of a crude yel10w oi! (92%)

which was used in the next reaction without further purification. Vacuum distil1ation

(Kugelrohr 80-90oC, 0.05 mm/Hg) provided an analytical sample.

IH NMR (300 MHz, CDC13) li 8.04 (dd, J=1.5, 7.9 Hz, IH), 7.44 (dt, J= 1.5,7.5 Hz,

IH), 7.28 (t, J=7.3 Hz, IH), 7.21 (d, J=7.8 Hz, \H), 2.98 (t, J= 6.4 Hz, 2H), 1.98 (t,

J=6.4 Hz, 2H), 1.21 (s,6H); 13C NMR (75 MHz, CDC13) li 202.8,143.3, 132.9, 131.4,

128.6, 127.9, 126.5,41.5,36.5,25.6,24.3; IR (film) 2938, 1684, 1601, 1309, 1221,

968,741 cm-1; MS (E.l.) m/z 174 (55%),159 (25%),131 (26%), 118 (100%),90 (31%).

9) l ,2,3,4-Tetrahydro-1-hydroxy-I-vinyl-2,2-dimethylnaphtalene 6.4b.

The 6-dimethyl-5-tetmlone 6.3b (1.7 g, 10 mmol) was slowly added, at O°C, to a

solution of vinylmagnesium bromide (20 mL, 1M, 20 mmol) dissolved in 30 mL of 'l'HF.

The reaclion mixlllre was warmed up to room temperature and left stirring for an additional

30 min. The reaction mixture was then slowly added to a 200 mL of icc and saturated

ammonium chloride solution (50/50) mixture. After work up. drying and evaporation of the

solvents, we isolated 2 g (!OO%) of a yel10w oi! that was used in the next reaction without

fUJ1her purificUlion.
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III NMR (200 Mllz, CDC13) i5 7.40 (m, 1H), 7.2-7.0 (m, 31-1), 6.08 (m, J=17.1, 10.7I-1z,

111),5.27 (dd, J=17.I, !.KHz, 11-1), 5.24 (dd, J=10.7, 1.81-1z, 11-1),2.84 (t, J=6.8 I-Iz,

211), I.X5 (dt, J=13.6, 6.X Hz, II-l), 1.(;7 (dt, J=13.6, 6.8 I-Iz, 11-1),0.99 (s, 31-1), 0.96 (s,
311); I3C NMR (50 MHz, CDCI3) i5 141.6, 140.3, 135.7, 128.6, 128.0, 127.0, 126.0,

114.2, ?X.O, 36.3, 32.7, 25.8,23.7,22.8. IR(fiIm) 3600-3300, 3059-2871, 1636, 1487,
1453,994,924 cm-:.

10) (1 'E,Z)12-(2' ,3',4'-Trihydro-2',2'-dimelhylnapht-l'-ylidelIe)ethyl]

lriphenylphosphonium bromide 6.5b.

The 1,2,3,4-letrahydro-l-hydroxy-l-vinyl-2-dimethylnaphtalene 6.4b (2 g, 9.9

mmol) was reacted Wilh triphenyl phosphinehydrobromide (3.4 g, 9.9 mmol) using the

procedure described in lhe syllthesis of the phosphonium 6.50. After evaporation of the

melhanol, 3.6 g of cnide phosphonium salt was isolated as a yeUow solid which was

trilUnltl:d in TI-IF, lïltercd and used in the next step after drying 24 hours under vaccuum.

III NMR (200 MHz, CDCI3) i5 7.8-7.5 (m, 151-1),7.45 (m, 11-1),7.15 (m, 21-1), 7.05 (m,

Ill), 5.25 (t, 11-1), 4.9X (dd, 21-1), 2.49 (t, 21-1), 1.31 (t, 21-1), 0.85 (s, 6H).

II) 4-( l 'Z.2E) and Xb)4-(l'Z,2Z)13-(2',3' ,4'-Trihydro-2',2'-dimethylnapht-1 '-ylidene)-2­

propcnyllbenzoic acid, methyl cster 6.6b.

Thc phosphonium salt 6.5b ( I.X g, 3.4 mmol ) was reacted with methyl 4­

formylbenzoate (0.6 g, 3.4 mmol) in 75 mL of anhydrous THF, using the procedure

described for the syllthesis of 6.60 and 6.80. Following the reaction and separation of the

triphenylphosphine oxide in hexanes, the solvents were evaporated and the residue was

scparaled by flash chromalography using 95% hexanes: 5% ethyl acetate as eluent, yielding

Iwo fnlctions (FI; rf=0.5, F2; rf=0.44, 95:5 hexanes:ethyl tlcetate) Fl=0.15 g , F2=0.38g

(53% convcrsion). FI was recrystallized in hexanes to give 6.6b as a white powder (m.p.
X6-86.5°C).

FI Compound 6.6b:
11-1 NMR (200 Ml-lz, CDC13) Il 8.06 (d, J=8.4 I-Iz, 2H), 7.56-7.46 (d+m, J=8.4Hz, 3H),

7.30-7.20 (m, 31-1), 6.67 (m, complex ABX (5 lines), J=10.6 I-Iz, 2H), 6.46 (m, ABX (6

lines), 10.6 I-Iz, 11-1), 3.95 (s, 31-1), 2.84 (t, J= 6.7Hz, 2H), 1.70 (t, J= 6.7I-1z, 2H), 1.17
(s, 61-1). 13C NMR (50 Ml-lz, CDCI3) l) 165.8, 149.8, 141.8, 137.26, 134.0, 130.5,
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130.0.128.8.128.1,127.5,127.4,127.0.124.2,117.8. 52.3. 38.7. 36.7, 28.5, 27.3; IR

(nujol) 1721, 1600, 1459, 1274, 1l06cm- 1

F2 Compound 6.11b was isolmed as a yellow oi! which was impure. We had to hydrolyse

the ester Ihen recrystallize 10 purify il. See 6.9b.

IH NMR (200 MHz, CDCI3) li 7.99 (d, J=8.5 Hz. 2H). 7.43 (Mm, J=8.5Hz, 311), 7.42

(dd. J=15.3. 10.8 Hz, IH), 7.30-7.12 (m. 3H) 6.70 (d. J=15.3. 10.8 Hz, 111),6.43 (d,

lO.8 Hz, 1H), 3.92 (s, 3H), 2.87 (t, J= 6.7Hz, 2H). 1.76 (t, J= 6.7Hz, 2H), 1.23 (s, 61-1).

13C NMR (68 MHz, CDCI3) li 166.7, 149.8, 142.4, 138.6, 135.1, 131.0, 130.0, 128.2,

128.1,127.5,127.4,125.8,125.0.121.7.51.8,38.3,36.3. 27.8, 26.6; IR (film) 3052­

2873,1726,160I,1434,1274.II07,765cm- 1

12) 4-( l 'Z,2Z)13-(2',3' ,4'-Trihydro-2' ,2'-dimethylnapht-l '-ylidene)-2-propenyllbenzoic

acid 6.7h.

The ester 6.6h (O.14g, 0.5 mmol) in 1 mL of dimwne WIIS hydrolysed lIy the

addition of 0.1 mL of a sallirated NaOH solution in distilled water. The rcllctioll mixture WIIS

left stirring for 12 hours before adding 0.5 mL of conc. HCI and extnlcting the acid 6.7h

with 20 mL of ether. Work-up and evapol1ltion of thc solvcnts gave 0.13 g of rcsiduc which,

aftcr crystallization in pcntane gavc 0.1 g (77%) of the purc ucid 6.7h us a whitc powdcr.

mp=154-155°C

1H NMR (200 MHz, CDCI3) li 8.16 (d, J=8.2Hz, 2H), 7.56 (d, J=8.2I-1z, 2\-1), 7.50 (m,

1H), 7.30-7.15 (m, 3H), 6.72 (m, complex ABX (5 lilles), J=9.5 Hz, 21-1), 6.50 (m, ABX

(6 lilles) J= 9.5 Hz, 1H), 2.86 (t, J= 6.8 Hz, 2H), 1.72 (l, J=6.6 Hz, 2H), 1.19 (s, 61-1);

I3C NMR (68 MHz, CDCI3) /)171.4, 151.1, 143.5, 138.6, 134.7, 131.6, 130.8, 130.2,

128.8, 128.2, 128.0, 127.8, 127.2, 124.9, 118.3, 121.7, 38.3, 36.4, 28.0, 26.8. MS

(E.!.) m/z 318 (32%), 303 (23%),262 (100%).

13) 4-( l 'Z,2E)13-(2',3' ,4'-Trihydro-2' ,2' -dimethy1naphl-1 '-ylidcne)-2-propcnyllbenzoic

ucid 6.9h.

The ester 6.11h (0.15 g, 0.45 mmol) in 0.3 mL of dioxune was hydrolyscd lIy udding

0.6 mL of a solution of 0.38 g LiOH in 1 mL of distilled Waler. This reuclioll mixture wus

slirred for 24 hours then 5 mL of cOlle. HCI were udded. The solution was eXlrucled with

ether, the orgunic phase was sepuraled lhen dried over unhydrous MgS04 and the solvenls
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wcrc evaporaled Icaving a lighl yel10w oi!. A wash with hexanes provided 0.14 g (94%) of

pure acid 6.9h obtaincd as a ycl10w powder.

m.p.199-199.5°C.

III NMR (200 MHz, CDCI3) 0 H.03 (d, J=H.4 Hz, 2H), 7.5-7.25 (m, 7H), 6.69 (d, J=15.3

IIz, 111),6.40 (d, J=I 1.0 Hz, IH), 2.H4 (t, J= 6.7 Hz, 2H), 1.73 (t, J= 6.8 Hz, 2H), 1.19

(s, (11); DC NMR (6H MHz, CDCI3) 0 171.9, 150.4, 143.5, 138.9, 135.2, 130.9, 130.6,

130.4, 12H.3, 127.7, 127.3, 126.1, 125.1, 121.7,38.4,36.4,27.9,26.8; MS (E.!.) m/z
calc'd forC22H2202: MI=31H.1619, found 318.1612; 318 (37%), 303 (24%), 274 (21%),

262 (100%).

14) 7,7- Dil11cthyl-2,3-bcnzocycioheptan-l·one 6.3c.

A 60 % suspension of potassiul11 hydride in oil (4.1 g, 62 mmol) was washed 3 times

with 20 I11L or hesanes and ISO mL of dry dimethoxyethane were added. I-Benzosuberone

(5 g, 31 ml11ol) was slowly added Ululer argon to this KH suspension giving rise to

hydrogen 1'0rmUlion. At this point, the solution was of an almond color. Al'ter 5 minutes,

mcthyl iodide (8.7 g, 31 mmol) was slowly added. The excess potassium hydride was

l}uenched with elhanol and the reaction mixture poured into a beaker containing 100 mL of

ice, 50 mL of saturatcd ammonium chloride solution and 60 mL of hexanes. After

separation, Ihe OI'ganic phase was dried over anhydrous MgS04 and the solvent evaporated.

A cl'llde yel10w oi! was obtained and distil1ed (Kugelrohr lOO-110°C, 0.3 mmlHg), yielding

5.6 g (95%) or a clear oil which was used without furlher purificlllion in the next reaction.

III NMR (300 MHz, CDCI3) 0 7.35-7.18 (m, 3H), 7.09 (d, J= 7 Hz, lH), 2.74 (t, J=6.7

Hz,2H), 1.88 (tdd, J=6.7, 7.0,5.7 Hz, 2H), 1.64 (dd, J= 7.0, 5.7Hz, IH), 1.16 (s, 6H);

l3C NMR (75 MHz, CDCI3) Il 214.8.141.2, 137.1, 130.5,128.3, 126.8, 126.3,45.8,

37.4.32.8,25.5,23.0; MS (E.l.) m/z cal:'d for C13H160: M1=188.1201, found

188.1212; 188 (40%), 173 (II %),145 (49%),129 (100%)

15) 1-Vinyl-7 ,7-dimethyl-2,3-benzocycloheptun-I-ol 6.4c.

The 7-dimethyl-2,3-benzocycloheptan-1-one 6.3c (4.0 g, 21 mmol) was reacted

with vinylmagnesium bromide 1M in THF (42.6 mL, 42 mmol) using the procedure

described for 6.411. The alcohol 6.4c WllS isolllted in 80% yield as a yellow oil that was

used without funhcr purilicUlion in the nest step.
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11·[ NMR (200 MHz. CDCI3) Ù 7.70 (d, J=7.6Hz. IH). 7.3-7.0 (m, 3H), 6.69 (dd, J=17.I,

10.7Hz, IH). 5.20 (dd, J=10.7. 1.3Hz, IH), 5.10 (dd, J=17.2, 1.3 Hz, IH). 3.1-2.7(m,

2H), U-1.6 (m. 41-1), I.H8 (s, 1H), 1.07 (s, 3H), 0.77 (s, 31-1); l3C NMR (75 MHz,

CDCI3) li 143.9, 141.4, 130.3, 127.0, 126.8, 125.8,114.9.81.6,41.6,39.0.36.9,26.1,

24.4.

16) [2-(7',7'-Dimethyl-2',3 '-benzocycloheptan-I '-ylidene)ethylltriphenylphosphonimll

bromide, cis-trans mixture 6.5c.

The 5-vinyl-6-dimethyl-5-benzocycloheptanol 6.4c (2 g, 9.3 mm(1) was reacted

with lriphenylphosphine hydrobromide (2.54 g, 8 mmol) using the procedure described in

the synthesis of the phosphonium salt 6.511. Artel' evaporation of the methanol, 4.5 g of

cnide phosphonium salt was isolated as a yellow solid and used in the next step al'ter drying

24 hours under vaccuum.

17) 4-( l 'Z,2E)13-(7',7'-Dimcthyl-2' ,3'-benzocyclohcptan-( '-ylidene)-2-propenyllbenzoic

acid, methyl ester 6.8c.

The phosphonium saIl 6.5c (lg, 1.9 mmol) was dcprolOnlllcd with sec-bulyllithium

1.3 M in c-hexane (1.4 mL, 3.16 mmol) then reacted with methyl 4-formylbenzoate (0.6 g,

3.9 mmol) using the procedure described for the synlhesis of 6.611 and 6.1111. l'ollowing

the reaction and separation of the triphenylphosphine oxidc in hcxanes, the solvenls were

evap0nlted and a cryswlline material was sepantled and recrystatlized from hot hexanes,

yielding 0.15 g (23.8%) of a white powder.

Recrystallized l'rom hot melhanol, m.p.= 119.5-120°C,

1H NMR (200 Ml-lz, CDCI3) Il 7.85 (d, J=8.4 Hz, 2H), 7.3-7.1 (m, 51-1), 7.2 (m, IH),

6.70 (dd, J=15.2, 10.1 Hz, lH), 6.56 (d, 15.2 Hz, lH), 2.47 (d, 1O.1Hz, Hl), 3.89 (s,

3H), 2.5-2.8 (m, 2H), 1.8 (m, 1H), 1.7, 1.4 (m, 3H), 1.34 (s, 3H), 0.89 (s, 3H); 13C

NMR (75 MHz, CDCI3) li 166.9, 156.0, 142.4, 140.1, 139.8, 130.2,130.1, 129.8, 129.8,

128.3, 128.2, 127.4, 126.0, 125.5, 124.1,51.9,43.8,37.3,34.0,28.7,28.5,23.7; IR
(film) 2949-2846, 1720, 1602, 1435, 1309, 1278, 1177, 1109,965,763 cm- 1 ; MS (E.I.)

m/z calc'd fol' C24H2602: MI=346.1933, found 346.1937; 346 (100%), 331 (33%),303

(71%),197 (36%).
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1K) 4-( l 'Z,2E)13-(T,T-Dilllethyl-2' ,3'-benzocycloheptan-1 '-ylidene)-2-propenyljbenzoic

acid 6.9c.

6.11c «l.O56 g, 0.16 111111(1) in 20 mL of methanol was hydrolysed using the

procedure described for the synthesis of 6.9a. Al'ter recrystallisation in methanol, 40 mg

(KO%) of the pure acid 6.9c were obwined as a white powder.

Recrystallized frollllllethanol, m.p.=200°C,

III NMR (200 Mllz, CDCI3) 1> 7.93 (d, J=K.2 Hz, 2H), 7.25 (d, J=8.2 Hz, 2H), 7.25-7.1

(m, 311), 7.02-6.96 (m, IH), 6.7 (dd, J= 15.5, 10.6 Hz, IH), 6.54 (d, J=15.5 Hz, IH),

6.45 (d, J=10.6 Hz, IH), 2.8-2.5 (m, 2H), 1.9-1.4 (m, 4H), 1.32 (s, 3H), 0.86 (s, 3H); C

NMR(68 MHz,CDCI3) 8171.6,156.4,143.3,140.1,139.8,130.6,130.5,130.0,129.7,

128.3, 127.4, 127.2, 126.0, 125.5, 124.1, 37.3, 34.0,28.7,28.5,23.7; MS (E.!.) mlz
calc'd for C23H2402: MI=332.1776, found 332.1768 ; 332 (100%), 317 (32%),289

(82%), 197 (35%).

19) Mcthyl 4-fol1nylcinnamme 6.10. (trans isomer)

'l'lu: esterilïcalÏon of 4-formylcinnamic acid (1 g, 5.7 mmol) was carried out in 25 mL

of 'l'HF (some solid did not dissolve). Thionyl chloride (2 g, 17.1 mmol) was added and the

reaclÎon mixture was ret1uxed and stirred for 5 min. during which lime the solid dissolved.

The reaction was stirred an lldditiona! 2 hours ut room temperature. The 'l'HF and excess of

Ihiony! chlOl'ide were evapoTUted and dry methanol (10 mL) was added to the residue and left

to reac! al room lemperature for 2 hours al'ter which time the methanol was evaporated

leaving 1.2 g of a yellow crystal containing a 1:2 mixture of cis and trans isomers. This

crude product was disso!ved in 20 mL of dry ether and dry He! was bubbled in, during 5

min. The solvent WllS lhen evaporated leaving a yellow solid containing only the trans

isomer with some impurities which were elimimued by a basic wash with ether and a sodium

hydroxide solution. Evapormion of the ether left 0.9g (83%) of a white solid of sufficient

purity to be used dircctly in the neXl step.

111 NMR (200 MHz, CDCI3) 1> 10.00 (s, IH), 7.88 (d, J= 8.2 Hz, lH), 7.70 (d, J= 16.1

Hz, lH), 7.65 (d, J= 8.2 Hz, IH), 6.53 (d, J=16.1 Hz, IH), 3.8 (s, 3H).

20) 4-( l 'Z,2Z,E), and 4-(1 'Z,2E,E)[3-(2',3'A'-Trihydro-2',2'-dimethylnapht-l'-ylidene)­

2-propenyllcinnamic acid, methyl ester 6.11 and 6.13. Isomerie mixture.
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The phosphonium salt 6.5b ( LO g, 2.0 mmol ) was reacted with melhyl 4­

formylcinn,unate 6.10 (0.6 g, 3.4 mmol) in 75 mL of dry THF, using the procedure

described for the synlhesis of 6.6a and 6.Sa. Following the reaction and separation of the

triphenylphosphine oxide in hexanes, the so!vents were evapofllted and the residue was

separaled by l1ash chromatography using SO% hexanes: 20% ethyl acetate as eluelll, yielding

two l'raClions FI =0.28 g and F2=O.lg (64% conversion). The fractions were not purified

flllther. They were used as such in thc esterificlllion reactions.

Compound 6.11 (l'Z,2Z,I~) F2: rf=0.61 (10% ethyl acelUte:hexanes), was impure and

was used as is in the next reaction.

1(-1 NMR (200 Ml-lz, CDCI3) 13 7.S-7.1 (m, 101-1),6.75 (m, 21-1),6.45 (m, 21-1), 3.S1 (s,

31-1),2.83 (t, 21-1), 1.72 (t, 21-1), !.l8 (s, 61-1). MS (E.I.) m/z 358 (59%),343 (27%), 302

(100%).

Compound 6.13 (l'Z,2E,E) FI: rf=0.68 (10:90, ethyl acetale:hexanes).

11-1 NMR (200 MHz, CDCl3)13 7.80-7.10 (m, 10H), 6.65 (d, 11-1), 6,40 (m, 21-1), 3.S0

(s,3H), 2.83 (t, 21-1), 1.73 (t, 21-1), l.20 (s, 6H). MS (E.I.) mlz 358 (63%),343 (28%),

302 (100%).

21) 4-( l 'Z,2Z,E)13-(2',3' ,4'-Trihydro-2',2'-dimethylnapht-1 '-ylidene)-2-propenyll-4­

cinnamic acid 6.12.

The saponification was carried out by dissolving ester 6.11 (O.lg. 0.3 mmol) in 1

mL of dioxane, followed by the addition of 0.1 mL of a saturnted LiOH solution in distilled

water. The reaction mixture was heated to rel1ux then left stirring at room temperalure for 24

hours before adding a few drops of conc. I-ICI (umil pH=I) and extfllcting the acid 6.12

with 20 mL of ether. Work-up and evaporntion of the solvents gave 0.11 g of a yellow

solid. This solid was purified by l1ash chromatography by l1ushing outlhe impurities with a

mixture of 20:80 elhyl acctale:hexanes, then the desired praduct was l1ushed out with ethyl

ether to give O.08g (96%) of a yellow solid.

IH NMR (200 MHz, CDCI3) 13 7.82 (d, J=16 Hz, !H), 7.58 (d, J=8.3 Hz, 2H), 7,48

(d+I11, J=8.3, 31-1), 7.21 (m, 3H), 6.7 (m, 2 H), 6.48 (d, J=16 Hz, lH), 6.42 (m, IH),
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2.84 (l, J=0.7 Hz, 2H), 1.70 (l, J=0.7Hz, 2H), 1.17 (s, 6H); C NMR (68 MHz, CDCI3) li

172.5, 150.5, 140.7, 140.7, 138.5, 134.8, 130.8, 130.7, 129.4, 128.4, 128.2, 128.1,

127.6, 124.9, 118.0, 110.7, 38.3, 36.3, 28.0, 26.8; MS (E.!.) m/z calc'd for C24H2402:

MI=344.1770, found 344.1726; 344 (55%), 329 (26%), 288 (100%).

22) 4-( l 'Z,2E,E)13-(2',3',4'-Tl'ihydl'O-2',2'-dimethylnapht-l-ylidene)-2-propcnyl]cinnamic

acid 6.14.

The saponification wus carried out by dissolving the ester 6.13 (0.28 g, 8.3 mmo1)

in 5 mL of dioxane, then udding a solution of 0.38 g LiOH in 1 mL of distilled water. This

reaction mixture was healed 10 reflux and stirred 24 hours al room temperature, then conc.

HCI was added slowly untilthe reaction becume cloudy or the reuction mixture reached a pH

of 1. This solution was extracted with ether, the organic phuse was dried over anhydrous

MgS04, the solvents were evaroraled leaving 0.26 g of u yellow solid. A wash with a

hexanes/diethyl ether mixture provided 0.18 g (67%) of pure ucid 6.14 obtained us a yellow

powder.

III NMR (200 MHz, CDCI3) li 7.76 (d, J=16 Hz, IH), 7.49 (d, J= 4 Hz, 2H), 7.38 (d,

J=16.6 IIz, 21-1),7.38-7.19 (m, 4H), 6.67 (d, J= 16 Hz, IH), 6.42 (d, J= 15.4 Hz, tH),

6.:'-9 (d, J= 10.8 Hz, Il-l), 2.85 (t, J=6.6 Hz, 2H), 1.73 (t, J=6.6 Hz, 2H), 1.19 (s, 6H).

13C NMR (68 MHz, CDCI3) li 172.4, 149.6,146.6, 140.7, 138.8, 135.3, 132.6, 131.2,

130.4, 129.7, 128.8, 128.3, 127.6, 126.7,127.6,125.1,121.9,116.3,38.5,36.4,27.9,

26.8; MS (12.1.) m/z culc'd fol' C24H2402: MI=344.1776, found 344.1750; 344 (57%),

329 (26%), 288 (100%).

23) 3-(1 'Z,2EJ[3-(2',3',4'-Trihydro-2',2'-dimethylnapht-l '-ylidene)-2­

pmpenyllbenzuldehyde 6.16 E:Z.

The phosphonium suit 6.5b (1.0 g, 2.0 mmol ) was reacted with 3­

fOl'mylbenzaldehyde 6.15 (0.5 g, 3.9 mmol) in 60 mL of anhydrous THF, according to the

pmcedure described fol' the synthesis of 6.6a and 6.8a. Following the reaction and

separation of the triphenylphosphine oxide in hexanes, the solvents were evaporated giving

0.37 g of a yellow oil, amixturc of compound 15 and 16, which were separated by flash

chronmtography using 90% hcxanes: 10% cthyl acetate eluent, yielding two fractions (FI;

rf=O.56, F2; l'f=O.52, 90:10 hcxancs:ethyl acctate) Fl=O.086 g, F2=O.l91g (48%

conversion).
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!somer 6.16 (J'Z, 2Z). This product was convcrted lIuantitativclly lU compound 6.16

(2E)when cljuilibrated with h in dichlol'()methane or chlorofofln.

11-1 NMR (200 Ml-lz, CDCI3)/) 10.04 (s, 11-\),7.95 (s, 11-\),7.76 (d, J=7.5I-1z, 11-1),7.64

(d, J=7.5I-1z, 11-1),7.45 (d, J=7.5I-1z, 11-1),7.40-7.32 (m, 21-1), 7.26-7.14 (m, 31-1),6.69

(d, J=15.51-Iz, 11-1),6.39 (d, J=IO.8 I-Iz, 11-1),2.84 (t, J=6.6I-1z, 21-1), 1.73 (t, J=6.6I-1z,

21-1), 1.20 (s, 61-1). 13C NMR (68 MHz, CDC13) /) 192.3, 149.4, 138.9, 138.7, 136.7,

135.1, 131.7, 130.5, 130.3, 129.4, 129.1, 127.9, 127.5, 127.4, 125.1,121.6,38.4,36.3,

27.8,26.7. IR 3052-2848,2724,1699, 1597, 1480, 1260, 1154,970 cn,-I.

Compound 6.16 (1 'Z, 2E), was impure and was uscd as is in the next rcaction.

11_1 NMR (200 MHz, CDCI3)/) 10.04 (s, 11-1),7.81 (s, 11-\),7.68 (d, J=7.5I-1z, 11-1),7.68

(d, J=7.5I-1z, 11-1) 7.55 (d, J=7.5I-lz, 11-1),7.47 (m, IH), 7.26 (m, 3H), 6.65 (m, complcx

ABX, 2H), 6.45 (d, J=9.6 I-Iz, li-\), 2.93 (t, J=6.5Hz, 21-i), 1.70 (t, J=6.5Hz, 21-1), 1.16

(s, 61-1). DC NMR (68 Ml-lz, CDCI3) /)192.3,150.5,138.8,138.5,136.4, 134.7, 130.6,

130.2, 128.9, 128.2, 127.8, 127.7, 127.5, 124.9, 118.0, 38.2, 36.3, 28.0, 26.8. IR

3052-2848, 2724, 1699, 1597, 1480, 1260, 1154, 970 cm-I. MS (E.!.) m/z calc'ù for

C22H220: M1=302.1671, found 302.1669 ; 302 (36%), 287 (16%), 252 (21%),

246(55%),223(87%), 89(59%),77(100%).

24) 3-( l'Z,2E,E)13-(2',3',4'-Trihyùro-2',2'-dimethylnupht-l-ylidenc)-2-propenyllcinnulI1ic

ucid, ethyl ester 6.17.

A 100 mL, 10 M stock solution of potassiul1ltriethylphosphonoacetate was prepareù

by adding slowly, triethyl phosphonoucetatc (2g, 8.9 mmol) to u 100 mL suspension of KH

in dry THF (0.35g, 8.8 mmol, KH was washed 3x with dry hexanes, from a 33%

suspension in oil). Atl'Oom temperuture 0.27 mL (0.27 mol) of this solution '-'as added to

compounù 6.16 (0.27g, 0.9 ml11ol) dissolved in 10 mL of dry THF. This reaction miXIUIC

was left stirring at 1'00111 temperuture for another 5 min. and 20 mL of hexanes were then

added with 10 mL of sat. ammonium chloride. The organic phase was separated, washed

with wmer and brine, and then dried with anhydrous MgS04. The solvents were evaporated

and the residue purified by flash chromatogruphy using 5% ethyI ucetate: 95% hexanes as

eluent. 0.20 g of 6.17 was isolated as a gum.
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IH NMR (200 MHz, CDCI3)/l 7.63 (d, J=15.9Hz, IH), 7.45-7.10 (m, 8H), 6.63 (d,

J=15.4Hz, III), 6.3H (d, J=16.0 Hz, IH) 6.36 (d, J=9.8Hz, IH), 4.25 (d, J=7.1 HZ,2H),

2.H3 (l, J=6.61Iz, 211), 1.71 (t, J=6.6Hz, 2H), 1.33 (t, J=7.IHz, 3H), 1.17 (s, 6H). 13C

NMR (50 MHz, CDCI3) /l 167.1, 149.3, 144.2, 140.1, 138.8, 135.3, 133.0, 131.3, 130.4,

129.3, 128.4, 128.3, 127.5, 126.6, 125.0, 122.0, 117.3, 64.4, 38.5, 36.4, 27.9, 26.8,

14.3. IR 3200-2HOO, 1707, 1633,1596,1509,1364,1260,1176 cm- I. MS (E.!.) mlz
calc'd for C26H2H02: MI=372.20H9, found: 372.2093 ; 372 (65%), 257 (27%), 316

(100%).

25) 3-( l 'Z,2E,E)13-(2',3',4'-'l'rihydro-2',2'-dimethylnapht-1 '-ylidene)-2-propenyl]cinnamic

acid 6.111.

The saponilïcation was carried out by dissolving the ester 6.17 (0.22 g, 0.59 mmol)

in 5 mL of dioxane (instead of metIHlnol), followed by the addition of an excess of NaOH

(0.2 g in 1 mL) as described in the synthesis of 6.711. Al'ter recrystallisation in methanol, 20

mg (99 %) of lhe pure acid 6.111 were obtained as a yelow powder.

III NMR (200 MHz, CDCI3)/l 7.74 (d, J=16I-1z, 1H), 7.46 (d, J=8.6I-1z, 2H), 7.40-7.10

(m, 7H), 6.64 (d, J=15.4 Hz, IH) 6.42 (d, J=8.0Hz, 1H), 6.40 (d, J=16 Hz, IH), 6.37

(d, J=1O.6Hz, IH), 2.83 (t, J=6.6Hz, 2H), 1.71 (t, J=6.6Hz, 3H), 1.17 (s, 6H). 13C

NMR (6H MHz, CDCI3) /l 172.2, 149.6, 146.7,140.7, 138.8, 135.3, 132.6, 131.2, 130.4,

129.7, 12H.H, 12H.3, 127.6, 126.7, 125.1, 121.9, 116.2, 38.5, 36.4, 27.9, 26.8. IR

3069-2H50, 1690, 1676, 1621, 1592, 1424, 1303 cm- l . MS (E.!.) m/z calc'd for

C24H2402: M1=344.1776,fOlmd: 344.17H3; 344 (55%), 329 (27%), 300 (10%), 288

(100%).

26) (1 'Z,2Z,4E) and (1 'Z,2Z,4E)-5-(2',3',4'-'l'rihydro-2-dimethy1napht-l-ylidene)-4­

methyl-2,4-pentadienoic acid, ethyl ester 6.20 and 6.21. Isomerie mixture.

The phosphonium sali 6.5b (1.0 g, Z.O mmol) was reacted with (E) ethyl 3­

formylcrotonatc lS 6.19 (0.53 g, 3.9 mmol) in 70 mL of anhydrous 'l'HF, using the

procedure described for the synthesis of 6.63 and 6.83. Following the reaction and work­

up, the solvents were evaporated to give 0.9 g of a yellow oi! which was separated by flash

chromatography using 95% hexanes: 5% ethyl acetate as eluent, yielding two fractions (FI;
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rf=0.62, F2; rf=0.57, 95;5 hcxancs:clhyl acclale) FI=0.0.08Ig, F2=0.135g (37%

conversion).

FI :Comjlound 6.20 (l'Z,2Z,4E)

IH NMR (200 MHz, CDCI3)Û 7.35-7.8 (m, !H), 7.24-7.08 (m, 3H), 6.64 (d, J=I1.0 Hz,

1H), 6.51 (dd, J=I1.0, 11.1 Hz, 111),5.92 (S+l, J=1.3Hz, 2H), 5.88 (d, J=Il.\l-Iz, 1H),

4.18 ('l. J=7.IHz, 2H), 2.80 (l, J=6.6 Hz. 21-1),2.38 (d, J=1.3Hz, 31-1), 1.68 (l, J=6.6I-1z,

2H), 1.29 (l, J=7.1 Hz, 31-1),1.15 (s, 61-1). l3C NMR (68 MHz, CDCI3) /l167.I, 153.3,

150.7,138.7,134.5,132.2,131.5,130.8,128.1,127.7, 124.8, 118.8,59.6,38.3,36.4,

27.9,26.7,19.3,14.4. MS (E.!.) m/z 310 (51%), 208 (45%),181 (100%).

F2: Compound 6.21 (l'Z,2E,4E).

III NMR (200 MHz, CDCI3)/l 7.34-7.10 (m, 4H), 7.10 (dd, J=I1.0, 15.2Hz, 111),6.36

(d, J=15.2Hz, IH), 6.28 (d, J=I1.0Hz, 1H), 5.76 (s, 11-1),4.16 ('l, J=7.2Hz, 2H), 2.S0 (l,

J=6.6 Hz, 2H), 2.25 (d, J=IHz, 3H), 1.69 (t, J=6.6Hz, 21-1), 1.2S (l, J=7.2 Hz, 3H), 1.15

(s,6H). 13C NMR (6S MHz, CDCI3) /l167.2, 153.0, 151.2, 138.8, 135.5, 135.0, 133.6,

130.2, 128.3, J27.S, 125.0, 121.6, 11S.2, 59.6, 3S.3, 36.4, 27.9, 26.7, 19.3, 14.4. MS

(E.!.) m/z 310 (51%), 208 (45%),181 (49%), 15S (100%).
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CHArTER 7.

CONCLUSION.

A new methol1 for lhe regioselcetive synlhesis of allylsilanes was developed.

Reductive desulfonylation of silylaled allylsulfones, with the NaDMAN reagent, gave the

corresponding ail yisilanes in good yields. Illlprovement of this method using diethylallline
Ils solvent for the silylaled sulfones subslrates, guve allylsilanes with better yieids and

stereoselectivity. The Illechanistic considerations for this reaclion were discussed in chapter

2. The n.:activily of silylated sulfones was also discussed in chapter 2. The silylated

ullylsulfones chelllistry is silllilar to that of allylsilanes in general except under Lewis acid

catalyzed allylalions reaclion conditions, where the silylnted allylsulfones were showed to be

ilH:rl even at l'Oollltelllperature.

The rel1uctive t1esulfonylation reaction was used to generate an allylsihme anion which
was in tum re~cted ill si/lt with aldehydes to give polyene products. Some of the allylsilanes

synthesized in chapter 2 were deprotomlled and reacted with carbonyi electrophiles. These

reactions pennitted the synthesis of cis and lrallS retinoic acid esters. The main

inconveniences in using t!lis type of approach are the strong bnsicity of the intermediate

allylsilane anions and thc 1,4-conjugate addition reaction which seemed to be predominant in

the reaction of thesc anions with enaIs.

Exploration of the reactivity of a-Ilthioallylsilanes having an alllinomethyl group

attached to lhe silicon atom did not lead to the development of a new method for (1.­

condensation of carbonyl electrophiles. Instead, a new solvent sensitive method for the

preparation of cis and IrallS vinylsilanes was discovered. The use of dimethoxyethane in

benzene led to the formation of the cis vinylsilanes; toluene as solvent gave the Irans

isolllers. These observations were tentatively explained invoking the formation of a seven

membered ring intermediate. The solvent effect remains puzzling.

The exploration into ncw ways of making and breaking the carbon silicon bond has

(ead to investigations into two interesting n.:search subjects: The substitution of an aryl group

on a silicon atom and the hydrosilylation of an allene to give the corresponding cis and Irans

nllylsilancs isomers. These sllldies permitted the preparation of a number of fragile

(aminOlnethyl)silanes.
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The second part of this thesis dealt with the synthesis and biological evaluation of Il

number of new retinoic acid analogs for the lreatment of cancer. These compounds were

synthesized From very simple starting materials; indanone. tetralone IInd benzosubemne. The

results From the stl'ucture-activity relationship demonstrated the definite effectthe ring size

has on the alllicancer activity of these compounds. A discussion of the results WIIS given in

chapter 6.
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Appendix 1

X-ray Structure Repon

for

Compound 6a (chapter 6)*

*1would like 10 thank Dr. R. Hynes of the McGill X-ray FacililY for this work.
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DENIS2 - DENIS/CHAN - NOV 17/92

Spac. Group and Ce11 Dimensions
• 6.1553(11) b 9.6474(16) c
alpha 92.961(17) beta 92.706(18)
~ Volume 876.6(3)A**3

Bmpirica1 formula : C22 H22 02

Tric1inic, P-1
15.044 (4)

gamma 100.191(14)

Ce1l dimensions vere obtained from 25 ref1ections vith 2Theta angle
in the range 37.00 - 43.00 degrees.

Crystal dimensions 0.50 X 0.40 X 0.25 mm

l'W- 318.41 z - 2 l'(OOO) - 340.12

Dcalc 1.206Mg.m-3, mu 0.07mm-1, lambda 0.70930A, 2Theta(max) 45.0

The intensity data vere collected on a Rigaku diffractometer,
controlled by TEXRAY softvare, using the theta/2theta scan mode.
Th. h,k,l ranges used during structure solution and refinement are :--
Bmin,max -6 6; Kmin,max 0 10; Lmin,max -16 16
No. of reflections measured 2576
No. of unique renections 2317
No. of ref1ections vith Inet > 2.5sigma(Inet) 1740
No correction vas made for absorption

Th. last least squares cycle vas calculated vith
46 atoms, 305 parameters and 1742 out of 2319 reflections.

Weights based on counting-statistics vere used.
The veight modifier K in KP'0**2 is 0.000100

The residuals are as follovs :--
For significant reflections, RF 0.039, Rv 0.042 Gol' 2.05
For al1 reflections, RF 0.058, Rv 0.043.
~here RF - Sum(l'o-l'C)/Sum(l'O),

Rv - Sqrt[Sum(v(l'O-l'c)**2)/Sum(vFo**2)] and
GoP' • Sqrt[Sum(v(FO-l'c)**2)/(No. of ref1ns - No. of params.)]

The maxi~~m shi ft/sigma ratio vas 0.046.

In the last D-map, the deepest hole vas -0.130e/A**3,
and the highest peak 0.130e/A**3.

Standard intensities, monitored throughout the course of collection,
shoved no decay. (average variation 0.3') Merging R vas 0.7' for 259
pairs of symmetry-related reflections. Structure vas solved by direct
methods; hydrogens vere located in a difference map and
refined iaotropically. All non-hydrogena vere refined aniaotropica1ly.
All computing for solution and refinement done using the NRCVAX system
of crysta1lographic softvare.
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Lee, r.l. and

The tollowing reterences are relevant to the NRCVAX System.

Full System Reference :
NRCVAX, Gabe, ~.J., Le page, Y., Charland, .J.-P.,
White, P.S. (1989) J. Appl. Cryst., 22, 384-387.

••
2. Scattering Factors trom Int. Tab. Vol. 4 :

International Tables for X-ray Crystallography, Vol. IV, (1974)
Kynoch Press, Birmingham, England.

3. ORTEP Plottinq :
Johnson, C.K., (1976) ORTEP - A Fortran Thermal Ellipsoid Plot
Program, Tehnical Report ORNL-5138, Oak Ridge Tennessee.

4. Grouping of Equivalent Reflections in DATRD2 :
Le Page, Y. and Gabe, E.J., (1979) J. Appl. Cryst., 12, 464-466 .

•



• Table 2. Atomic Parametera x, y, z and Beq
E.S.Da. refer to the 1aat diqit printed.

x y z Beq

o 1 0.5459 (3) 0.35388(17) 0.59349(12) 6.45(10)o 2 0.1949(3) 0.24586(16) 0.56819(11) 5.65( 9)
C 1 1. 0662 (4) -0.30571 (23) 0.83040(14) 4.52(11)
C l' 1.1453(4) -0.44010 (23) 0.82770 (14) 4.50(11)
C 2 1.2091(4) -0.20794(24) 0.90168 (15) 4.96(11)
C 3 1.4220(5) -0.2707 ( 3) 0.90800 (23) 5.94(15)
C 3' 1.3536 (4) -0.42071(25) 0.87301(15) 4.94(12)
C 4 1.4690(5) -0.5293 ( 3) 0.87862 (19) 6.01(15)
C 5 1.3784(5) -0.6607 ( 3) 0.84006(19) 6.40(17)
C 6 1.1693(6) -0.6827 ( 3) 0.79740 (19) 6.44(16)
C 7 1.0537(5) -0.5736 ( 3) 0.79090 (17) 5.66(14)
C 8 1.2556(7) -0.0546 ( 3) 0.8799 ( 3) 7.27 (19)
C 9 1.0960(6) -0.2267 ( 4) O. 99021 (~1) 7.35(20)
C10 0.9057(4) -0.2628 ( 3) 0.77996 (16) 4.88 (12)
C11 0.7594(4) -0.3423 ( 3) 0.71142 (16) 5.33(13)
C12 0.6110(4) -0.2968 ( 3) 0.65763(17) 5.30(13)
C13 0.5625 (4) -0.15560 (23) 0.64647 (14) 4.41(11)
C14 0.7153 (4) -0.0312 ( 3) 0.66129(17) 5.11(13)
C14' 0.3525 (4) -0.1427 ( 3) 0.61306 (16) 5.02(12)
C15 0.6631(4) 0.0963 ( 3) 0.64402 (16) 5.12(12)
C15' 0.3001 (4) -0.0141 ( 3) 0.59594 (16) 4.84(13)
C16 0.4535(4) 0.10786(22) 0.61113(14) 4.22(10)
C17 0.4094(4) 0.2483 ( 3) 0.59053 (15) 4.81(12)
C18 0.1359(6) 0.3801 ( 3) 0.5497 ( 3) 6.43(18)
H 3A 1.502 (4) -0.2597 (23) 0.9713 (17) 7.2 ( 7)
H 3B 1.533 (4) -0.217 ( 3) 0.8708 (17) 8.6 ( 8)
H 4 1.624 (4) -0.511 ( 3) 0.9108 (17) 8.6 ( 8)
H 5 1.464 (4) -0.742 ( 3) 0.8424 (16) 8.0 ( 7)
H 6 1.101 (4) -0.775 ( 3) 0.7716 (16) 7.6 ( 7)
H 7 0.896 (4) -0.5954 (22) 0.7602 (15) 6.1 ( 6)
H 8A 1.354 (5) -0.045 ( 3) 0.8208 (22) 11.5 (11)
H 8B 1.104 (5) -0.019 ( 3) 0.8856 (17) 8.9 ( 8)
H 8C 1.365 (5) -0.006 ( 3) 0.9294 (19) 9.1 ( 8)
H 9A 0.965 (4) -0.188 ( 3) 0.9862 (17) 7.9 ( 8)
H 9B 1.195 (4) -0.164 ( 3) 1.0409 (19) 8.4 ( 7)
H 9C 1.072 (5) -0.345 ( 4) 1.0094 (22) 13.4 (11)
H10 0.884 (3) -0.1616 (21) 0.7914 (13) 4.9 ( 5)
H11 0.772 (4) -0.4485 (24) 0.7063 (14) 6.4 ( 6)
H12 0.514 (4) -0.3703 (24) 0.6202 (15) 6.3 ( 6)
HU 0.857 (4) -0.0379 (21) 0.6794 (14) 5.3 ( 6)
H14' 0.250 (3) -0.2236 (22) 0.6044 (13) 4.8 ( 5)
H15 0.759 (4) 0.1803 (22) 0.6518 (14) 5.4 ( 6)
H15' 0.168 (3) -0.0064 (20) 0.5715 (14) 4.8 ( 5)
H18A 0.21!3 (5) 0.417 ( 3) 0.4985 (20) 9.5 ( 9)
H18B -0.017 (5) 0.360 ( 3) 0.5391 (20) 9.5 (:.0)
H18C 0.182 (5) 0.448 ( 3) 0.5981 (20) 9.5 (10)

Beq is the mean of the principal axes of the thermal ellipsoid for
4Ifoma refined anisotropica11y. For hydroqens, Beq • Biao.



Table 3. Bond Oistanc..,:s in Anqstroms.1) -C(17) 1.198(3) C(9) -H(9A) 0.95(3)
i2) -C (17) 1.343(3) C(9)-H(9B) 1. 05 (3)

0(2) -C (18) 1.442(3) C(9) -H(9C) 1.18 (4)
C(l)-C(l') 1.463(3) C (10) -C (11) 1.432 (3)
C(l) -C(2) 1. 525 (3) C (10) -H (10) 1.015(20)
C(l) -C(10) 1.353 (3) C (11) -C (12) 1. 338 (4)
C(1')-C(3') 1.401(3) C (11) -H (11) 1. 041 (23)
C(1')-C(7) 1.387(3) C(12) -C(13) 1.461 (3)
C (2) -C (3) 1.539(4) C (12) -H (12) 0.977 (24)
C (2) -C (8) 1.513(4) C (13) -C (14) 1. 388 (3)
C(2) -C(9) 1.536(4) C (13) -C (14') 1. 393 (3)
C(3)-C(3') 1.495(4) C (14) -C (15) 1.360(4)
C(3) -H(3A) 1.04 (3) C (14) -H (14) 0.913(22)
C(3) -H(3B) 0.99(3) C (14') -C (15') 1.370(4)
C(3')-C(4) 1.370(4) C(14')-H(14') 0.912(21)
C(4)-C(5) 1.377(4) C (15) -C (16) 1.385(3)
C (4) -H (4~ 1.03(3) C(15)-H(15) 0.914 (22)
C (5) -C (6) 1.388(5) C (15') -C (16) 1. 373 (3)
C(5)-H(5) 1.02 (3) C (15') -H (15') 0.893(21)
C(6) -C(7) 1.375(4) C(16)-C(17) 1. 473 (3)
C(6)-H(6) 0.97(3) C (18) -H (18A) 0.99(3)
C(7) -H(7) 1. 035 (24) C(18)-H(18B) 0.93(3)
C (8) -H (8A) 1.10(3) C (18) -H (18C) 0.95(3)
C (8) -H (8B) 1.05(3) H(18A) -H(18C) 1.55 (4)
C (8) -H (8C) 1.02(3)

•



Bond Angles in DegreesTable 4.

~(17)-0(2)-C(18)
C(1')-C(1)-C(2)
C(l') -C (1) -C (10)
C(2) -C (1) -C (10)
C(1)-C(1')-C(3')
CIl) -C(l' )-C(7)
C(3')-C(1')-C(7)
C(1) -C (2) -C (3)
C(1) -C (2) -C (8)
C(1) -C (2) -C (9)
C(3) -C (2) -C (8)
C(3) -C (2) -C (9)
C(8) -C (2) -C (9)
C(2)-C(3)-C(3')
C(2)-C(3)-H(3A)
C(2)-C(3)-H(3B)
C(3')-C(3)-H(3A)
C(3')-C(3)-H(3B)
H(3A)-C(3)-H(3B)
C(1' ) -C (3' ) -C (3)
C (1' ) -C (3' ) -C ( 4)
C(3) -C (3') -C (4)
C(3')-C(4)-C(5)
C(3')-C(4)-H(4)
C(5)-C(4)-H(4)
C (4) -C (5) -C (6)
C(4)-C(5)-H(5)
C(6)-C(5)-H(5)
C(5) -C(6) -CP)
C (5) -C (6) -H (6)
C(7)-C(6)-H(6)
C(l') -C (7) -C (6)
C(1')-C(7)-H(7)
C (6) -C (7) -H (7)
C(2) -C (8) -H (8A)
C(2)-C(8)-H(8B)
C(2) -C (8) -H (8C)
H(8A)-C(8)-H(8B)
H(8A)-C(8)-H(8C)
H(8B)-C(8)-H(8C)
C(2) -C (9) -H (9A)
C(2) -C (9) -H (9B)

•

115.79 (22)
107.38 (19)
130.47 (21)
122.08(20)
108.94(20)
132.52 (23)
118.53 (22)
102.75 (19)
114.34 (21)
107.76 (22)
111.75 (25)
108.39(24)
111.4 (3)
104.86 (21)
114.5(13)
109.1(15)
113.6(12)
111.5(15)
103.4 (20)
110.27 (21)
121.21 (23)
128.48(25)
119.7(3)
119.3(14)
121. 0 (14)
119.8(3)
120.6(14)
119.6(14)
120.7(3)
121.0(15)
118.3(15)
120.0(3)
121. 8 (12)
118.2(12)
108.8(16)
105.5(14)
105.0(15)
124.3(22)
102.9(23)
108.9(20)
108.3(16)
109.1(14)

C(2) -C (9) -B (9C)
H(9A) -C(9) -H(9B)
H(9A) -C(9) -H(9C)
H(9B)-C(9) -H(9C)
C (1) -C (10) -C (11)
C(1) -C (10) -H (10)
C(11)-C(10)-H(10)
C(10)-C(11)-C(12)
C(10)-C(11)-H(11)
C(12)-C(11)-H(11)
C(11)-C(12)-C(13)
C(11)-C(12)-H(12)
C(13)-C(12)-H(12)
C(12)-C(13)-C(14)
C(12)-C(13)-C(14')
C(14)-C(13)-C(14')
C(13)-C(34)-C(15)
C(13)-C(14)-H(14)
C(15)-C(14)-H(14)
C(13)-C(14')-C(15')
C(13)-C(14')-H(14')
C(15')-C(14')-H(14')
C(14)-C(15)-C(16)
C(14)-C(15)-H(15)
C(16)-C(15)-H(15)
C(14')-C(15')-C(16)
C(14')-C(15')-H(15')
C(16)-C(15')-H(15')
C(15)-C(16)-C(15')
C(15)-C(16)-C(17)
C(15')-C(16)-C(17)
0(1) -C (17) -0 (2)
0(1) -C (17) -C (16)
0(2) -C (17) -C (16)
0(2)-C(18)-H(18A)
0(2)-C(18)-H(18B)
0(2)-C(18)-H(18C)
M(18A)-C(18)-H(18B)
H(18A)-C(18)-H(18C)
H(18B)-C(18)-H(18C)
C(18)-H(18A)-H(18C)
C(18)-H(18C)-H(18A)

111.0 (16)
104.6(21)
115.3(23)
108.4(21)
128.20 (23)
117.0(11)
114.8(11)
127.95(24)
113.1 (12)
118.9(12)
131.35(24)
115.2(13)
113.4 (13)
124.83(22)
118.68 (22)
116.36 (21)
121.87(23)
117.8(13)
120.2(13)
121.68(23)
117.1(12)
121.2(12)
121.2~(24)

124.6(13)
114.1 (13)
121.12 (23)
121. 6 (13)
117.2(13)
117.72 (22)
118.73 (21)
123.50(21)
122.84(21)
125.01(22)
112.15 (21)
108.4(16)
104.4(18)
111.3(17)
114.3(25)
105.7(24)
112.7(25)

36.3(15)
38.0(16)



Table S-2 . Anisotropie u(i,j) values *100.• B.S.Os. refer to the last digit printed

u11 u22 u33 u12 ul.:'l u23

0 1 6.82 (12) 5.86(11) 11.52(15) 0.52(10) -0.66(11) 0.82(lQ}
0 2 5.94(11) 6.43(11) 9.28(13) 1.92( 9) -1.11( 9) 0.75( 9)
C 1 5.85(15) 6.14(15) 5.40(14) 1.66(12) 0.33(12) 0.38(11)
C l' 6.58(16) 5.53(14) 5.04(14) 1.34(12) 0.48(12) -0.10(11)
C 2 6.14 (16) 6.36(16) 6.30(16) 1.55(12) -0.74(13) -0.67(12)
C 3 6.30(19) 7.05(18) 9.11(22) 1.52(15) -0.87(17) -0.46(16)
C 3' 6.37 (16) 6.41 (16) 6.25(15) 1. 90 (13) 0.23(13) 0.50(12)
C 4 7.66(21) 7.35(19) 8.33(19) 2.70 (16) 0.16(16) 0.70 (15)
C 5 10.18(25) 7.05(20) 8.04 (20) 3.98(19) 0.79(18) 0.89(15)
C 6 11.0 ( 3) 6.11 (18) 7.50 (19) 2.42(18) -0.93(18) -0.29(15)
C 7 8.48(21) 6.22(17) 7.01(18) 2.21(16) -0.67(16) 0.10i13)
C 8 9.7 ( 3) 6.31(19) 11.1 ( 3) 1.43(18) -2.65(24) -0.97 (18)
C 9 8.43(24) 12.6 ( 3) 6.88 (20) 2.66(23) 0.06(18) -2.00(20)
C10 6.45(17) 5.72(15) 6.40(15) 1.45(13) 0.04 (13) -0.21(12)
C11 7.54(18) 6.17(17) 6.62(16) 1.89(14) -0.77(14) -0.09 (13)
C12 6.97(18) 6.11(16) 6.87(17) 1.28(14) -1.33(14) -0.18(14)
C13 5.43(15) 5.77(15) 5.46(14) 1. 05 (12) -0.63(12) 0.09(11)
CU 4.48 (16) 6.99(18) 7.81(18) 0.81(14) -0.96(14) 1. 22 (13)
C14' 5.54(16) 5.55(16) 7.42(17) 0.14(14) -1.42(13) -0.17(13)
C15 5.28 (16) 5.78(17) 7.93(18) 0.02(14) -1.12(14) 0.91(13)
C15' 4.69(16) 6.70(17) 6.93(17) 1.33(14) -1.22(13) 0.11(13)
CU 4.82(14) 5.41(14) 5.60(14) 0.61(12) -0.39 (11) -0.04(11)
C17 6.00(17) 6.10(16) 6.19(16) 1.34(14) -0.14(13) 0.06(12)
C18 7.62 (24) 7.15(20) 10.2 ( 3) 2.82(18) -0.63(21) 1. 48 (19) .

Anisotropie Temperature Factors are of the form
Temp--2*Pi*Pi*(h*h*u11*astar*astar+---+2*h*k*u12*astar*bstar+---)

•



Table 5-3. Torsion Angles in Degrees•C18 o 2 C17 0 1 -1. 4 ( 2) C18 0 2 C17 C16 178.1( 3)
C 2 C 1 C l' C 3' -15.1 ( 1) C 2 C 1 C l' C 7 164.4( 3)
C10 C 1 C l' C 3' 162.1 ( 3) C10 C 1 C l' C 7 -18.4 ( 1)
C l' C 1 C 2 C 3 23.2 ( 1) C l' C 1 C 2 C 8 144.5 ( 3)
C l' C 1 C 2 C 9 -91. 2 ( 2) C10 C 1 C 2 C 3 -154.3( 3)
C10 C 1 C 2 C 8 -33.0 ( 2) C10 C 1 C 2 C 9 91. 4 ( 2)
C l' C 1 C10 Cll 3.4( 1) C 2 C 1 C10 Cll -179.7( 3)
C 1 C l' C 3' C 3 0.0 ( 1) C 1 C l' C 3' C 4 -178.2( 3)
C 7 C l' C 3' C 3 -179.6( 3) C 7 C l' C 3' C 4 2.2 ( 2)
C 1 C l' C 7 C 6 179.0 ( 3) C 3' C l' C 7 C 6 -1. 6 Î 1)
C 1 C 2 C 3 C 3' -22.6( 1) C 8 C 2 C 3 C 3' -145.6( 3)
C 9 C 2 C 3 C 3' 91.3( 2) C 2 C 3 C 3' C l' 14.8 ( 1)
C 2 C 3 C 3' C 4 -167.2( 3) C l' C 3' C 4 C 5 -O.8( 1)
C 3 C 3' C 4 C 5 -178.6( 3) C 3' C 4 C 5 C 6 -1.3( 1)
C 4 C 5 C 6 C 7 1.9 ( 2) C 5 C 6 C 7 C l' -0.4 ( 1)
C 1 C10 Cll C12 -175.1( 3) C10 Cll C12 C13 5.2 ( 1)
Cll C12 C13 C14 28.9 ( 2) C11 C12 C13 C14' -155.5( 3)
C12 C13 C14 C15 175.6( 3) C14' C13 CU C15 -0.1( 1)
C12 C13 C14' C15' -176.0 ( 3) C14 C13 C14' C15' -0.1 ( 1)
C13 C14 C15 C16 0.4 ( 1) C13 C14' C15' C16 O.O( 1)
CU C15 C16 C15' -0.4 ( 1) CU C15 C16 C17 -177.7( 3)
C14' C15' C16 C15 0.2 ( 1) C14' C15' C16 C17 177.4( 3)
C15 C16 C17 o 1 6.0 ( 1) C15 C16 C17 o 2 -173.5( 3)
C15' C16 C17 o 1 -171.1 ( 3) C15' C16 C17 o 2 9.4 ( 1)

•



• Table 5-4. Distances (A) to the Least-5quares Planes

Plane no. 1

Equation of the plane :- 2.634(7)X - 2.019(12)Y + l3.41~(9)Z - 8.984(16)

Distances (A) to the plane from the atoms in the plane.

C l' -0.011 (3) C 3' 0.009(3)
C 4 0.000(4) C 5 -0.013(4)
C 6 0.010(4) C 7 0.007(4)

Chi squared for this plane 41. 040

Distances (A) to the plane from the atoms out of the plane.

C 1 -0.037(4)
C 3 -0.004(5)

Plane no. 2

C 2 0.345(5)

Equation of the plane :- 2.193(6)X + 1.003(10)Y + 14.216(5)Z - 7.800(6)

Distances (A) to the plane from the atoms in the plane.

C13
C14'
C15'

0.001(3)
-0.001(3)

0.000(3)

Cl4
C15
C16

0.001 (3)
-0.002 (3)

0.001(3)

Chi squared for this plane 0.978

Distances (A) to the plane from the atome out of the plane.

o 1
C17

-0.205(4)
-0.054 (4)

o 2
C18

0.097(4)
0.098 (6)

Dihedral angle between planes A and B

•

A

1

B

2

Angle (deg)

20.01(9)
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Appendix 2

X-ray StrUcture Repon

for

Compound 9b (chapter 6)•

• 1would Iike to thank Dr. R. Hynes of the McGilI X-ray Facility for this work.
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DENIS1 - DENIS/CHAN - AUG 10/92

Space Group and Cel1 Dimensions
a 12.5797 (23) b 11.3738 (18) c
heta 109.078(16)

• Volume 1824.3(6)A**3

Empirical formula : C22 H22 02

Monoclinic,
13.491(4)

p 21/c

Cell dimensions were obtained from 25 ref1ections with 2Theta angle
in the range 30.00- 35.00 degrees.

Crystal dimensions 0.50 X 0.35 X 0.20 mm

FW ,. 318.41 z - 4 F(OOO) = 680.24

Dcalc 1.159Mg.m-3, mu 0.07mm-1, lambda 0.70930A, 2Theta(max) 44.9

The intensity data were collected on a Rigaku diffractometer,
contro1led by TEXRAY software, using the theta/2theta scan mode.
The h,k,l ranges used during structure solution and refinement are :--
Hmin,max -13 12; Kmin,max 0 12; Lmin,max 0 14
No. of reflections measured 2515
No. of unique reflections 2391
No. of ref1ections with Inet > 2.5sigma(Inet) 1339
No correction was made for absorption

The 1ast 1east squares cycle was calculated with
49 atoms, 217 parameters and 1339 out of 2391 reflections.

Weights based on counting-statistics were used.
The weight modifier K in RFo**2 is 0.000050

The residuals are as fol10ws :--
For significant reflections, RF 0.057, Rw 0.052 GoF 2.13
For all reflections, RF 0.117, Rw 0.054.
where RF a Sum(Fo-Fc)/Sum(Fo),

Rw - Sqrt[Sum(w(Fo-Fc)**2)/Sum(wFo**2)] and
GoF - Sqrt[Sum(w(Fo-FC)**2)/(NO. of reflns - No. of params.)]

The maximum shift/sigma ratio was 0.048.

In the last D-map, the deepest hole was -0.220e/A**3,
and the highest peak 0.220e/A**3.

Secondary ext. coeff. - 0.375419 sigma - 0.084696

Standard intensities did not change over the eourse of eolleetion.
Herging R was 1.0% for 124 pairs of symmetry related reflection•.
Strueture was solved by direet methods and refined by full-matrix
least-squares. Hydrogens were ineluded in ealeulated positions. Non­
hydrogens were refined anisotropieally, exeept for C(3), whieh is
disordered over two positions with oecupaneies of 0.75 C(3), and 0.25
C(3a). All computing done with NRCVAX system of erystallographic
l'rograms •

•



•

•



•

The following references are relevant to the NRCVAX $ystem.

Full System Reference :
NRCVAX, Gabe, E.J., Le Page, Y., Charland, .J.-P., Lee, F.l. and
White, P.S. (1989) J. Appl. Cryst., 22, 384-387.

2. Scattering Factors from Int. Tab. Vol. 4 :
International Tables for X-ray Crystallography, Vol. IV, (1974)
Kynoch Press, Birmingham, England.

3. ORTEP Plotting :
Johnson, C.K., (1976) ORTEP - A Fortran Thermal Ellipsoid Plot
Program, Tehnical Report ORNL-5l38, Oak Ridge, Tennessee.

4. Extinction Treatment :
Larson, A.C., (1970) p.293, Crystallographic Cornputing, Munksgaard,
Copenhagen .



Table Distances (A) to the least-squares planes.

Plane no. 1

~quation of the plane 8.431(14)X - 3.94a(5)Y + 5.408(19)Z - 5.241(20)

Distances (A) to the plane from the atoms in the plane.

o 1 0.037 (5) o 2 0.056(5)
CU 0.103 (6) C12 0.112(5)
C13 -0.099(5) C14 -0.071 (5)
C15 -0.026(6) C15' -0.097 (5)
C16 0.004(6) C16' -0.061 (5)
C17 -0.017 (5) C18 0.026(6)

Chi squared for thie plane 1998.046

Plane no. 2

Equation of the plane 8.î30(20)X - 3.684(22)Y + 5.14(3)Z - 5.03(3)

Distances (A) to the plane from the atome in the plane.

C14
C15'
C16'

0.003(6)
-0.004 (6)
0.003(6)

C15
C16
C17

-0.001(7)
0.000 (7)

-0.001(6)

Chi squared for this plane 1.125

Distances (A) to the plane from the atoms out of the plane.

o 1 0.042(9) o 2 -0.005 (9)
C 1 0.652(14) C11 0.278(12)
C12 0.262(9) C13 0.005 (8)
C18 0.009(8)

Plane no. 3

Equation of the plane :- 0.54(4)X + 10.595(13)Y - 4.41(4)Z - 4.12(5)

Diatancea(A) to the plane from the atome in the plane.

C l'
C S
C 7

-0.023(7)
-0.005(11)

0.013(12)

C 4'
C 6
C 8

0.024(8)
-0.037 (14)

0.014(8)

Chi aquGred for thia plane 30.365

Diatancee(A) to the plane from the atome out of the plane.

•
C 1
C 3
CU

-0.080(10)
0.179(15)

-0.871 (13)

C 2
C 4

0.764 (13)
0.141 (12)



Oihedra1 angle between planes A and B

•

•

A

1
1
2

B

2
3
3

Angle (deg)

2.04(14)
126.09 (18)
124.32(21)



• Table 2. Atomic Parameters x,y,z and Beq
E.S.Ds. refer to the last digit printed.

x y z Beq

0 1 0.0657( 3) 0.1251 ( 3) 0.9648( 3) 6.49(22)
0 2 -0.0209( 3) 0.0982( 3) 1.0837 ( 3) 7.04 (2.3)
C 1 0.3213( 4) 0.8994( 4) 1. 2046 ( 3) 4.14(24)
C ! ' 0.3920( 5) 0.8799( 4) 1.1364 ( 4) 4.5 ( 3)
C 2 0.3535 ( 5) 1.0097( 4) 1.2743 ( 4) 5.4 ( 3)
C 3 0.4751( 7) 0.9886( 7) 1.3414( 6) 6.94(19)
C 3A 0.4743(23) 1.0553 (23) 1.2874 (19) 7.3 ( 6)
C 4 O.5521( 5) 0.9648 ( 6) 1.2832 ( 6) 8.8 ( 4)
C 4' 0.5054( 5) 0.9070( 5) 1.1769( 5) 5.9 ( 3)
C 5 0.5729 ( 6) 0.8822( 6) 1.ll56( 7) 8.6 ( 5)
C 6 0.5296( 9) 0.8359( 7) 1.0169( 8) 10.5 ( 8)
C 7 0.4158( 8) 0.8170 ( 6) 0.9743( 6) 8.8 ( 5)
C 8 0.3464 ( 5) 0.8385 ( 4) 1.0342 ( 4) 6.0 ( 3)
C 9 0.3304( 7) 1.ll73( 5) 1.2072( 5) 10.5 ( 5)
C10 0.2949( 7) 1.0193( 6j 1.3544( 5) 12.1 ( 6)
Cll 0.2423( 4) 0.8237 ( 4) 1.2118 ( 4) 4.9 ( 3)
C12 0.2193( 4) 0.7079( 4) 1.1646 ( 3) 4.38(25)
C13 0.1466( 4) o. 6345 ( ~) 1.1855( 4) 5.0 ( 3)
Cl4 0.ll88( 4) 0.5141( 4) 1.1460( 3) 4.02(24)
C15 0.0605( 4) 0.4421 ( 4) 1.1927( 4) 5.9 ( 3)
C15' O.1482( 4) 0.4695( 4) 1.0627( 3) 4.3 ( 3)
C16 O.0328( 5) O.3282( 4) 1.1582 ( 4) 5.9 ( 3)
C16' O.1214( 4) O.3556( 4) 1.028l( 3) 4.3 ( 3)
C17 0.0628( 4) o.2843 ( 4) 1.0755( 4) 4.3 ( 3)
C18 O.0323( 5) O.1614( 4) 1.0413( 4) 5.2 ( 3)

Beq is the mean of the principal axes of the thermal elipsoid for
atoms refined anisotropically. For C(3), C(3a) Beq ~ Biso •

•



1.394(9)
1.368(14)
1.375(15)
1.391(10)
1.449(6)
1.334(7)
1.470 (6)
1.381(7)
1.389(6)
1. 383 (7)
1.381(6)
1.382(7)
1.386(6)
1.483(6)

C(4')-C(5)
C (5) -C (6)
C(6)-C(7)
C(7)-C(8)
C (11) -C (12)
C (12) -C (13)
C(13) -C(14)
C (14) -C (15)
C (14) -C (15')
C (15) -C (16)
C(15') -C(16')
C(16)-C(17)
C(16') -C(17)
C(17)-C(18)

1.301 (6)
1.243(6)
1.490(7)
1.540 (6)
1.343 (7)
1.386(8)
1.391 (7)
1.520(11)
1.56(3)
1.493(8)
1.498 (8)
1.457 (11)
1.43(3)
1. 511 (10)

Table 3 .• Bond Distances (A) and Angles (Degrees)

.(1) -C(18)
0(2) -C(18)
C(l)-C(l')
C(1)-C(2)
C(l) -C(ll)
C (1' ) -C (4' )
C(1')-C(8)
C(2)-C(3)
C(2) -C(3A)
C(2)-C(9)
C(2)-C(10)
C(3)-C(4)
C(3A) -C(4)
C(4) -C(4')

C (1') -C (1) -C (2)
C(l')-C(l)-C(ll)
C (2) -C (1) -C (11)
C (1) -C (1' ) -C (4' )
C (1) -C (1') -C (8)
C (4' ) -C (1' ) -C (8)
C(l) -C(2) -C(3)
C(1)-C(2)-C(3A)
C (1) -C (2) -C (9)
C(l) -C(2) -C(lO)
C (3) -C (2) -C (9)
C (3) -C (2) -C (10)
C (3A) -C (2) -C (9)
C(3A)-C(2)-C(10)
C (9) -C (2) -C (10)
C (2) -C (3) -C (4)
C (2) -C (3A) -C (4)
C (3) -C (4) -C (4')

114.0 (4)
123.6(4)
122.1(4)
117.9(4)
121.8(5)
120.2 (5)
104.4(5)
113.1 (10)
109.7(4)
114.0 (4)
116.7(5)
102.6(5)
77.6(11)

125.8(10)
109.5(5)
115.2 (6)
114.1(17)
118.1(5)

C(3A)-C(4)-C(4')
C(l') -C(4') -C(4)
C(1')-C(4')-C(5)
C (4) -C (4') -C (5)
C (4') -C (5) -C (6)
C(5)-C(6)-C(7)
C(6) -C(7) -C(8)
C(1')-C(8)-C(7)
C(l)-C(l1)-C(l~)

C(11)-C(12)-C(13)
C(12)-C(13)-C(1~)

C(13)-C(14)-C(13)
C(13)-C(14)-C(15')
C(15)-C(14)-C(15')
C(14)-C(15)-C(16)
C(14)-C(15')-C(16')
C(15)-C(16)-C(17)
C (15') -C (16')'. (17)
C(16)-C(17)-C(i6')
C(16)-C(17)-C(18)
C(16')-C(17)-C(18)
0(1)-C(18)-0(2)
0(1) -C (18) -C (17)
0(2)-C(18)-C(17)

106.9(11)
120.1(5)
118.0(6)
121. 9 (6)
122.0(7)
119.7(7)
119.7(7)
120.1(6)
126.7(4)
121.9(4)
127.3(4)
119.1(4)
122.5(4)
118.3(4)
121.0(4)
121.1(4)
120.3(4)
120.0(4)
119.2(4)
118.7(4)
122.0(4)
123.0(4)
115.3(4)
121.7(4)

•



• Table 5-2. Ca1cu1ated Hydrogen Atorns Pararneters

x y z Biso

H01 0.039 0.034 0.946 7.5
H 3A 0.479 0.915 1.394 7.8
H 3B 0.506 1.062 1.394 7.8
H 3AA 0.504 1.085 1.370 7.7
H 3AB 0.473 1.129 1.240 7.7
H 4A 0.596 1.042 1.270 8.7
H 4B 0.615 0.905 1.330 8.7
H 5 0.662 0.899 1.145 10.1
H 6 0.586 0.815 0.973 13.2
H 7 0.385 0.786 O. E95 10.4
H 8 0.257 0.825 1.0Q'2 6.8
H 9A 0.381 1.116 1.156 10.9
H 9B 0.244 1.124 1.158 10.9
H 9C 0.354 1.196 1.254 10.9
H10A 0.205 1. (118 1.319 14.5
H10B 0.319 0.945 1.407 14.5
H10C 0.321 1.098 1.401 14.5
H11 0.191 0.852 1.257 5.9
H12 0.264 0.679 1.112 5.1
H13 0.105 0.668 1.238 6.1
H15 0.034 0.476 1.256 7.3
H15' 0.194 0.525 1.024 5.0
H16 -0.012 0.272 1.196 7.2
H16' 0.147 0.321 0.963 5.1

Hydrogen positions calculated assuming C/O-H distance of 1. OSA.
Biso(H) is from UiSO(H) • 0.01 + Ueq of the attached atom .

•



• Table 8-3. Anisotropie u(i,j) values *100.
E.8.0s. refer to the last digit printed

ull u22 u33 u12 u13 u23

o 1 12.0( 3) 5.16(22) 9.0 ( 3) -2.81(22) 5.56 (24) -2.13 (20)o 2 13.:1. ( 3) 5.69 (23) 10.1 ( 3) -3.88(24) 6.9 ( 3) -1.75(20)C 1 5. i ( 3) 4.6 ( 3) 4.9( 3) -0.5 ( 3) 1.0 ( 3) -0.34 (24)C l' 7.2( 4) 4.1 ( 3) 5.7 ( 3) -0.3 ( 3) 2.1 ( 3) 0.3 ( 3)C 2 8.5 ( 4) 4.5 ( 3) 7.8 ( 4) -1.5 ( 3) 3.2 ( 3) -1.4 ( 3)C 4 7.0 ( 5) 9.3 ( 5) 13.8 ( 6) -1.8 ( 4) -1. 3 ( 4) -1.0 ( 5)C 4' 6.5 ( 4) 6.0 ( 4) 10.8 ( 5) 0.3 ( 3) 4.0 ( 4) 2.0 ( 3)C 5 10.2 ( 6) 7.0 ( 5) 18.0( 7) 1.4 ( 4) 8.2 ( 6) 3.7 ( 5)C 6 20.5(11) 7.4 ( 6) 18.0(10) 3.9 ( 7) 14.6 (11) 4.3 ( 6)C 7 20.8 ( 9) 6.1 ( 4) 9.1( 5) 1.6 ( 6) 8.5 ( 7) 0.8 ( 4)C 8 1l.6( 5) 5.4 ( 3) 6.1( 4) -0.2 ( 3) 3.3 ( 4) -0.1 ( 3)C 9 22.3 ( 9) 5.1 ( 4) 10.7( 5) 0.0 ( 5) 2.6 ( 5) -1.2 ( 4)C10 24.3( 9) 11.8 ( 6) 16.2( 6) -9.2 ( 6) 15.3 ( 7) -9.5 ( 5)Cll 5.9( 4) 5.3 ( 3) 8.1( 4) -1.2 ( 3) 3.0 ( 3) -1.8 ( 3)C12 5.5 ( 3) 4.6 ( 3) 6.2 ( 3) -0.8 ( 3) 1.4 ( 3) -1.1 ( 3)C13 5.9( 3) 5.0 ( 3) 8.9( 4) -1.3 ( 3) 3.4 ( 3) -2.1 ( 3)C14 4.5 ( 3) 4.7 ( 3) 6.1( 3) -0.8 ( 3) 1.8 ( 3) -0.7 ( 3)':15 9.6 ( 5) 6.0 ( 4) 8.7( 4) -2.2 ( 3) 5.5 ( 4) -2.4 ( 3)C15' 5.7 ( 3) 4.5 ( 3) 6.3( 3) -1.2 ( 3) 1.8 ( 3) -0.3 ( 3)C16 10.0 ( 5) 5.9 ( 4) 8.2( 4) -2.6 ( 3) 5.4 ( 3) -1.2 ( 3)C16' 6.2 ( 3) 4.8 ( 3) 5.6 ( 3) -0.8 ( 3) 2.4 ( 3) -0.37 (24)
C17 6.0 ( 3) 4.5 ( 3) 5.9 ( 3) -1.0 ( 3) 1.9 ( 3) -0.4 ( 3)C18 8.1( 4) 5.1 ( 4) 6.7( 4) -0.9 ( 3) 2.9 ( 3) -1.0 ( 3)

Anisotropie Temperature Factors are of the form
Tempa-2 *Pi*Pi*(h*h*u11*astar*astar+---+2*h*k*u12*astar*bstar+---)

•



Table 8-4 . Torsion Angles in Degrees•C 2 C 1 C l' C 4' 37.0 ( 3) C 2 C 1 C l' C 8 -141. 5 ( 5)
Cll C 1 C l' C 4' -137.9( 5) Cll C 1 C l' C 8 43.6( 3)
C l' C 1 C 2 C 3 -59.9( 4) C l' C 1 C 2 C 3A -18.7 ( 9)
C l' C 1 C 2 C 9 65.8 ( 4) C l' C 1 C 2 C10 -171.0 ( 6)
Cll C 1 C 2 C 3 115.2 ( 5) C11 C 1 C 2 C 3A l56.3( 10)
Cll C 1 C 2 C 9 -119.2 ( 5) Cll C 1 C 2 C10 4.0 ( 3)
C l' C 1 C11 C12 6.4 ( 2) C 2 C 1 Cll C12 -168.l( 5)
C 1 C l' C 4' C 4 -5.4 ( 3) C 1 C l' C 4' C 5 l76.2( 6)
C 8 C l' C 4' C 4 173.1 ( 6) C 8 C l' C 4' C 5 -5.3 ( 3)
C 1 C l' C 8 C 7 -177.5( 6) C 4' C l' C 8 C 7 4.1 ( 4)
C 3 C 4 C 4' C l' 1. 0 ( 4) C 1 C 2 C 3 C 4 55.4 ( 4)
C 3A C 4 C 4' C l' -43.7 ( 10) C 9 C 2 C 3 C 4 -65.7 ( 5)
C l' C 4' C 5 C 6 2.0( 4) C10 C 2 C 3 C 4 174.6( 8)
C 4' C 5 C 6 C 7 2.6 ( 4) C 1 C 2 C 3A C 4 -30.7 ( 6)
C 6 C 7 C 8 C l' 0.6( 4) C 9 C 2 C 3A C 4 -137.1( 18)
Cll C12 C13 C14 -177.8( 5) C10 C 2 C 3A C 4 117.7( 16)
C12 C13 C14 C15' -14.3( 2) C 2 C 3 C 4 C 4' -28.6( 3)
C15' C14 C15 C16 0.6( 3) C 2 C 3A C 4 C 4' 60.3( 10)
C15 C14 C15' C16' -0.9( 3) C 3 C 4 C 4' C 5 179.3 ( 7)
C14 C15' C16' C17 0.9( 2) C 3A C 4 C 4' C 5 l34.6( 11)
C15 C16 C17 C18 179.6 ( 6) C 4 C 4' C 5 C 6 -176.3 ( 8)
C15' C16' C17 C18 -179.9( 5) C 5 C 6 C 7 C 8 -3.9( 3)
C16 C17 C18 o 2 1.3 ( 2) C 1 Cll C12 C13 172.9( 6)
C16' C17 C18 o 2 -179.5( 6) C12 C13 C14 C15 166.2 ( 5)

C13 C14 C15 C16 -179.8( 5)
C13 C14 C15' C16' 179.6( 5)
C14 C15 C16 C17 -0.3( 2)
C15 C16 C17 C16' o.3 ( 3)
C15' C16' C17 C16 -0.6( 3)
C16 C17 C18 o 1 -178.3( 6)
C16' C17 C18 o 1 0.9( 2)
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